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ABSTRACT: Two novel meroterpenoids, alliisativins A and B (1, 2) were discovered through a
genome-based exploration of the biosynthetic gene clusters of the deep-sea-derived fungus
Penicillium allii-sativi MCCC entry 3A00580. Extensive spectroscopic analysis, quantum
calculations, chemical derivatization, and biogenetic considerations were utilized to establish
their structures. Alliisativins A and B (1, 2) possess a unique carbon skeleton featuring a drimane
sesquiterpene with a highly oxidized polyketide. Noteworthily, alliisativin A (1) showed dual
activity in promoting osteogenesis and inhibiting osteoclast, indicating an antiosteoporosis
potential.

Filamentous fungi from the ocean remain an abundant
source of secondary compounds with various biological

activities.1 With genome sequencing techniques, numerous
natural-product-related biosynthetic gene clusters have been
identified. Complex natural products can be generated via
biosynthetic pathways that include several key enzymes. Fungi
produce complex hybrid natural products by combining
various core enzymes in the same biosynthetic pathway, like
PKS/PKS, PKS/NRPS, and PKS/TC, which cannot be
achieved with only one core enzyme.2

Cyclohexane-connected drimane sesquiterpenes are a group
of compounds consisting of a drimane-type sesquiterpene
structure attached to a cyclohexanone or cyclopentane group.
Being relatively uncommon in nature,3 cyclohexane sesqui-
terpenes have sparked significant interest among synthetic
chemists because of their appealing biological properties.4 For
instance, epoxyphomalin A displayed a superior cytotoxicity at
nanomolar concentrations toward 12 of a panel of 36 human
tumor cell lines,5 while macrophorins were documented with
antifungal activity.6 Yi Tang and colleagues discovered the
biosynthetic gene cluster responsible for producing epoxycy-
clohexenone macrophorins by utilizing genome mining
techniques, confirming the MacJ gene cluster as the initial
integral membrane terpene cyclase capable of cyclizing
terpenes by directly protonating olefinic bonds.7 Interestingly,
a similar gene cluster was discovered in Penicillium allii-sativi
MCCC 3A00580, a deep-sea-derived fungus. Accordingly,
genome exploration was conducted, followed by the isolation
and purification of three polyketide-terpenoid hybrids (1−3,

Figure 1) through HRMS and UV guidance. Herein, we report
the isolation, structure, and biological effects of these isolates.
The whole genome sequence of MCCC 3A00580 was

submitted to antiSMASH for the secondary metabolites
biosynthetic gene clusters (BGCs) analysis. A total of 40
BGCs were discovered in this strain, comprising 12 type I
polyketide synthases (T1PKSs), seven nonribosomal peptide
synthetases (NRPSs), six terpene cyclases (TCs), 11 NRPS-
like, one indole-NRPS, two T1PKS-NRPS, and one β-lactone
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Figure 1. Compounds 1−3 isolated from Penicillium allii-sativi
MCCC 3A00580.
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gene clusters. Among these, a single gene cluster (termed
herein Mer) of 3A00580 was identified with genes predicted as
a T1PKS gene cluster, involved in the biosynthesis and
secretion of the yanuthones and macrophorins (Figure S1).
BLAST analyses revealed a significant similarity (70%)

between the Mer gene clusters and the yan gene clusters
from Aspergillus niger ATCC 1015. The linear compound

Figure 2. Selected COSY (blue line), HMBC (red arrow), and
NOESY (pink arrow) correlations of 1.

Table 1. 1H and 13C NMR Spectroscopic Data for Compounds 1 and 2 (δ in ppm, J in Hz within the Parentheses)

1a 2a 2b

Pos. δH δC δH δC δH δC
1 1.63 td (13.2, 3.0) 38.1 CH2 1.66c 38.4 CH2 1.63 d (12.0) 38.8 CH2

1.07 td (13.2, 3.0) 0.95 td (13.3, 4.1) 1.03 td (12.0, 4.0)
2 1.50 m; 1.42 td (13.9, 3.7) 18.8 CH2 1.50 dd (14.0, 10.5); 1.44 m 18.9 CH2 1.63;c 1.54c 19.2 CH2

3 1.35 m; 1.13 m 41.8 CH2 1.35 d (13.0); 1.16 dd (13.0, 3.4) 41.7 CH2 1.40 m; 1.21 m 41.9 CH2

4 41.4 C 41.0 C 42.0 C
5 1.15 s 55.0 CH 1.12 td (13.0, 2.0) 54.8 CH 1.18 d (15.0) 55.7 CH
6 1.72 m 24.0 CH2 1.67c 23.7 CH2 1.83 d (12.5) 24.8 CH2

1.24 m 1.23 m 1.35 dd (12.5, 4.0)
7 2.34 td (12.8, 2.3) 37.9 CH2 2.33 d (13.0) 37.4 CH2 2.48 d (12.7) 38.4 CH2

2.03 td (12.8, 4.7) 1.96 m 2.10 td (12.7, 4.0)
8 149.0 C 149.2 C 152.8 C
9 2.13 d (9.0) 49.7 CH 1.52 d (10.5) 50.7 CH 1.91 d (9.0) 52.5 CH
10 40.0 C 38.9 C 40.2 C
11 1.72 d (15.3) 24.1 CH2 2.04 dd (15.2, 9.6) 23.5 CH2 2.27 dd (15.4, 9.0) 25.3 CH2

1.38 dd (15.3, 9.0) 1.80 d (15.2) 1.58, 9.0
12 4.78 s; 4.52 s 106.2 CH2 4.78 s; 4.52 s 106.2 CH2 4.76 s; 4.94 s 105.6 CH2

13 0.85 s 33.4 CH3 0.85 s 33.3 CH3 0.88 s 33.4 CH3

14 0.76 s 21.4 CH3 0.76 s 21.6 CH3 0.79 s 21.5 CH3

15 0.57 s 14.6 CH3 0.61 s 19.7 CH3 0.66 s 14.7 CH3

1′ 4.15 s 81.4 CH 3.96 br s 66.0 CH 4.22 br s 66.4 CH
2′ 79.5 C 1.98 dd (14.0, 3.5) 32.0 CH2 1.97 m 35.7 CH2

1.48 dd (14.0, 3.5) 1.93 m
3′ 88.9 C 87.1 C 84.4 C
4′ 86.6 C 73.6 C 74.9 C
5′ 83.4 C 2.90 s 61.6 CH 3.17 br s 64.1 CH2

6′ 173.8 C 62.7 C 63.9 C
7′ 1.18 s 16.7 CH3 3.70 d (12.2); 3.65 d (12.2) 63.3 CH2 3.91 s 67.0 CH2

8′ 3.00 d (18.2); 2.58 d (18.2) 41.3 CH2 2.89 d (17.7); 2.53 d (17.7) 41.0 CH2 3.07 d (18.0); 2.72 d (18.0) 40.1 CH2

9′ 174.2 C 174.2 C 173.8 C
1′-OH 5.47 br s
2′-OH 5.85 d (2.7)
4′-OH 6.50 br s 5.81 s
5′-OH 5.74 s

aMeasured in DMSO-d6;
bMeasured in CDCl3.

coverlapped

Figure 3. Possible diastereoisomers of 1 with NOESY correlations
drawn in the blue dotted line.
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yanuthone, featuring a cyclohexenone ring, is derived from 6-
methylsalicylic acid (6-MSA), synthesized by a ten-gene cluster
including yan A and yan I. In contrast, the mac cluster contains

a single gene insertion compared to the yan cluster. The
conversion of the linear chain in yanuthones to the drimane
unit in macrophorins is facilitated by the MacJ. Therefore, it is
plausible that the Mer gene clusters are involved in the
biosynthesis of polyketide-sesquiterpene hybrids. The func-
tions of open reading frames (ORFs) in Mer from 3A00580
were deduced (Table S1).
The chemical investigation on the fungus MCCC 3A00580

was subsequently conducted. As a result, two novel
meroterpenes (1, 2) and one known derivative (3) were
obtained from its CH2Cl2-soluable extract using multiple
column chromatography (CC) over ODS, silica gel, and

Figure 4. Calculated and experimental ECD spectra of 1.

Figure 5. Possible substructures of 2 with 2D NMR correlations inset
(red arrow, HMBC correlations observed in CDCl3; green arrow,
HMBC correlations observed in DMSO-d6; green line, COSY
correlations observed in DMSO-d6).

Figure 6. NMR chemical shifts comparison of compound 2 (in
DMSO-d6) with referenced compounds (blue arrow, HMBC
correlations observed in DMSO-d6).

Figure 7. Compounds 1 and 2 suppress RANKL-induced osteoclasto-
genesis in BMMs and increase osteogenic mineralization activity
among BMSCs in a dose-dependent manner. (A) Schematic diagram
of the osteogenesis and osteoclast differentiation process. (B) The
cytotoxicity of compounds 1 and 2 on BMMs was measured by a
CCK-8 assay (n = 3). (C) Representative images of osteoclasts
following treatment with RANKL and either compound 1 or 2 at
concentrations of 0, 1, 5, and 10 μM. Scar bar = 1000 μm (n = 3).
(D) Quantitative assessment of tartrate-resistant acid phosphatase
(TRAcP)-positive multinucleated cells (>3 nuclei) per well. (E) The
cytotoxicity of compounds 1 and 2 on BMSCs was measured by an
CCK-8 assay (n = 3). (F) Osteogenic mineralization activity among
BMSCs was stained with Alizarin red S after treating with the
indicated concentrations of compounds 1 and 2 (n = 3). (G)
Quantification of Alizarin red S staining area based on average optical
density. The culture medium, osteogenesis differentiation medium
(50 μg/mL ascorbic acid and 5 mM β-glycerophosphate (β-GP),
DMSO (0.1%), and purmorphamine (1 μM) were regarded as the
negative control (NC), control (C), solvent (DMSO), and positive
control groups (PM), respectively. Scar bar = 250 μm. All bar graphs
are presented as the mean ± SD *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.000 1 vs the DMSO group.
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Sephadex LH-20. By comparing the NMR and HRMS spectra
with previously published data, together with a X-ray
diffraction analysis (Figure S24), compound 3 was unambig-
uously determined as macrophorin A.8

The HRMS analysis of 1 returned a molecular formula as
C24H34O7, indicating eight degrees of unsaturation. Its 1H and
13C NMR spectroscopic data (Table 1) revealed four methyl
singlets, seven sp3 methylene, one sp2 methylene, three
methine, and nine non-hydrogenated carbons. Analysis of the
2D NMR spectra of 1 allowed the connection of the fragment
A, which was similar to the drimane moiety of macrophorin A
(3), evident from the HMBC correlations of H3-13 (δH 0.85
s)/H3-14 (δH 0.76 s) to C-3/4/5, H3-15 (δH 0.57 s) to C-1/5/
9/10, and COSY correlations of H-5 (δH 1.15 m)/H2-6 (δH
1.72 m; 1.24 m)/H2-7 (δH 2.34 td, J = 12.8, 2.3 Hz; 2.03 td, J =
12.8, 4.7 Hz)/H2-12 (δH 4.78 s; 4.52 s)/H-9 (δH 2.13 d, J = 9.0
Hz)/H2-11 (δH 1.72 d, J = 15.3 Hz; 1.38 dd, J = 15.3, 9.0 Hz).

For the remaining part (C9H9O7), HMBC correlations from
H3-7′ (δH 1.18 s) to C-2′/C-3′/C-4′, H-1′ (δH 4.15 s) to C-
3′/C-4′ and H2-11 to C-1′/C-4′/C-5′ permitted a cyclo-
pentane ring located at C-11 position. Three hydroxy groups
were supposed to attach to C-2′, C-4′, and C-5′, respectively,
according to the COSY correlation of 5′-OH (δH 5.74 s)/H-1′
as well as HMBC signals of 2′-OH to C-1′/C-2′/C-3′ and 4′-
OH to C-3′/C-4′/C-5′. Moreover, HMBC correlations from
H-1′ to C-6′ and from 4′-OH, to C-6′ suggested a lactone ring
formed between C-4′ and C-1′. The final two carbons were
assigned to another lactone fused with cyclopentane based on
the HMBC correlations of H-8′ (δH 3.00 d, J = 18.2 Hz; 2.58
d, J = 18.2 Hz) to C-1′/C-3′/C-9′ and a consideration of
molecular formula. Consequently, the planar structure of 1 was
deduced (Figure 2).
The trans-relationship of rings A and B of the drimane

sesquiterpene unit was assigned by the NOESY cross-peaks of
H-9/H-5, H3-13/H-5, and H3-15/H3-14,

4c,7,9 which permitted
the consistent absolute configurations of C-5/C-9/C-10 as
macrophorin A (3) based on a biogenetic consideration. For
the polyketide part, although there are no useful NOESY
correlations among those protons, the cage system limits the
number of stereoisomers (1a−1d) as drawn in Figure 3. An
MM2 force field minimization displayed a close distance of H2-
11/H2-8′ in 1c and H2-11/H3-7′ in 1d. However, the
correlations of H2-11/H2-8′ or H2-11/H3-7′ were absent in
the NOESY spectrum, suggesting stereoisomers 1c and 1d
were impossible. Subsequently, a theoretical calculation of the
NMR data of the isomers 1a and 1b revealed that
(5S,9S,10S,1′S,2′S,3′R,4′S,5′S)-1 (1a) had a higher R2 score
and lower deviations (Figure S3), which also gained an almost
100% possibility in a following DP4+ probability analysis
(Figure S5).
The complete structure was confirmed by a comparable

analysis of calculated and experimental electronic circular
dichroism (ECD) spectra, where the same Cotton effects were
found in 1a and the experimental one (Figure 4). Finally,
compound 1 was assigned and named alliisativin A.
HRMS analysis of 2 revealed a molecular formula of

C24H36O6 suggesting seven degrees of unsaturation. Its NMR
data (CDCl3) disclosed resonances attributed to a drimane
sesquiterpene unit and a part of C9H11O6. Diagnostic HMBC
correlations observed from H2-11 (δH 2.27 dd, J = 15.4, 9.0
Hz; 1.58 d, J = 9.0 Hz) to C-1′/C-5′/C-6′, H-1′ (δH 4.22 br s)
to C-3′/C-5′, H-5′ (δH 3.17 br s) to C-3′/C-4′ together with
the COSY signal of H-1′/H2-2′ confirmed a cyclohexane ring
attached to C-11. In the HMBC spectrum, correlations of H2-
7′ to C-2′/C-3′/C-4′ implied a connection of an oxygenated
methylene to C-3′, while correlations of H2-8′ to C-3′/C-4′/
C-5′/C-9′ suggested a C-8′-C-9′ linkage at C-4′. Additionally,
two exchangeable protons (δH 5.47 br s; δH 5.81 s) were found
in DMSO-d6, indicating one hydroxy at C-1′ while the other
positioned at C-3′ or C-4′ was evident from the COSY
correlations of H-1′/1′-OH and the HMBC cross-peak of the
second OH to C-3′, respectively. Considering the chemical
shift of C-5′/C-6′ with a comparison of known analogues, an
epoxide between C-5′ and C-6′ was deduced.4c All this
evidence could in principle be attributed to four possible
substructures (Figure 5), consisting of a propiolactone (2a), an
oxetane (2b), a butyrolactone (2c), or a valerolactone (2d).
Significantly, analytical scale acetylation of 2 enabled
immediate detection of a diacetate, which underwent fast
conversion to triacetate within a few hours (Figures S21−S24),

Figure 8. Compound 1 can bind to TGFB1 (PDB ID: 4X2F) protein.
(A) The protein interaction network of factors involved in the
coupling of osteoblasts and osteoclasts was constructed using data
from refs 13b and 17a. The PPI network was constructed with the
String database version 12.0. (B) The PPI network was visualized and
analyzed by using Cytoscape 3.7.0 and 3.9.1. A node in a network
graph symbolizes a specific target, with its size and color serving as
visual indicators of the degree value. A color gradient from blue to
yellow to orange signifies a progression from low to high degree
values, while larger nodes correspond to higher degree values. (C) 3D
structure of compound 1 with TGFB1 complex. (D) A detailed view
of 3D structure of compound 1 with TGFB1 complex. (E) Hydrogen
bonds and hydrophobic interactions of compound 1 with neighboring
amino acid residues in TGFB1. (F) The hydrophobic interactions of
compound 1 with protein TGFB1.
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consistent with options 2a and 2c (2b cannot form triacetate;
2d would result in monoacetate first). Although the spiro-
propiolactone in 2a is chemically unprivileged and extremely
unprecedented in literature, a comparable analysis of the
chemical shift of C-3′ (evident by HMBC correlations of H-1
to C-3′) in both structures 2a and 2c with those of similar
compounds was also performed (Figure 6),10 which strongly
suggested that the key carbons in 2c could match the current
chemical shifts (δC 84.4 in CDCl3 and δC 87.1 in DMSO-d6).
Therefore, the entire planar structure of 2 was established.
The absolute configuration of the drimane moiety was

established to be the same as that of 1 and 3 based on NOESY
analysis along with the biosynthetic consideration. For the
polyketide part, NOESY cross-peaks of H2-2′b to H-1′ and H2-
7′ indicated H-1′ and H2-7′ faced toward the same side.
However, the relative stereochemistry of C-4′/C-5′/C-6′ could
not be determined because of the poor NOESY signals.
Subsequently, a theoretical calculation of the NMR data for
four isomers followed by a DP4+ probability analysis was
performed (Figures S4 and S6), which assigned a
1′S*,3′S*,4′R*,5′R*,6′S* configuration for 2. Fortunately,
the empirical inverse octant rule for cyclohexene oxides
could be applied to the observed positive Cotton effect at
λ340nm (Δε + 0.02), assigning the absolute configuration of the
epoxide as 5′R and 6′S, which was consistent with a biogenetic
relationship with other analogues.4c,5 Therefore, the structure
of compound 2 was determined and named alliisativin B.
Osteoblasts (OBs) and osteoclasts (OCs) are crucial for

bone remodeling, and their dysfunction can lead to bone
diseases such as osteoporosis and osteosclerosis.11 Recent
research shows that substances produced by these cells can
regulate each other’s functions, impacting bone resorption and
formation.12 Increasing evidence has suggested that the
coupling of OBs and OCs is important for bone therapies.13

To date, only a few natural products have been found to
exhibit therapeutic effects on both OBs and OCs,14 with just
four marine natural products demonstrating this dual activity
including hymenialdisine, (3R*,4S*)-6,8-dihydroxy-3,4,7-tri-
methylisocoumarin, sclerotinin C, and asperbiphenyl.15

As part of our ongoing search for antiosteoporosis natural
products,15b,16 the two new meroterpenes were tested for their
effects on osteoclasts and osteoblasts on bone marrow
monocytes (BMMs) and bone mesenchymal stem cells
(BMSCs), respectively (Figure 7A). Of note, we found that
compound 1 not only suppressed osteoclastogenesis (Figure
7C,D) but also promoted osteogenic mineralization (Figure
7F,G) without cytotoxicity at the concentration up to 10 μM
(Figure 7B,E).
Given that compound 1 has dual activity, we constructed a

protein−protein interaction (PPI) network of the factors
involved in the coupling of osteoblasts and osteoclasts and
validated the interaction between the compound and the core
target using molecular docking. From the results of PPI, the
network consisted of 12 nodes and 16 edges (Figure 8A), in
which the top one target of the transforming growth factor beta
(TGF-β, TGFB1) was identified as the core target because of
its degree value (Figure 8B). TGFB1, an abundant bone matrix
protein, is the major coupler of bone resorption to its
formation. Its activation helps recruit stem/progenitor cells for
tissue regeneration and remodeling processes.17 Modulating
TGF-β signaling has shown promise in treating various
conditions like sclerosis, tumor metastasis, osteoarthritis, and
osteoporosis.18 Subsequently, the binding affinity of compound

1 for TGFB1 was assessed using molecular docking techniques.
The results of the docking analysis revealed that compound 1
bound to the active pocket of protein 4X2F (Figure 8C,D)
through hydrogen bonding with residues LYS213, ARG215,
LYS335, and ASN338, as well as hydrophobic interactions with
VAL219, LYS337, and LEU340 (Figure 8E,F). The binding
activity between PPA and 4X2F was determined to be
favorable, with a docking score of −54.302063 kcal/mol
(Figure 8E). All this evidence strongly proved that compound
1 effectively targeted the dual active TGFB1 protein, thereby
influencing processes related to osteogenesis and osteoclasto-
genesis.
In conclusion, two novel polyketide-terpenoid hybrid

compounds and one known analogue were isolated from the
deep-sea-derived fungus Penicillium allii-sativi MCCC no.
3A00580. 1 possesses a cage-like tricyclo [2,2,1] ring and
exhibited a dual activity in promoting osteogenesis and
inhibiting osteoclast, which indicated an antiosteoporosis
potential.
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