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a b s t r a c t

Two novel fungal metabolites, asperochones A and B, were obtained from an Aspergillus sp. Their struc-

tures were determined by 1D/2D nuclear magnetic resonance (NMR) spectroscopy, high resolution elec-

trospray ionization mass spectroscopy (HRESIMS), and single-crystal X-ray diffraction analysis. Aspero-

chone A possesses an intriguing skeleton bearing 5/6/6/6/7/5/5/5 octacyclic ring system, and asperochone

B also exhibits an unusual carbon skeleton with five stereochiral centers. Their structures were proposed

as heterotrimeric and heterodimeric products of aromatic polyketides. In addition, asperochone A ex-

hibited a potential anti-tuberculosis effect since it showed a moderate potency against Mycobacterium

smegmatis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Using a succinct suite of chemical reactions, nature is adept at

orchestrating the assembly of rudimentary building blocks into a

vast array of secondary metabolites. These metabolites can some-

times assemble even more complex natural products through a se-

ries of intricate polyreactions, such as lignans and tannins from

plants [1–6]. Besides the secondary metabolites from the plant

kingdom, metabolites derived from fungi also exhibit substantial

structural diversity. In recent years, numerous polymeric prod-

ucts have been reported with intriguing structural attributes and

notable bioactivities. Asperchalasine A, isolated from Aspergillus

flavipes, serves as a quintessential example [7]. Its complex molec-

ular scaffold is generated by the fusion of two cytochalasins to an

epcoccine, containing as many as 20 chiral centers. There are many

other sophisticated polymeric metabolites, like stephacidin B, ho-

modimericin A, distachydrimane F, and eupenifeldin [8–11]. These

complexes are not only great resources of bioactive compounds but

also treasure to learn the art of synthesis from nature.

Aspergillus spp. have immense biosynthetic potential of sec-

ondary metabolites. Over 3000 compounds including 343 polyke-

tide derivatives had been discovered from Aspergillus strains by the

end of 2022 [12–15]. These polyketides are categorized into numer-
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ous types, with some experiencing further diversification through

dimerization. The typical Aspergillus-derived dimers are dimeric

naphthopyranones and anthraquinones, both of which had been

found in different Aspergillus spp. [16–18]. Some other polymeric

products are continuously being discovered in these years. For ex-

ample, we uncovered several heterodimers of azaphilone and fura-

none from a symbiotic Aspergillus strain in 2017 [19]. Subsequently,

two alkaloids featuring highly analogous tetracyclic skeletons were

subsequently isolated last year from a sponge-derived Aspergillus

sp., affirming that Aspergillus spp. continue to be promising reser-

voirs of complex and bioactive natural products [12]. In our ongo-

ing search of antimicrobial compounds from endophytic fungi from

Pinellia ternata, we found that the Aspergillus sp. MMC-2 strain

had obvious antibacterial effect when coculturing with pathogenic

bacteria. The subsequent isolation was resulted in two unique

aromatic polyketides, asperochone A (1) and B (2). Compound

1 possesses an intriguing skeleton bearing 5/6/6/6/7/5/5/5 octa-

cyclic ring system. Its oxepane ring (H) angularly fused to a 1,6-

dioxaspiro[4.4]nonane structure (F and G rings), forming a “bro-

ken” [5.5.7]trioxafenestrane (Fig. 1). The [5.5.5.7]fenestrane is nat-

urally rare but do exist as the diterpene laurenene, while the “bro-

ken” [5.5.7]fenestrane is only found in a few synthesis studies [20].

Compound 1 was proposed as a polymeric product of three aro-

matic polyketides, while compound 2 is a dimeric metabolite of

the same precursors to 1. In addition, compound 1 also showed

moderate antimicrobial activity including anti-tuberculosis poten-
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Fig. 1. Structures of asperochones A (1) and B (2).

Fig. 2. 1H–1H COSY and key HMBC correlations of 1 and 2.

tial. Herein, we describe their structure determination, antimicro-

bial evaluation, and plausible biosynthetic pathways.

Asperochone A (1) was obtained as colorless crystals. The

molecular formula of C36H42O10 was deduced from the molec-

ular ion sodium adduct at m/z 657.2670 [M+Na]+ (calcd. for

C36H42O10Na, 657.2673), corresponding to sixteen degrees of un-

saturation. Its infrared spectroscopy (IR) spectrum suggested the

presence of carbonyl (1777 cm−1), olefinic (1603 cm−1), and hy-

droxy (3435 cm−1) groups. The 1H nuclear magnetic resonance

(NMR) spectrum (Table S1 in Supporting information) clearly dis-

played five secondary methyls (δH 1.39, 1.31, 1.23, 1.12, and 1.08),

and four tertiary methyls (δH 2.24, 2.16, 1.16, and 1.11), and one

aromatic proton (δH 6.42, 1H, s). Other protons, with the help of

heteronuclear single quantum correlation (HSQC) spectrum, were

assigned as one methylene (δH 2.01, d, J = 13.7 Hz; 2.15, m), eight

methines (δH 4.79, s; 3.09, m; 4.52, m; 3.32, m; 4.19, m; 3.16, t,

J = 8.6 Hz; 2.27, m; 4.84, td, J = 8.2, 1.8 Hz), and two hydroxy

protons (δH 9.45, 1H, s; 4.07, 1H, s). Apart from these proton-

bearing carbons, there were still 17 non-proton-bearing carbons

which were deduced as one carbonyl, thirteen aromatic, and three

quaternary carbons according to their chemical shifts. All above

functional groups accounted for eight unsaturation degrees. An oc-

tacyclic ring system was therefore indicated for 1.

Structural details were revealed by the interpretation of

2D NMR spectra (Fig. 2). The 2,3,4-trimethyl-5,7-dihydroxy-2,3-

dihydrobenzofuran fragment (rings A and B) was revealed by the
1H–1H correlation spectroscopy (1H–1H COSY) cross-peaks of H3–

14/H-12/H-11/H3–13 and the heteronuclear multiple-bond correla-

tion spectroscopy (HMBC) correlations mainly from H3–10 to C-

1/C-2/C-3, from H3–13 to C-3, and from H-12 to C-3/C-4 at first.

The fragment of 3-(3-hydroxybutan-2-ol)-2-methylphenol (ring D)

was then determined by the 1H–1H COSY cross-peaks of H3–18/H-

16/H-15/H3–17 along with the HMBC correlations from H-15 to C-

7 and C-8a, from OH-6 to C-5/C-6/C-7, from H3–19 to C-6/C-7/C-8,

and from H-5 to C-6/C-7/C-4b/C-8a. The key proton at δH 4.79 (H-

9) showed HMBC corrections with C-1, C-4a, C-8b, C-8, C-8a, and

C-4b, which thus indicated a 9H-xanthene structure (unit A) for 1.

In the 1H–1H COSY spectrum, interpretation starting from the

methyl at δH 1.39 (d, J = 7.4 Hz, H-12′) revealed another spin

system from C-12′ to C-9′ as shown in Fig. 2, which, combined

with the HMBC correlations from H3–11
′ to C-7′/C-8′/C-9′ and

from H-9′ and H-10′ to C-8′, undoubtedly revealed a dimethyl-

substituted cyclopentane fragment (ring E). An additional hydroxyl

was substituted on C-8′ since its broad singlet (δH 4.07) showed

HMBC correlations with C-7′/C-8′/C-9′. Meantime, according to the

HMBC correlations from H-6′ to C-5′/C-10′/C-13′, from H3–13
′ to

C-4′/C-5′/C-6′, from H-10′ to C-5′/C-6′, and from H2–9
′ to C-4′,

a methyl-substituted tetrahydrofuran ring (ring F) was fused to

the cyclopentane through C-6′ and C-10′. Hereto, there were still

three non-proton-bearing carbons at δC 166.9 (C-1′), 131.9 (C-2′),
and 126.0 (C-3′). Judged from their chemical shifts [21,22], the ke-

tal nature of C-4′ (116.1), and three unattributed oxygen atoms

left, a β–hydroxy-substituted α,β-unsaturated-γ -lactone (ring G)

were hypothetically connected to the tetrahydrofuran ring via C-

4′ to form a 1,6-dioxaspiro[4,4]nonane structure (unit B). Between

two structural units, the C9-C3′ bond was established through the

HMBC correlations from H-9 to C-2′, C-3′, and C-4′. Another con-

nection, the C-5′-O-C-1 ether linkage, was deduced from the long-

range correlation from H3–13
′ to C-1, which further formed the ox-

epane ring (ring H) between the two units. The planar structure

was thus determined (Fig. 2).

In the rotating-frame overhauser effect spectroscopy (ROESY)

spectrum, the correlations from H-7′ to H-10′ and H3–11
′ and from

H-6′ to H3–13
′ and H-10′ indicated the same orientation that was

randomly assigned as β configurations. H-9 was assigned for an

α-orientation by its nuclear Overhauser effect (NOE) correlations

with OH-8′, which along with the determined β configuration of

H-10′ revealed that the lactone ring G was closely approximated in

space with H-6′ and H-10′. Additionally, H3–13 and H-12 were de-

termined as β orientation since ROESY correlations were obtained

from H3–13 to H3–13
′ and H-12 and from H-11 to H3–14. The 3–

hydroxy-2–butyl chain at C-8 was deduced in an erythro configu-

ration by the empirical chemical shift rules of 18-CH3 (δC 17.1) and

17-CH3 (δC 22.8) [23]. A single-crystal X-ray diffraction experiment,

using the anomalous scattering of Cu Kα radiation (the Flack pa-

rameter of 0.05, CCDC 2124874), subsequently confirmed the above

structural determination and revealed the absolute configuration as

9S, 11S, 12R, 15S, 16R, 4′S, 5′R, 6′R, 7′S, 8′R, and 10′S (Fig. 3).

Asperochone B (2) was obtained as reddish crystals. Its molecu-

lar formula C24H24O7 was determined by the positive HRESIMS ion

peak at m/z 447.1415 [M+Na]+ (calcd. for C24H24O7Na, 447.1414),

indicating 13 degrees of unsaturation. The 1H NMR spectrum (Ta-

ble S2 in Supporting information) of 2 obviously exhibited six

methyls (δH 1.35, 1.45, 2.34, 2.18, 1.43, and 1.71) and one olefinic

methine (δH 5.87), and the other four methines were recognized by

HSQC spectrum. The 13 carbons left were all non-proton-bearing

Fig. 3. Key ROESY correlations of 1 and 2.
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Fig. 4. X-ray crystallographic structures of 1 and 2.

ones which were distinguished as three carbonyl, six aromatic,

three olefinic, and one quaternary carbon. By analyzing 2D NMR

data, the dihydrobenzofuran fragment (rings A and B) like that in

1 was easily determined for 2 according to those key correlations

as shown in Fig. 2. Another fragment easy to determine was the

spin system from H3–12
′ to H-6′ as shown by 1H–1H COSY cor-

relations. Since HMBC cross-peaks were observed from H-6′ to C-

8′/C-9′/C-10′ and from H-9′ to C-6′/C-8′/C-10′/C-11′, the 5-ethyl-

3,4-dimethylcyclopent-2-en-1-one ring C was thus established. The

furan-3(2H)-one ring D that was linked at C-6′ was further estab-

lished by the HMBC correlations from H3–13
′ to C-3′/C-4′/C-5′ and

from H-6′ to C-4′/C-2′. The C7-C3′ linkage between rings B and D

was deduced by the weak HMBC correlation from OH-8 (δH 9.82)

to C-3′. Thus far there still was one carbonyl (δC 158.8) left without

any useful 2D NMR correlations. Its high-field chemical shift and

the remained one degree of unsaturation however led to the un-

saturated lactone ring E. As for its configuration, the opposite ori-

entations of H-2/H-3 and of H-6′/H-7′ were indicated by the ROESY

correlations of H-2/H3–11, H-3/H3–10, and H-6′/H3–12
′, while the

observable NOE effects were unable to settle the relative config-

uration of H3–13
′ (Fig. 3). The single-crystal X-ray diffraction of

2 [Flack parameter 0.04 (8), CCDC 2125429] was therefore carried

out and established the structure and its configuration (Fig. 4).

As shown in Scheme 1, M is a key precursor in the hypothet-

ical biosynthetic pathways of both 1 and 2. However, to the best

of our knowledge, there are no fungal metabolites analogous to M

identified thus far. Terrein is the most resembled one [27]. Since

its cyclopentane is derived from an aromatic ring through oxida-

tive cleavage, we deduced a similar process involving oxidation

and decarboxylation to obtain M [24–28]. It further underwent a

series of oxidation and dehydration to yield M-1 [29,30]. In the

meantime, intermediate I, a known product from Aspergillus spp.

[31,32], contributed a nucleophilic carbanion intermediate through

deprotonating its 8-OH. Michael addition thereafter yielded CM-1

which converted to 2 by esterification between 2′-COOH and 6-OH

[4,30,33]. Compound 1 is a heterotrimeric product. Its monomeric

precursor M-2 was deduced from a biosynthetic pathway like M-1.

8-Enol-keto tautomerism induced electron addition to C-9 of inter-

mediate II, a quinoid form of the precursor of decarboxycitrinin,

followed by cyclization and dehydration to deliver III. Intermedi-

ate III further derived IV from continuous dehydration. The adduct

CM-2 was subsequently generated by intermolecular nucleophilic

addition between IV and M-2, which finally turned into 1 after cy-

clization, dehydration, and reduction.

Compound 1 showed potential anti-tuberculosis activity since

it totally inhibited the growth of Mycobacterium smegmatis at

80 μg/mL (Fig. 5). Compound 1 also demonstrated inhibitory activ-

ity against Staphylococcus aureus, Bacillus subtilis, and Pseudomonas

aeruginosa with the concentration that inhibited growth of 50% of

isolates (MIC50) values of 9.4 ± 0.9, 6.4 ± 0.7, and 2.5 ± 1.0 μg/mL

respectively (Table S3 in Supporting information). Compound 2

was inactive against pathogenic bacteria tested. Additionally, they

were also evaluated for in vitro antifibrotic activity. Compound 1

(20 μmol/L) was significantly suppressed the transforming growth

factor β1 (TGF-β1)-induced expression of COL1A1 and ACTA2 in LX-

2 cells (Fig. S1 in Supporting information) [34,35].

In conclusion, we have isolated two unprecedented fungal

metabolites, each exemplifying a distinctive carbon skeleton. They

are presumed to be polymeric products of aromatic polyketides,

and a series of tailoring enzymes and potential nonenzymatic re-

Scheme 1. Hypothetical biosynthetic pathways for 1 and 2.
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Fig. 5. Drug susceptibility of compound 1 (e) against M. smegmatis by resazurin

method. Rifampin (a), kanamycin (b), atreptomycin (c), and isoniazid (d) are positive

controls. Sterile medium with no bacteria or drug (−) and medium contain bacteria,

but no drug (+) are growth controls (n = 3).

actions could be involved in their biosynthetic pathways. This re-

search further substantiates the statement that fungi are sophis-

ticated in assembling diverse building blocks, yielding metabolites

with chemical and biological diversity.
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