
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 5
:0

9:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Beshanzuamide A
aDepartment of Biological Medicines, School

201203, China. E-mail: lijiyang@fudan.edu
bDepartment of Natural Medicines, School o

201203, China. E-mail: jxiong@fudan.edu.c

† Electronic supplementary information
notoamide O and compound 1; GIAO 13N
ECD computational details for 1; original
1. See DOI: 10.1039/d2ra01578a

‡ These authors contributed equally to th

Cite this: RSC Adv., 2022, 12, 10534

Received 10th March 2022
Accepted 30th March 2022

DOI: 10.1039/d2ra01578a

rsc.li/rsc-advances

10534 | RSC Adv., 2022, 12, 10534–1
, an unprecedented prenylated
indole alkaloid produced by Aspergillus sp. Y-2
from the critically endangered conifer Abies
beshanzuensis†

Yuan-Xing Zhu, ‡a Wenxin Ding, ‡a Jin-Feng Hu, b Juan Xiong *b

and Jiyang Li *a

A structurally unprecedented prenylated indole alkaloid, beshanzuamide A (1), together with five known

analogues (2–6) were isolated and identified from the endophytic fungus derived from the needles of

the critically endangered conifer Abies beshanzuensis. The new structure was determined by extensive

spectroscopic methods and quantum chemical calculations of NMR and electronic circular dichroism

(ECD) data. Compound 1 features a unique N,O-spiroketal/d-lactone motif connected to

a pyranoindole-derived bicyclo[2.2.2]diazaoctane ring. A plausible biogenetic pathway for the assembly

of 1 was proposed.
Introduction

Rare and endangered plants (REPs) have proven to be a better
donor for innovative drugs than other plant resources.1,2 It is
necessary to give priority to the protection and utilization of
these endangered plants. In recent years, relevant research on
the REPs endemic to China have been launched by our group.3

However, in many cases, it is not easy to investigate endangered
species due to the difficulties in collecting the rare plant
materials. Fortunately, a large number of endophytic fungi,
bacteria and actinomycetes contained in each plant species may
be able to synthesize related plant metabolites.4 Consequently,
exploring the secondary metabolites of endophytes related to
endangered plants could become an alternative strategy for the
discovery of new drugs, which may also be conductive to the
protection and sustainable use of these fragile plant resources.

The Chinese r tree Abies beshanzuensis M. H. Wu (family
Pinaceae) has been categorized as one of the twelve critically
endangered plant species all over the world by the International
Union for Conservation of Nature (IUCN).5,6 Seven of such trees
were rst discovered in 1963 but only three currently remain in
the wild, distributed on the summit of Baishanzu Mountain in
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Zhejiang Province of China.5–7 This conifer species has been
nationally protected as the ‘rst-grade’ in China since 1999.8 In
a phytochemical investigation on this critically endangered
conifer, a few rare enone-containing Abies sesquiterpenoids
with considerable inhibition on protein tyrosine phosphatase
1B (PTP1B) were obtained.9 Subsequent researches on the
microbial resources of this fragile species have been carried
out.10,11 A previous investigation on the endophytic fungus
Aspergillus sp. Y-2 (GenBank accession no. MN103998), which
was isolated from the fresh needles, led to the isolation of
several aatoxins with cytotoxic activities.10 In a further chem-
ical investigation on the culture, a structurally unprecedented
prenylated indole alkaloid, named beshanzuamide A (1), along
with ve known analogues (2–6) (Fig. 1) was isolated and
identied. Herein, we report their isolation, structural elucida-
tion, and bioactivity evaluations.
Fig. 1 The structures of compounds 1–6.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Beshanzuamide A (1) was isolated as an orange amorphous
powder. It has the molecular formula of C26H27N3O6 (een
degrees of unsaturation), based on a protonated ion at m/z
478.1977 [M + H]+ (calcd 478.1973) in the positive HR-ESI-MS in
conjunction with its 13C NMR data. The 1H NMR spectrum of 1
exhibited signals ascribable for four olenic protons [dH 7.37
(1H, d, J¼ 8.4 Hz, H-4), 6.56 (1H, d, J¼ 10.0 Hz, H-25), 6.35 (1H,
d, J ¼ 8.4 Hz, H-5), 5.73 (1H, d, J ¼ 10.0 Hz, H-26)] and four
methyl singlets [dH 1.47 (3H, s, H3-29), 1.46 (3H, s, H3-28), 1.33
(3H, s, H3-23), 1.23 (3H, s, H3-24)] (Table 1). The 13C NMR
spectrum of 1 in CD3OD displayed 26 well-resolved carbon
resonances (Table 1), classied by HSQC experiment as four
carbonyl carbons (dC 193.3, 178.4, 175.0 and 168.2), eight
olenic carbons (dC 164.0, 158.8, 129.9, 127.9, 116.3, 112.3,
111.9, and 106.2), and 14 saturated carbons. The latter consists
of four methyls (dC 28.6, 28.5, 26.5 and 22.5), four methylenes
(dC 45.3, 31.6, 30.0 and 25.4), one methine (dC 42.3), one
quaternary carbon (dC 43.4), three heteroatom-bearing tertiary
carbons (dC 79.4, 68.2 and 61.7), and the carbon resonating at dC
Table 1 1H and 13C NMR spectroscopic data (d in ppm) of 1

No. Type

In CD3OD

dC
a dH

b (mult., J in H

1 NH
2 C 178.4
3 C 193.3
4 CH 127.9 7.37 (d, 8.4)
5 CH 111.9 6.35 (d, 8.4)
6 C 164.0
7 C 106.2
8 C 158.8
9 C 112.3
10 C 90.5
11 C 61.7
12 C 168.2
13 N
14 CH2 45.3 3.56 (m)

3.49 (m)
15 CH2 25.4 2.08 (m)

1.95 (m)
16 CH2 30.0 2.65 (m)

1.93 (m)
17 C 68.2
18 C 175.0
19 NH
20 CH2 31.6 2.15 (dd, 13.7, 1

2.07 (dd, 13.7, 5
21 CH 42.3 3.75 (dd, 10.5, 5
22 C 43.4
23 CH3 26.5 1.33 (s)
24 CH3 22.5 1.23 (s)
25 CH 116.3 6.56 (d, 10.0)
26 CH 129.9 5.73 (d, 10.0)
27 C 79.4
28 CH3 28.5 1.46 (s)
29 CH3 28.6 1.47 (s)

a Measured at 125 MHz. b Measured at 600 MHz. c Measured at 400 MHz

© 2022 The Author(s). Published by the Royal Society of Chemistry
90.5 typical for a N,O-spiro-ketal group. The above spectroscopic
data showed great similarity to those of notoamide O (Fig. S1†),
a prenylated indole alkaloid featuring a unique hemiacetal/
hemiaminal ether functionality isolated from a marine-
derived Aspergillus sp.12 The most appreciable difference is,
resonances for the hemiacetal group (dC 104.8/dH 6.19) in
notoamide O was absent in compound 1; while instead, an
additional lactone carbonyl group (dC 178.4, C-2) was observed.
This lactone carbonyl was adjacent to C-22, which was readily
evidenced from its HMBC correlations (Fig. 2) with the geminal
methyl groups of H3-23 and H3-24. Meanwhile, the N,O-ketal
carbon was undoubtedly assigned to C-10 based on the HMBC
correlations of 1-NH with C-3/C-8/C-9, and of 19-NH with C-10/
C-11/C-17. The remaining one more degree of unsaturation
then required the formation of a d-lactone ring between C-10
and C-2.

In terms of determination of the relative spatial congura-
tion for 1, interpretation of the ROESY correlations (Fig. 2) or
proton–proton coupling constants (Table 1) could not provide
us with enough information for this complex structure. Given
the high rigidity of the bicyclo[2.2.2]diazaoctane ring (C-11–C-
In DMSO-d6

z) dC
a dH

c (mult., J in Hz)

7.61 (s)
176.2
192.3
126.5 7.29 (d, 8.4)
109.9 6.30 (d, 8.4)
161.8
104.8
157.7
111.2
89.5
59.8
165.7

43.8 3.43 (m)
3.40 (m)

24.1 2.02 (m)
1.84 (m)

28.5 2.47 (m)
1.82 (m)

66.1
172.8

8.95 (s)
0.5) 2.07 (dd, 13.7, 10.4) 2.00 (dd, 13.7, 5.2)
.2)
.2) 40.1 3.55 (dd, 10.4, 5.2)

41.7
25.9 1.21 (s)
21.6 1.13 (s)
115.7 6.82 (d, 10.0)
128.0 5.70 (d, 10.0)
77.8
27.8 1.40 (s)
27.9 1.43 (s)

.
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Fig. 2 Key HMBC, 1H–1H COSY, and ROE correlations of 1.

Fig. 3 Experimental ECD spectra of 1, and calculated ECD spectra of
(10S)-1 and (10R)-1 in MeCN.
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21), the two chiral canters C-11 and C-17 must be changed
simultaneously. Hence there are four possible relative congu-
rations for 1 [(10S*,11R*,17S*,21S*)-1, (10S*,11R*,17S*,21R*)-1,
(10R*,11R*,17S*,21S*)-1, and (10R*,11R*,17S*,21R*)-1] (Fig. S2
in ESI†). The quantum calculations of 13C NMR chemical shis
of the above four possible isomers were performed using the
GIAO (Gauge Independent Atomic Orbital) method, and the
data processing followed the reported STS protocol.13 As shown
in Table 2, compared with the experimental data of 1,
(10S*,11R*,17S*,21S*)-1 exhibited the minimum values of
mean absolute error (MAE) and root mean square (RMS), with
a Prel probability of 99.12%. This unequivocally dened the
relative conguration of 1 as (10S*,11R*,17S*,21S*). Consistent
with this, the relative conguration assignment of
(11R*,17S*,21S*) was congruent with the co-occurring preny-
lated indole alkaloids notoamide B (2) and stephacidine A (3).14

Finally, the absolute conguration of 1 was determined by
the electronic circular dichroism (ECD) calculations using the
time-dependent density functional theory (TDDFT) method at
the B3LYP/6-31+g(d,p) level (details shown in ESI†). A pair of
eligible enantiomers (10S,11R,17S,21S)-1 and
(10R,11S,17R,21R)-1 were employed for calculation. As shown in
Fig. 3, the calculated ECD curve of (10S,11R,17S,21S)-1
Table 2 DFT GIAO 13C NMR chemical shifts of the four possible
isomers of 1 were calculated on uB97X-D/6-31G*//B3LYP-D3(BJ)/
TZVP (IEFPCM CH3OH) level following the STS strategy,13 resulting the
mean absolute error (MAE), root mean square (RMS), and the statistic
values of Pmean and Prel

MAE (ppm) RMS (ppm) Pmean (%) Prel (%)

Calc. (10S,21S)-1 1.02 1.31 40.82 99.12
Calc. (10S,21R)-1 1.06 1.33 34.04 0.88
Calc. (10R,21S)-1 1.30 1.52 25.16 0.00
Calc. (10R,21R)-1 1.42 1.77 18.50 0.00

10536 | RSC Adv., 2022, 12, 10534–10539
resembled the experimental ECD spectrum of 1, allowing its
absolute conguration determined as depicted.

In addition, the ve known prenylated indole alkaloids (2–6)
were identied as notoamide B (2),14 stephacidine A (3),14

notoamide E (4),15 asperochramide A (5)16 and deoxy-
brevianamide E (6),17 respectively, by comparing the spectro-
scopic data and physicochemical properties with those reported
in the literature.

Structurally, beshanzuamide A (1) belongs to the family of p
prenylated indole alkaloid, possessing a unique N,O-spiroketal
motif connected to a pyranoindole-derived bicyclo[2.2.2]dia-
zaoctane ring. A proposed biogenetic pathway for the assembly
of compound 1 is shown in Scheme 1. The co-isolated stepha-
cidine A (3)14 might be a precursor for the construction of 1 via
the intermediacy of notoamide R.12 Oxidation cleavage of the
D2(3) double bond in notoamide R would generate (i), which
upon attack from N-1 to C-10 yields (ii). Aer amide hydrolysis,
compound ii would convert to (iii), which would then dehydrate
into (iv). Finally, compound 1 is afforded through Mannich-type
N,O-ketalization.

All the isolates were evaluated for their cytotoxic activities
against the human lung adenocarcinoma A549 cells and the
human cervical carcinoma HeLa cells. However, none of them
showed apparent cytotoxicities (IC50 > 50 mM). These prenylated
Scheme 1 Plausible biogenetic pathway of 1 originated from 3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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indole alkaloids were also found to be inactive (IC50s > 20 mM) in
the bioassays against PTP1B, ATP-citrate lyase (ACL), and acetyl-
CoA carboxylate 1 (ACC1), which are potential drug targets
associated with the glycolipid metabolic disorders.3,9
Conclusions

In conclusion, an unprecedented prenylated indole alkaloid,
beshanzuamide A (1), was produced by an endophytic fungus
Aspergillus sp. associated with the critically endangered conifer
A. beshanzuensis. Featuring a unique azaspiro/d-lactone func-
tionality hitherto unknown among the family of prenylated
indole alkaloid, beshanzuamide Amay attract some attention of
chemists and biologists who interested in its distinctive struc-
ture and synthesis. Further studies related to its bioactivities
and biosynthetic mechanisms are warranted.
Experimental
General experimental procedure

NMR spectra were acquired using a Bruker Avance III 600 MHz
spectrometer. Chemical shis are indicated in d (ppm) and
referenced to the residual solvent signals. HR-ESI-MS was ob-
tained on an AB 5600+ Q TOF spectrometer. Optical rotations
were measured on a Rudolph Autopol IV-T polarimeter. HPLC
was performed on a Shimadzu LC-20A HPLC system equipped
with a Prominence SPD-20A UV–vis detector and an XBridge C18
column (5 mm, 250 � 10 mm; ow rate: 3.0 mL min�1). Column
chromatography was operated using silica gel (100–200, 200–
300 mesh, Jiang-You silysia Chemical Ltd, Yantai, China), MCI
(CHP20P, 75-150 mm, Mitsubishi Chemical Industries, Tokyo,
Japan) and Sephadex LH-20 (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). TLC detection was measured by silica gel
precoated plates (GF254, 0.2 � 0.03 mm, Jiang-You silysia
Chemical Ltd). Spots were visualised using UV light (254, 302
and/or 365 nm) and by spraying with 5% (v/v) H2SO4–EtOH
followed by heating to 120 �C.
Isolation and identication of fungus

The fungal strain Aspergillus sp. Y-2 was isolated from the fresh
leaves of A. beshanzuensis collected from the Baishanzu Moun-
tain in Lishui, Zhejiang Province of China in April 2014 with the
authorised permission. The plant was identied by Dr Ke-Jun
Cheng (Lishui Institute of Agricultural science, China) with its
taxonomic keys and samples are stored in biological ice packs
and airlied to the laboratory within 24 hours. The endophytic
fungus Y-2 was presented by Dr Jin-Feng Hu's lab of Fudan
University and identied as Aspergillus sp. by the morphological
method and further corroborated by sequencing the ITS region.
The ITS sequence of the strain (GenBank accession no.
MN103998) manifested a high similarity with the known
Aspergillus sp. isolate LN898693.1 (GenBank accession no.
MK605980.1) on the BLSAT provided by NCBI (max score: 1002;
Query cover: 100%; percent identity: 100.00%).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fermentation, extraction, and isolation

Aspergillus sp. Y-2 was cultivated in rice medium for 30 days at
28 �C. The solid rice culture medium (3.2 kg) was soaked and
extracted 3 times with EtOAc to give an EtOAc ltrate. Then,
concentrate the ltrate under vacuum to obtain a dark brown oil
extract (30.1 g). The crude extract was subjected to silica gel
column (100–200 mesh) chromatography eluted with petroleum
ether–EtOAc (20 : 1, 10 : 1, 5 : 1, 2 : 1, 1 : 1, 0 : 1, v/v) and EtOAc–
MeOH (5 : 1, 1 : 1, 0 : 1, v/v) to obtain ve fractions (Fr. 1–Fr. 5).
Fr. 2 (2.3 g) was divided into ve subfracticons (Fr. 2a–2e) by
Sephadex LH-20 (in MeOH). Compounds 1 (tR ¼ 18.6 min,
0.7 mg; MeOH/H2O, 60 : 40, v/v) was isolated from Fr. 2b by
purication on semi-preparative HPLC. Fr. 4 (6.85 g) was further
chromatographed on an MCI gel column with gradients of
MeOH–H2O (7 : 3, 8 : 2, 9 : 1, 1 : 0) to give three fractions (Fr.
4a–4c). Fr. 4a was puried by semi-preparative reversed-phase
HPLC (MeCN/H2O, 45 : 55, v/v) to obtain compound 5 (tR ¼
15.3 min, 1.0 mg). Compounds 6 (tR ¼ 13.2 min, 8.5 mg) and 3
(tR ¼ 19.1 min, 8.6 mg) were obtained from Fr. 4b by purica-
tion on HPLC (MeOH/H2O, 65 : 35, v/v), whereas compounds 2
(tR ¼ 12.1 min, 8.5 mg) and 4 (tR ¼ 17.3 min, 7.0 mg) were
puried from Fr. 4c by semi-preparative HPLC (MeOH/H2O,
60 : 40, v/v).

Beshanzuamide A (1): orange amorphous powder;
[a]25D �164.2 (c 0.50, MeOH); UV (MeOH) lmax (log 3) 261 (4.32),
339 (3.21), 396 (2.81) nm; ECD (0.08, MeOH) lmax (D3) 213
(�15.8), 235 (2.7), 253 (�7.2), 324 (5.1),352 (�1.8), 377 (1.9) nm.
1H and 13C NMR data, see Table 1; HR-ESI-MS m/z: 478.1977 [M
+ H]+ (calcd for C26H27N3O6, 478.1973).
Quantum chemistry calculations

The soware Crest18 was used to search the four possible rela-
tive congurations for 1 [(10S*,11R*,17S*,21S*)-1 (1a),
(10S*,11R*,17S*,21R*)-1 (1b), (10R*,11R*,17S*,21S*)-1 (1c), and
(10R*,11R*,17S*,21R*)-1 (1d)] on GFNFF19 level of theory, fol-
lowed by optimization on GFN2-XTB20 level with 4 kcal mol�1

energy window to remove high energy conformers. Optimiza-
tion and frequency calculation of each conformer was per-
formed on B3LYP-D3(BJ)/TZVP (IEFPCM, CH3OH) level of
theory. DFT GIAO 13C NMR calculation was calculated on the
uB97xD/6-31G* (IEFPCM, CH3OH) level, and the data process-
ing followed the reported STS protocol.13 The calculated
shielding tensors of conformers were Boltzmann averaged
based on Gibbs free energy. All DFT calculations were per-
formed by Gaussian 16 soware package.21
ECD calculation

Monte Carlo conformational searches were carried out by
means of the Spartan's 10 soware using Merck Molecular
Force Field (MMFF). The conformers with Boltzmann-
population of over 0.5% were chosen for ECD calculations,
and then the conformers were initially optimized at B3LYP/6-
31g level in gas. The theoretical calculation of ECD was con-
ducted in MeOH using Time-dependent Density functional
theory (TD-DFT) at the B3LYP/6-31+g(d,p) level for all
RSC Adv., 2022, 12, 10534–10539 | 10537
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conformers of compounds (10S,11R,17S,21S)-1 and
(10R,11S,17R,21R)-1. Rotatory strengths for a total of 40 excited
states were calculated. ECD spectra were generated using the
program SpecDis 1.6 (University of Würzburg, Würzburg, Ger-
many) and GraphPad Prism 5 (University of California San
Diego, USA) from dipole-length rotational strengths by applying
Gaussian band shapes with sigma ¼ 0.3 eV.

Cytotoxicity assay

The cytotoxicity of compounds 1–6 against A549 and HeLa cell
lines was evaluated by CCK8method.22 Doxorubicin was used as
a positive control.

Bioassays against ACL, ACC1 and PTP1B

The bioassays of compounds 1–6 against ACL, ACC1 and PTP1B
were evaluated according to the protocols as described
previously.23–26
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