
Chinese Chemical Letters 35 (2024) 108488

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Acatulides A-G, neuroprotective macrolides from Acaulium album

H-JQSF

Zhi-Wu Tonga,1, Ting-Ting Wanga,1, Pei Yangb, Jia-Lin Suna, Chen-Peng Zhanga,
Salman Khana, Xin-Cun Wangc, Rui-Hua Jiaoa, Hui-Ming Gea, Wen-Ying Zhuangc,
Gang Hub,∗, Ren Xiang Tana,b,∗

a State Key Laboratory of Pharmaceutical Biotechnology, Institute of Functional Biomolecules, Nanjing University, Nanjing 210023, China
b State Key Laboratory Cultivation Base for TCM Quality and Efficacy, Nanjing University of Chinese Medicine, Nanjing 210023, China
c Insitute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China

a r t i c l e i n f o

Article history:

Received 10 March 2023

Revised 19 April 2023

Accepted 21 April 2023

Available online 23 April 2023

Keywords:

Acaulium album

Macrolides

Acatulides A–G

Mosher’s method

Neuroprotective

a b s t r a c t

Fungal symbionts co-evolve with hosts and microbial co-inhabitants to acquire an unpredictable poten-

tial for producing novel bioactive metabolites, but the knowledge about the topic remains patchy and

superficial. Here we present the chemical characterization of acatulides A−G (1−7) as architecturally un-

precedented macrolides from the solid-state culture of Acaulium album H-JQSF, an arthropod-associated

fungus. The acatulide structures were elucidated by spectroscopic analysis, modified Mosher’s method

and single-crystal X-ray diffraction. The plausible biosynthetic pathways for compounds 1−4 are pro-

posed. Interestingly, acatulides B−D (2−4) and G (7) were demonstrated to be neuroprotective against

the 1-methyl-4-phenylpyridinium (MPP+)-induced damage to SH-SY5Y cells and nematode Caenorhabdi-

tis elegans (C. elegans).

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

Medica, Chinese Academy of Medical Sciences.

Arthropods belong to the invertebrate animal, but usually have

a distinct exoskeleton, segmented body and jointed appendage.

They distribute widely in nature and are evidenced to be the most

numerous in the animal kingdom [1]. Some arthropod species such

as Malaphis chinensis and Bombyx mori have long been used as

traditional Chinese medicines [2]. On the other hand, arthropods

are generous hosts for microbial symbiont communities includ-

ing fungi that have been a rich source of chemically fascinating

and biologically potent secondary metabolites [3,4]. However, only

a small fraction of arthropod-derived fungi has been investigated

chemically and biologically [5].

In continuation of our efforts to characterize skeletally un-

precedented bioactives from fungi [6,7], Acaulium sp. H-JQSF (re-

identified herein as Acaulium album H-JQSF) was isolated from

the isopod Armadillidium vulgare that has been used since ancient

times as an insect-based folk medicine for treating chronic bron-

chitis, amenorrhea and malaria [8]. The A. album strain is so active

in secondary metabolism that arrays of architecturally undescribed

macrolides were characterized from its culture [9–11]. However,

during our campaign of identifying the A. album metabolites, some
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minor metabolites failed to be isolated simply because their abun-

dance was closely around the high performance liquid chromatog-

raphy (HPLC) detection limit. In order to characterize such low-

abundance metabolites, the fungus was regrown on the rice solid-

state medium on a larger scale. Here, we present the characteriza-

tion of another collection of macrolides with intriguing molecular

frameworks, named acatulides A−G (1−7, Fig. 1), of which acat-

ulides B−D (2−4) and G (7) were demonstrated to protect the SH-

SY5Y cells and the nematode [Caenorhabditis elegans (C. elegans)]

from the 1-methyl-4-phenylpyridinium (MPP+) injury.
Acatulide A (1) was evidenced to have a molecular formula of

C21H26O9 with 9 degrees of unsaturation from the Na+-liganded
molecular ion at m/z 445.1458 (calcd for C21H26O9Na, 445.1469)

in its high-resolution electrospray ionization mass spectrometry

(HR-ESI-MS). The 1H and 13C nuclear magnetic resonance (NMR)

spectra of 1 (Table S1 and Figs. S2−S8 in Supporting information)

displayed the resonances due to three carbon-carbon double

bonds as well as three methyls, a methoxy, three methylenes,

four methines (3 oxygenated), and three ester or carboxylic

acid groups. Furthermore, 1 was shown to be tricyclic by its

molecular formula and two dimensional (2D) NMR experiments

[1H−1H correlation spectroscopy (1H−1H COSY), heteronuclear

single quantum coherence (HSQC), heteronuclear multiple-bond

correlation spectroscopy (HMBC) and (nuclear overhauser enhance-
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Fig. 1. Structures of acatulides A−G (1−7) from A. album H-JQSF.

ment spectroscopy (NOESY)]. The 1H−1H COSY spectrum of this

substance shows H-2/H-3/H-4/H-5/H3–6 and H-8/H-9 and H-11/H-

12/H-13/H3–14 correlations. The HMBC spectrum shows H-3/C-1,

H-5/C-7, H-9/C-7, H-12/C-10, and H-13/C-1 correlations, allowing

us to elucidate the existence of a 14-membered macrolide. The

14-membered macrolide motif in the molecule of 1 was indicated

by comparing its 1H and 13C NMR data with those of acaulones A

and B, acaudiol A and acaulide [9]. However, as illustrated in Fig. 2,

1 was shown to possess a 3,4-disubstituted 6-methyl-2-pyrone

motif as evidenced from the HMBC correlation of H-4′ with C-2′
(δC 96.5), C-3′ (δC 162.9), C-5′ (δC 161.6) and C-6′ (δC 20.0). The 6-

methyl-2-pyrone and 14-membered macrolide motifs were pieced

together through the C8–C2′ bond and the C10–O–C3′ linkage

according to the degrees of unsaturation and HMBC correlations

of H-8 with C-1′ and C-3′ as well as of C-10 (δC 102.8) with H-15.

To understand its stereochemistry, the NOESY spectrum of 1

was acquired and scrutinized to identify the correlations of the an-

ticipated proton pairs (H-4 versus H-8 and H-5 versus H-8; Fig. S1

in Supporting information). The NOESY spectrum revealed that H-

4, H-5 and H-8 were co-facial. However, the C-4, C-5, C-8, C-10

and C-13 configuration failed to be determined by the NOESY ex-

periment due to the conformation flexibility of the macrodilactone

moiety. To clarify the ambiguity, we tried and succeeded in ob-

taining its single crystal. Subsequent crystallography of 1 through

Cu Kα (λ=1.54178 Å) radiation established its (4R,5S,8R,10R,13S)-

configuration (Fig. 3).

Acatulide B (2) was determined to have a molecular formula

of C20H24O9, 14Da less than that of 1 (vide supra), according to

its protonated molecular ion at m/z 409.1497 in its HR-ESI-MS

Fig. 3. The X-ray structures of compounds 1, 5, 6 and 7. Displacement ellipsoids

are drawn at the 50% probability level.

(C20H25O9 requires 409.1493). The structure of 2 was suggested to

be similar to that of 1 by comparing both sets of 1H and 13C NMR

spectra (Table S1). However, the methoxy resonances (δH 2.91 and

δC 48.9) in the spectra of 1 disappeared in those of 2, and the ketal

carbon signal of 1 (δC-10 102.8) was replaced by a ketone resonance

line at δC 207.0 in 2. All 1H and 13C NMR spectral data of 2 were

assigned by the 2D NMR experiments (Figs. S9−S15 in Supporting

information), suggesting that a pyrone motif was present in the

molecule of 2. The proposal was confirmed by the HMBC correla-

tion of H-4′ with C-2′ (δC 98.5), C-3′ (δC 166.3) and C-5′ (δC 161.5),

and of H-8 with C-1′ (δC 163.5) and C-3′ (δC 166.3). Both 1 and 2

were produced in the same culture of the fungus, and thus their

high similarity in the NMR spectral data suggested that 2 shared

most likely the same configuration with 1.

The HR-ESI-MS spectrum of acatulide C (3) displayed a Na+-
liganded molecular ion at m/z 475.1586, indicative of its molecular

formula C22H28O10 (calcd. for C22H28O10Na, 475.1575), which pos-

sessed an extra 44Da in comparison to that of 2. The 1H and 13C

NMR spectra of 3 suggested that it was an analog of 2. This was

confirmed by its 2D NMR experiments (1H−1H COSY, HMBC and

NOESY), which allowed the exact assignment of all NMR signals

(Fig. 2 and Figs. S16−S22 in Supporting information). In particular,

the coupling sequence from H-6′ through H3-8
′ disclosed through

the 1H–1H COSY spectrum indicated that the methyl group on

C-5′ of 2 was replaced by a 2-hydroxypropanyl residue in that of

3 (Fig. 2). The configuration of 3 was deduced to be identical to

that of 2 from their close similarity in the NMR spectra (Table S1),

Fig. 2. The key 2D NMR (1H−1H COSY and HMBC) correlation of acatulides A−G (1−7).
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Fig. 4. Absolute configuration of compounds 3 and 4 via Mosher’s method. Values of �δSR [�(δS − δR)] are given in ppm. Positive and negative regions are colored in blue

and red, respectively.

except for C-7′ which was determined to have an S-configuration

by the modified Mosher’s method (Fig. 4 and Figs. S23−S26 in

Supporting information) [12].

Acatulide D (4) was found to have a molecular formula

C30H40O12 with 11 degrees of unsaturation according to its HR-

ESI-MS (m/z 615.2984 [M+Na]+, calcd. for 615.2993). Comparison

of the 1H and 13C NMR spectral data of 4 and 3 (Table S1) re-

vealed that 4 might form from the 7-hydroxyoct-2-enoylation of

7′–hydroxy group of 3. This assumption was confirmed by its 2D

NMR spectra (1H−1H COSY, HMBC and NOESY), which facilitated

unequivocal assignments of all 1H and 13C NMR signals (Table S1,

Fig. 2, Figs. S1 and S27−S33 in Supporting information). The con-

figuration of 4 was deduced to be identical to that of 3 from their

close similarity in the NMR spectra (Table S1), except for C-7′′
whose S configuration was established by the modified Mosher’s

method (Fig. 4 and Figs. S34−S37 in Supporting information) [12].

Acatulide E (5) was obtained as colorless prisms. Its molecu-

lar formula C17H24O8S was deduced by its HR-ESI-MS spectrum

([M+Na]+ at m/z 411.1075, calcd. for C17H24O8SNa, 411.1084). The

1D and 2D NMR spectra of 5 indicated the coexistence of 14-

membered macrodiolide and methyl-2-mercaptoacetate substruc-

tures (Figs. S38−S44 in Supporting information). The methyl-2-

mercaptoacetate and 14-membered macrolide motifs were pieced

together through the C8–S–C15 linkage according to the HMBC

correlations of H-15 (δH 3.94) with C-8 (δC 40.2) (Fig. 2). The

(4R,5S,8S,13S)-configuration of 5 was clarified by its single-crystal

X-ray diffraction (Fig. 3) with a Flack parameter of 0.06 (2).

Acatulide F (6) was found to have a molecular formula

C18H26NO6S2 with 5 degrees of unsaturation according to its HR-

ESI-MS (m/z 426.1022 [M+Na]+, calcd for 426.1016). Comparison

of the 1H and 13C NMR spectral data of 5 and 6 (Table S2 and

Figs. S45−S51 in Supporting information) revealed the existence of

14-membered macrodiolide substructure. Compound 6 exhibits a

dimethylcarbamodithioic acid motif as evidenced from the HMBC

correlation of H3-16 with C-15 (δC 194.9) and H3-17 with C-15

(δC 194.9). The dimethylcarbamodithioic acid and 14-membered

macrolide motifs were pieced together through the C8–S–C15 link-

age according to the HMBC correlations of H-8 (δH 5.23) with C-

15 (Fig. 2). To clarify its stereochemistry, we established anoma-

lous dispersion effects in X-ray diffraction measurements on the

crystal of p-bromobenzoyl ester of 4–hydroxy group, and suc-

ceeded in obtaining its single crystal. Subsequent crystallogra-

phy of 6 through single-crystal X-ray diffraction established its

(4R,5S,8S,13S)-configuration (Fig. 3).

Acatulide G (7) was obtained as colorless orthorhombic crys-

tals with a molecular formula of C21H25NO8 as inferred from HR-

ESI-MS ion at m/z 442.1477 [M+Na]+ (calcd. for 442.1472), sug-

gesting 9 degrees of unsaturation. The 1D and 2D NMR spectra

of 7 indicated the coexistence of 14-membered macrodiolide and

4-aminobenzoic acid substructures (Figs. S52−S58). The 1H−1H

COSY spectrum of 7 established correlations of H-16/H-17 and H-

19/H-20. The HMBC spectra show correlations between H-17/C-

21, H-19/C-21, H-16/C-18, and H-20/C-18, and give the existence

of a 4-aminobenzoic acid. The 14-membered macrolide and 4-

aminobenzoic acid motifs were pieced together through the C8–

N–C15 linkage according to the HMBC correlations of H-8 (δH 4.53)

with C-15 (δC 152.7) (Fig. 2). The single crystal X-ray diffraction

(Cu Kα) of 7 confirmed the proposed structure and revealed its

(4R,5S,8S,13S)-configuration (Fig. 3).

The conserved structural feature of acatulides A−D (1−4) en-

couraged us to propose their biosynthetic pathway (Scheme 1).

Extending from our previous chemical attention to the fungal

strain [9–11], 10-ketoacaudiol is likely the common precursor of

1−4. Acatulide B (2) might be formed from a Michael addi-

tion of 10-ketoacaudiol to the triketide 6-methyl-pyran-2,4–dione

(II). Intramolecular hemiketalization of 2 might give intermedi-

Scheme 1. Putative biosynthetic pathway of 1−4.
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Fig. 5. Neuroprotective effects of 2−4 and 7 in the SH-SY5Y cells and C. elegans model. (A−D) Protection of SH-SY5Y cells from the MPP+ injury by acatulides B−D (2−4;

A−C) and acatulide G (7; D)/selegiline (50nmol/L, positive control). (E) Representative immunofluorescence images showing the anterior dopamine neurons of the transgenic

strain BZ555 of C. elegans. The efficacy was expressed in terms of the brightness of green-fluorescent protein (GFP) tagged to the dopamine neuronal soma, and indicated

by the difference of MPP+- and acautalide/amantadine (positive control)-co-exposed worms from the intact (blank reference) and MPP+-treated (negative control) animals

(n=30–60). Scale bar: 100μm. (F) Counts of anterior dopamine neurons of bz555 C. elegans. Data are the mean ± standard error of the mean (SEM) from three or more

independent experiments. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs. the MPP+ group, ###P < 0.001 vs. the control group are analyzed with one-way-analysis of

variance (ANOVA).

ate (IV) which tends to give acatulide A (1) via its ketalization

reaction with methanol. Likewise, acatulide C (3) could be gen-

erated from a Michal addition of 10-ketoacaudiol to the tetrake-

tide 6-(2-hydroxypropyl)-pyran-2,4–dione (VII). The 7-hydroxyoct-

2-enoylation of 7′–hydroxy group of 3 should yield acatulide D (4).

Some oxygenated macrolides have been demonstrated to ex-

hibit neuroprotective activity [11,13,14]. Therefore, 1−7 were in-

dividually evaluated in the SH-SY5Y cells for the protective ac-

tion against the neuroinjury by MPP+, a mitochondrial complex

I inhibitor used reliably to induce neuronal cell death in the ac-

quired Parkinson’s disease (PD) model [15]. At 50nmol/L, com-

pounds 2−4 and 7 improved the cell viability to 95.14%, 94.39%,

71.23% and 78.94%, respectively, in comparison to the MPP+ (500

μmol/L) caused cell viability reduction to 64.58% of the untreated

counterpart (Figs. 5A−D). In addition, the activity of 2−4 decreased

with higher concentrations, which may be related to their cyto-

toxic activity. However, compounds 1, 5 and 6 showed no neuro-

protective activity, which may also be related to their strong cyto-

toxic activity. Furthermore, 2−4 and 7 were also evaluated in the

C. elegans model for the protective action against the neuroinjury

by MPP+. At 2 μmol/L, 2−4 and 7 were found to counteract the

injury to the worm neurons by MPP+ at 1mmol/L. In particular, 2

and 3 have the potential to more significantly restore the MPP+-
damaged dopamine neurons (Figs. 5E and F), indicating their po-

tential as precursor molecules or sources of inspiration for the an-

tiparkinsonian drug discovery.

Fungal symbionts have been regarded as an important source

of bioactive secondary metabolites with potential application in

biomedicine and agriculture [16,17]. Arthropod species distribute

widely in nature [18] and thus provide a large variety of special

and complex niches for fungi to reside and evolve [19]. Therefore,

many metabolites produced by the arthropod-associated fungi are

structurally intriguing and biologically promising [11,20]. This ob-

servation gains an additional confirmation from the present char-

acterization of acatulides A−G (1−7). The construction of com-

plex molecular architecture in a live cell requires the catalysis

of a suite of enzymes, but some biosynthetic steps are sponta-

neous or non-enzymatic. The structural feature of 1−7 as well as

other polyketide frameworks generated by the fungus [9–11], sug-

gested that 10-ketoacaudiol is prone to undergo, as rationalized

herein, the Michael addition reaction with diverse nucleophiles

such as 6-methyl-pyran-2,4–dione, 6-(2-hydroxypropyl)-pyran-2,4–

dione, methyl-2-mercaptoacetate, dimethylcarbamodithioic acid

and 4-aminobenzoic acid. The finding may be of value for the

diversity-oriented synthesis of new chemical entities from the

starting materials with the 4-oxopent-2-enoate motif as possessed

by 10-ketoacaudiol. Inspired by the Michael addition-based detox-

ication mechanism in mammals [21], the fungal polyketides with

one or more 4-oxopent-2-enoate motifs (this work and Refs. [9–

11]) might play roles in chemical defense, which, however, could

only be investigated in a suitably mimicked multivariate ecological

system.

In conclusion, we have characterized acatulides A−G (1−7)

as skeletally unprecedented macrolides from the solid-state cul-

ture of A. album H-JQSF. The biosynthetic landscape was rational-

ized to suggest 10-ketoacaudiol as the common precursor of 1−7,
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which tends to undergo its Michael addition reaction with tri- and

tetraketides, with or without further acylation at the side chain.

The acatulides B−D (2−4) and G (7) protects the SH-SY5Y cells

and nematode C. elegans from the MPP+-induced neural injuries.

This work deepens the chemical understanding of the arthropod-

associated fungi and suggests the potential application of the novel

secondary metabolites produced by the fungal symbionts.
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