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Abstract — A new halenaquinone derivative, 1-hydroxyethylhalenaquinone (1),
was isolated from the marine sponge Xestospongia sp. as a proteasome inhibitor
together  with  three  known compounds, halenaquinone (2) and
3-ketoadociaquinones A (3) and B (4). 1-Hydroxyethylhalenaquinone (1) was the
first halenaquinone derivative containing an alkyl group at the keto-furan C-1
position. Compounds 1 and 2 inhibited the chymotrypsin-like activity of the
proteasome with ICsq values of 0.19 and 0.63 uM, respectively, whereas 3 or 4,
each containing a thiomorpholine 1,1-dioxide moiety, scarcely inhibited its

activity, even at a concentration of 5 uM.

Halenaquinone (2, Figure 1)* is a pentacyclic compound that has been isolated from marine sponges. This
compound and its derivatives are known to exhibit antimicrobial, antifungal, cytotoxic, and antimalarial
activities and also inhibit various enzymes, such as v-Src tyrosine kinase,? phosphoinositide 3-kinase
(PI3K),®> Cdc25B phosphatase, RAD51 (homologous-paring activity),> phospholipase A,° and
farnesyltransferase.® In our search for biologically active natural products, we found that the extract of the
marine sponge Xestospongia sp. inhibited proteasome activity. We here described the bioassay-guided
isolation of a new halenaquinone derivative, 1-hydroxyethylhalenaquinone (1, Figure 1), and 2 as

proteasome inhibitors.
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Figure 1. Structures of 1-4

The sponge collected in Likpan, North Sulawesi, Indonesia, was immediately soaked in EtOH. The EtOH
extract was partitioned between EtOAc and H,O. The EtOAc-soluble fraction was purified to afford 1, 2,
and 3-ketoadociaquinones A (3) and B (4)” (Figure 1). Compound 1 was obtained as a brown amorphous
solid, and HRFABMS established its molecular formula as C,;H;606. 2D NMR spectra including COSY,
HSQC, and HMBC (Table 1 and Figure 2) indicated that 1 was a congener of 2, except for the presence
of a hydroxyethyl group [0y 3.39 (2H, m, H,-21), 4.07 (2H, m, H,-22); &¢ 32.5 (C-21), 60.2 (C-22)] and
quaternary carbon [d¢ 165.6 (C-1)] together with the absence of the sp, methine [0y 8.25 (1H, s, H-1); d¢
149.0 (C-1)] detected in 2. HMBC correlations from H-21 to C-2 (8¢ 118.5) and from H-22 to C-1
showed that the hydroxyethyl group in 1 was attached to C-1. The CD spectrum of 1 was similar to that
of 2, which indicated that 1 and 2 had the same absolute configuration, 6S (Figure 3). Although various
halenaquinone derivatives have been isolated from marine sponges to date, 1 was the first containing an

alkyl group at the keto-furan C-1 position.
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Figure 3. CD spectra of 1 (a) and 2 (b) in MeCN

Since the synthetic proteasome inhibitor, bortezomib (Velcade™), was approved for the treatment of
relapsed multiple myeloma,® drugs targeting the proteasome and the upstream ubiquitin system have been
anticipated as excellent anticancer agents.® Therefore, we have been searching for inhibitors of the

ubiquitin—proteasome system from natural sources.’? In this study, 1 and 2 were identified as inhibitors of
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the chymotrypsin-like activity of the proteasome with 1Cs values of 0.19 and 0.63 uM, respectively,
while 3 and 4 scarcely inhibited its activity, even at a concentration of 5 uM. Compounds 3 and 4
contained a thiomorpholine 1,1-dioxide unit that was attached to the quinone moiety. Structurally diverse
proteasome inhibitors have been identified and many form covalent bonds with the active-site threonine
residue of the proteasome.X! The structure-activity relationships among 1-4 suggested that the C-14 and/or
C-15 positions of the quinone in 1 and 2 may undergo Michael-type 1,4-addition of the hydroxy group of
the catalytic threonine residue in a manner similar to syringolin A,*2 a proteasome inhibitor composed of

a 12-membered lactam with an o, 3-unsaturated vinyl ketone.

Table 1. 'H and *C NMR data for 1 (CDCl;)*

Position dc ou (J in Hz) HMBC
1 165.6
2 118.5
3 192.4
4 36.4 2.82m 2,3,5
3.00ddd 19.2,13.3,5.6 3,5,6,7
5 333 2.82m 3,6,7,8,20
2.261td 13.3,4.8 4,6, 19,20
6 36.8
7 148.8
8 143.0
9 169.6
10 137.4
11 127.3 9.04 s 1,9,13,17
12 130.8
13 183.5
14 139.4 7.07d10.4 12, 16
15 138.7 7.04d10.4 13, 14, 17
16 184.4
17 133.7
18 123.6 8.23s 6,9,10,12, 16, 17
19 153.9
20 30.7 1.66 s 5,6,7,19
21 32.5 3.39m 1,2
22 60.2 4.07 m 1,21

“H and '°C NMR spectra were measured at 500 and 125 MHz, respectively.

EXPERIMENTAL

General Experimental Procedures.

Optical rotation was measured on a JASCO DIP-1000 polarimeter in DMSO. UV spectrum was measured
on a JASCO V-550 spectrophotometer in MeCN. CD spectrum was measured on a JASCO J-820
spectropolarimeter in MeCN. IR spectrum was measured on a JEOL JIR-6500W spectrophotometer.
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NMR spectra were recorded on a Bruker Avance 500 spectrometer in CDClz. Chemical shifts were
referenced to residual solvent peaks (oy 7.24 and ¢ 77.0 for CDCl3). Mass spectrum was measured on a
JEOL JMS-700 MStation mass spectrometer.

Biological Material.

The marine sponge was collected at a depth of 10 m in Likpan, Indonesia, in December 2006 and
immediately soaked in EtOH. The sponge was identified as Xestospongia sp. A voucher specimen
(RMNH POR. 8674) has been deposited in the Naturalis Biodiversity Center, The Netherlands.
Extraction and Isolation.

The marine sponge (400 g, wet weight) was extracted with EtOH. The concentrated aqueous solution was
subsequently extracted with EtOAc. The EtOAc fraction (3.9 g) was subjected to silica gel column
chromatography with CHCIl3/MeOH (95:5) (fraction A) and CHCI3/MeOH (80:20) (fraction B). Fraction
A (1.5 g) was purified by silica gel column chromatography with hexane/EtOAc (60:40) (fraction Al,
39.8 mg) and CHCI3/MeOH (80:20) (fraction A2, 471.4 mg). Fraction Al was identified as
halenaquinone (2) based on the *H and **C NMR spectra and FAB mass spectrum. Fraction A2 was
purified by silica gel column chromatography with CHCl3/MeOH (98:2) to afford fractions A2-1 (86.3
mg) and A2-2 (104.0 mg), which were further purified by silica gel HPLC with a gradient elution from
CHCI; to CHCI/MeOH (98:2) to afford 1-hydroxyethylhalenaquinone (1, 3.2 mg) and
3-ketoadociaquinone A (3, 10.8 mg), respectively. Fraction B (299.4 mg) was purified by Sephadex
LH-20 with CH,CI,/MeOH/H,O (6:4:1) and Diol HPLC with a gradient elution from
hexane/CH,Cl,/MeOH (100:95:5) to CH,Cl,/MeOH (95:5) to afford 3-ketoadociaquinone B (4, 4.4 mg).
Measurement of Proteasome Inhibitory Activity.

The chymotrypsin-like activity of the proteasome was measured with a rat liver proteasome preparation
using the fluorogenic substrate, Suc-Leu-Leu-Val-Tyr-MCA (Peptide Institute). The proteasome in a
mixture (100 pL) that contained 50 mM Tris-HCI, pH 7.8, 1 mM dithiothreitol, 5 mM EDTA, and 0.02%
SDS was pre-incubated with test compounds at various concentrations at 30 °C for 10 min. Then, the
substrate (10 uM) was added to the mixture and the mixture was further incubated at 30 °C for 6 h. The
reaction was stopped by adding 100 uL of 10% SDS and the fluorescence intensity owing to
7-amino-4-methylcoumarin (AMC) was measured (excitation, 360 nm; emission, 450 nm). The value of
ICs0, the concentration required for 50% inhibition of proteasome inhibitory activity, was calculated from
the data of duplicate measurements.

1-Hydroxyethylhalenaquinone (1): A brown amorphous solid; [o]p®® -11.5° (¢ 0.13, DMSO); UV
(MeCN) Amax (log €) 292 (3.92), 260 (5.01), 214 (4.16) nm; CD (MeCN), see Figure 3. IR (film) vmax
3423, 2926, 1672, 1322 cm™; HRFABMS m/z 377.1029 [M+H]" (calcd for C,H1706, 377.1025); *H and
3C NMR data (CDCls), see Table 1.
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