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Abstract

Five terpenoids, including two new cyathane diterpenoids neocyathin S (1) and neocyathin T (2), together with three
drimane sesquiterpenoids, one known 3f,64-dihydroxycinnamolide (3), two new ones 3/,6a-dihydroxycinnamolide (4) and
2-keto-33,6p-dihydroxycinnamolide (5), were isolated from the cultures of the basidiomycete Cyathus africanus. Their
structures were established based on extensive spectroscopic methods including 2D NMR (HSQC, '"H-'H-COSY, HMBC,
ROESY) and HRESIMS experiments. The absolute configurations of two pairs of epimers, 1 and 2 as well as 3 and 4, were
determined by ECD quantum chemical calculation. All the five compounds enhanced nerve growth factor (NGF)-mediated
neurite outgrowth using rat pheochromocytoma (PC12) cells at concentration 10 uM.

Introduction

Cyathus, well-known as the “bird’s nest fungi”, belongs to
the fungus in the Nidulariaceae. The characteristic meta-
bolites from genus Cyathus were related to the cyathane-
type diterpenoids with a contiguous 5/6/7 tricyclic skeleton.
Most of these diterpenoids have been proven to display a
wide range of fascinating biological properties including
anti-microbial, anti-inflammatory, anti-proliferative activ-
ities and most importantly stimulating the synthesis of
neurotrophic factors (NGF) [1-4]. As a part of our research
for therapeutic agents for neurogenerative disorders, we
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have studied several Cyathus, Sarcodon, and Hericium
species, focusing on the chemical diversity of the cyathane
diterpenoids [5-9] and the signaling pathways of their
neurotrophic activity [9, 10], our current investigation
on the solid cultures of C. africanus 5.1117 led to the iso-
lation of two new cythane-type diterpenoids, Neocyathin
S and T. In addition, unexpectedly, it is the first time that
three drimane-type sesquiterpenoids were obtained
from genus Cyathus, including one known 3p4,64-dihy-
droxycinnamolide (3) [11] and two new congeners, 34,6a-
dihydroxycinnamolide (4) and 2-keto-34,6f-dihydrox-
ycinnamolide (5) (Fig. 1).

Results and discussion

Compound 1 was isolated as colorless oil, with the mole-
cular formula of C,;H340¢ based on the HRESIMS at m/z
381.2301 [M-H] ", indicating four degrees of unsaturation.
Its '>*C NMR data (Table 1) revealed 21 carbon resonances,
corresponding to five methyls (including one methoxy), five
methylenes (including one oxygenated), five methines
(including three oxygenated) and six quaternary carbons
(including one oxygenated, two olefinic, and one ketal
carbon). The above data coupled with the 'H NMR
(Table 1) indicated that compound 1 was a cyathane-type
diterpenoid substituted by a methoxy, which was further
identified as analog of neocyathin P by a literature survey
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Fig. 1 Structures of compounds
1-5
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Table 1 'H (500 MHz) and *C NMR (125 MHz) spectral data of
compounds 1-2 (CD;0D)

Entry 1 2
6y (J in Hz) 6c mult. 6y (J in Hz) S6c mult.
1 1.82, d(13.3); 479, CH, 2.14, m; 1.35, 51.0, CH,
1.45, dd(13.3, overlap
6.4)
2 4.12, d(6.4) 85.8, CH 4.45,dd, (7.2) 87.6, CH
3 141.9, qC 142.6, qC
4 144.9, qC 142.4, qC
5 80.5, qC 80.5, qC
6 47.2, qC 46.3, qC
7 2.07, m; 1.33,  25.6, CH, 2.09, m; 1.35, 25.8, CH,
overlap overlap
8 1.58, m; 1.52, 379,CH, 1.64, m; 1.56, m  37.6, CH,
dd(13.5, 4.4)
9 48.4, qC 46.9, qC
10 2.29, m 31.3,CH, 2.40, m; 224, m 31.0, CH,
11 4.41, ddd(8.7, 70.4, CH 4.40, ddd, (8.5, 70.5, CH
2.5,2.5) 22,2.2)
12 248, m 47.0,CH 246, m 46.8, CH
13 4.14, br. s 75.9,CH 4.11, br. s 75.9, CH
14 107.3, qC 107.1, qC
15 3.74, dd(10.7, 61.4, CH, 3.72,dd(10.8,1.5); 61.4, CH;
2.2); 3.64, dd 3.66, brd (10.8)
(10.7, 1.1)
16 1.05, s 16.8, CH; 1.16, s 16.7, CH;
17 1.32, s 314,CH; 1.17,s 30.3, CH;y
18 3.02, m 273,CH 3.04, m 27.5, CH
19 1.07, d(6.9) 23.3,CH; 1.11,d (6.7) 23.6, CH;
20 1.04, d(6.9) 224, CH; 1.06, d (6.7) 19.7, CH;
OCHj; 3.26, s 56.4, CH; 3.24,s 56.0, CH;

[6]. Detailed analysis of the HMBC and '"H-'"H COSY
spectrum revealed that compound 1 shared the same planar
structure with neocyathin Q, which were supported by the

SPRINGER NATURE

'H-"H COSY correlations of H-1/H-2, H-10/H-11/H-12/H-
13/H-15 and H18/19/20, and the HMBC correlations from
H-17 to C-1, C-4, C-8, C-9, H-16 to C-5, C-6, C-7, C-14,
H-15 to C-12, and H-10 to C-5, C-6 (Fig. 2). Hence,
compound 1 was supposed to be an isomer of neocyathin P.
In the ROESY spectrum, cross peaks between H-15 (8H
1.84) and Me-17 (8H 1.33)/-OMe (6H 3.26) indicated that
the methoxy should be p-orientated. The chemical shift of
C-12 (8C 47.0) indicated that C-12 was a-orientated com-
paring with the literatures. According to the literatures and
our previous results, a-oriented C-12 had 6C12 in the range
of 48.9-50.3 ppm, while p-oriented C-12 had 8C12 around
56 ppm [12—-14]. The result was also supported by the cross
peaks between H-11 (6H 4.41) and H-12 (6H 2.48) in the
ROESY spectrum. Finally, the structure of compound 1 was
determined as shown, and the absolute configuration was
further confirmed by ECD calculation (Fig. 3).

Compound 2 was isolated as colorless oil. It had the
same molecular of C,;H340¢ as compound 1 on the base of
HRESIMS at m/z 381.2296 [M-H]". The 'H and '°C NMR
spectral data (Table 1) revealed that compound 2 was an
epimer of 1, and the methoxyl at C-2 in 2 was a-oriented.
This conclusion was verified by HMBC correlations from
H-17 to C-1, C-4, C-8, C-9, H-16 to C-5, C-6, C-7, C-14,
H-15 to C-12, H-13 to C-11, C-14 and H-10 to C-5, C-6 and
'H-'H COSY correlations between H-1/H-2, H-18/H-19, H-
18/H-20, H-11/H-12/H-13, and H-12/H-15 (Fig. 2). The
configuration of the methoxyl was supported by the
NOESY correlations of Me-17 (6H 1.17)/H-2 (6H 4.45), H-
17/H-73 (8H 2.09)/H-13 (6H 4.11), and Me-16/H-10a.
Detailed analysis of the 2D NMR indicated that other parts
of compound 2 were the same with those of compound 1.
Its structure was finally confirmed by ECD (Fig. 3), and
named neocyathin T.

Compound 4, colorless oil, had the molecular
formula of C;sH,,O, base on the HRESIMS at m/z
289.1411 [M + Na]™. 'H and '3C NMR spectra (Table 2) in



Cyathane diterpenoids and drimane sesquiterpenoids with neurotrophic activity from cultures of the... 17

/“x’( ‘;\‘\ _————
AR AT
.0 on Bt
\\‘ / K \O\\ OH \\‘
A HO W\ OH
’ ) o OH = }Oﬂ/
H, ~— H
HO HO/
Compound 2
o .
o o)
HO ,
HO N
Compound 4 Compound 5
VRN 477N
'"H 'THCOSY H C HMBC H H ROESY

Fig. 2 Key COSY, HMBC, ROESY correlations of compounds 1, 2, 4, and 5

combination with HSQC spectrum demonstrated 15 car-
bons, which were classified as three methyls (three singlet
in 'H NMR), three methylene’s (one oxygenated), five
methines (two oxygenated, one olefinic) and four qua-
ternary carbons (one olefinic and one lactone). The NMR
data together with the molecular formula indicated that 4
was a drimane-type sesquiterpenoid and an epimer of 3 [8].
This conclusion was supported by the '"H-"H COSY corre-
lations of H-1/H-2/H-3, H-5/H-6/H-7, and H-9/H-11 and
the HMBC correlations of Me-13 to C-1, C-5, C-9 and C-
10, H-15 to C-4, C-3 and C-5, and H-11 to C-9, C-1, C-8
and C-12 (Fig. 2). The NOESY correlations of Me-13 (6H
0.87)/ Me-15 (6H 1.02), Me-13/ H-6 (6H 4.52) indicated
that the configuration of HO- at C-6 in 4 should be a-
oriented instead of f-orientated in 3. In-depth analysis of 2D
NMR suggested that the other parts were the same to those
of 3f,6p4-dihydroxycinnamolide (3). Finally, the ECD con-
firmed the difference between 4 and 3, and 4 was identified
as 3f,6a-dihydroxycinnamolide (Fig. 3).

Compound 5 was isolated as colorless oil. Its molecular
formula was determined to be C;sH,,Os; base on the
HRESIMS at m/z 279.1237 [M-H] ™, 14 units higher than
compounds 3 and 4. Preliminary analysis of 1D NMR
suggested that one methylene was oxygenated into a ketone
in compound 5 comparing with that of 3. Careful analysis of
HMBC spectrum indicated that C-2 should be the ketone
supported by the correlations of H-1 to C-2, C-3, C-10, and
C-13. The correlations of H-5/H-6/H-7 and H-9/H-11 in the
COSY spectrum and the correlations from H-13 to C-9, C-
10 and C-11, H-7 to C-8, C-9 and C-12, and H-11 to C-12
suggested that the other parts of compound 5 remained the
same as those of 3. The configuration of HO-3, HO-6, and
C-11 was determined to be f, §, and f according to the

correlations of Me-13 (6H 1.05)/H-11 (6H 4.16), and H-5
(6H 1.95)/H-3 (dH 4.08), H-5/H-6 (6H 4.79), H-5/H-9 in
NOESY spectrum (Fig. 2). Therefore, compound 5 was
identified as 2-keto-3/,64-dihydroxycinnamolide.

All five compounds were tested for their enhancement of
NGF-induced neurite outgrowth in PC12 cells. They all
enhanced neurite formation induced by NGF at concentration
10 uM (Fig. 4).

In summary, two new cyathane-type diterpenoids, neo-
cyathins S and T (1, 2), and three drimane-type sesqui-
terpenoids (3-5) were isolated from cultures of a fungal
strain of Cyathus afticanus. Besides, it is the first report that
drimane sesquiterpenoids have been obtained from genus
Cyathus. These metabolites were found to exert neurite
outgrowth-promoting activity in NGF-mediated PC12 cells.
Basing on our previous research, normally, cyathane diter-
penoids combined with NGF showed significant increase in
neurite-bearing cells compared to NGF-treated PC-12 cells,
and few of them was active without NGF. In this study, the
NGF-mediated neurite outgrowth activities of compounds 1
and 2 are much weaker than their analogs and it might be
the result of the substituted hydroxyl at C-5. Further
research is needed to explore why the cyathane diterpenoids
and drimane sesquiterpenoids with different scaffolds show
similar phenotypes.

Experimental section
General experimental procedures

Optical rotations (OR) were recorded on an Autopol III
automatic polarimeter (Rudolph Research Analytical). UV

SPRINGER NATURE
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and the IR spectra were obtained on a Thermo Scientific
Evolution-300 UV-visible spectrophotometer and a Bruker
Tensor 27 FT-IR spectrometer with KBr pellets. Nuclear
magnetic resonance (NMR) spectra were obtained on a
Bruker Avance III 500 spectrometers with tetramethylsilane
(TMS) as an internal standard at room temperature. High-
resolution (HR) ESIMS were recorded on an AB Sciex
Triple TOF 4600 system. ECD spectra were obtained on a
Chirascan spectrometer. Silica gel (300—400 mesh, Qingdao
Marine Chemical Ltd., People’s Republic of China) and
RP-18 gel (20-45 um, Fuji Silysia Chemical Ltd., Japan)
were used for column chromatography (CC). Semi-
preparative HPLC was performed on a Waters 1525 liquid
chromatography system equipped with a Hypersil BDS C-
18 column (4.6 mm x 250 mm, and 10.0 mm x 250 mm).
Fractions were monitored by TLC. Spots were visualized by
heating silica gel plates immersed in 10% H,SO, in ethanol.
Nutrient mixture F-12 (Ham) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Horse serum (HS) was
purchased from Gibco (Life Technologies Corporation,
USA). FBS was purchased from Hyclone (Thermo Scien-
tific, China). The growth substrates poly-L-lysine was
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Nerve growth factor (NGF) was purchased from WuHan
Hitech Biological Pharma Co., LTD, China.

Fungal material

The fungus of Cyathus africanus was purchased from China
General Microbiological Culture Collection Center
(CGMCC) with the accession number 5.1117. A voucher

specimen of C. africanus was deposited in the College of
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Chemistry & Pharmacy, Northwest A&F University (No.
Ca 5.1117).

Extraction and isolation

The C. africanus was cultured on the stilling medium of rice
for 2 months, and then extracted with methanol. The solu-
tions were filtered and evaporated under reduced pressure,
and diluted with water to 5L. The filtrate was extracted
three times with EtOAc. Finally, the organic extract
was evaporated to dryness to obtain the crude extract
(5.63 2).

The crude extract was subjected to silica gel CC with a
CHCI3/MeOH gradient solvent system (v/v, 100:1-1:1) to
obtain five fractions (A-E). Fraction B (956.1 mg) was
subjected to a RP-18 silica gel with stepwise gradient of
MeOH/H,0 (v/v 50:50-100:0) to afford eight subfractions
(B1-B8). B2 (177.9 mg) was separated on Sephadex LH-20
(MeOH) then subjected on prep-HPLC (MeOH-H,0 20%)
to get compound 3 (16 min, 5.2 mg) and 4 (20 min, 3.7 mg).
B6 (142.3mg) was subjected to silica gel CC with
CHCI;-MeOH solvent system (v/v, 60:1), followed by
prep-HPLC (MeOH-H,0 65%) to get compound 1 (34 min,
4.4 mg) and 2 (23 min, 8.1 mg). Compound 5 (3.0 mg) was
obtained from subfraction C (415.7 mg) by using Sephadex
LH-20 (MeOH) then on prep-HPLC (MeOH-H,O 20%,
18 min).

Neocyathin S (1)

Colorless oil, [0(]2D5 +20.37 (c0.545, MeOH); IR 3394,
2950, 2837, 2523, 1651, 1457, 1409, 1021cm™',; UV
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Table 2 'H (500 MHz) and *C

NMR (125 MHz) spectral data " 3 4 >

of compounds 3-5 (CD;0D) oy (J in Hz) 6c mult. oy (J in Hz) Sc mult. oy (J in Hz) 6c mult.
1 1.65, m; 1.38, m 39.9, CH, 1.50, m; 1.44, m 379, CH, 2.1, brs 53.0, CH,
2 1.73, m; 1.59, m 27.8, CH, 1.65, m 27.8, CH, 210.6, qC
3 3.18,dd (11.6,3.8) 79.9,CH 3.23,dd (11.0,5.0) 79.4,CH 4.08, s 84.0, CH
4 40.8, qC 40.4, qC 45.9, qC
5 1.17, overlap 55.5,CH 1.44, overlap 577, CH 1.95,d (4.8) 54.2, CH
6 4.69, m 662, CH 4.52, m 68.6, CH 4.79, overlap 66.2, CH
7 6.71,dd (3.6,3.6) 138.1, CH 6.64,dd (3.5,3.5) 1379,CH 6.77,dd (3.6, 3.6) 138.3, CH
8 128.5, qC 129.6, qC 128.3, qC
9 2.75, m 528 CH 296, m 50.9,CH 3.14, m 52.8, CH
10 34.9, qC 41.0, qC 40.5, qC
11 448,dd (9.2,9.2) 69.1, CH, 4.43,dd 68.8, CH, 4.50, dd (9.3,9.3) 68.6, CH,

4.15, dd (9.0, 9.0) 4.09, dd 4.16, dd (9.1, 9.1)

12 172.6, qC 172.2, qC 171.9, qC
13 1.021, s 154, CH; 0.87,s 147, CHy 1.05, s 16.5, CH;
14 1.28, s 274,CH; 1.25,s 309, CH; 1.35,s 26.7, CH
15 1.19, s 17.7, CHy 1.02,s 163, CHy 1.15,s 18.6, qC

(MeOH) Anax (log €) 213 (2.73); 'H (500 MHz) and "*C
NMR (125 MHz) data (MeOD-d,), see Table 1; negative
ion HRESIMS m/z 381.2301 [M-H]—(calcd for C,;H3304,
381.2300).

Neocyathin T (2)

Colorless oil, [a]¥ —21.15 (c0.260, MeOH); IR 3394,
2950, 2837, 1651, 1456, 1410, 1021 cm™',; UV (MeOH)
Amax (log €) 213 (3.11); 'H (500MHz) and *C NMR
(125 MHz) data (MeOD-d,), see Table 1; negative ion
HRESIMS m/z 381.2296 [M-H] (caled for C,;H3;0¢4 ,
381.2300).

3,68-dihydroxycinnamolide (3)

'H (500 MHz) and '*C NMR (125 MHz) data (MeOD-d,),
see Table 2.

3,6a-dihydroxycinnamolide (4)

[a]Z + 40 (c0.400, MeOH); IR 3450, 2969, 1639, 1108,
1049 cm™',; UV (MeOH) A (log &) 230 (3.19); 'H
(500 MHz) and '*C NMR (125 MHz) data (MeOD-d,), see
Table 2; positive ion HRESIMS m/z 289.1411 [M + Na]*
(caled for C5H,,04Nat, 289.1400).

2-keto-3f,6-dihydroxycinnamolide (5)
[a]} —64.7 (c0.420, MeOH); IR 3394, 2950, 2837, 1651,

1457, 1411, 1021 cm™!; UV (MeOH) Ana (log &) 230
(3.25); 'H (500MHz) and *C NMR (125MHz) data

(MeOD-d,), see Table 2; negative ion HRESIMS m/z
279.1237 [M—H]7 (calcd for C]5H|9057, 2791200)

ECD calculation

A preliminary conformational search was performed in
Conflex6.7 using MMFF94s forcefield [15]. Conformers
were saved and further optimized using the density func-
tional theory (DFT) method and CPCM solvent model at
B3LYP/6-31 + G(d,p) level in Gaussian 09 software pack-
age [16]. Frequency was calculated at the same level of
theory to check optimized results. The stable conformers
with populations greater than 1% and without imaginary
frequencies were submitted to ECD calculation by the
TDDFT using cam-B3LYP/TZVP method associated with
CPCM solvent model in MeCN. The excitation energies
(E), oscillator strength (f), rotatory strength in velocity form
(Rvel), and rotatory strength in length form (Rlen) of the
lowest 32 excited states were calculated. ECD spectra of
different conformers were summated in SpecDis according
to their Boltzmann-calculated distributions [17].

Bioassay methods
Cell culture

The rat adrenal pheochromocytoma cell line, PC-12, were
obtained from China Center for Type Culture Collection
(CCTCC). PC-12 cells were maintained in nutrient mixture
F-12 (Ham) medium supplemented with 10% inactivated
HS, 5% inactivated fetal bovine serum (FBS), 100 U/mL
penicillin G, 100 pg/mL streptomycin, and 2.5 g/L. sodium

SPRINGER NATURE
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Fig. 4 a Effect of compounds 1-5 on neurite outgrowth in PC12 cells.
(NGF 20 ng/mL as positive control, **p <0.01, *p <0.05); b Effect of
compounds 2 and 4 as examples on neurite outgrowth in PC12 cells
treated with 1% DMSO, NGF (20 ng), NGF(20 ng) + 2 (10 uM), and
NGF(20ng) + 4 (10 uM)

bicarbonate at 37 °C in humidified air containing 5% CO,
[18].

Analysis of neurite outgrowth of PC-12 cells

Morphological analysis and quantification of neurite-
bearing cells were carried out using phase-contrast micro-
scope as described previously. PC-12 cells were seeded on
poly-L-lysine-coated 24-well plates at a density of 2 x 10*
cellsymL in normal serum medium for 24h. The F-12
medium containing low serum (1% HS and 0.5% FBS) was
replaced prior to exposure to vehicle (0.1% DMSO) or
indicated reagents. The cells were treated with tested
compounds at various concentrations of 10 pM with 20 ng/
mL of NGF. Cells without treatment served as a negative
control. Cells treated with 20 ng/mL of NGF served as a

SPRINGER NATURE

positive control. One concentration experiment was repe-
ated in three wells. After an additional 48 h of incubation,
neurite outgrowth of PC-12 cells was observed under an
inverted microscope using phase-contrast objectives and
photographed by the digital camera. Five images were
selected randomly under a microscope for each well. At
least 100 cells in each of five randomly separated fields
were scored and the proportion of cells with neuritis greater
than or equal to the length of one cell body were positive for
neurite outgrowth and expressed as a percentage of the total
cell number in five fields. Experiments were repeated at
least three times and data are as mean = SD [19].
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