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Nine new isomalabaricane-derived natural products, globostelletins A-I (1-9), were isolated from the
marine sponge Rhabdastrella globostellata, together with jaspolides F (10), rhabdastrellic acid-A (11),
(—)-stellettin E (12), stellettins C (13) and D (14). The structures of these compounds were determined
on the basis of extensive spectroscopic analyses and by comparison with the reported data in the liter-
ature. The inhibitory activities of compounds 1-12 against human tumor cell lines were evaluated,
and their structure-activity relationships were discussed. In addition, rhabdastrellic acid-A (11) showed
potent inhibition against HL-60 cells, and it induced the apoptosis of HL-60 cells in M/G2 phase. The
mechanism of 11 targeting the ubiquitin-proteasome system, including the regulation of ChT-L and T-L
target proteins is discussed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Isomalabaricanes are a class of trans-syn-trans 6,6,5-tricyclic
triterpenoids, which are found exclusively from marine sponges,
mainly those of the genera Stelletta,'™ Jaspis, > Geodia,'° and
Rhabdastrella''~'7 (order Astrophorida). Their structures are char-
acterized by the presence of a highly conjugated polyene system
as a side chain to be positioned at C-13, while a ketone group is
always located at C-12 of the tricyclic parent core. In addition, oxy-
genated functions are often present at C-3 of ring A and on the C-29
methyl group. The 13Z and 13E isomers are commonly found dur-
ing isolation and purification. Numerous isomalabaricane-type
triterpenoids have been found to have significant cytotoxic activity
toward tumor cell lines.'®'® The sponge R. globostrella is a rich
source of isomalabraicane-type derivatives, which are considered
to be the chemotaxonomic markers of the sponge genus Rhabdast-
rella. Thus far, more than 20 isomalabaricane-based metabolites
have been reported from this sponge specimen. The structural pat-
terns of this sponge vary markedly by ecological location.'>"' For
example, most of the isomalabaricanes from this species collected
from coral reefs in Fiji showed oxygenated groups at C-22 and
C-29, and displayed varying levels of inhibitory activity toward
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the A2780 ovarian cancer cell line due to stabilization of the
binding of DNA with DNA polymerase B.!> The same species
growing in Mindanao in the Philippines produced a compound
with a C-26 carboxylic group and the analogues terminated by
an unsaturated 3-lactone.!! Few reports have been discussed about
the isomalabaricane terpenoids from the sponge R. globostrella
distributed in the South China Sea, with the exception of rhabda-
strellic acid-A.!” Recently, we examined this sponge collected from
Hainan Island in the South China Sea for the diverse minor metab-
olites, and here we report the isolation and characterization of 14
isomalabaricane-derived natural products, including nine new
compounds.

2. Result and discussion

The MeOH extract of Rhabdastrella globostellata was partitioned
between H,O and CH,Cl,. A bioassay was used to assess the
cytotoxicity of the fractions against human tumor cell lines includ-
ing A549, BGC-823, HCT-8, Bel-7402, and A2780. The CH,Cl,
fraction showed inhibitory activity against A2780, whereas the
H,O0 fraction had weak cytotoxicity. The CH,Cl, fraction was then
subjected to vacuum liquid chromatography (VLC) using silica gel
followed by the semi-preparative HPLC preparation to yield
compounds 1-14.
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The molecular formula of globostelletin A (1) was determined
to be Ci9H»505 by HRESIMS data (m/z 337.2010 [M+H]*, calcd
337.2026). The IR spectrum showed absorption peaks at 1781
and 1707 cm !, indicating the presence of carbonyl groups, while
the UV band at 244 nm indicated the absence of a conjugated
polyene system, as seen for the side chain of other isomalabaricane
triterpenoids. The '>C NMR spectrum exhibited 19 resonances,
including four carbonyl groups at ¢ 215.8 (C-3), 203.3 (C-13),
197.8 (C-14), and 178.8 (C-12); five methyls, five methylenes,
two methines, and three alkyl quaternary carbons. The COSY and
HMBC spectroscopic analysis led to the assignment of a drimane-
type skeleton, in which a ketone was located at C-3, as evident
from the methyl protons at éy 1.08 (s, CH3-28) and 0.97 (s, CHs-
29) showing HMBC correlations with C-3, C-4 (¢ 47.5), and C-5
(6c 46.3). An acetic acid moiety linked to C-9 was deduced from
the COSY correlation between H,-11 (4 2.50, 2.52) and H-9 (dy
3.17). This assignment was supported by the HMBC interactions
from H,-11 to C-10 (dc 38.2), C-9 (6c 47.5), C-8 (¢ 48.7), and
C-12. In addition, the HMBC correlations of the methyl protons at
Jy 2.42 (CH3-18) to the ketone carbons C-13 and C-14, together
with the correlations of the methyl protons at 6y 1.21 (CH3-30)
to C-8, C-9, and C-13, revealed a propandione group to be linked
to C-8. Thus, the structure of 1 is assumed to be a derivative pro-
duced by oxidative cleavage at C-12 and C-15 of an isomalabari-
cane. The relative stereochemistry of 1 was assigned by NOESY
spectrum. A trans fusion of the dicyclic nucleus was determined
on the basis of the NOE interactions. The NOE correlations between
CH3-19/CH3-29, CH3-28/H-5 (dy 1.45), H-5/CH,-11, CH3-19/H-9,
and CH3-30/H,-11 (Fig. 1) led the assignments of CH3-19 B and
H-9 B, whereas H-5, CH,-11, and CH3-30 were a-oriented.

Globostelletin B (2) had a molecular formula of CyoH2504, as
established by HRESIMS (m/z 687.3867 [2M+Na]", calcd 687.3873)
and NMR data. The 'H NMR spectrum (Table 1) showed an olefinic
methyl resonance at dy 2.06 (s, CH3-18), and four aliphatic methyl
singlets at 6y 0.85 (s, CH3-19), 1.12 (s, CH3-28), 1.05 (s, CH3-29),
and 1.38 (s, CH;-30). The '*C NMR and DEPT spectra displayed 20
carbon resonances, including two vinyl carbons at ¢ 144.9 (s,
C-13) and 136.5 (s, C-14), and three carbonyl carbons at 5¢c 219.1
(C-3),204.3 (C-12), and 174.4 (C-15). The NMR spectroscopic data
of 2 (Tables 1 and 2) were closely related to those of jaspolide D,

13.13E
14. 132 o

except for the presence of a carboxylic carbon C-15 in 2 instead of
an aldehyde group of the latter compound. This assignment was
confirmed by the HMBC correlations of CH3-18 to olefinic carbons
C-13, C-14, and C-15. The tricycle core was determined to be a
trans-syn-trans geometry based on NOE interactions between CHs-
19/H-9 (6 1.92, dd), CH3-30/H-5 (6y 2.41, dd), and H-5/CH;-28.
The NOE cross-peak between CH3-30/CH3-18 was in agreement
with 13Z configuration.

Globostelletins C and D (3-4) were a pair of inseparable geo-
metrical isomers with a ratio of 1:1. The ESIMS spectrum showed
a pseudomolecular ion peak at m/z 365 [M+Na]". The molecular
formula of Cy,H3003 was determined from HRESIMS (m/z
365.2087 [M+Na]*, calcd 365.2095), indicating eight degrees of
unsaturation. The 'H and '>C NMR spectra of 3 and 4 were partially
duplicated with regard to the 6,6,5-tricyclic nucleus, which was
corresponded to that of 2. The remaining NMR resonances were
attributed to the C-13 bonded side chain which consisted of five
carbons, including three olefinic carbons, a methyl group, and an
aldehyde group. HMBC correlations determined that the side chain
of 3 was identical to that of jaspiferal F.” The Ju-15/m-16 value
(16.0Hz) of 3 and 4 was indicative of a 15E configuration. The
chemical shifts of CH3-18 (dy 2.33) and H-15 (éy 7.60) in 3 were as-
signed to 13E as in the case of jaspiferal F. The NOE relationship be-
tween CH3-30 (6y 1.45) and H-15 further confirmed this
assignment. The 2D NMR correlations indicated the side chain

Figure 1. Key NOE correlations of 1.
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Table 1
TH NMR (500 MHz) data (& in ppm, J in Hz) of globostelletins A-I (1-9)?
No 1 2 3 4 5 6 7 8 9
1 1.80, ddd 2.16, dd 2.18,dd 2.18,dd 2.17,dd 2.17,dd 2.20, dd 2.20, dd 2.20, dd
(6.5,4.5,13.0) (9.8, 12.0) (3.6, 14.4) (3.6, 14.4) (3.7, 14.2) (4.8, 15.1) (6.8, 12.5) (2.7, 10.6) (7.6, 14.7)
1.57, ddd 1.52, ddd 1.57, m 1.57, m 1.55, ddd 1.53, ddd 1.57, ddd 2.12, m 2.12, ddd
(4.0,10.0,13.0) (6.1,9.3, 13.9) (6.1,11.0,14.2) (3.7,9.5,15.1) (6.3, 11.0, 12.5) (4.6,11.0,12.8)
2 2.66, ddd 2.74, m 2.76, ddd 2.76, ddd 2.78, ddd 2.75, ddd 2.79, ddd 2.76, ddd 2.81, dd
(6.5,10.0, 15.5) 2.38, dd (4.5,4.0,14.0) (45,40, 140) (3.7,11.0,15.0) (458, 9.5,150) (6.8, 11.0,16.0) (2.7,11.0,155) (7.6,15.0)
2.35, ddd (10.0, 13.4) 2.42,dd 2.42,dd 242, dd 243, dd 245, dd 2.49, ddd 2.45, ddd
(4.0, 4.5, 15.5) (12.5, 14.0) (12.5, 14.0) (6.1, 15.0) (3.7, 15.0) (6.3, 16.0) (8.0, 8.4,15.5) (4.6, 11.0, 15.0)
5 1.45, dd 241, dd 2.42,dd 2.42,dd 242, dd 241, dd 242, dd 242, dd 242, dd
(3.0, 12.5) (2.0,12.2) (3.0, 14.4) (3.0, 14.4) (6.1, 14.0) (6.8,12.9) (9.8,3.2) (8.8, 13.4) (4.6, 11.0)
6 1.50, m 1.51, m 1.67, m 1.67, m 1.62, m 1.65, m 1.65, m 1.55, m 1.55, m
1.61, m 1.62, m 1.55, m 1.55, m 1.55, m 1.55, m 1.55, m 1.67, m 1.66, m
7 2.28, ddd 1.52, dd 2.20, dd 2.20,dd 2.27,dd 2.11,dd 2.26, dd 2.24, dd 2.24, dd
(40,40,14.0) (5.4, 10.5) (7.4, 14.4) (7.4, 14.4) (5.1, 12.6) (7.6,13.2) (83, 142) (10.6, 12.7) (11.0, 13.5)
1.13, ddd 2.05, m 2.29, dd 2.29, dd 234, m 2.22,dd 2.20, dd 2.28, dd 2.28, dd
(4.0, 13.5, 14.0) (4.4,14.4) (4.4,14.4) (4.6,13.2) (6.8, 12.5) (9.5, 12.7) (11.0, 13.5)
9 3.17, dd 1.92, dd 1.95, dd 1.95, dd 1.92, dd 1.91, dd 1.91,dd 1.90, dd 1.90, dd
(2.0, 2.0) (4.0, 8.0) (5.1, 9.0) (5.1, 9.0) (5.8, 13.0) (8.0, 15.0) (7.0, 12.0) (10, 12.5) (10, 12.5)
11 2.52,dd 2.20, dd 2.28,dd 2.28, dd 2.32,dd 2.34,dd 2.29, dd 2.23,dd 2.23,dd
(2.0, 15.0) (4.0, 16.0) (5.1,13.5) (5.1,13.5) (13.0, 13.5) (15.0, 16.5) (7.0, 16.0) (10.0, 16.0) (10.0, 16.0)
2.50, dd 2.24,dd 2.30, dd 2.30, dd 2.28, dd 2.29,dd 2.26, dd 2.27,dd 2.27,dd
(2.0, 15.0) (8.0, 16.0) (9.0, 13.5) (9.0, 13.5) (5.8, 13.5) (8.0, 16.5) (12.0, 16.0) (125, 16.0) (12.5, 16.0)
15 7.60,d (16.0) 8.86,d (160) 7.86,d(155)  896,d(160) 696,d(155)  6.86,d(150) 824, d (15.0)
16 6.56, dd 6.43, dd 6.28,d (15.5) 6.19, d (16.0) 6.99, dd 7.06, dd 6.96, dd
(7.0, 16.0) (7.0, 16.0) (10.0, 15.5) (11.5, 15.0) (11.5, 15.0)
17 9.75,d (7.0)  9.73,d (7.0) 745,d(100)  662,d(11.5)  6.66,d(11.5)
18 242,s 2.06, s 233, s 2.08, s 231, s 2.05, s 2.37,s 2.37,s 2.10, s
19 099, s 0.85, s 0.90, s 0.90, s 0.89, s 0.89, s 0.89, s 0.88, s 0.88, s
21 2.08, s 2.03,s 1.99, s
22 7.50, d (15.5) 7.50, d (15.5)
23 6.02, d (15.5) 5.96, d (15.5)
28 1.08,s 1.12, s 1.14, s 1.15, s 1.14, s 1.14, s 1.08, s 1.15, s 1.15,s
29 097,s 1.05, s 1.09, s 1.09, s 1.07, s 1.08, s 1.15, s 1.08, s 1.08, s
30 1.21,s 1.38,s 145, s 1.50, s 147, s 142, s 147,s 146, s 143,s
¢ In CDCls.
Table 2
13C NMR (125 MHz) data of globostelletins A-H (1-8)?
No. 1 2 3 4 5 6 7 8
1 353, t 31.2,t 313, t 313, t 313, t 313, t 313, t 313, t
2 347, t 333, t 333, t 333, t 333, t 333, t 334, t 334, t
3 2158, s 219.1,s 219.5, s 219.5, s 21838, s 218.7,s 218.9, s 219.0, s
4 475, s 46.8, s 46.8, s 46.8, s 46.8, s 46.8, s 46.8, s 46.8, s
5 46.3,d 453, d 454, d 454, d 454, d 454, d 454, d 454, d
6 20.0, t 19.1, t 19.7, t 195, t 19.6, t 19.5, t 19.7, t 195, t
7 31.1,t 353, t 36.6, t 36.6, t 385, t 36.7, t 386, t 385, t
8 48.7, s 40.1, s 38.7,s 387, s 453, s 449, s 450, s 450, s
9 47.5,d 48.2,d 475, s 47.6, s 47.5,d 47.7,d 47.7,d 47.8,d
10 382, s 348, s 348, s 348, s 348, s 348, s 348, s 348, s
11 313, t 348, t 387, t 387, t 36.5,t 364, t 36.6, t 36.6, t
12 178.8, s 204.3,s 206.8, s 206.8, s 207.1,s 205.6, s 207.1, s 206.0, s
13 203.3, s 1449, s 152.2, s 152.2, s 151.7, s 151.0, s 1485, s 147.6, s
14 197.8, s 136.5, s 138.0, s 138.0, s 137.9, s 1385, s 1404, s 141.0, s
15 1744, s 150.5, d 150.7, d 145.5,d 145.2,d 1394,d 136.8,d
16 133.7,d 132.1,d 1234, d 121.8,d 130.1,d 131.0,d
17 193.1,d 194.9, d 1704, s 1705, s 139.7,d 139.2,d
18 264, q 169, q 145, q 15.9, q 143, q 15.9, q 144, q 14.5,q
19 218, q 234, q 235, q 235, q 234, q 234, q 234,q 234, q
20 1288, s 136.3, s
21 12.8,q 12.8,q
22 1720, s 150.2, d
23 117.1,d
24 171.0, s
28 255, q 292, q 292, q 29.0, q 292, q 292, q 292, q 292, q
29 21.5,q 193, q 193, q 193, q 193, q 193, q 193, q 193, q
30 263, q 246, q 242, q 264, q 263, q 243, q 26.0,q 26.0,q
2 In CDCls.

composition of 4 to be identical to that of 3. The differences were
found by the upfield shifted CH3-18 (dy 2.08) and the downfield
shifted H-15 (Jy 8.86) of 4 due to H-15 to be located in the desh-

ielding region of the ketone group C-12, indicating 4 to be a 13Z
isomer. This assignment was also confirmed by the NOE correlation
observed between CH3-18 and CH5-30.
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The molecular formula of globostelletin E (5) was determined to
be Cy,H3004 by HRESIMS (m/z 359.2217 [M+H]", calcd 359.2224)
and NMR data, indicating eight degrees of unsaturation. Compari-
son of its NMR data (Tables 1 and 2) with those of 3 revealed the
only difference due to the presence of a carboxylic carbon
(6¢c 170.4) at C-17, instead of the aldehyde group found in 3. The
chemical shifts of CH3-18 (dy 2.31, s) and H-15 (éy 7.86) were in
agreement with 13E. The coupling constant Ji5:6 (15.5Hz),
together with NOE interactions between H3-18/H-16 (éy 6.28, d),
confirmed 15E geometry in the side chain.

The NMR spectroscopic data of globostelletin F (6) were closely
related to those of 5, and the 2D NMR data analysis revealed both
compounds having the same gross structure. However, H-15 of 6
was shifted significantly to downfield at 6y 8.96 (d, J=16 Hz),
whereas CH3-18 was shifted to upfield at dy 2.05 in comparison
with those of the corresponding protons of 5. These findings
indicated a 13Z configuration of 6. The NOE correlations between
CH3-18/CH5-30 and H-16 (Jy 6.19)/CHs3-18, along with the Ji15/1-16
value confirmed that 6 is a 13Z isomer of 5.

Interpretation of 1D and 2D NMR spectroscopic data of globo-
stelletin G (7) revealed that it is an 13E isomer of jaspolide F
(10)8 as evident from the significant upfield shift of H-15 (4
6.96) and the downfield shifted H3-18 (éy 2.37) compared with
the corresponding signals of 10.

The HRESIMS of globostelletin H (8) showed a pseudo molecular
ion peak at m/z 447.2506 [M+Na]*, which was in agreement with a
molecular formula of Cy7H3604 with 10 degrees of unsaturation.
The UV bands at 266 and 367 nm suggested the presence of a
highly conjugated chromophore. 'H NMR spectrum showed the
resonances for six olefinic protons around éy 6.02-7.50 ppm, and
six methyl singlets at Jy 0.88, 1.15, 1.08, 1.46, 2.37, and 2.03. An
olefinic ABX spin system at 6y 6.86 (1H, d, J=15.0 Hz, H-15),
7.06 (1H, dd, J = 11.5, 15.0 Hz, H-16), and 6.62 (1H, d, J = 11.5 Hz,
H-17) and an AB spin system at dy 7.50 (1H, d, J = 15.5 Hz, H-22)
and 6.02 (1H, d, ] = 15.5 Hz, H-23) were attributed to the side chain.

COOH O‘PCOOH

COOH
—_—
degradation
(O

K
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Table 3

Inhibitory effects of 1-12 on tumor cell lines
Compounds 1C50 (UM)

HCT-8 Bel-7402 BGC-823 A549 A2780

1 >50 >50 >50 >50 >50
2 >50 >50 >50 >50 >50
3-4 22.03 31.24 28.77 >50 9.04
5 >50 >50 >50 >50 17.36
6 >50 >50 >50 >50 >50
7 >50 >50 >50 >50 15.37
8 >50 >50 >50 >50 8.19
9 >50 >50 >50 >50 7.66
10 >50 >50 >50 >50 7.92
11 >50 21.18 >50 >50 4.23
12 >50 13.70 >50 18.61 <0.5

The '3C NMR spectrum revealed a total of 27 carbon resonances,
that were assigned to eight olefinic carbons, a carboxylic acid
(6c 171.0), and two ketones (é¢c 206.0, 219.0). The NMR data of 8
were characteristic of an isomalabaricane-type terpenoid, closely
related to rhabdastrellic acid-A (11).” However, a carboxylic group
of 8 was linked to C-23 instead of a methacrylic acid group found in
11. The HMBC correlation of the typical downfield shifted H-22 (5y
7.50) with the carboxylic carbon at §c 171.0 (C-24) confirmed this
assignment. The chemical shift of CH3-18 (dy 2.37) indicated it to
be deshielded by the C-12 carbonyl function. Thus, C-13 of 8 was
assigned to E-configuration. The E-configurations of C-15, C-17,
and C-22 were determined from the J values of H-15/H-16
(15.0 Hz), along with the NOE correlations between CH5-30/H-15,
H-15/H-17, H-17/H-22, H-23/CH3-21, H-23/CH3-27, CH3-21/H-16,
and H-16/CH5-18.

Globostelletin I (9) had the same molecular formula as 8, as
determined by HRESIMS analysis (m/z 425.2686 [M+H]", calcd
425.2675). Comparisons of the "TH NMR data revealed the similarity
of both compounds, with the exception of the chemical shifts of

jaspolide D

Figure 2. Postulated biogenetic degradation from 12 to 1.
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HeLa cells treated by stellettin D HeLa cells treated with stellettin C
(20 uM, 24 h) (20 uM, 24 h)

HeLa control

Figure 3. Morphological changes in HeLa cells after treatment with stellettins C and D.
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Figure 4. The effects 11 on HL-60 cell cycle with different doses.

H-15 and CHs-18. The downfield shifted H-15 6y 8.24 (d, Based on the spectroscopic analyses and comparison with the
J=15.0Hz) was in contrast to CHs-18, shifted relatively upfield, reported data in the literature, compounds 10-14 were determined
as seen in jaspolide F (10). These data indicated that 9 is a 13Z  as identical to jaspolide F,® rhabdastrellic acid-A,” (—)-stellettin E,>
isomer of 8. stellettins C and D, respectively.
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Figure 5. The effects of 11 on cell cycle with different times.

Isomalabaricatrienol as produced by Tyr510 mutants is consid-
ered a putative precursor of isomalabaricane triterpenoids in
sponges.?%2! Thus, the various lengths of the side chains of com-
pounds 1-12 are assumed as the products to be generated by oxida-
tive degradation from isomalabaricane triterpenoid®? (Fig. 2). The
isomerization between 13Z and 13E geometric isomers was sug-
gested to be induced by light irradiation during a separation process.

Compounds 1-12 were tested against human tumor cell lines
(A549, BGC-823, HCT-8, Bel-7402, and A2780). Most of them
showed selectively inhibitory activities against human ovarian car-
cimona A2780 cell line (Table 3), and the effects varied due to the
length of the side chain. Compounds 11 and 12, with five conju-
gated double bonds, showed dramatically inhibitory activity to-
ward A2780, and the inhibitory rate decreased markedly when
the numbers of double bonds in side chain were reduced, as in
the cases of 2, 5, and 6 which showed weakly inhibition. In addi-
tion, 13Z-isomalabaricanes (12, 9-10) showed more inhibitory
activity than 13E isomers (11, 7-8), with the exception of the mix-
ture of 3-4 which showed more effective inhibition. Additional
example is due to the geometric isomers stellettins D and C, the
former (13Z configuration) showed more inhibitory activities
against HL-60 (ICso = 0.01 nM) and Hela cells (IC5g = 7.5 pM) com-
pared to that of the latter (13E) (ICso = 16 uM for Hela and 3.6 uM
for HL-60). The morphological changes in HeLa cells after treat-
ment with stellettins C and D are showed in Figure 3. A comparison
of the inhibitory activities of 3 and 4 with that of 5 and 6 revealed
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Figure 6. The effects of 11 on HL-60 cell apoptosis in different doses.

that the isomalabaricanes terminated by aldehyde group increased
cytotoxicity in comparison with those terminated by a carboxyl
group.

In addition, rhabdastrellic acid-A (11) effectively inhibited pro-
liferation of the human promyelocytic leukemia cell line HL-60
(IC50 = 6.7 uM). In order to investigate the effect of 11 on cell cycle,
HL-60 cells were treated with different doses of 11 for 20 h before
subjected to cell cycle analysis. DNA histogram analysis indicated
that 11 induced G2/M arrest of the cell cycle in dose-dependent
manner and the percentage of cells in G2/M phase increased by
19.2% and 21.2% after adding 5.0 and 10 uM of 11, respectively
(Fig. 4). The effect of 11 (5uM) on cell cycle was also in
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Figure 7. The effects of 11 on HL-60 cell apoptosis in different times.

control 11: 10uM

Figure 8. The morphological change of HL-60 cells induced by 11.

time-dependent and the percentage of cells in G2/M phase in-
creased from 10.9% to 18.4% and 25.1% at the checking-points 10
and 15 h, respectively (Fig. 5). The progressive G2/M accumulation
as induced by 11 was largely associated with a concomitant de-
crease of cells.

The gene p2 plays important role in the cell cycle pro-
gression regulation, and over-express p21WAF1/CP1 coyld halt the
cell arrest at G2 phase.?> By western blot analysis, the expression
of p21 in HL-60 cells was up-regulated gradiently followed by
the increasing the doses of 11. This result led to the consideration
that compound 11 inducing G2/M arrest is related to the up-regu-
lation of p21WAF1/Cip1,

To assess whether rhabdastrellic acid-A (11) induced apoptosis,
the multiparameter flow cytometry (annexin V-FITC/PI) was used
to monitor the early stages of apoptosis. In these stages, the cell
damage results in the changes of the phospholipids content of
the plasma membrane outer leaflet, and phosphatidylserine is
exposed at the external surface of the cells. Annexin V is a
Ca%*-dependent phospholipids-binding protein with high affinity
for phosphatidylserine. In addition, this method is also able to dis-
criminate the living cells, early apoptotic cells (pro-apoptotic cells),
and dead cells (late apoptotic and necrotic cells). As showed in
Figure 6, the increasing apoptotic HL-60 cells were correlated to
the doses of 11. The pro-apoptotic cells increased significantly
from original 5.53% (control) to 53.92% after treatment with 11
(5 uM). However, the dead cells increased slowly from 15.34% to
20.46% after treatment with the same dose. This fact indicated that
a pathway to inhibit the HL-60 proliferation by 11 is related to cell
apoptosis. Treated with 11 (5 uM), the pro-apoptotic HL-60 cells
increased linearly from 5.16% to 9.93%, 29.76%, and 48.84%, respec-
tively, at the checking-points of O h, 10 h, 15 h, and 20 h, indicating
the pro-apoptosis is also time-depended. Accordingly, the dead
cells increased from 24.45% (20 h) to 43.96% (25 h) (Fig. 7).

The morphological changes of HL-60 cells provided additional
information about the cell apoptosis induced by compound 11.
After incubation with 11 (10 uM) for 10 h, HL-60 cells exhibited
membrane blebbing, cellular shrinkage, chromatin condensation,
and fragmentation. The typical apoptotic cell bodies were visual-
ized by using fluorescent microscopy (Fig. 8).
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Figure 9. The inhibitory effects of 11 on ChT-L and T-L of 20S proteasome by
different doses in 5 h.

Ubiquitin-proteasome (UPP) system is responsible for the
degradation of most intracellular proteins, including those to con-
trol cell cycle progression, apoptosis, signal transduction and the
NF-xB transcriptional pathway, such as p53, c-Myc, p21WAF1/cip1
IxB, and cyclines.?* Aberrations in the ubiquitin-proteasome sys-
tem underlie the pathogenesis of many human diseases. Thus, both
the ubiquitin-conjugating system and the 20S proteasome are
important targets for drug discovery. Eukaryotic 20S proteasome
presents three major activities, namely chymotrypsine-like (ChT-
L), trypsine-like (T-L) and peptidyl-glutamy-peptide hydrolysing
(PGPH) activities. Proteasome inhibitors such as MG132 showed
potent effects to inhibit several kind of cancer cells,>>27 and these
results prompted us to examine whether compound 11 inducing
apoptosis in tumor cells related to the UPP signaling pathway.
We checked the direct effect of 11 on proteasome ChT-L and T-L
activities. Proteasome purified from human erythrocytes was incu-
bated for 1 h with 11 by various doses in the presence of the spe-
cific fluorogenic substrate for the detection of ChT-L and T-L
peptide cleavage. The experimental results indicated that 11
(30 uM) significantly inhibited ChT-L and T-L sites with the rates
of 81.5% and 86.3%, respectively (Fig 9), whereas MG132 showed
weak inhibition against T-L. In addition, compound 11 dramatically
increased accumulation of ubiquitinated proteins in HL-60 cells in
a dose and time dependent manner. Because ubiquitinated pro-
teins are degraded by proteasome, dysfunctional proteasome will
lead to high level intracelluar protein ubiquitination.?%2°

How compound 11 inhibits the function of UPP system is still
not fully certained. It might be directly binding the enzymatic cav-
ities of proteasome, or disrupt the recycling of polyubiquitinated
protein, or indirectly, by the generation of reactive oxygen species
(ROS). Mounting evidence suggests oxidative stress could damage
the function of UPP system and sequentially prompts apopto-
sis.2%3! Rhabdastrellic acid-A has recently been reported to induce
elevated caspase-3 expression in HL-60 cells.>? Activation of cas-
pase-3 is one of the downstream effects of ROS accumulation,
and then mediates the apoptosis pathway.

Accordingly, rhabdastrellic acid-A as a small molecule with
unusual structural pattern, is a new inhibitor and a modulator tar-
geting the ubiquitin-proteasome system, and it is a promising lead
compound for the treatment of cancer.

3. Experimental
3.1. General experimental procedures

Optical rotations were measured using a Pudolph Research Ana-
lytical Automatic Polarimeter; 'H, '3C, and 2D NMR spectra were
recorded using a Bruker Avance-500 and Varian INOVA-500 NMR
spectrometers, using TMS as an internal standard. The chemical
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shifts were measured in § (ppm) and coupling constants in hertz.
HRESIMS data were measured using a LTQ-Obitrap Xl Thero Scien-
tific and FT-MS_Bruker APEX IV (7.0T). Silica gel GF;s4 for TLC and
H-silica gel (200-300 mesh) for CC were supplied by Qingdao Mar-
ine Chemical Company (Qingdao, China). Solvents and chemicals
used for chromatography were purchased from Beijing Chemical
Company (Beijing, China).

3.2. Animal material

The sponge R. globostellata Carter (Acorinidae) was collected off
the coral reef of Hainan Island in the South China Sea, in June 2006.
The species was identified by Nicole J. de Voogd (National Museum
of Natural History). A voucher specimen has been deposited at the
State Key Laboratory of Natural and Biomimetic Drugs, Peking Uni-
versity with the code HSF-10, and also deposited at the National
Museum of Natural History.

3.3. Extraction and isolation

The freeze-dried sponge sample (4.7 kg) was homogenized and
extracted with MeOH. The crude extract was partitioned between
H,0 and CH,Cl,, and the CH,Cl; layer was concentrated in vacuo to
yield a fraction (6.0 g). This fraction was subsequently subjected to
VLG, and eluted using a gradient system of petroleum ether (PE)-
acetone to obtain ten fractions (FA-F]). The fraction of FF (338 mg)
was gel-filtered on a Sephadex LH-20 column (PE-CH,Cl,-MeOH,
5:5:1), and one of the collected fractions was separated upon C;g
column chromatography (CC) eluting with MeOH-H,0 (8:1) to
yield a mixture of 3 and 4 (2.2 mg). FG (540 mg) was separated
by semi-preparative reversed-phase HPLC using MeOH-H,0
(45-65%) as a mobile phase to obtain 5 (6 mg), 7 (3.0 mg), 10
(4.6 mg), 8 (1.0 mg), 9 (0.8 mg), 11 (38.0 mg), 12 (28.0 mg), and
1 (14.0 mg). Using the same method as for FG, 6 (3.0 mg), 13
(3.8 mg), 14 (5.2 mg), and 2 (20.0 mg) were purified from FH
(219 mg).

3.3.1. Globostelletin A (1)

Achroic oil; [a]p —17.9 (¢ 0.7, MeOH); UV (MeOH) /2x 244 nm;
IR (KBr) vimax 3379, 2965, 1781, 1707, 1463, 1385 cm™!; 'H and '3C
NMR data, see Tables 1 and 2; HRESIMS m/z 337.2010 [M+H]"
(caled for C19H2905, 337.2026).

3.3.2. Globostelletin B (2)

Light yellow oil; [0]2° 33.5 (¢ 1.0, MeOH); UV (MeOH) /max
249 nm; IR (KBr) vmax 3433, 2958, 1705, 1635, 1384, 1026 cm™;
'H and 3C NMR data, see Tables 1 and 2; HRESIMS m/z 687.3867
[2M+Nal*, (calcd for (CyoH2504),Na, 687.3873).

3.3.3. Globostelletins C and D (3-4)

Light yellow oil; [¢]2 —203.6 (c 0.11, MeOH); UV (MeOH) /imax
307 nm; IR (KBr) vmax 3416, 2959, 2931, 1703, 1383, 1111 cm™;
'H and 3C NMR data, see Tables 1 and 2; HRESIMS m/z 365.2087
[M+Na]* (calcd for C,,H3003Na, 365.2094).

3.3.4. Globostelletin E (5)

Light yellow oil; [¢)2’ 12.3 (c 0.30, MeOH); UV (MeOH) /imax
299 nm; IR (KBr) vmax 3424, 2959, 1701, 1576, 1385, 1171,
1024 cm™'; 'H and '>C NMR data, see Tables 1 and 2; HRESIMS
m/z 359.2217 [M+H]" (calcd for Cy,H3104, 359.2224).

3.3.5. Globostelletin F (6)
Light yellow oil; [¢)2 —6.2 (¢ 0.16, MeOH); UV (MeOH) Zmax
298 nm; IR (KBr) vmax 3416, 2959, 1699, 1618, 1578, 1404 cm™';

'H and '3C NMR data, see Tables 1 and 2; HRESIMS m/z 359.2217
[M+H]+ (calcd for C22H3]O4, 3592215)

3.3.6. Globostelletin G (7)

Yellow oil; [)2’ —6.0 (c 0.25, MeOH); UV (MeOH) /max 340 nm;
IR (KBr) vmax 3421, 2928, 1696, 1383 cm™'; 'H and '3C NMR data,
see Tables 1 and 2; HRESIMS m/z 399.2530 [M+H]" (calcd for
Ca5H3504, 399.2523).

3.3.7. Globostelletin H (8)

Yellow oil; [#)2’ —50.0 (c 0.10, MeOH); UV (MeOH) imax 266,
367 nm; IR (KBr) vmax 3416, 2962, 1619 cm™'; 'H and '3C NMR
data, see Tables 1 and 2; HRESIMS m/z 447.2506 [M+Na]" (calcd
for C27H3604Na, 4472516)

3.3.8. Globostelletin I (9)

Yellow oil; [0]2 —206.2 (c 0.08, MeOH); UV (MeOH) /imax 269,
369 nm; IR (KBr) vmax 3415, 2926, 1618, 1427, 1114cm™!; 'H
and '>C NMR data, see Tables 1 and 2; HRESIMS m/z 425.2686
[M+H]+ (Calcd for Cy7H3704, 4252675)

3.4. Cytotoxic assay

The cytotoxic activities of the isolated compounds were as-
sessed using the MTT method. The cells were grown in DMEM
media supplemented with 10% fetal bovine serum in a humidified
atmosphere of 5% CO, and 95% air. The cells were incubated with
varying concentrations of each compounds, and cell survival was
detected at 37 °C by MTT method. The 5 x 10 cells in 100 pL of
culture medium were grown in triplicate for 48 h in 96-well plates.
MTT solution (15 pL) was then added to each well, and the samples
were treated according to the manufacturer’s protocol (Promega).
The control values of cells were recorded by treatment with the
DMSO alone.

3.5. Flow cytometry analysis of cell cycle

HL-60 cells (5 x 10°) were inoculated in cell culture bottle by
adding a certain dose of compound 11, the cells were collected
after a certain time. Each set of cells was washed with PBS, and
was re-hanged in 0.3 mL PBS, which was fixed after rapid injection
of 0.7 mL anhydrous ethanol (20 °C). Before analysis, ethanol is re-
moved by washing with PBS. Cells were re-suspended in 0.5 mL PI
dye solution (PBS containing 10 pg/mL PI and RNase A 50 pg/mL)
at 37 °C in 30 min. Flow cytometry is used to detect cell cycle.

3.6. Cell apoptosis by flow cytometry

HL-60 cells (5 x 10°) were inoculated in cell culture bottle to
react with a certain dose of 11. The cells were collected after
centrifugation by 1000 rpm at 4 °C for 10 min to remove superna-
tant. Adding cold PBS (1.0 mL), the cell suspension was gently
shocked. The above steps were repeated by twice. The cells were
re-hanged in 200 pL binding buffer. Annexin V-FITC (10 pL) was
added to mix gently for 30 min under dark at 4 °C. Then, binding
buffer (300 pL) was added. Before test, PI (5 puL) was added, and
the detection was performed within 1h in the flow cytometry,
and the data were read and analyzed by the application of
Cellquest software.

3.7. Morphological observation of apoptosis

The process of sample preparation was in the same protocol as
for the method of cell cycle. After detection by the flow cytometry,
taking a small amount of cell suspension to drop on the glass slide,
and covered with coverslip. Under a fluorescence microscope, the
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morphological changes of cell apoptosis were observed, and were
saved by camera photography.

3.8. Western blot analysis of protein expression in HL-60 cells

The HL-60 cells were collected after centrifugation. The cells
(1 x 107) were washed by PBS, and the three detergent lysis solu-
tion (100 puL) (50 mM Tris—-HCl (pH 7.5), 150 mM Nacl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate SDS)
was added at 4 °C in 30 min. Then, the sample buffer (fivefolds) was
added to keep boiling for 5 min. dropping the solution (20 pL) over
the 12% SDS-polyacrylamide gel electrophoresis, and transferred to
a nitrocellulose membrane, 5% skimmed milk powder to cover at
room temperature for 1.5 h. Afterward, first antibody (p21, 1:100
dilution) was added at 4 °C and kept overnight, and then separately
reacted with the corresponding secondary antibody (mouse
1:4000) at room temperature for 1 h. Chemiluminescent substrate
was colored, and B-actin was used as the control.

3.9. Assay of proteasome activity in vitro

The enzymatic activities of the proteasome were assayed using
fluorogenic peptides: Suc-Leu-leu-Val-Tyr-AMC (Suc represents
succinyl and AMC represents 7-amido-4methyicoumarin, obtained
from SIGMA) for chymotryptic-like (ChT-L) and Boc-LRR-AMC for
trypsin-like (T-L) activities. 1 pg of 20S proteasomes purified from
human erythrocytes was incubated with various doses of 11 and
100 uM fluorogenic peptides in 100 pL of 20 mM Tris-HCI with
pH 7.8 at 37 °C for 1 h. The fluorescence of released AMC was mea-
sured by a spectrofluorimeter (Fluostar OPTIMA, BMG Germany) at
excitation/emission wavelengths of 380/440 nm. MG132 (1 uM), a
known inhibitor of proteasome ChT-L activity and 0.1% DMSO were
used as positive and solvent control. By comparison with the fluo-
rescence of solvent control, the inhibitory effects were calculated
using SigmaPlot software and a standard four parameter sigmoidal
fit curve. Assays were performed in triplicate.
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