
Ascandinines A−D, Indole Diterpenoids, from the Sponge-Derived
Fungus Aspergillus candidus HDN15-152
Guoliang Zhou, Chunxiao Sun, Xuewen Hou, Qian Che, Guojian Zhang, Qianqun Gu, Chenguang Liu,
Tianjiao Zhu,* and Dehai Li*

Cite This: J. Org. Chem. 2021, 86, 2431−2436 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Four new indole diterpenoids, ascandinines A−D
(1−4), were isolated from an Antarctic sponge-derived fungus
Aspergillus candidus HDN15-152. Their structures, including
absolute configurations, were established based on NMR data,
computational calculations, and biosynthetic considerations.
Ascandinine A (1) possesses an unprecedented 2-
oxabicyclo[2.2.2]octan-3-ol motif embedded in a pentacyclic ring
system, while compounds 2−4 represent a rare type of indole
diterpenoid featuring the 6/5/5/6/6/6/6-fused ring system.
Compound 3 displayed anti-influenza virus A (H1N1) activity
with an IC50 value of 26 μM, while compound 4 showed cytotoxicity against HL-60 cells with an IC50 value of 7.8 μM.

■ INTRODUCTION

The paxilline-like indole diterpenoids, featuring a 6/5/5/6/6/6
hexacyclic ring system, are biogenetically derived from
tryptophan and geranylgeranyl diphosphate (GGPP) and are
one of the largest classes of fungal indole terpenoids.1

Although the base carbon skeleton is invariable, the diversity
of paxilline-like indole diterpenoids is enhanced not only by
different levels of further prenylation at various positions but
also by oxidation, hydroxylation, and other extended
modifications.2−5 Consistent with this large structural diversity,
the paxilline-like indole diterpenoids show broad biological
activities, such as cytotoxicity, antiviral and PTP1B inhibitory
effects.6−13

In our ongoing search for new biologically active metabolites
from Antarctic-derived fungi,14−16 the fungus Aspergillus
candidus HDN15-152 was isolated from an unidentified sponge
collected from Prydz Bay. Further examination led to the
discovery of four new indole diterpenoids, named ascandinines
A−D (1−4). Ascandinine A (1) possesses an unprecedented
indole-substituted 6/6/6/6/6 pentacyclic skeleton with a 2-
oxabicyclo[2.2.2]octan-3-ol motif, which is structurally derived
from the cleavage of the C-17 and C-18 bond in the paxilline-
like indole diterpenoids (Figure 1). Compounds 2−4 represent
a rare type of indole diterpene skeleton characterized by the 6/
5/5/6/6/6/6-fused ring system, with only four previous
examples (asperindoles A−D) reported.4 Compound 3
displayed anti-influenza virus A (H1N1) activity with an IC50
value of 26 μM (ribavirin as a positive control, IC50 = 31 μM),
and compound 4 showed cytotoxicity against HL-60 cell lines
with an IC50 value of 7.8 μM. Herein, we report the isolation,
structure elucidation, and bioactivities of these compounds.

■ RESULTS AND DISCUSSION
The fungal strain A. candidus HDN15-152 was fermented (30
L) under static conditions at 28 °C for 30 days. The EtOAc
extract (35.5 g) of the fermentation was fractionated by
repeated silica gel chromatography, C-18 column chromatog-
raphy (CC), Sephadex LH-20 column chromatography, ODS
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Figure 1. Structures of compounds 1−4 and paxilline.
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MPLC, and finally high-performance liquid chromatography
(HPLC) to yield compounds 1−4.
Ascandinine A (1) was isolated as a white solid. Its

molecular formula was established as C27H30ClNO6 on the
basis of high-resolution electrospray ionization mass spectrom-
etry (HRESIMS) data ([M + H]+ ion at m/z 500.1835, calcd
for 500.1834) and requiring 13° of unsaturation. The 13C
NMR data along with the DEPT spectrum revealed the
presence of 27 carbons including one carbonyl carbon, five sp2

and five sp3 hybrid quaternary carbons, five sp2 and three sp3

hybrid methines, five sp3 methylenes, and three methyls. The
indole unit was elucidated based on the heteronuclear multiple
bond correlation (HMBC) from H-21 (δH 6.93) to C-19 (δC
126.3)/C-23 (δC 110.8), H-20 (δH 7.43) to C-18 (δC 99.1)/C-
22 (δC 125.3)/C-24 (δC 137.0), H-23 (δH 7.36) to C-19, H-18
(δH 6.24) to C-2 (δC 147.2)/C-19/C-24, and from NH-1 (δH
10.97) to C-2/C-18/C-19 (Figure 2). Further analysis of the

NMR data of 1 to those of asperindole A indicated that they
shared a similar substructure (rings E, F, and G).4 The tricyclic
ring system (rings E, F, and G) was further confirmed by the
HMBC correlations from H-5 (δH 2.12, 1.96) to C-6 (δC
30.5)/C-13 (δC 77.6), from H-6 (δH 2.14, 1.92) to C-4 (δC
40.0)/C-7 (δC 93.4)/C-12 (δC 158.9), from H-11 (δH 6.45) to
C-7/C-9 (δC 83.6)/C-10 (δC 196.3)/C-13, from H-27 (δH
3.59, 3.54) to C-7/C-9/C-28 (δC 64.6), and from OH-28 (δH
5.30) to C-27 (δC 68.7)/C-28/C-29 (δC 21.6). The cyclo-
hexane ring D was extended by the HMBC correlations from
H-25 (δH 1.38) to C-16 (δC 40.2), from H-26 (δH 0.88) to C-3
(δC 44.1)/C-4/C-13, from H-14 (δH 2.20, 2.14) to C-12/C-
16, and from H-15 (δH 2.09) to C-13 as well as COSY
correlations of H-14/H-15/H-16 (δH 2.28). The connectivity
of C-2 and C-3 was deduced via HMBC correlations from H-
25 to C-2/C-16. Reanalysis of the NMR data revealed one
unassigned methine (δC 91.6, C-17) and one exchangeable
proton at δH 6.64 (OH-17). The COSY correlations of H-16/
H-17 (δH 5.30)/OH-17 and the HMBC correlation from OH-
17 to C-16 indicated that the hydroxylated C-17 was
connected to C-16. Considering the molecular formula, an
extra ring was required to fulfill the 13° of unsaturation, and
one ether linkage between C-13 and C-17 was also suggested
according to the chemical shifts of H-17 (δH 5.30), C-17 (δC
91.6), and C-13 (δC 77.6) as well as the NOESY correlation of
OH-17/H-11 (Figure 2).
The relative configuration of 1 was assigned on the basis of

NOESY correlations (Figure 2) and 13C NMR calculations
(Figure 3). The key NOESY correlations of H-26/H-14/H-15
and H-25/H-16/H-17 indicated that Me-26 is in spatial
proximity to C-14/C-15 while Me-25 faces C-17 in the 2-
oxabicyclo[2.2.2]octane motif. The NOEs between H-26 and

H-27 indicated that Me-26 and CH2-27 are on the same side of
ring E. Due to the chemical shifts of C-28 (δC 64.6), CH-9 (δC
83.6, δH 3.83), and Me-29 (δC 21.6, δH 0.80), as well as
biosynthetic considerations, the relative configurations of C-28
and C-9 were suggested to be the same as those of 2−4 (Table
1) and asperindole A.4 Due to the complexity of compound 1,
the planar structure and relative configuration of 1 were further
confirmed by comparison of experimental (Table S4) and
density functional theory (DFT)-calculated (Figure 3) 13C
NMR data.17 The absolute configuration of compound 1 was
further deduced by comparison of the calculated data (Figure
4), and experimental electronic circular dichroism (ECD)
spectra revealed the absolute configuration of 1 was 3S, 4R, 7R,
9R, 13S, 16R, 17S, 28R.
The molecular formulae of ascandinines B (2), C (3), and D

(4) were determined to be C31H36ClNO7, C31H37NO7, and
C27H28ClNO6, respectively, by HRESIMS. The 1H and 13C
NMR data of ascandinine B (2) (Table 1) showed
considerable resemblance to those of asperindole A.4 The
main difference between 2 and asperindole A was the presence
of a cluster of signals for a 2-hydroxy-2-methylpropanoate unit
deduced by the HMBC correlations from H-32 (δH 1.38)/H-
33 (δH 1.38) to C-30 (δC 176.1) and C-31 (δC 72.0) and from
OH-31 (δH 5.25) to C-30, C-31, and C-33 (δC 27.8) (Figure
5). The 2-hydroxy-2-methylpropanoate side chain was located
at C-28 (δC 75.6) via oxygen, as suggested by the molecular
weight and the chemical shifts of C-28. The coupling constants
and multiplicity of the aromatic protons (δH 7.26, d, J = 8.0
Hz, H-20; δH 6.89, t, J = 7.1 Hz, H-21; δH 6.93, t, J = 7.2 Hz,
H-22; and δH 7.26, d, J = 8.0 Hz, H-23) in ring A and the 2D
NMR data (Figure S1) allowed the conclusion that
ascandinine C (3) is a dechlorinated analogue of 2. Analysis
of the 1H and 13C NMR spectra of ascandinine D (4)
suggested that its structure was closely related to that of
ascandinine B (2) with the main differences being the
replacement of CH2-17 in 2 (δC 27.5) by a ketone carbonyl
group in 4 (δC 195.4, C-17) and of the 2-hydroxy-2-
methylpropanoate in 2 by a hydroxyl group in 4, supported
by the HMBC correlations from 28-OH (δH 5.32) to C-28 (δC
65.6)/C-29 (δC 21.2) (Figure S2).
The relative configuration of 2 was deduced as 3S*, 4R*,

7R*, 9R*, 13S*, 16S*, 28R* according to the NOESY
correlations of H-26 (δH 1.01)/H-16 (δH 2.71), H-25 (δH
1.31)/OH-13 (δH 5.15), H-26/H-27 (δH 4.09, 3.69), and H-29
(δH 1.22)/H-11 (δH 6.12) (Figure 5). The calculated ECD
curve for 2 matched well with the experimental one (Figure 4),

Figure 2. (a) COSY and key HMBC correlations and (b) key NOESY
correlations for 1.

Figure 3. Linear correlations between the calculated and experimental
13C NMR chemical shifts for compound 1.
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assigning the 3S, 4R, 7R, 9R, 13S, 16S, 28R configuration of 2.
The relative configuration of 3 was also deduced as 3S*, 4R*,
7R*, 9R*, 13S*, 16S*, 28R* according to the NOESY
correlations (Figure S1), chemical shifts, and the proposed
biogenetic relationships between compounds 2 and 3. The
absolute configuration of 3 was finally determined as 3S, 4R,
7R, 9R, 13S, 16S, 28R based on the similar ECD curves
between 2 and 3. Similarly, the relative configuration of 4 was
deduced as 3S*, 4R*, 7R*, 9R*, 13S*, 16R*, 28R* based on
the NOESY correlations (Figure S2) of H-26 (δH 1.06)/H-16
(δH 3.27), H-25 (δH 1.57)/OH-13 (δH 5.29), H-26/H-27 (δH
3.61, 3.55), and H-27/H-11 (δH 6.08) and biogenetic
considerations. The absolute configuration of 4 was

determined to be 3S, 4R, 7R, 9R, 13S, 16R, 28R by
computational ECD calculations (Figure 4).
Based on the structural feature of compound 1, a possible

biosynthetic pathway for 1 is proposed (Figure 6). Ascandinine
D (4) was assumed to be the biogenetic precursor of 1.
Ascandinine D underwent a reduction reaction and a
subsequent retro-aldol type C-17−C-18 cleavage to produce
the C-17 aldehyde intermediate B, which subsequently
underwent a hemiacetal-forming cyclization with the intra-
molecular 13-OH group to give ascandinine A (1).
Compounds 1−4 were evaluated for cytotoxicity against a

series of cancer cell lines (Table 2), with only ascandinine D
(4) active against the HL-60 cells with an IC50 value of 7.8 μM.
The antiviral activity of ascandinines B−D (2−4) was

Table 1. 1H (500 MHz) and 13C{1H} (125 MHz) NMR Data of Compounds 1, 2, 3, and 4 in Dimethyl Sulfoxide (DMSO) (δ
ppm)

1 2 3 4

no. δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz)

1 NH 10.97, s NH 10.76, s NH 10.55, s NH 11.97, s
2 147.2, C 154.6, C 153.4, C 172.1, C
3 44.1, C 51.9, C 51.7, C 50.1, C
4 40.0, C 39.1, C 39.1, C 39.0, C
5 26.5, CH2 2.12, m 26.7, CH2 2.40, t (11.3) 26.7, CH2 2.40, t (13.1) 26.6, CH2 2.38, t (13.4)

1.96, m 1.94, m 1.95, m 1.99, m
6 30.5, CH2 2.14, m 30.6, CH2 2.54, m 30.7, CH2 2.55, m 30.4, CH2 2.53, m

1.92, m 1.93, m 1.94, m 2.19, m
7 93.4, C 94.1, C 94.1, C 93.9, C
8 O O O O
9 83.6, CH 3.83, s 78.8, CH 4.72, s 78.8, CH 4.73, d (1.8) 83.8, CH 3.89, d (1.3)
10 196.3, C 196.4, C 196.5, C 197.7, C
11 129.4, CH 6.45, s 120.4, CH 6.12, s 120.4, CH 6.13, s 120.8, CH 6.08, s
12 158.9, C 159.6, C 159.7, C 158.4, C
13 77.6, C 77.5, C 77.6, C 77.8, C
14 34.9, CH2 2.14, m 32.0, CH2 2.12, d (13.4) 32.1, CH2 2.13, d (13.3) 31.6, CH2 2.19, m

2.20, m 1.75, td (11.7, 3.5) 1.78, td (12.8, 3.8) 1.74, td (12.3, 3.9)
15 15.6, CH2 2.09, m 21.4, CH2 1.90, m 21.4, CH2 1.92, m 16.6, CH2 1.91, m

1.66, d (11.4) 1.67, d (12.0) 1.79, m
16 40.2, CH 2.28, m 48.9, CH 2.71, m 48.9, CH 2.72, m 59.3, CH 3.27, t (11.9)
17 91.6, CH 5.30, m 27.5, CH2 2.61, dd (13.2, 6.3) 27.7, CH2 2.61, dd (13.0, 6.3) 195.4, C

2.31, dd (12.7, 11.2) 2.31, dd (12.5, 11.7)
18 99.1, CH 6.24, d (1.6) 115.6, C 115.3, C 116.0, C
19 126.3, C 123.8, C 125.1, C 120.5, C
20 121.1, CH 7.43, d (8.3) 119.1, CH 7.27, d (8.3) 118.1, CH 7.26, d (8.0) 120.9, CH 7.58, d (8.4)
21 119.1, CH 6.93, dd (8.4, 1.9) 119.3, CH 6.91, dd (8.4, 1.9) 118.9, CH 6.89, t (7.1) 122.2, CH 7.16, dd (8.4, 1.8)
22 125.3, C 124.2, C 119.7, CH 6.93, t (7.2) 127.2, C
23 110.8, CH 7.36, d (1.9) 111.8, CH 7.26, d (1.8) 112.3, CH 7.26, d (8.0) 113.0, CH 7.46, d (1.4)
24 137.0, C 140.7, C 140.5, C 142.0, C
25 24.9, CH3 1.38, s 16.7, CH3 1.31, s 16.8, CH3 1.31, s 26.4, CH3 1.57, s
26 22.3, CH3 0.88, s 23.9, CH3 1.01, s 23.9, CH3 1.04, s 23.7, CH3 1.06, s
27 68.7, CH2 3.59, d (12.5) 64.9, CH2 4.09, dd (13.3, 2.2) 64.9, CH2 4.09, dd (10.4, 2.6) 67.7, CH2 3.61, d (12.5)

3.54, dd (12.5, 1.9) 3.69, d (13.2) 3.70, d (13.3) 3.55, dd (12.4,1.8)
28 64.6, C 75.6, C 75.6, C 65.6, C
29 21.6, CH3 0.80, s 17.4, CH3 1.22, s 17.4, CH3 1.22, s 21.2, CH3 0.86, s
30 176.1, C 176.1, C
31 72.0, C 72.0, C
32 27.9, CH3 1.38, s 27.9, CH3 1.38, s
33 27.8, CH3 1.38, s 27.8, CH3 1.38, s
13-OH 5.15, s 5.13, s 5.29, s
17-OH 6.64, d (3.8)
28-OH 5.30, s 5.32, s
31-OH 5.25, s 5.25, s
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evaluated against influenza A virus (H1N1) using the
cytopathic effect (CPE) inhibition assay (Table 3, due to the
lack of sample, compound 1 was not tested), and compound 3

exhibited inhibitory effects with an IC50 value of 26 μM
(ribavirin as a positive control, IC50 = 31 μM).

■ CONCLUSIONS
Paxilline-type indole terpenoids were first discovered in the
mid of 1960s, sharing a highly conserved indole-containing 6/
5/5/6/6/6 core skeleton, with over 100 analogues reported to
date.2,4−6,18 In this research, four new paxilline-like indole
diterpenoids were isolated from an Antarctic sponge-derived
fungus A. candidus HDN15-152. Ascandinine A (1) is the first
case of a paxilline-type indole terpenoid derivative with C-17−
C-18 carbon bond cleavage resulting in an unprecedented 2-
oxabicyclo[2.2.2]octan-3-ol-containing skeleton, and with a
hemiacetal moiety at C-16. Compounds 2−4 also represent a
rare type of indole diterpene skeleton characterized by the 6/
5/5/6/6/6/6-fused ring system with only four cases
(asperindoles A−D) known.4 Additionally, paxilline-type
indole terpenoids with C-17 oxygenation as a carbonyl are
rare, with only one natural product (penerpene H) reported.5

■ EXPERIMENTAL SECTION
General Experimental Procedures. Specific rotations were

obtained on a JASCO P-1020 digital polarimeter. UV spectra were
recorded on a HITACHI 5430. CD spectra were measured on a
JASCO J-715 spectropolarimeter. NMR spectra were recorded on an
Agilent 500 MHz DD2 spectrometer (Agilent, Beijing, China) using
tetramethylsilane as an internal standard, and the chemical shifts were
recorded in δ values. HRESIMS were obtained using a Thermo
Scientific LTQ Orbitrap XL mass spectrometer. Semipreparative
HPLC was performed using an ODS column [HPLC (YMC-Pack
ODS-A, 10 × 250 mm, 5 μm, 3 mL/min)]. Medium-pressure
preparation liquid chromatography (MPLC) was performed on a
Bonna-Agela CHEETAH HP100 (Beijing Agela Technologies Co.,
Ltd.). Column chromatography (CC) was performed with silica gel
(100−200 mesh, 200−300 mesh, Qingdao Marine Chemical Inc.)
and Sephadex LH-20 (Amersham Biosciences), respectively.

Fungal Material. The fungal strain A. candidus HDN15-152 was
isolated from the sponge collected from Pulitzer bay, Antarctica. It
was identified by the ITS sequence and the sequence data have been
submitted to GenBank (accession number: MH430037). The voucher
specimen was deposited in our laboratory at −20 °C.

Figure 4. Experimental ECD spectra of 1−4 and the calculated ECD curves for (3S, 4R, 7R, 9R, 13S, 16R, 17S, 28R)-1 (a), (3S, 4R, 7R, 9R, 13S,
16S, 28R)-2 (b), and (3S, 4R, 7R, 9R, 13S, 16R, 28R)-4 (c).

Figure 5. (a) COSY and key HMBC correlations and (b) key NOESY
correlations for 2.

Figure 6. Proposed biogenetic pathway of compound 1.

Table 2. Cytotoxicity of Compounds 1-4a

IC50 (μM)

compound MGC-803 HCT-116 SH-SY5Y Hela HL-60

1 >30.0 >30.0 >30.0 >30.0 >30.0
2 >30.0 >30.0 >30.0 >30.0 >30.0
3 >30.0 >30.0 >30.0 >30.0 >30.0
4 >30.0 >30.0 >30.0 >30.0 7.8
ADR 0.2 0.2 0.1 0.6 0.02

aADR = Adriamycin

Table 3. Antiviral Activities of Anti-Influenza A (H1N1)
Virus for 2−4

2 3 4 Ribavirin

IC50 (μM) >150 26 >150 31
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Fermentation and Extraction. The fungus A. candidus HDN15-
152 was cultured under static conditions at 28 °C in 1 L Erlenmeyer
flasks containing 300 mL of the culture medium comprising 4%
soluble starch, 0.2% monosodium glutamate, 3% maltose, 0.1% yeast
extract, 3% saccharose, 0.05% soybean meal, 0.03% magnesium sulfate
heptahydrate, 0.05% monopotassium phosphate, and 0.2% peptone
(in seawater). After 30 days of cultivation, 30 L of whole broth was
filtered through cheesecloth to separate the supernatant from the
mycelia. The former was extracted three times with EtOAc, while the
latter was extracted three times with methanol and concentrated
under reduced pressure to afford an aqueous solution, which was
extracted three times with EtOAc. Both EtOAc solutions were
combined and concentrated under reduced pressure to give the
organic extract (35.5 g).
Isolation. The crude extract was applied on a VLC column using a

stepped gradient elution of MeOH-CH2Cl2, yielding eight sub-
fractions (Fr.1-Fr.8). Fr.3 was applied on a C-18 ODS column using a
step gradient elution of MeOH/H2O yielding five subfractions
(Fr.3.1-Fr.3.5). Fr.3.4 eluted with methyl alcohol was separated by
MPLC (C-18 ODS) using a step gradient elution of MeOH-H2O
(50:50 to 100:0) to furnish eight subfractions (Fr.3.4.1-Fr.3.4.8).
Fr.3.4.5 was purified by semipreparative HPLC (70:30 MeOH/H2O,
3 mL/min) to afford compound 1 (1.5 mg, tR 25.0 min). Fr.3.4.8 was
subjected to semipreparative HPLC (80:20 MeOH/H2O, 3 mL/min)
to furnish two subfractions (Fr.3.4.8.1-Fr.3.4.8.2). Fr.3.4.8.1 was
further purified by semipreparative HPLC (52:48 MeCN/H2O, 3
mL/min) to afford compound 2 (8.0 mg, tR 15.0 min). Fr.3.4.8.2 was
subjected to semipreparative HPLC (80:20 MeOH/H2O, 3 mL/min)
to afford compound 3 (4.0 mg, tR 15.0 min). Fr.4 eluted with methyl
alcohol was separated by MPLC (C-18 ODS) using a step gradient
elution of MeOH-H2O (40:60 to 100:0) to furnish 10 subfractions
(Fr.4.1-Fr.4.10). Fr.4.7 was further purified by semipreparative HPLC
(60:40 MeOH/H2O, 3 mL/min) to afford compound 4 (1.5 mg, tR
32.0 min).
Ascandinine A (1). White solid; [α]D

20 +11 (c 1.00, MeOH); CD
(MeOH) λmax (Δε) 229 (−12.4), 240 (−7.8), 261 (−18.8), 365
(+9.8); UV (MeOH) λmax (log ε): 229 (3.82), 275 (1.78) nm; 1H and
13C NMR data, see Table 1; HRMS (ESI) m/z: [M + H]+ calcd for
C27H31ClNO6 500.1834; found 500.1835.
Ascandinine B (2). Yellow solid; [α]D

20 +33 (c 0.93, MeOH); CD
(MeOH) λmax (Δε) 244 (−11.5), 369 (+2.45); UV (MeOH) λmax
(log ε): 237 (5.15), 284 (1.03) nm; 1H and 13C NMR data, see Table
1; HRMS (ESI) m/z: [M + H]+ calcd for C31H37ClNO7, 570.2253;
found 570.2251.
Ascandinine C (3). Yellow solid; [α]D

20 +74 (c 0.33, MeOH); CD
(MeOH) λmax (Δε) 241 (−9.3), 370 (+2.0); UV (MeOH) λmax (log
ε): 228 (5.34) nm; 1H and 13C NMR data, see Table 1; HRMS (ESI)
m/z: [M + H]+ calcd for C31H38NO7, 536.2643; found 536.2641.
Ascandinine D (4). White solid; [α]D

20 +4 (c 1.00, MeOH); CD
(MeOH) λmax (Δε) 237 (−6.3), 369 (+1.2); UV (MeOH) λmax (log
ε): 220 (5.89), 240 (3.43) nm; 1H and 13C NMR data, see Table 1;
HRMS (ESI) m/z: [M + H]+ calcd for C27H29ClNO6, 498.1678;
found 498.1673.
Computation Section. Conformational searches were run by

employing the “systematic” procedure implemented in Spartan′14
using MMFF (Merck molecular force field).19 All MMFF minima
were reoptimized with DFT calculations at the B3LYP/6-31+G(d)
level using the Gaussian09 program.20 The geometry was optimized
starting from various initial conformations, with vibrational frequency
calculations confirming the presence of minima. Time-dependent
DFT calculations were performed on two lowest-energy conforma-
tions for (3S, 4R, 7R, 9R, 13S, 16R, 17S, 28R)-1, five lowest-energy
conformations for (3S, 4R, 7R, 9R, 13S, 16S, 28R)-2, and one lowest-
energy conformation for (3S, 4R, 7R, 9R, 13S, 16R, 28R)-4 (>5%
population) using 30 excited states and using a polarizable continuum
model (PCM) for MeOH. ECD spectra were generated using the
program SpecDis21 by applying a Gaussian band shape with 0.25 eV
width for 1, 0.30 eV width for 2, and 0.35 eV for 4, from dipole length
rotational strengths. The dipole velocity forms yielded negligible
differences. The spectra of the conformers were combined using

Boltzmann weighting, with the lowest-energy conformations account-
ing for about 99% of the weights. The calculated spectra were shifted
by 5 nm for 1, 10 nm for 2, and 10 nm for 4 to facilitate comparison
to the experimental data.

Biological Assay. Cytotoxicity activities of 1−4 were evaluated
against HL-60 and (using the MTT method) and Hela, HCT-116,
SH-SY5Y, and MGC-803 (using the SRB method). The antiviral
activities of compounds 2−4 against influenza A virus (H1N1) were
evaluated by the CPE inhibition assay. The detailed methodologies
for biological testing have been described in our previous report.22,23
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