Lin et al. Natural Products and Bioprospecting (2025) 15:62

https://doi.org/10.1007/513659-025-00544-5 Natural Products and

Bioprospecting

: , ®
Chalasoergodimers A-E, heterodimers ol

with multiple polymerization modes
from a marine-derived Chaetomium sp. fungus

Ze-Hong Lin', Han-Wen Shan'?, Li-Kun Yang®’, Tian-Tian Sun’, Li-Ying He'?, Hui-Fang Du', Ya-Hui Zhang?,
Shan Liu', Xu Wang', Du-Qiang Luo®" and Fei Cao"”

Abstract

Five new heterodimers, chalasoergodimers A-E (1-5), and three known heterodimers (6-8), along with four chae-
toglobosin monomers (9-12), were isolated from a marine-derived Chaetomium sp. fungus. The structures of new
compounds 1-5 were elucidated by HRESIMS, NMR, chemical calculated 13C NMR and ECD methods. Among them,
compound 1 was derived from C-2" substitution of chaetoglobosin Fex (9) with ergosta-4,6,8(14),22-tetraen-33-0l,
representing a new dimerization mode among chaetoglobosin-ergosterol derivative hybrids. Compound 2 fea-

tured substitution at NH-1" and constituted the first example of this dimeric type bearing an R-configuration at C-3".
Compounds 3-5 were formed via a Diels—Alder cycloaddition between chaetoglobosins and 14-dehydroergosterol.
Furthermore, it was revealed that compound 9-12 exhibited the significant cytotoxic activity against the human non-
small cell lung cancer cell (A549), with compound 12 showing the most potent effect at an ICq, of 5.14 M.
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Graphical Abstract

1 Introduction

Complex biosynthetic mechanisms underlay the struc-
tural diversity and complexity of natural products (NPs)
[1]. Extensive exploration of NPs resources contributed
to the identification of candidates with promising phar-
macological activity, facilitating the discovery of lead
compounds with high target specificity and potent bio-
logical efficacy [2—4]. The discovery of NPs with new
scaffolds and exceptional bioactivities continued to capti-
vate chemists and biologists [5]. In organisms, enzymatic
reactions constituted the foundation of NPs biosynthesis:
primary metabolites underwent enzymatic transforma-
tions into intermediates, which were further processed
into final products by multi-enzyme complexes and
tailoring enzymes [6, 7]. Additionally, non-enzymatic
pathways, which was driven by chemical reactivity, evo-
lutionary pressure, and the acidic or basic nature of the
medium, functioned independently of enzymes and com-
plemented enzymatic routes in contributing to NP bio-
synthesis [8].

Guided by their structural chemical properties, natu-
ral products underwent dimerization of secondary
metabolites into homodimers or heterodimers through
enzymatic and non-enzymatic polymerization reactions
[9]. Reported dimeric NPs included coumarins [10], ter-
penoids [11], flavonoids [12], alkaloids [13], and others.
Enzymatic dimerization typically involved cyclases and
condensing enzymes [14]. Cyclases catalyzed cycliza-
tion reactions between monomers to form dimers. For

instance, the FAD-dependent enzyme MaDA was iden-
tified as a monofunctional enzyme that catalyzed Diels—
Alder reactions [15]. Condensing enzymes catalyze
monomer condensation to form dimers. For example,
AsuC3 and AsuC4 catalyzed condensation reactions to
form polyketide side chains, which were critical biosyn-
thetic steps for dimer formation [16]. In addition, certain
oxidases catalyzed radical generation to participate in
dimer formation [17]. Non-enzymatic reactions, guided
by chemical properties, also occurred through spontane-
ous cycloaddition or condensation processes under phys-
iological conditions [18].

Polymerization of two monomers altered the structural
framework, enabling certain dimers to exhibit enhanced
or even novel bioactivities compared to monomers [19].
Dibohemamine B, a methylene-bridged dimer of two
bohemamine monomers, demonstrated potent anti-
non-small cell (A549) activity, whereas the bohemamine
monomer was inactive [20]. Similarly, the terpene-
nonadride heterodimer bipoterpride B showed notably
enhanced biological activity compared to its monomers
[21]. Enhanced bioactivity may arise from structural
and conformational changes following dimerization that
improved target binding [22]. Alternatively, modifica-
tions in chemical properties, such as increased structural
stability and altered polarity, boosted bioavailability and
efficacy in vivo [23, 24]. Overall, the identification of
dimers with novel skeletons significantly advanced our
comprehension of the polymerization mechanisms of
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natural product monomers and facilitated the screening
of lead compounds exhibiting promising bioactivities.

The fungi of Chaetomium species were reported to be
capable of producing a variety of heterodimeric com-
pounds [25, 26]. In this work, a marine-derived fungus
Chaetomium sp. was chosen as the research subject. As
a result, five new heterodimeric compounds (1-5), three
known heterodimers, including ergochaeglobosin A (6)
[27], ergochaeglobosin E (7) [27], ergochaeglobosin D (8)
[27], and four known chaetoglobosin monomers, includ-
ing chaetoglobosin Fex (9) [28], chaetoglobosin E (10)
[29], chaetoglobosin D (11) [29], and chaetoglobosin B
(12) [29], were obtained from this fungal strain (Fig. 1).
Notably, the polymerization pattern of chaetoglobosin
and ergosterol derivative in 1 marked the first report of
this specific dimer type. Subsequently, the cytotoxicities
of these compounds were also assessed.

2 Results and discussion

Chalasoergodimer A (1) was isolated as a brown powder.
Its molecular formula was determined to be C¢yH,4N,O5,
indicating 23 degrees of unsaturation, based on the

9 HO

10 HO

Fig. 1 Chemical structures of compounds 1-12
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HRESIMS ion peak at m/z 929.5818 [M + Na]* (calcd for
CeoH-sN,0;Na*, 929.5808). The 'H NMR and HSQC
spectra (Table 1 and Fig. S7) revealed the presence of
an indolyl moiety, characterized by four coupled aro-
matic protons at &, 7.40 (d, 1H, /=7.8 Hz), 7.28 (d, 1H,
J=7.8 Hz), 7.14 (dd, 1H, J=7.8, 7.8 Hz), and 7.11 (dd,
1H, J/=7.8, 7.8 Hz). Eight non-terminal olefinic pro-
tons were observed at dy; 6.31 (dd, 1H, /J=13.8, 9.6 Hz),
6.26 (d, 1H, J=9.6 Hz), 6.19 (d, 1H, J=9.6 Hz), 5.98 (d,
1H, J=9.6 Hz), 5.51 (d, 1H, J=4.8 Hz), 5.39 (ddd, 1H,
J=14.4, 10.8, 2.4 Hz), and two signals at §,; 5.24 (dd, 1H,
J=15.6, 7.2 Hz). Two terminal olefinic protons appeared
at 0y 5.32 (s, 1H) and 5.13 (s, 1H). Nine methyl groups
were detected at oy 1.87 (s, 3H), 1.10 (d, 3H, /J=6.6 Hz),
1.06 (d, 3H, J=6.6 Hz), 1.06 (d, 3H, J=6.6 Hz), 0.96 (s,
3H), 0.95 (s, 3H), 0.94 (d, 3H, /=7.8 Hz), 0.85 (d, 3H,
J=6.6 Hz), and 0.84 (d, 3H, J=6.6 Hz). The 3C NMR
(Table 1) and HSQC spectra displayed 60 carbon signals,
including two ketone carbonyls (5. 208.0 and 203.7),
one amide carbonyl (6 173.6), 22 olefinic carbons, two
oxygenated carbons (d- 71.5 and 70.2), and 33 aliphatic
carbons. The planar structure of 1 was further confirmed
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Table 1 'H (600 MHz) and '*C (150 MHz) NMR data of compounds 1 and 2 in CDCl;
No 1 2 No 1 2
8, UinHz) 8¢ 5,,UinHz) 8¢ 5, UinHz) 8¢ 6, UinHz) 8¢
1 1736 173.8 5' 7.11,dd (7.8,7.8) 120.1 7.13,dd (7.8,7.8) 119.6
2 5.53, brs 5.64, brs 6' 7.14,dd (7.8,7.8) 121.7 7.20,dd (7.8,7.8) 1219
3 3.50,m 525 342, m 52.7 7' 7.28,d(7.8) 111 740,d (7.8) 1103
4 271, m 48.2 267, m 479 1"a 1.67, m 31.7 1.87,m 344
5 285 m 322 285 m 321 1"b 140, m 1.64, m
6 148.1 148.2 2"a 224, m 26.3 218, m 27.1
7 3.94,d(10.8) 70.2 3.93,d(10.2) 70.0 2"b 1.77,m 201, m
8 266, m 493 2.66, M 49.5 3" 3.77,m 32.2 507, m 54.2
9 62.8 629 4" 551,d(4.8) 121.7 547, brs 1225
10a 2.85,dd (14.4,4.8) 333 2.92,dd (144,4.2) 343 5" 146.8 146.9
10b 2.69,dd (14.4,9.6) 2.62,dd (14.4,9.6) 6" 5.98,d(9.6) 1259 5.93,d(9.6) 1254
1 1.10,d (6.6) 14.0 1.15,d (6.6) 14.1 7" 6.26,d (9.6) 126.2 6.25,d (9.6 126.7
12a 532,s 114.7 532,s 114.6 8" 1247 124.8
12b 5.13,s 513,s 9" 212, m 46.1 2.10,m 456
13 6.31,dd (14.4,9.6) 1288 6.25,dd (14.4,9.6) 128.7 10" 359 359
14 5.39,ddd 1358 5.37,ddd 1358 11"a 1.64, m 19.7 1.68, m 193
(14.4,10.8,2.4) (144,114,24)
15a 249, m 41.1 248,m 41.2 11"b 157, m 1.60,m
15b 212, m 212, m 12"a 205, m 36.7 207, m 36.5
16 2.80,m 337 2.80,m 337 12"b 1.31,m 1.31,m
17 6.19,d (9.6) 149.4 6.18,d (9.6) 149.3 13" 439 438
18 1349 1347 14" 150.6 150.7
19 203.7 203.6 15"a 244, m 253 244, m 252
20 4.78, m 71.5 475, m 716 15"b 235, m 2.34,m
20-OH 3.74 3.72 16"a 1.80,m 280 1.80,m 280
21a 191, m 31.6 1.88, m 316 16"b 148, m 148, m
21b 191, m 1.85,m 17" 1.24,m 56.2 1.24,m 56.1
22a 292, m 376 2.86,m 375 18" 0.96, s 194 1.05,s 18.6
22b 2.70,m 253, m 19" 0.95,s 183 097,s 194
23 208.0 208.1 20" 2.14,m 39.6 214, m 39.5
24 1.06,d (6.6) 20.1 1.06,d (6.6) 20.1 21" 1.06,d (6.6) 214 1.06,d (6.6) 214
25 1.87,s 124 1.86, s 124 22" 5.24,dd (15.6,7.2) 1354 5.23,dd (15.0,7.2) 1354
1 7.89, brs 23" 5.24,dd (15.6,7.2) 1324 5.24,dd (15.0,7.2) 1324
1'a 134.8 136.2 24" 1.88, m 430 1.88, m 43.0
2! 140.2 6.98, s 124.6 25" 149, m 333 149, m 333
3 105.6 110.0 26" 0.84,d (6.6) 19.8 0.84,d (6.6) 19.8
3'a 1285 1279 27" 0.85,d (6.6) 20.1 0.85,d (6.6) 20.1
4 740,d (7.8) 1181 746,d (7.8) 118.8 28" 0.94,d (6.6) 17.8 0.94,d (6.6) 17.8

by analysis of '"H-'H COSY and HMBC spectra (Fig. 2).
The 'H-'H COSY correlations of H-4'/H-5'/H-6'/H-7',
together with HMBC correlations from NH-1' to C-1'a,
C-3', C-3'a, from H-4' to C-1'a, and from H-7' to C-3'a,
suggested that the indole moiety contained only five
hydrogen atoms. The 'H-'H COSY correlations of
H-2/H-3/H-4/H-5/H-11, H-7/H-8/H-13/H-14/H-15/H-
16/H-17, and H-20/H-21/H-22, along with the HMBC

correlations from NH-2 to C-1, C-9, from H-4 to C-6,
C-23, from H-12 to C-5, C-7, from H-17 to C-19, C-25,
and from H-21 to C-19, C-23, further established unit A
as the C-2' dehydrogenated derivative of chaetoglobo-
sin Fex (9). The characteristic structure included amide
group at C-1, carbonyl groups at C-19 and C-23, a ter-
minal alkene at C-12, and a hydroxyl group at C-20. In
the structure of unit B, 'H-'H COSY correlations of



Lin et al. Natural Products and Bioprospecting

(2025) 15:62

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

H-1"/H-2"/H-3"/H-4", H-6"/H-7", H-9"/H-11"/H-12",
H-15"/H-16"/H-17"/H-20"/H-22"/H-23"/H-24"'/H-
25"/H-26", together with HMBC correlations from H-3"
to C-5", from H-4" to C-6", C-10", from H-6" to C-8",
from H-7" to C-9", C-14", and from H-18" to C-12",
C-14", C-17", indicated that unit B possessed a ergosta-
4,6,8(14),22-tetraen-3f-ol skeleton [30] substituted at
C-3". Moreover, the key HMBC correlations from H-3"
to C-2', C-3', along with the absence of a proton signal
at C-2' in the HSQC spectrum, suggested that the pla-
nar structure of 1 consisted of chaetoglobosin Fex and
ergosta-4,6,8(14),22-tetraen-33-ol moiety, connected
through a C—-C single bond between C-2' and C-3", with
the hydroxyl group at C-3" eliminated.

To further evaluate the rationality of the planar struc-
ture of 1, gauge-independent atomic orbital (GIAO)
calculations were performed to predict the 3C NMR
chemical shifts of a model featuring a linkage between
C-2' of chaetoglobosin Fex and C-3" of ergosta-
4,6,8(14),22-tetraen-3f3-ol. As C-3" was a stereogenic
center, two configurations were considered, and the *C
NMR chemical shifts of both were calculated. Linear
regression analysis of the calculated versus experimen-
tal '*C chemical shifts, together with deviation analy-
sis (Fig. 3), indicated that the C-2'/C-3" linkage pattern
determined by 1D and 2D NMR data was reasonable. In
this mode, the calculated >*C NMR data showed good
agreement with the experimental results. For 1a, the
correlation coefficient (R?) was 0.9984, and all absolute
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deviations (|Ad|) were within 5.40 ppm. Moreover, the
key positions C-2' and C-3" exhibited minimal devia-
tions, with |Ad| values below 1.30 ppm, suggesting that 1
was more likely to adopt the 1a structure.

The relative configuration of unit A was comprehen-
sively assessed through coupling constants, NOESY cor-
relations, and chemical shifts. The coupling constant
between H-13 and H-14 in unit A exceeded 12 Hz, sup-
porting an E-configuration for the A'® double bond. The
NOESY correlation between H-8 and H-14 further sup-
ported this assignment. The NOESY correlation between
H-16 and H,-25 indicated that the A'” double bond also
adopted an E-configuration. A series of NOESY correla-
tions involving H-3/H;-11, H;-11/H-7, H-7/H-13, H-13/
H-22a, and H-22a/H-20 suggested that these protons
shared the same spatial orientation. Likewise, NOESY
cross-peaks observed between H-4/H-8, H-8/H-14, and
H-14/H-16 indicated that these protons also adopted a
common orientation. To further assign the relative con-
figuration at C-16 and C-20, the comparison of the NMR
data (Table S1) between 1 and 9 revealed that the chemi-
cal shifts of H-20, C-16, and C-20 were generally similar
(]A8y|<0.1 ppm, |Ad:|<0.3 ppm). Comparison with 7
showed that the chemical shifts of H-16, H-20, C-16, and
C-20 in 1 were similar to those in 7 (|Ad,;|<0.06 ppm,
|AS:|<0.3 ppm). These similar chemical shifts suggested
that 1, 7, and 9 shared closely related structures and con-
figurations. Therefore, the relative configuration of unit
A was assigned as 3S5*, 4R*, 55%, 75%, 8R*, 16S*, and 20S*.
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Fig. 3 A Linear Regression analysis, DP4 analysis and subtraction of the experimental and calculated '*C NMR chemical shifts of 1a. B Linear
Regression analysis, DP4 analysis and subtraction of the experimental and calculated *C NMR chemical shifts of 1b

The configuration of unit B in 1 was assessed based on
coupling constant analysis and NOESY data. The large
coupling constant between H-22" and H-23" suggested
that the A%*" double bond adopted an E-configuration.
NOESY correlations between H-11"b and both H;-18"
and H;-19" implied that the methyl groups at C-10" and
C-13" were located on the same face. The NOESY cor-
relations of H-9”/H-12"b and H-12"a/H;-18” indicated
that H-9” and H;-18” were oriented on opposite faces.
The NOESY correlations of H-15"a with H-17", and
H-15"b with H;-18” indicated that H-17” and H,-18”
were oriented on opposite faces. Due to the conforma-
tional flexibility of the side chain in unit B, the relative
configurations at C-20" and C-24" could not be accu-
rately determined based on NOESY data alone. Due to
the lack of key NOESY correlations for C-3”, its relative
configuration could not be reliably determined. Except

for C-3”, C-20”, and C-24”, the relative configuration
of unit B was determined as 9”R* 10”R*, 13”R*, and
17" R,

Among the reported chaetoglobosins derived from
Chaetomium species [31-34], the configurations at C-3,
C-4, C-8, C-9, and C-16 were relatively conserved as 38,
4R, 8R, 9R, and 168, respectively. When a methyl group
was attached at C-5, it typically exhibited the S-config-
uration. Similarly, the presence of a hydroxyl group at
C-7 was generally associated with the S-configuration.
In most cases, the hydroxyl substitution at C-20 dis-
played an S-configuration. Only a few reports described
an R-configuration at C-20, which notably affected the
chemical shifts of C-20 and its neighboring atoms.

Based on the relative configuration of 1, as well as
the characteristic structural analogy to related com-
pounds derived from Chaetomium species, the absolute
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configuration of unit A was confirmed as 3§, 4R, 5S,
7S, 8R, 9R, 16S, and 20S. To determine the absolute
configuration of unit B, its chemical shifts were com-
pared (Table S2) with those of the monomer ergosta-
4,6,8(14),22-tetraen-33-ol [30]. The side chain from
C-20" to C-28" exhibited closely matching chemical
shifts (|Ady;|<0.1 ppm), indicating that the stereocenters
at C-20" and C-24" likely possessed the same configura-
tions. A similar comparison between 1 and 7 also showed
comparable chemical shifts for the side chain in unit B
(|Ad,4|<0.1 ppm). Furthermore, a structural feature com-
parison of ergosterol and its derivatives derived from
Chaetomium species revealed that those bearing chemi-
cally identical side chains consistently adopted R-config-
urations at C-20 and C-24, while S-configured analogues
have not been widely reported in the literature [31-34].
Thus, both of the absolute configurations at C-20" and
C-24" in unit B were tentatively assigned as R-configu-
ration. Based on the relative configuration of unit B and
structural analogies of the chiral centers in ergosterol and
its derivatives derived from Chaetomium species, the
absolute configuration of unit B, excluding C-3”, was
assigned as 9"R, 10"R, 13"R, 17"R, 20"'R, and 24"'R.

To further evaluate the configuration at C-3", DP4
analysis was performed for the two possible isomers. The
DP4 results (Fig. 3) indicated that the population of 1a
was 100%, whereas that of 1b was 0%, suggesting that the
configuration at C-3" in 1 was R configuration. Subse-
quently, density functional theory (DFT) calculations at
the B3LYP/6-311+ G(d,p) level in methanol were carried
out for (3S, 4R, 5S, 7S, 8R, 9R, 16S, 20S, 3"R, 9"R, 10"R,
13"R, 17""R, 20"R, and 24''R)-1, and the calculated ECD
spectrum was compared with the experimental one. The
results (Fig. 4) showed that the calculated and experi-
mental ECD spectra exhibited good agreement. The
absolute configuration of 1 was thus assigned as 3S, 4R,

¥4~ X NOESY
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55,75, 8R, 9R, 168§, 20S, 3"R, 9"R, 10"R, 13"R, 17"'R, 20" R,
and 24"'R.

Chalasoergodimer B (2) was isolated as a brown
powder. The molecular formula was determined to be
CeoH7sN,O5, indicating 23 degrees of unsaturation, based
on the HRESIMS ion peak at m/z 929.5811 [M+ Na]*
(CgoH7gN,0O5Na™, caled. for 929.5808). The NMR data of
2 (Table 1) closely resembled those of 1, except for differ-
ences in the indolyl moiety. Other signals, including two
carbonyl groups, one amide group, two hydroxyl groups,
and seven double bonds (including one terminal double
bond), were consistent with those of 1. These findings
suggested that 2 was also formed from chaetoglobosin
Fex and ergosta-4,6,8(14),22-tetraen-35-ol, but exhibited
a distinct substitution pattern compared to 1. Compari-
son of the indole proton signals revealed an additional
signal at 6;; 6.98 (s, 1H) in 2, and lacked the proton sig-
nal for NH-1', indicating that the substitution occurred at
N-1' rather than C-2'. This was further supported by the
key HMBC correlation from H-2' to C-3" (Fig. 5), which
confirmed that the substitution took place at the NH-1'
position of the indolyl unit. Except for the connecting
site and its neighboring region, compounds 1 and 2 gen-
erally exhibited similar 1D and 2D NMR signals in other
regions.

Compound 2 was suggested to possess the same mono-
meric composition as 1, but with a different dimerization
pattern. Given that 2 exhibited several identical NOESY
correlations (Fig. 6), closely similar chemical shifts, and
comparable coupling constants to those of 1, it was con-
sidered reasonable to infer that the difference in dimeri-
zation mode did not significantly affect the relative or
absolute configurations of the structure, except for Cc-3”.
Therefore, 2 was considered to share the same relative
and absolute configurations as 1 except the dimeriza-
tion sites. The absolute configuration of 2, excluding

B — Exp. ECDof 1
150 4= Caled. ECD of (35.4R,55.7S.8R9R.165,205,3"R 9"R,10"R,13"R,17"R 20" R and 24"R)-1
1004
= 504
£
w
a 01
O
-50 4
-100 4
-150 ¥ T v 1
200 250 300 350 400

Wavelength (nm)

Fig.4 A Key NOESY correlations and B experimental versus calculated ECD spectra of 1
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Fig.5 The 'H-"H COSY and key HMBC correlations of 2-5

C-3”, was suggested as 3S, 4R, 55, 7S, 8R, 9R, 16S, 208,
9"R, 10"R, 13"R, 17"R, 20"R, and 24"R. The C-3" con-
figuration of 2 was determined using the same approach
as for 1. DP4 analysis was performed to evaluate the dis-
tribution of the two possible configurations at the C-3"
stereocenter. The results (Fig. S31) indicated that 2 was
assigned 100% to the 3"R configuration and 0% to the
3"S configuration. Subsequently, theoretical ECD spec-
tra of (3S, 4R, 5S, 7S, 8R, 9R, 16§, 20S, 3"R, 9"R, 10"R,
13"R, 17"R, 20"R, and 24"'R)-2 was calculated and com-
pared with the experimental ECD spectrum of 2. As
shown in Fig. 7, the calculated spectrum of the (3S, 4R,
55,78, 8R, 9R, 16§, 20S, 3"R, 9"R, 10"R, 13"R, 17"R, 20" R,
and 24"'R)-2 showed better agreement with the experi-
mental data, supporting the assignment of the absolute

configuration of 2 as 3S, 4R, 55, 7S, 8R, 9R, 168, 20S, 3"R,
9"R,10"R, 13"R, 17"R, 20"R, and 24"'R.
Chalasoergodimer C (3) was obtained as a white
powder. The molecular formula was determined as
CeoH76N,Og, corresponding to 24 degrees of unsatura-
tion, based on the HRESIMS ion peak at m/z 943.5598
[M+Na]* (CeoH,(N,ONa?, caled. for 943.5601). The
H, 3C, and HSQC spectra (Table 2 and Fig. $38) exhib-
ited features characteristic of chaetoglobosin-ergosterol
derivative hybrid. The NMR data revealed the pres-
ence of two terminal olefinic protons at §y; 5.20 (s, 1H)
and 5.42 (s, 1H), three carbonyl carbons at §- 198.4,
206.6, and 214.3, one amide carbonyl at §- 172.7. Com-
pared to chaetoglobosin D (11), compound 3 lacked
the C-21 double bond and the hydroxyl group at C-19



(2025) 15:62

Lin et al. Natural Products and Bioprospecting

Page 9 of 16

Fig. 6 Key NOESY correlations of 2-5

was replaced by a carbonyl group. Key HMBC correla-
tions from H-21 to C-15" and from H-22 to C-6", C-8",
and C-15", along with critical '"H-'"H COSY cross-peaks
between H-21/H-15" and H-22/H-7" (Fig. 5), supported
a dimeric structure comprising chaetoglobosin D and
14-dehydroergosterol [35], connected via C-21 to C-15"
and C-22 to C-7".

Based on the coupling constant between H-13 and
H-14 and the NOESY correlation between H-8 and
H-14, the double bond at C-13 was assigned as E-con-
figuration. The NOESY correlation between H-16 and
the methyl group H;-25 indicated that the double bond
at C-16 was also E-configuration. The NOESY spectrum
of 3 (Fig. 6) revealed key correlations, including H-3/
H-7 and H-3/H-11, indicating that protons H-3, H-7,
and H-11 were co-facial. Similarly, correlations of H-4/
H-8, H-8/H-14, and H-14/H-16 supported the same
orientation for protons H-4, H-8, and H-16. NOESY
cross-peaks of H-1"a/H-3", H-1"a/H-9", H-22/H-9",
H-9"/H-12"b, and H-12"b/H-17" suggested that
H-22, H-3", H-9", and H-17" shared the same spatial
orientation. Additional correlations of H-7"/H-15",
H-7"/H-19", H-11"b/H-19", H-11"b/H-18", and

H-21/H-18" indicated that the protons at H-21, H-7",
H-15", H-18", and H-19" were positioned on the same
side. The coupling constants and NOESY correlations
both indicated that 3 and 6 shared a highly similar con-
figuration. Based on the established NOESY correla-
tions and the similar chemical characteristics between
3 and 6, the relative configuration of 3 was assigned as
38* 4R*, 55%, 75*, 8R*, 9R*, 168*, 218*, 225*, 3"'S*, 7"'S*,
9"R*, 10"R*, 13" R*, 15" R*, 17" R*, 20" R*, and 24"'R*.

Based on the relative configurations, and in combi-
nation with structural feature comparisons of chae-
toglobosins and ergosterol derivatives derived from
Chaetomium species, the absolute configuration of 3
was determined as 3S, 4R, 5S, 7S, 8R, 9R, 16S, 21S, 2285,
3"S,7"S,9"R, 10"R, 13"R, 15"R, 17"R, 20"R, and 24"'R.
Subsequently, ECD calculations were performed on (3S,
4R, 55, 7S, 8R, 9R, 16S, 218, 228§, 3"S, 7"'S, 9"R, 10"R,
13"R, 15""R, 17"R, 20"R, and 24''R)-3, and the results
were compared with the experimental ECD spectrum
of 3. The comparison (Fig. 7) showed good agreement
between the calculated and experimental data, support-
ing the assignment of the absolute configuration of 3
as 3§, 4R, 55, 7S, 8R, 9R, 168, 218, 225, 3"S, 7"'S, 9"R,
10"R, 13"R, 15"R, 17"R, 20"'R, and 24"'R.
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Fig. 7 Experimental versus calculated ECD spectra of 2-5

Chalasoergodimer D (4) was isolated as a white powder.
The molecular formula was determined as Cg H;N,Oy,
corresponding to 24 degrees of unsaturation, based
on the HRESIMS ion peak at m/z 943.5579 [M+Na]*
(CgoH76N,O¢Na*, calcd. for 943.5601). The 'H and *C
NMR signals (Table 2) of 4 were similar to 3. By compari-
son, the structure of 4 lacked the terminal alkene signal
but displayed an additional methyl resonance at §;; 1.74
(s, 3H). Key HMBC correlations from H-11 to C-4, C-5,
and C-6, and from H-12 to C-5, C-6, and C-7 (Fig. 5),
supported the presence of a double bond between C-5
and C-6, each substituted with a methyl group. Given the
absence of significant differences in other structural ele-
ments, the planar structure of 4 was determined accord-
ingly. Compound 4 exhibited highly similar NOESY
correlations and coupling constants to those of 3. Since
they shared the similar planar structure and chemical
shifts overall, this suggested that they possessed similar
configurations. Therefore, except for C-5, compound 4
was assigned the same relative configuration as 3. Based
on the relative configurations, and in combination with
structural feature comparisons of chaetoglobosins and
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ergosterol derivatives derived from Chaetomium species,
the absolute configuration of 4 was suggested as 3S, 4R,
75, 8R, 9R, 168, 218, 22§, 3"S,7"S, 9"R, 10"R, 13"R, 15"R,
17"R, 20"R, and 24"'R. Moreover, the excellent agreement
between the calculated and experimental ECD spectra
(Fig. 7) supported the assignment of the absolute config-
uration of 4 as 35, 4R, 7S, 8R, 9R, 16§, 21§, 22§, 3"S, 7"'S,
9"R,10"R, 13"R, 15"R, 17"R, 20" R, and 24"R.
Chalasoergodimer E (5) was isolated as a white powder.
The molecular formula was determined as Cg H;4N,Oy,
corresponding to 23 degrees of unsaturation, based
on the HRESIMS ion peak at m/z 945.5745 [M+Na]*
(CgoH7gN,O¢Na™, caled. for 945.5758). Analysis of the
1D (Table 3) and 2D NMR data of 5 (Fig. 5), in compari-
son with 3, revealed that 5 and 3 shared highly similar
structures, with the only difference being that 5 bore a
hydroxyl group at C-19. Comparing of NOESY correla-
tions (Fig. 6) and coupling constants confirmed that,
except for C-19, the relative configuration of 5 was iden-
tical to that of 3. The NOESY correlations of H-19 with
H-17, H-17 with H-15b, and H-15b with H;-24 indi-
cated that H-19 and H;-24 were oriented on same side.
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Table 2 'H (600 MHz) and '*C (150 MHz) NMR data of compounds 3 and 4 in CDCl;

No 3 4 No 3 4

6, (Jin Hz) 6 6, (Jin Hz) 6¢ 6y (Jin Hz) 6¢ 6y (JinHz) 6
1 172.7 1734 7' 741,d(7.8) 111.7 740,d (7.8) 1116
2 5.63, brs 5.73, brs 1"a 1.70,m 354 1.71,m 355
3 340,dt(114,4.2) 525 344, m 586 1"b 1.33,m 1.33,m
4 243,dd (4.2,4.2) 50.7 3.00,m 524 2"a 1.88,m 32.1 1.88,m 321
5 3.08, m 329 1271 2"b 144, m 1.46, m
6 148.5 131.7 3" 369, m 704 367, m 704
7 4.08,d (10.8) 69.0 3.98,d (9.6 67.8 4"a 237, m 422 2.39,m 422
8 3.06,dd (10.8,9.0) 49.5 247,dd (9.6,9.6) 532 4"b 220,m 221, m
9 62.8 624 5" 144.5 1442
10a 3.02,dd (15.0,6.0) 358 3.04,dd (13.8,4.8) 345 6" 519, m 120.7 520,m 121.0
10b 2.69,dd (15.0,11.4) 2.84,dd (13.8,9.6) 7" 298, m 37.1 308 m 36.2
11 1.24,d (6.6) 14.7 1.59,s 179 8" 1258 1255
12a 542,s 114.9 1.74,s 14.0 9" 1.92,m 46.1 1.95,m 46.1
12b 5.20,s 10" 36.5 364
13 5.92,dd (14.4,9.0) 129.1 6.12,dd (14.4,9.0) 129.3 11"a 157, m 19.6 156, m 19.7
14 5.60,ddd 1329 5.64,ddd 134.5 11"b 149, m 148, m

(144,7.8,4.2) (144,7.8,4.2)
15a 234, m 40.9 236,m 41.1 12"a 1.94,m 387 1.96, m 387
15b 223, m 222, m 12"b 148, m 147, m
16 2.79,m 329 2.79,m 328 13" 425 425
17 6.61,d(7.8) 153.9 6.43,d(7.8) 1543 14" 145.8 145.6
18 134.1 134.1 15" 2.54,m 350 259, m 349
19 1984 1984 16"a 1.95,m 385 1.89, m 389
20 206.6 2069 16"b 148, m 167, m
21 3.64,dd (10.8,4.8) 510 3.72,dd (84,4.2) 510 17" 1.70,m 54.6 167, m 544
22 3.67,dd (10.8,4.8) 522 3.66,dd (84,4.2) 52.1 18" 097,s 20.1 094,s 203
23 2143 2141 19" 0.84,s 18.7 0.84,s 18.6
24 1.02,d (6.6) 19.0 1.07,d (6.6) 189 20" 205 m 40.1 1.99, m 40.2
25 1.82,s 114 1.82,s 1.3 21" 1.03,d (6.6) 215 1.01,d (6.0) 214
1 8.20, brs 8.18, brs 22" 519,m 136.1 5.20,dd (15.0,10.2) 136.0
1'a 136.7 136.7 23" 5.02,dd (15.0,9.0) 1323 5.03,dd (15.0,84) 13222
2! 7.10,d (1.8) 1225 7.10,d(1.8) 122.5 24" 157, m 43.1 1.64, m 43.0
3 1121 111.8 25" 1.26,m 332 1.32,m 332
3'a 126.9 126.9 26" 0.67,d (6.6) 19.8 0.73,d (6.6) 19.8
4 7.53,d(7.8) 118.7 7.52,d(7.8) 1186 27" 0.68,d (6.6) 20.1 0.73,d (6.6) 202
5! 7.19,dd (7.8,7.8) 120.2 7.16,dd (7.8,7.8) 120.1 28" 0.68,d (6.6) 18.5 0.72,d (6.6) 18.3
6' 7.24,dd (7.8,7.8) 122.8 7.23,dd (7.8,7.8) 122.8

In addition, the similar chemical shifts of H-19 in 5 and
6 suggested comparable chemical environments, which
further supported the evaluation that the relative con-
figuration of C-19 was likely the same in 5 and 6. Based
on the relative configurations, and in combination with
structural feature comparisons of chaetoglobosins and
ergosterol derivatives derived from Chaetomium species,
the absolute configuration of 5 was determined as 3S,
4R, 55, 7S, 8R, 9R, 168, 198, 21§, 225, 3"S,7"'S, 9"R, 10"R,

13"R, 15"R, 17"R, 20"R, and 24''R. Moreover, the calcu-
lated ECD spectrum (Fig. 7) of (3S, 4R, 5S, 7S, 8R, 9R,
16S, 19R, 218, 228§, 3"S, 7"'S, 9"R, 10"R, 13"R, 15"R, 17"R,
20"R)-5 exhibited good agreement with the experimental
data of 5, thereby confirmed its absolute configuration as
3S, 4R, 55, 7S, 8R, 9R, 16§, 19R, 218, 228, 3"S, 7"S, 9"R,
10"R, 13"R, 15"R, 17"R, 20"'R, and 24"'R.

Based on the structures of compounds 1-12 and
the currently reported studies on chaetoglobosin
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Table 3 'H (600 MHz) and "*C (150 MHz) NMR data of
compound 5 in CDCl;

No &, (inHz) S No 6, (JinHz) 6

1 1732 7' 7.36,d(7.8) 118
2 5.85s 1"a 1.77,dt (13.8,3.0) 35.7
3 340,m 543 1"b 133, m

4 245 m 494  2"a 191, m 320
5 301, m 327 2'"b 147, m

6 1480 3" 3.65m 70.2
7 381,d(114) 680 4"a 256, m 419
8 269, m 490 4"b 227, m

9 627 5" 146.0
10a  2.87,dd(126,4.2) 339 6" 539, m 122.3
10b  2.69,dd (12.6,9.6) 7 298,m 332
Il 1.24,m 142 8" 129.0
12a  546,s 1140 9" 208, m 47.2
12b  5.17,s 10" 36.6
13 585 m 1265 11"a 1.66, m 20.0
14 549, m 1378 11" 1.66, m

152 2.26,m 419 12"a 1.98, m 378
15b 195 m 12"b 1.38,m

16 253,m 332 13" 424
17 5.26,d (7.8) 1394 14" 146.9
18 1315 15" 320, m 376
19 461,s 87.1 16"a 1.87, m 339
20 2119 16"b 1.84, m

21 320,m 476 17" 0.78,m 54.3
22 287, m 489 18" 0.99, s 20.8
23 2149 19" 0.96, s 17.8
24 1.02,d (6.6) 216 20" 201, m 39.7
25 1.26,s "1 21" 0.97,d (6.6) 20.8
1 8.24, brs 22" 5.12,dd (15.0,9.0) 1354
1"a 1366 23" 5.27,dd (15.0,84) 132.8
2 6.88,d (1.8) 1227 24" 1.90, m 427
3 111.7 25" 147, m 332
3'a 1268 26" 0.85,d (6.6) 20.0
4 7.39,d(7.8) 1186 27" 0.86,d (6.6) 20.1
5 7.10,dd (7.8,7.8) 1201 28" 0.96, d (6.6) 17.8
6' 7.20,dd (7.8,7.8) 122.7

heterodimers [27, 36, 37], a possible biosynthetic path-
way was proposed (Scheme 1). Compound 1 was likely
formed via a substitution reaction between chaetoglo-
bosin Fex (9) and ergosta-4,6,8(14),22-tetraen-3/3-ol. The
electron-rich C-2' position of the indole ring rendered
it particularly susceptible to nucleophilic substitution
by electron-deficient species. Compounds 2 and 7 were
presumably generated through substitution at the HN-1'
position of the indole moiety. Notably, compounds 1 and
2, as well as 7, exhibited opposite configurations at C-3',
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suggesting a possible unimolecular nucleophilic substitu-
tion mechanism. Given the structural similarity between
7 and 8, their dimerization was assumed to proceed via
similar mechanisms. Compounds 5 and 6 likely arose
from Diels—Alder cycloaddition reactions at C-21 and
C-22 between chaetoglobosin D or B and 14-dehydroer-
gosterol. In contrast, compounds 3 and 4 may originate
from post-cyclization oxidation of 5 and 6.

The possibility of an artificial reaction between chae-
toglobosins and ergosterol analogues was evaluated. In
these model experiments, cholesterol, which shared a
similar structure with ergosta-4,6,8(14),22-tetraen-34-ol,
and chaetoglobosin Fex were used. Equimolar mixtures
of the two compounds were stirred at 55 °C for 12 h in
methanol:dichloromethane solvents (1:0, 1:1, and 0:1,
v/v). Thin-layer chromatography (TLC) analysis of the
resulting mixtures revealed no significant formation
of new products. Due to the lack of available ergosterol
derivatives structurally similar to 14-dehydroergosterol,
further experimental evaluation of the Diels—Alder
cycloaddition pathway could not be conducted. Given
the rarity of enzymatic nucleophilic substitution involv-
ing alcohols at the C-1' or C-2' positions of indole rings,
compounds 1, 2, 7 and 8 were more likely biosynthe-
sized through non-enzymatic pathways. Although the
Diels—Alder cycloaddition represents a well-known class
of natural product cyclizations, only a limited number
of enzymes capable of catalyzing this reaction have been
identified. Thus, the formation of 3, 4, 5, and 6 were also
presumed to proceed via non-enzymatic mechanisms.

Chaetoglobosins have been reported to exhibit anti-
tumor activity [38]. Accordingly, the cytotoxic activities
of 1-12 against A549 cells were evaluated (Table S10).
Compounds 9-12 showed notable inhibitory effects,
with IC;, values of 9.26, 9.14, 14.89, and 5.14 uM. Cis-
platin was selected as a positive control, with the 1Cs,
of 2.39 uM, slightly lower than that of compound 12. In
contrast, compounds 1-8 displayed no significant cyto-
toxicity, possibly due to the increased molecular weight
and reduced polarity resulting from polymerization with
ergosterol derivatives, which may have hindered their
membrane permeability and subsequent bioactivity.

3 Conclusion

New dimeric compounds with distinct polymerization
patterns were identified, offering structure for active
compound screening and advancing the understanding
of potential dimerization modes between monomers. In
this study, five new heterodimers (1-5), three known het-
erodimers (6—8), and four known chaetoglobosins (9-12)
were isolated from the marine-derived fungus Chaeto-
mium sp. Compound 1 featured a previously unreported
polymerization mode between chaetoglobosin and
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Scheme 1. The proposed biosynthetic pathways of 1-12

ergosterol derivative, expanding the dimerization strate-
gies of chaetoglobosin. Compound 2 possessed an R-con-
figuration at the polymerization site, a structural feature
not documented in related dimers. Cytotoxicity assays
revealed that compounds 9-12 exhibited marked anti-
tumor activity, with compound 12 showing the highest
potency (IC5,=5.14 uM).

4 Materials and methods

4.1 General experimental procedures

The OR results were measured using a JASCO P-2000
polarimeter. The ECD data were obtained with a MOS-
450/SFM 300 instrument. The 1D and 2D NMR spectra
were recorded on a Bruker Avance-1II 600 MHz spec-
trometer. The HRESIMS spectra were acquired using a
Thermo Scientific LTQ Orbitrap XL mass spectrometer.
The analysis and preparation of compounds were carried
out using a Shimadzu LC-60AD semi-preparative HPLC,
connected to an SPD-20A photodiode array detector and
a Waters C18 column (10 mm X250 mm, 5 pm). Other
column chromatographies included silica gel columns
(200-300 mesh) and Sephadex LH-20 (18-110 pm).

substitution
[
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4.2 Fungal material and cultivation

The fungal strain used in this research was isolated from
marine sediments of the Bohai Sea, China. It was iden-
tified as Chaetomium sp. based on ITS region amplifica-
tion and sequencing (GenBank accession no. OR429403),
and was preserved at Hebei University, China. The strain
was initially cultured on potato dextrose agar (PDA)
medium at 28°C for 5 days. Subsequently, the fungal
mycelia were cut into small pieces and transferred into
sterilized 1L Erlenmeyer flasks, each containing 200 g of
rice and 170 mL of water, and further incubated at 28 °C
for 30 days. A total of 255 fungal fermentation batches
were successfully obtained through screening and statis-
tical analysis.

4.3 Isolation and purification

The fermentation product was extracted with a 1:1 (v/v)
mixture of dichloromethane and methanol, yielding
2,491 g of crude extract. The extract was partitioned
between ethyl acetate and water (1:1, v/v), and the
organic phase was collected. The ethyl acetate phase
was concentrated and dried to yield 1,259 g of crude
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extract. The ethyl acetate phase underwent silica gel
column chromatography (CC), eluted stepwise with
petroleum ether—ethyl acetate (80:20, 65:35, and 30:60,
v/v), affording three primary fractions (Fr.1-Fr.3). Frac-
tion 2 (Fr.2) was further purified over Sephadex LH-20
using petroleum ether—dichloromethane—methanol
(2:1:1, v/v/v) to give subfractions Fr.2.1-Fr.2.4. Sub-
fraction Fr.2.1 was subjected to silica gel CC and then
semi-preparative HPLC on a Waters C18 column
(100% MeOH) to afford compounds 1 (7.4 mg, 20.3
min), 2 (3.6 mg, 32.4 min), 7 (13.5 mg, 27.0 min), and
8 (9.1mg, 25.2 min). Subfraction Fr.2.2 was purified by
Sephadex LH-20, followed by semi-preparative HPLC
(100% MeOH) to yield compounds 3 (4.1 mg, 11.8
min), 4 (6.6 mg, 10.5 min), 5 (4.2 mg, 10.3 min), and
6 (5.4 mg, 12.5 min). Fraction 3 (Fr.3) was subjected to
Sephadex LH-20 chromatography using a methanol-
dichloromethane solvent system (1:1, v/v) to afford five
subfractions (Fr.3.1-Fr.3.5). Subfraction Fr.3.2 was fur-
ther purified by semi-preparative HPLC (55% MeCN/
H,0) to yield compounds 9 (41.4 mg, 11.2 min) and
10 (31.9 mg, 12.9 min). Subfraction Fr.3.3 was purified
by semi-preparative HPLC (50% MeCN/H,0O) to afford
compounds 11 (25.4 mg, 19.1 min) and 12 (35.3 mg,
20.5 min).

Chalasoergodimer A (1): brown power; [a]2D5+269.9
(c 0.05, MeOH); UV (MeOH) A,,,, (log &) 226 (4.60),
291 (446) nm; ECD (0.55 mM, MeOH) A, (Ae)
229 (—48.64), 297 (52.93) nm; 'H and 3C NMR
data see Table 1; HRESIMS m/z 929.5818 [M+Na]*
(CeoH7sN,05Na*, calced. for 929.5808).

Chalasoergodimer B (2): brown power; [a]2D5+64.6
(c 0.10, MeOH); UV (MeOH) A, (log &) 226 (4.48),
291 (440) nm; ECD (0.55 mM, MeOH) A, (Ae)
227 (-10.76), 285 (10.08) nm; 'H and *C NMR
data see Table 1; HRESIMS m/z 929.5811 [M+Na]*
(CeoH7sN,05Na*, caled. for 929.5808).

Chalasoergodimer C (3): white power; [a]2D5+4O.8
(c 0.10, MeOH); UV (MeOH) A,,,, (log &) 219 (4.56),
261 (3.91) nm; ECD (0.27 mM, MeOH) A, (Ag) 212
(—21.21), 261 (5.41), 303 (—4.60) nm; 'H and 3C NMR
data see Table 2; HRESIMS m/z 943.5598 [M+Na]*
(CeoH76N,0Na*, caled. for 943.5601).

Chalasoergodimer D (4): white power; [a]2D5+104.06
(c 0.10, MeOH); UV (MeOH) A,,,, (log &) 220 (4.68),
260 (4.00) nm; ECD (0.27 mg/mL, MeOH) A_,.
(Ag) 260 (10.46), 305 (—6.73) nm; 'H and *C NMR
data see Table 2; HRESIMS m/z 943.5579 [M+Na]*
(CeoH76N,0Na*, caled. for 943.5601).

Chalasoergodimer E (5): white power; [a]¥ —126.37
(c 0.10, MeOH); UV (MeOH) A, (log &) 220 (4.64),
282 (3.84) nm; ECD (0.17 mM, MeOH) A, (Ae)
209 (-31.83), 216 (—31.81), 307 (—9.61) nm; 'H and
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13C NMR data see Table 3; HRESIMS mi/z 945.5745
[M+Na]* (C4oH,gN,O¢Na*, calcd. for 945.5758).

4.4 Chemical calculations

The stereostructures of (3S, 4R, 5S, 7S, 8R, 9R, 16S, 208,
3"R, 9"R, 10"R, 13"R, 17"R, 20"R, and 24"'R)-1, (3S, 4R,
5S,7S, 8R, 9R, 168, 208, 3"S,9"R, 10"R, 13"R, 17"R, 20" R,
and 24"'R)-1, (3S, 4R, 5S, 7S, 8R, 9R, 168, 20S, 3"R, 9"R,
10"R, 13"R, 17"R, 20"R, and 24"'R)-2, (3S, 4R, 5S, 7S,
8R, 9R, 168, 208, 3"S, 9"R, 10"R, 13"R, 17"R, 20" R, and
24"R)-2, (3§, 4R, 58, 7S, 8R, 9R, 168, 218, 228§, 3"S, 7"'S,
9"R, 10"R, 13"R, 15"R, 17"R, 20" R, and 24"'R)-3, (3S, 4R,
7S, 8R, 9R, 168, 218, 225, 3"S,7"S,9"R, 10"R, 13"R, 15"R,
17"R, 20"R, and 24"'R)-4, and (3S, 4R, 55, 7S, 8R, 9R, 168,
19R, 218, 22§, 3"S, 7"S, 9"R, 10"R, 13"R, 15"R, 17"R,
20"R, and 24"R)-5 were constructed using GaussView
software. Conformational searches were constructed
with the MMFF%s force field in Compute VOA soft-
ware, and conformers with relative energies within 5.0
kcal/mol were selected. Geometry optimizations were
performed at the B3LYP/6-31G(d) level in Gaussian 09
[39]. Subsequently, ECD spectra and *C NMR chemical
shifts were calculated at the B3LYP/6-311+ G(d,p) level.
The calculated results were averaged using Boltzmann-
weighted populations and visualized with SpecDis 164
software [40].

4.5 Biological activity evaluation

The cytotoxicity of compounds 1-12 against A549 cells
was evaluated using the MTT assay [41]. Cells were
seeded in 96-well plates at a density of 5x10* cells/mL
and incubated for 24 h. The test compounds were then
added at various concentrations according to the experi-
mental conditions, followed by further incubation. After
48 h, 10 pL of MTT solution (5 mg/mL, Biyotime, China)
was added to each well, and the plates were incubated at
37 °C. After an additional 4 h, the culture medium was
removed, and 100 pL of DMSO was added to each well.
The absorbance was measured at 490 nm using a Mul-
tiskan FC microplate reader (Thermo Fisher Scientific,
USA).
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