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ARTICLE INFO ABSTRACT

The bioactivity-guided isolation of potentially active natural products has been widely util-
ized in pharmaceutical discovery. In this study, by screening fungal extracts against coxsack-
ievirus B3 (CVB3), three new aspochalasins, templichalasins A-C (1-3), along with six known
aspochalasins (4-9) were isolated from an active extract derived from the endophytic fungus
Aspergillus templicola LHWf045. Compound 1 features a unique 5/6/5/7/5 pentacyclic ring
system, while compounds 2 and 3 possess unusual 5/6/6/7 tetracyclic skeletons. Their struc-
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Keywﬂf'ds-' ) tures were characterized through extensive spectroscopic analyses, electronic circular dichro-
‘ZSPers‘L”II”S Femphwla ism (ECD) calculations, and single-crystal X-ray diffraction analysis. Additionally, we demon-
spochalasins

strated that compound 4 can be readily converted into compounds 1-3 under mild acidic con-
ditions and proposed a plausible mechanism for this conversion. Bioactivity evaluation of
compounds 1-9 against CVB3 revealed the inhibitory effects of all compounds against the vir-
us. Notably, compound 9 exhibited superior antiviral activity, surpassing the commercial drug

Structural elucidation
Antiviral activity

ribavirin in selectivity index (SI) value.

1. Introduction

Coxsackievirus B3 (CVB3), a prevalent pathogen within the
picornavirus family, poses a significant public health threat due
to its association with various diseases, such as myocarditis, pan-
creatitis, and aseptic meningitis . Despite the prevalence and
severity of CVB3-related illnesses, no approved drugs specifically
target CVB3 infection . Although several candidates have shown
potential in inhibiting CVB3 in recent decades, all of them have
exhibited adverse side effects or insufficient antiviral efficacy,
hindering their final market approval >°. Thus, there is an urgent
need to discover novel and effective antiviral drug candidates
against CVB3. Aspergillus species are remarkable microorgan-
isms capable of producing numerous natural products with di-
verse structures and significant biological activities, rendering
them an inexhaustible and promising source of new antiviral
agents ~ “.In our continuous endeavors to explore these mi-
crobes, Aspergillus templicola LHWf045 (LHWf045), an endo-
phytic fungus isolated from the medicinal plant Curcuma aromat-
ica Salisb, showed antiviral activity against CVB3 during prelim-
inary screening. The crude extract obtained from rice fermented
with LHWf045 exhibited promising inhibitory activity against

* Corresponding author.
E-mail addresses: liuhw@im.ac.cn (H. Liu); caixiaofeng@hust.edu.cn (X. Cai)
® These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(25)60880-6

CVB3 upon infection. As LHWf045 represents a new medicinal
plant endophyte, with limited literature available on its second-
ary metabolites, it was selected for further investigation to identi-
fy potential antiviral candidates.

Cytochalasans constitute a large group (> 500 isolated com-
pounds) of fungal natural products, characterized by an isoin-
dole moiety fused to a macrocyclic ring > . Among them,
aspochalasins are the third-largest subgroup, distinguished by
the presence of a leucine residue °. Recent advancements in the
identification of biosynthetic gene clusters have provided in-
sights into their hybrid polyketide synthase (PKS)-nonribosomal
peptide synthetase (NRPS) hybrid pathways ''. Nevertheless, cer-
tain polycyclic cytochalasans with complex, polymerized scaf-
folds have been identified as acid-mediated artifacts of mono-
cytochalasans, highlighting the acid sensitivity within the
cytochalasan family and emphasizing the need for caution when
handling these compounds 1013 Moreover, cytochalasans exhibit
a wide range of bioactivities, including antimicrobial, cytotox-
icity, anti-HIV, and immunoregulatory effects '*. Despite the ex-
tensive biological diversity of cytochalasans reported in previous
studies '*, their potential antiviral properties, particularly against
CVB3, remain unexplored, suggesting that cytochalasans may
hold untapped potential as novel antiviral agents.

The bioactivity-guided isolation of active natural products
has been widely utilized to accelerate the pharmaceutical discov-
ery process. Preliminary bioassay results revealed that the crude

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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extract of LHWf045 displayed promising inhibitory activity
against CVB3, warranting further investigation for potential anti-
CVB3 compounds. Thus, three new aspochalasins: templichalas-
ins A-C (1-3), along with six known aspochalasins (4-9), were
isolated and identified (Fig. 1). Compound 1 represents a new
5/6/5/7/5 pentacyclic skeleton, while compounds 2 and 3 pos-
sess rare 5/6/6/7 tetracyclic scaffolds. Furthermore, we demon-
strated that compound 4 exhibited high sensitivity to acid, lead-
ing to the formation of compounds 1-3, possibly attributable to
the presence of its unstable a,f-unsaturated ketone moiety. Com-
pounds 1-8 displayed moderate antiviral effects on CVB3, with SI
values ranging from 1.13 to 3.71, whereas compound 9 (SI =
16.08) showed superior antiviral activity against CVB3 compared
to commerecial ribavirin (SI = 7.89). This study presents the isola-
tion, structure elucidation, and antiviral evaluation of
pounds 1-9.

com-

2. Results and discussion

The endophytic fungus LHWf045-fermented rice was extrac-
ted with ethyl acetate (EA). The resulting crude extract exhibited
significant antiviral activity against CVB3, demonstrating an in-
hibitory ratio of 70%-80% at a concentration of 50 pg-mL™. This
observation indicated the potential presence of antiviral agents
within the EA extract. Subsequent isolation and analysis of the
active extract led to the identification of nine compounds, includ-
ing three new aspochalasins, templichalasins A-C (1-3), along-
side six known ones (4-9) (Fig. 1).

Templichalasin A (1) presented as a colorless crystal with
prominent ion peaks at m/z400.2512 [M + H]"and 799.4936 [2M +
H]" in high-resolution electrospray ionization mass spectrometry
(HR-ESI-MS) under positive ionization mode. In conjunction with
the analysis of its *C NMR data, the molecular formula of com-
pound 1 was deduced to be C,,H33NO,, indicating nine degrees of
unsaturation. Analysis of the 'H nuclear magnetic resonance
(NMR) (Table 1) and heteronuclear single quantum coherence
(HSQC) spectra of compound 1 revealed the presence of five
methyl groups (6y 1.78, s; 1.31, s; 1.21,d, J = 7.0 Hz; 0.93,d, ] =
6.4 Hz; and 0.91, d, / = 6.4 Hz), one oxygenated methine (6, 4.46,
dd, J = 10.1, 5.6 Hz), one olefinic proton (éy 5.79, br s), and one
exchangeable proton (8 6.34, br s). Further examination of the
3C NMR (Table 2) and distortionless enhancement by polariza-
tion transfer (DEPT) spectra revealed 24 carbon signals, compris-
ing two ketone carbonyls (8; 212.4 and 212.1), one amide car-
bonyl (6¢ 173.9), one double bond (6 141.8 and 122.6), two qua-
ternary carbons (6: 83.8 and 68.9) including an oxygenated one
(8¢ 83.8), eight methines (including an oxygenated methine at &
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84.1), four methylenes, and five methyl groups. This combination
of structural features suggested that compound 1 belongs to the
aspochalasin subfamily of cytochalasans.

A detailed comparison of the 1D NMR data between com-
pound 1 and flavichalasine D revealed significant similarities,
suggesting a structural resemblance '°. However, notable differ-
ences were observed in the chemical shift values of C-13 (6 46.1
in 1; 6¢ 39.3 in flavichalasine D), C-19 (6¢ 41.0 in 1; 6 53.6 in
flavichalasine D), and C-20 (6 47.5 in 1; 8¢ 72.7 in flavichalasine
D) . This observation implies that compound 1 shares the same
isoindolone moiety as flavichalasine D '°, with structural vari-
ations likely occurring within the macrocyclic ring. The presence
of an oxygen bridge between C-14 and C-17 in compound 1 was
deduced from the chemical shift values of C-14 (6. 83.8) and C-17
(6¢ 84.1), along with the heteronuclear multiple bond correlation
(HMBC) (Fig. 2) observed from H-17 to C-14. The position of the
oxygen bridge aligns with that in flavichalasine D '°. However, the
proton spin systems of H-7/H-8/H-13/H-20/H,-19 in the '"H-'H
COSY spectrum, together with the HMBC correlations from H-13
to C-19 and from H,-20 to C-14, confirmed the formation of a new
C-C bond between C-13 and C-20 in compound 1. The establish-
ment of this bond results in a previously unreported fused poly-
cyclic architecture, characterized by a 5/6/5/7/5 ring fusion pat-
tern, which is distinguishable from the 5/6/6/6/5 system charac-
teristic of flavichalasine D .

The relative configuration of compound 1 was elucidated
through a comprehensive analysis of its NOESY spectrum. An ex-
amination of the observed NOESY correlations (Fig. 2) revealed
that the relative configuration of the isoindolone moiety in com-
pound 1 aligns with that of flavichalasine D '°. Nuclear Overhaus-
er effect spectroscopy (NOESY) correlations of H-8/CH;-25, H-
8/H-20, and H-20/CH;-25 indicated the f-orientation of both H-8
and H-20. Further analysis revealed NOESY correlations of H-7 /H-
13, H-7/H-15a, H-13/H-15a, H-13/H-16b, and H-16a/H-17, sug-
gesting the a-orientation of H-13 and the S-orientation of the oxy-
gen bridge.

Compound 1 was successfully crystalized through slow evap-
oration from a 98% methanol-water solution. However, the relat-
ively large Flack parameter of -0.18(11) precluded definitive de-
termination of the absolute configuration (Fig. S3). To resolve
this stereochemical ambiguity, the experimental electronic circu-
lar dichroism (ECD) spectrum of compound 1 was compared with
its calculated ECD spectrum (Fig. 3). The observed excellent
agreement between the experimental and calculated spectra al-
lowed for the unambiguous assignment of the absolute configura-
tion of compound 1 as 35,4R,55,8R,9S5,13R,145,17R,20S.

Templichalasin B (2) was obtained as a white amorphous

Fig.1 Structures of compounds 1-9.
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Table 1 'H NMR spectroscopic data of compounds 1-3 (/ in Hz).
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No. 8y 1 (CDCly) * &y 2 (CDCly)* 8, 2 (CD;0D)" &y 3 (CDCly)* 84 3 (CD;0D)*
2 6.34,brs 5.83,brs 5.97,brs
3 3.28,m 317, m 3.22,ddd (9.4, 4.7, 2.8) 3.13,m 3.19,ddd (9.3, 4.7, 2.8)
4 237, m 3.03,dd (5.6, 2.9) 2.89,dd (5.6, 2.8) 2.94,dd (5.6,2.9) 2.82,dd (5.6, 2.8)
5 243, m 231, m 2.34,m 2.20, m 2.23,m
7 5.79,brs 5.48,brs 5.48,brs 5.47,brs 5.52,brs
8 249, m 2.20,m 2.32,m 2.25,brd (12.6) 2.35,m
10a 1.54,m 1.54,m 1.50, ddd (13.9, 9.4, 4.7) 1.53,m 1.50, ddd (13.8,9.3,4.7)
10b 131, m 1.32,m 1.31,ddd (13.9,9.4, 4.7) 1.29,m 1.29,ddd (13.8,9.3,4.7)
11 1.21,d (7.0) 1.17,d (7.2) 1.21,d (7.2) 1.13,d (7.2) 1.19,d (7.2)
12 1.78,'s 1.71,s 1.73,s 1.72,s 1.74,s
13 3.69,dd (12.2,10.1) 433, m 4.26,dd (12.4,5.1) 4.39,dd (12.6, 4.2) 4.33,dd (12.6,4.1)
15a 2.05,dd (11.5,8.2) 2.20,m 2.22,m 5.76,dd (9.6, 3.6) 5.80,dd (9.3, 3.0)
15b 1.71,m 1.76, m 1.82, m
16a 2.52,m 211, m 2.18,m 2.43,ddd (14.5, 9.6, 4.6) 232, m
16b 2.23,m 1.99, m 1.82, m 1.86, m
17 4.46,dd (10.1, 5.6) 432, m 4.40, m 4.11,dd (11.6, 4.6) 4.17,dd (11.7, 4.4)
19a 295, m 3.63,td (5.1,3.1) 3.68,td (5.1,3.2) 3.32,m 3.44,m
19b 2.69,dd (17.4,9.9)
20a 298, m 3.14,dd (14.8,5.1) 3.00,dd (15.0,5.1) 3.10,dd (14.6, 5.0) 2.97,dd (14.8,4.9)
20b 2.54,dd (14.8,3.1) 2.50, dd (15.0, 3.2) 2.82,dd (14.6, 2.5) 2.71,dd (14.8, 2.4)
22 1.52,m 1.54,m 1.64, m 1.50,m 1.63,m
23 0.91,d (6.4) 0.91,d (6.3) 0.93,d (6.5) 0.90,d (6.3) 0.93,d (6.5)
24 0.93,d (6.4) 0.92,d (6.3) 0.94,d (6.5) 0.91,d (6.3) 0.94,d (6.5)
25 1.31,s 5.02, m 5.01, m 2.03,s 2.03,s

2 Recorded at 400 MHz; ® Recorded at 600 MHz.

powder, with ion peaks at m/z 400.2519 [M + H]" and 799.4926
[2M + H]" in HR-ESI-MS under positive ionization mode, suggest-
ing a molecular formula of C,,H33NO, with nine degrees of unsat-
uration. Although compound 2 shares the same molecular for-
mula as compound 1, its markedly different retention time on li-
quid chromatography (LC) suggests that it is a structural isomer.
Analysis of the 1D NMR data (Tables 1 and 2) of compound 2
(C,4H33N0,) revealed a strong resemblance to the tetracyclic
(5/6/6/7) aspochalasin flavichalasine A (C,4H33N0O5), suggesting
a similar planar structure but with the absence of one hydroxyl
group "°. This inference was further supported by 2D NMR data
(DEPT and HSQC spectra), which indicated the replacement of an
oxygenated methine—present in flavichalasine A—with an addi-
tional non-oxygenated methylene group in compound 2 . This
observation indicated the reduction of the oxygenated methine at
C-20 in flavichalasine A to a methylene (C-20, 8. 40.4; H,-20, 6y
3.14 and 2.54) in compound 2 "°. This structural modification was
further supported by the "H-'"H COSY correlation between H-19
and H,-20, and the HMBCs between from H,-20 to C-9, C-18, and
C-21 in compound 2, thus confirming its planar structure
(Fig. 2). The absence of the NOESY correlation between H-8 and H-
19 observed in flavichalasine A *°, along with the emergence of
NOESY correlations of H-13/H-19, H-13/H-16a, H-16a/H-19, and
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H-17/H-19 in compound 2, indicated the a-orientation of both H-
17 and H-19, thereby establishing the relative configuration of
compound 2 (Fig. 2). Finally, the absolute configuration of com-
pound 2 was determined to be 3S,4R,5S5,8R,9S5,13R,17R,19S
through ECD calculations (Fig. 3).

Templichalasin C (3) exhibited the same molecular weight
and similar retention time in LC as compound 2, suggesting an
identical skeleton. Analysis of the 1D and 2D NMR data of com-
pound 3 revealed the presence of an additional methyl (C-25, &
29.2; CH;3-25, 6y 2.03) and signals corresponding to a trisubsti-
tuted double bond (C-14, 6; 142.5; C-15, 6. 122.1; H-15, 6 5.76),
while lacking the terminal double bond and a methylene group
observed in compound 2 (Tables 1 and 2). This observation indic-
ated the isomerization of the double bond from the exocyclic pos-
ition (between C-14 and C-25) in compound 2 to an endocyclic
position (between C-14 and C-15) in compound 3. The location of
the double bond between C-14 and C-15 in compound 3 was fur-
ther supported by HMBCs from CH;3-25 to C-13, C-14, and C-15,
as well as from H-13 and H-17 to C-15 (Fig. 2). Considering the
biosynthetic origins, the relative configurations at C-3, C-4, C-5, C-
8, C-9, C-13, C-17, and C-19 in compound 3 were expected to be
consistent with that of compound 2. This assumption was corrob-
orated by the presence of NOESY correlations of H-7/H-13, H-
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Table 2 "*C NMR spectroscopic data of compounds 1-3.

No. 8¢1(CDCly)* &2 (CDCl;)® 6¢2 (CD;0D)" &3 (CDCly)* 63 (CD50D)*

1 1739 174.0 175.9 173.8 175.8
3 50.9 51.6 52.9 51.4 52.8
4 47.7 48.1 49.6 48.0 49.6
5 36.1 35.1 36.2 34.7 359
6 141.8 140.4 141.5 141.6 142.6
7 122.6 123.6 124.9 122.7 1239
8 44.3 39.1 40.1 40.4 41.2
9 68.9 66.4 68.0 66.5 68.2
10 48.2 47.1 48.6 47.1 48.6
11 13.7 13.4 13.8 13.4 13.8
12 20.2 20.2 20.1 203 20.1
13 46.1 415 42.7 385 39.7
14 83.8 148.8 150.9 142.5 143.7
15 40.6 289 29.9 122.1 123.0
16 29.7 324 33.7 331 33.7
17 84.1 76.3 77.2 75.8 76.9
18 212.4 2143 215.2 213.5 214.5
19 41.0 48.1 49.4 50.7 52.0
20 47.5 40.4 41.6 414 42.7
21 212.1 204.0 207.0 203.3 206.4
22 24.8 253 25.7 25.2 25.7
23 219 21.7 221 21.6 221
24 234 23.7 24.0 23.7 24.0
25 20.7 116.4 116.1 29.2 223

2 Recorded at 100 MHz; ° Recorded at 150 MHz.
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13/H-19, and H-17/H-19 of compound 3, further confirming the
identical relative configuration to compound 2 (Fig. 2). Ulti-
mately, the absolute configuration of compound 3 was determ-
ined as 3S,4R,5S5,8R,95,13R,17R,19S through ECD calculations
(Fig. 3).

In addition to the newly characterized compounds, six
known analogs (4-9) were identified by comparison of their HR-
ESI-MS and NMR data with those reported previously (Figs.
$53-579) '

3. Acid-mediated intramolecular cycloaddition

LC-HR-MS analysis of the EA crude extract identified com-
pound 4 as a major constituent, easily separable through stand-
ard techniques (Fig. 4, i-v). In contrast, compounds 1-3 were de-
tected as trace levels, presenting significant challenges for puri-
fication in preparative quantities (Fig. 4, i-v). Nevertheless, these
minor metabolites were successfully isolated and structurally
characterized, prompting consideration of their possible origin as
non-native products formed during the isolation process. The
isolation yields of compounds 1-3 ranged from 7.2 to 28.3 mg,
whereas only 16.4 mg of compound 4 was obtained. This vari-
ation suggested chemical conversion during the isolation process,
leading to the depletion of compound 4 and the concurrent form-
ation of compounds 1-3. This hypothesis is supported by previ-
ous reports demonstrating that polycyclic cytochalasans, particu-
larly those possessing 5/6/5/8 tetracyclic, 5/6/6/7/5 pentacyc-
lic, and 5/6/6/5/6 pentacyclic skeletons, may not be genuine
natural products but rather artifacts derived from macrocyclic
cytochalasans under acidic conditions '*". Given that
pounds 1-3 possess stable tetracyclic and pentacyclic scaffolds,
while compound 4 is a macrocyclic aspochalasin containing an
unstable a,f-unsaturated ketone moiety within its macrocyclic
ring, it is proposed that compounds 1-3 originate from com-
pound 4 via non-enzymatic, acid-catalyzed conversions. Two
plausible mechanistic pathways are proposed for this conversion
(Fig. 5). In path A, the protonation of the C-18 carbonyl group
could trigger a new C-C bond formation between C-13 and C-20.
The resulting carbocation at C-14 would subsequently be
quenched by the hydroxyl group at C-17, leading to the forma-
tion of compound 1. Alternatively, in path B, the protonation of
the C-21 carbonyl might induce C-C bond formation between C-
13 and C-19, accompanied by carbocation generation at C-14.

com-

= 'H-'H COSY

7~ X\ HMBC a

~\ NOESY

Fig.2 'H-'H COSY, HMBC, and NOESY correlations of compounds 1-3.
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Fig. 3 Experimental and calculated ECD curves of compounds 1-3.

Subsequent S-eliminations at C-25 or C-14 would afford com-
pound 2 or 3, respectively.

To validate this hypothesis, compound 4 (50 pg) was treated
with 200 pL each of TFA/MeOH and TFA/H,0 solutions at vary-
ing concentrations (1%, 10%, and 30%) and allowed to react at
room temperature for 24 h. Subsequently, 10 pL of the reaction
mixture underwent LC-HR-MS analysis. The results confirmed
that compound 4 could indeed convert into compounds 1-3 un-
der acidic conditions (Fig. 4, vi-xi). Furthermore, the efficiency of
this conversion increased gradually with higher TFA concentra-
tions, with complete conversion of compound 4 to compounds
1-3 observed when treated with 10% TFA/MeOH and 30%
TFA/H,0 (Fig. 4, vi-xi). The observed acid-catalyzed in-
tramolecular cyclization reaction is noteworthy, offering a rapid

EIC m/z 400.2510 [M + H]
x10° 32 1 4
8

4 i crude extract

0 w/\-\_-«»\,_/g,.—/\__/
XIO§

4 \ ii compound 4
0

iii compound 1

iv compound 2

4 v compound 3

4 vi4in 1% TFA/MeOH

4 vii 4 in 10% TFA/MeOH

4 viii 4 in 30% TFA/MeOH

ix 4 in 1% TFA/H,0

4 x 4 in 10% TFA/H,0
\V, N 2

xi 4 in 30% TFA/H,0

! \A

0 — —y

7 8 9 10 11 12 13 14
t/min

Fig. 4 LC-MS analysis of the EA crude extract and acid-mediated conversion
products of compound 4. The extracted ion chromatograms (EICs) were extrac-
ted at m/z 400.2510 [M + H]".

and efficient pathway for generating complex polycyclic frame-
works, thereby expanding the structural diversity of cytochalas-
ans. Additionally, it corroborates the structures of compounds
1-3.

4. Antiviral activities of 1-9 against CVB3

Compounds 1-9 underwent cytotoxicity testing against Hep-
2 (human laryngeal epithelial cancer) cells and antiviral activity
against CVB3 in a cell-based assay, with ribavirin as the positive
control. Table 3 summarizes the relevant activity results, includ-
ing the half-maximal cytotoxic concentration (CCsg), half-maxim-
al effective concentration (ECs;), and selectivity index (SI) values.
Compounds 4, 7, and 8 exhibited high cytotoxicity against the
Hep-2 cells, with CCs, values of 37.5, 37.5, and 18.75 pmol-L™, re-
spectively, while compounds 1-3, 5, 6, and 9 demonstrated low
cytotoxicity, with CCsq values ranging from 150 to 250 pumol-L™
(Table 3, Fig. S4). Additionally, all tested compounds displayed
good inhibitory activity against CVB3, with ECs, values ranging
from 8.42 to 133.33 pmol-L™" (Table 3, Fig. S5). Notably, com-
pound 9 exhibited superior antiviral activity, surpassing the com-
mercial drug ribavirin in SI value (Table 3).

Due to the significant cytopathic effects (CPEs) induced by
CVB3 infection, we indirectly evaluated the antiviral activity of
these compounds by analyzing CPEs in CVB3-infected Hep-2 cells.
Fig. S6 illustrates the inhibitory effects of all tested compounds
on virus-induced CPEs. In the absence of tested compounds, virus-
infected cells exhibited rounded morphology and detachment
from the culture dish. However, treatment with 25 pmol-L™" of
compound 9 almost completely prevented virus-induced CPEs
(Fig. S6). These results suggested that virus infection induces
substantial CPEs in host cells, and compound 9 significantly alle-
viates this effect, indirectly reflecting its potent inhibitory effect
on virus infection.

Given the potent antiviral activity of compound 9 against
CVB3, further investigations were conducted to assess its effect
on virus progeny yield. The CVB3 virus progeny titers were signi-
ficantly reduced by approximately 2.5 log after being treated with
50 umol-L™ of compound 9 compared to the untreated control
group. These findings indicate that compound 9 effectively inhib-
its virus proliferation in host cells.

5. Conclusions

In this study, we conducted an antiviral-guided chemical in-
vestigation of the crude extract from the endophytic fungus LH-
Wf£045, leading to the discovery of three new aspochalasins, tem-
plichalasins A-C (1-3), along with six known aspochalasins
(4-9). Compound 1 features an unprecedented 5/6/5/7/5 penta-
cyclic scaffold, while compounds 2 and 3 possess rare 5/6/6/7
tetracyclic skeletons. Moreover, this study demonstrates that
compounds 1-3 are acid-mediated transformation products of
compound 4 and proposes plausible mechanisms for these con-
versions. Bioactivity assessment reveals that compound 9 exhib-
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O OH Ifl
(6]

Fig.5 The proposed mechanism of conversion of 4 to 1-3 via protonation of the carbonyl groups under acidic conditions.

its considerable inhibitory activity against CVB3, with the highest
Sl value of 16.08 among all tested compounds. These findings sig-
nificantly contribute to expanding the chemical and pharmacolo-
gical diversity of aspochalasins.

6. Experimental

6.1. General experimental procedures

Optical rotations were measured in methanol using a
Rudolph Autopol IV automatic polarimeter (Rudolph Research
Analytical, Hackettstown, NJ, USA) with sodium light (589 nm).
UV spectra were recorded on a PerkinElmer Lambda 35 spectro-
photometer (PerkinElmer, Inc., Waltham, MA, USA). IR spectra
were detected using a Thermo Scientific Nicolet iSS0R FT-IR
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Circular dichroism spectra were acquired with a JASCO-810
instrument (JASCO Co., Ltd., Tokyo, Japan). Semi-preparative high-
performance liquid chromatography (HPLC) was performed by
employing an Agilent Technologies 1260 Infinity system (Agilent
Technologies, Inc., Santa Clara, CA, USA) equipped with a YMC-
Pack ODS-A RP-18 column (250 mm x 10 mm, 5 pm, YMC Co.,
Ltd., Kyoto, Japan). HR-ESI-MS data were acquired using an Agi-
lent 1290 Infinity 11/6545 QTOF LC-MS with an Agilent Proshell
120 EC-Cyg column (2.7 pm, 150 mm x 3.0 mm). NMR spectra
were obtained using Bruker AM-400 and AVANCE NEO 600 spec-

Table 3 Cytotoxicity and antiviral activity of compounds 1-9 against coxsack-
ievirus B3 (CVB3).

Compound No. * CCso/(pmol-L ™) ® ECso/(umol-L™") °SI
1 150.00 40.33 3.71
2 150.00 133.33 1.13
3 150.00 83.33 1.80
4 37.50 10.42 3.60
5 150.00 75.00 2.00
6 250.00 108.33 2.30
7 37.50 12.17 3.08
8 18.75 8.42 2.23
9 150.00 9.33 16.08
4 Ribavirin 965.00 122.30 7.89

? CCso: compound concentration required to reduce cell viability by 50%; * ECsq:
compound concentration required to achieve 50% protection from virus-induced
cytopathogenicity; © SI (selectivity index): ratio by CCsq/ECso; * Ribavirin, used as a
positive control.
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trometers (Bruker, Karlsruhe, Germany), with tetramethylsilane
(TMS) as the internal standard. Crystallographic data were collec-
ted on an XtaLAB PRO MMOO7HF diffractometer (Rigaku) with Cu
Ka radiation. Column chromatography was performed on silica
gel (100-200 or 200-300 mesh, Qingdao Marine Chemical Inc.,
Qingdao, China) and Sephadex LH-20 (Cytiva Sweden AB,
Uppsala, Sweden). Fractions and purified compounds were mon-
itored by TLC (silica gel HSGF;s4, Yantai Jiangyou Silica Gel Devel-
opment Co., Ltd., Yantai, China), and the spots on silica gel plates
were visualized by heating after spraying with 10% H,S0, in eth-
anol (V/V).

6.2. Fungal material

The fungal strain Aspergillus templicola LHWf045 was isol-
ated from Curcuma aromatica Salisb collected at 116°25'E,
39°47'N, Nanning, Guangxi, China. The strain was identified
through rDNA-ITS sequence analysis, with the GenBank acces-
sion No. PP658056.

6.3. Fermentation, extraction, and isolation

The strain was cultivated on potato dextrose agar (PDA)
plates at 28 °C for 7 d to prepare the seed culture. The fully colon-
ized PDA was then aseptically fragmented into uniform blocks
and used to inoculate eight autoclaved 1 L Erlenmeyer flasks,
each containing 150 g of sterile rice (dry weight) and 190 mL of
double-distilled water (dd H,0). The inoculated flasks were in-
cubated at 28 °C for 20 d to facilitate solid-state fermentation.
Following fermentation, the entire rice substrate from each flask
was subjected to three successive extractions with 500 mL of EA
at room temperature, followed by solvent evaporation under va-
cuum to yield 20.63 g of crude extract.

The crude extract was subjected to column chromatography
over silica gel eluted with a gradient of petroleum ether-EA (V/V,
15:1-0:1) to obtain five main fractions (Fr. A-E). Fr. C (3.61 g)
was subjected to silica gel column chromatography followed by
eluting with a gradient of petroleum ether-EA (V/V, 5:1-2:1) to
yield eight sub-fractions (Fr. C;-Cg). Fr. C, (237.6 mg) was fur-
ther purified by semi-preparative HPLC (MeCN-H,0, 60:40) to
give 1 (10.5 mg, tg 46.554 min) and 4 (16.4 mg, ty 53.986 min).
Fr. C, (342.1 mg) was separated using Sephadex LH-20
(CH,Cl,-MeOH, 1:1), followed by semi-preparative HPLC
(MeCN-H,0, 49:51) to obtain 3 (28.3 mg, tg 49.543 min) and 2
(7.2 mg, tg 52.080 min). Fr. C¢ (155.8 mg) was directly purified by
semi-preparative HPLC (MeCN-H,0, 68:32) to afford 7 (35.9 mg,
tg 26.168 min). Fr. D (4.72 g) was subjected to silica gel column
chromatography, followed by eluting with a gradient of petro-
leum ether-EA (V/V, 3:1-1:8) to yield nine subfractions (Fr.
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D;-Dg). Fr. D5 (2.24 g) was chromatographed over Sephadex LH-
20 (CH,Cl,-MeOH, 1:1) to furnish six additional fractions (Fr.
Ds.1-Ds.¢), and Fr. D53 (524.9 mg) was further purified by semi-
preparative HPLC (MeCN-H,0, 43:57) to obtain 6 (13.6 mg, t;
50.770 min), 5 (56.9 mg, tz 73.646 min), and 8 (61.0 mg, t;
83.070 min). Fr. D, (390.3 mg) was fractionated by Sephadex LH-
20 (MeOH), followed by semi-preparative HPLC (MeCN-H,O,
42:58) to afford 9 (10.1 mg, tg 21.425 min).

Templichalasin A (1): colorless crystals; [a]; +237 (c 0.1,
MeOH); UV (MeOH) A, (log €) 203 (3.73) nm; IR (KBr) vy
3421, 2961, 2929, 2869, 2855, 1741, 1712, 1686 cm™; ECD
(MeOH) A,y (Ag) 205 (+15.53), 231 (-2.51), 315 (-1.00) nm; 'H
and "*C NMR data (Tables 1 and 2); (+)-HR-ESI-MS m/z 400.2512
[M + H]", 799.4936 [2M + H]".

Templichalasin B (2): white amorphous powder; [o]; -81 (¢
0.1, MeOH); UV (MeOH) A, (log €) 203 (3.98) nm; IR (KBr) vy
3432, 2958, 2929, 2868, 2855, 1713, 1686, 1639 cm™; ECD
(MeOH) Apax (Ag) 211 (+1.00), 243 (+1.66), 297 (-0.27), 332
(-0.11) nm; 'H and *C NMR data (Tables 1 and 2); (+)-HR-ESI-MS
m/z 400.2519 [M + H]", 799.4926 [2M + H]".

Templichalasin C (3): white amorphous powder; [e]}) +57 (¢
0.1, MeOH); UV (MeOH) A, (log €) 204 (4.04) nm; IR (KBr) vy
3430, 2960, 2928, 2868, 2855, 1714, 1687 cm™; ECD (MeOH)
Amax (A€) 242 (+1.52), 292 (-0.94) nm; 'H and "C NMR data
(Tables 1 and 2); (+)-HR-ESI-MS m/z 400.2510 [M + HJ",
799.4927 [2M + H]".

6.4. X-ray crystal structure analysis

A single crystal of compound 1 was obtained in MeOH/H,0
solution via solvent volatilization. The crystallographic data for 1
(deposition No. CCDC2348049) has been deposited in the Cam-
bridge Crystallographic Data Centre database.

Crystal data for 1: C,4H33NO, (Mr = 399.51 g-mol™), or-
thorhombic crystal, space group P2,2,2 (No. 18), a = 12.1165 (2)
A, b =23.8546 (3) A, c=7.994 60 (10) A, V=2310.71 (6) A% Z =
4, T=99.99 (10) K, u(Cu Ka) = 0.618 mm™, D, = 1.148 g-cm™,
53 345 reflections measured (7.412° < 20 < 148.492°), 4654
unique (Rip = 0.1131, Ry, = 0.0345) which were used in all cal-
culations. The final R; was 0.0652 [I > 2¢(I)] and wR, was 0.1756
(all data), Flack parameter = -0.18 (11).

6.5. ECD calculations

Conformational searches were performed using the GMMX
program with MMFF94 force field. The conformers within 3
kcal-mol™" of the lowest energy structure were selected for fur-
ther density functional theory (DFT) calculations in the gas phase
at the B3LYP-D3(B])/6-31G(d) level. The stability of all conform-
ers was confirmed by the absence of imaginary frequencies in vi-
brational frequency calculations, conducted at the same level us-
ing Gaussian 16 software. Frequency calculations at 298.15 K
were performed to obtain thermal corrections to Gibbs energies.
Single-point energies were calculated at the (U)wB97X-D/def2-
QZVPP level, along with the SMD solvation model using the ex-
perimental solvent by the ORCA program system. The population
distribution of each conformer was calculated by Boltzmann dis-
tribution based on Gibbs free energy with the isostat program.
Conformers with a Boltzmann-weighted distribution exceeding
90% were selected for time-dependent density functional theory
(TDDFT) calculations at the B3LYP/6-311++G(2d, p) level in
methanol, applying the IEFPCM solvation model for methanol.
These calculations considered 40 excited states for each conform-
er. Electronic transitions were modeled as Gaussian curves, with
each peak having a full width at half maximum (FWHM) of 0.5 eV.
The final calculated ECD spectra were then generated by
Boltzmann-weighting.
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6.6. Acid-mediated transformation of compound 4

Samples of 4 (50 pg) were exposed for 24 h with (i) 1%, 10%,
and 30% TFA in MeOH (200 pL) or (ii) 1%, 10%, and 30% TFA in
H,0 (200 pL) at room temperature. Subsequently, the reaction
mixtures were concentrated to dryness using a vacuum centrifu-
gal concentrator (Beijing JM Technology, China) and redissolved
in MeOH (200 pL) prior to LC-HRMS analysis.

6.7. Biological evaluation

6.7.1. Cell, virus, and tested compounds

Human laryngeal carcinoma cells (Hep-2), purchased from
China Center for Type Culture Collection (CCTCC), were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco),
supplemented with 10% fetal bovine serum (FBS, Gibco), 100
U-mL™ of penicillin and streptomycin, and 2 mmol-L™" L-glutam-
ine. Live CVB3 strain was generously provided by Prof. Ying Zhu
from the State Key Laboratory of Virology, College of Life Sci-
ences, Wuhan University, China, and propagated in the Hep-2
cells. Viral titers were determined using the standard median tis-
sue culture infective dose (TCIDs,) *’. Ribavirin, as a positive con-
trol, was purchased from Sigma Chemical Co. Stock solutions of
drugs were prepared in dimethyl sulfoxide (DMSO) at a final con-
centration of 0.1% and diluted with maintenance medium (MM)
comprising DMEM with 2% FBS.

6.7.2. Cytotoxicity assays

The cytotoxicity of compounds 1-9 against Hep2 cells was
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay >, a widely employed colori-
metric method for evaluating cell viability and proliferation. Ini-
tially, Hep2 cells were seeded in 96-well plates and allowed to ad-
here overnight. Subsequently, serial dilutions of compounds 1-9
were prepared in a cell culture medium to achieve a range of con-
centrations. The cells were then treated with these compound
solutions for 48 h, followed by removing the medium and addi-
tion of MTT. The cells were further incubated for 4 h at 37 °C to
allow for the formation of formazan crystals by metabolically act-
ive cells. After incubation, the formazan crystals were solubilized
using DMSO, and the absorbance was measured at 492 nm (OD
492) using a microplate reader (Thermo Scientific, MK3). The ab-
sorbance values obtained were directly proportional to the num-
ber of viable cells present in each well, enabling the determina-
tion of cytotoxic effects induced by compounds 1-9. The 50% cell
cytotoxic concentration (CCsg) of the compounds was calculated
using a statistical package for the social sciences (SPSS) software.
These experiments were conducted in triplicate to ensure statist-
ical robustness and reproducibility of the results.

6.7.3. Antiviral assays and SI

The antiviral activities of compounds 1-9 against CVB3 were
evaluated through in vitro cell-based assays. Initially, Hep2 cells
were infected with 100 TCIDs, of CVB3 for 1.5 h at 37 °C. Then,
the infected cells were exposed to various concentrations of com-
pounds 1-9 and incubated at 37 °C, 5% CO,, for 48 h. After incub-
ation, the inhibition of virus-induced CPEs in acutely infected Hep-
2 cells was recorded microscopically. The cell viability of Hep2
was determined using MTT assays. The concentration for each
test compound was determined based on achieving 50% protec-
tion from virus-induced cytopathogenicity (ECsg). The SI was cal-
culated as the ratio of CCsy/ECs. Each experiment was conduc-
ted in triplicate and repeated independently at least three times.

6.7.4. Progeny virus yield and titration
Hep-2 cells were seeded in 24-well plates and infected with
100 TCIDs, of CVB3. Following 48 h of incubation with either spe-
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cific concentrations of compounds or no treatment, culture me-
dia and cell lysates were collected after freeze-thaw cycles and
subjected to virus titration. Serial 10-fold dilutions of viral sus-
pensions in maintenance medium (MM) were used to inoculate
Hep-2 cells in a 96-well plate. After 1.5 h of incubation at 37 °C in
5% CO,, the unbound virus was removed by washing, and the
MM was replenished. CPEs were monitored in infected cells after
2 days, and virus titers were calculated using the Reed-Muench
method .
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