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Abstract—Separation of an extract of a Xestospongia sp., guided by bioassay against Cdc25B, led to the isolation of nine com-
pounds, halenaquinone (1), xestoquinone (2), adociaquinones A (3) and B (4), 3-ketoadociaquinones A (5) and B (6), tetrahydro-
halenaquinones A (7) and B (8), and 13-O-methyl xestoquinol sulfate (9). The structures of the new natural products 6 and 9 were
established on the basis of extensive one- and two-dimensional NMR studies. Compounds 1, 4, and 6 inhibited recombinant human
Cdc25B in vitro with ICsq values of 0.7, 0.07, and 0.2 uM, respectively, and were 19- to 150-fold less active against two related pro-
tein phosphatases. Compound 4 blocked cell cycle progression through mitosis.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The dual specificity protein—tyrosine phosphatase
(dsPTPase), CDC25, plays a pivotal role in the regula-
tion of the cell cycle. The human genome encodes three
Cdc25 homologues, Cdc25A, B, and C. Cdc25A is
thought to activate CDK2/cyclin E and thereby trigger
the G1/S transition of the cell cycle. Cdc25B appears
to play a role in G2 by regulating CDK2/cyclin A and
CDKl1/cyclin A. Cdc25C activates the CDK1/cyclin B
enzyme by dephosphorylating Thr14 and Tyr15 residues
on CDKI, thereby triggering the G2/M transition.!-?
Cdc25 has been a screening target to identify anti-mito-
tic natural products,’ and some compounds have been
reported as Cdc25 inhibitors.* 10

Bioassay-directed separation of an extract of a sponge of
the genus Xestospongia showed reproducible activity
against the catalytic domain of human Cdc25B and frac-
tionation against this enzyme led to the isolation of nine
compounds with inhibitory activity: halenaquinone
(1),!" xestoquinone (2),'? adociaquinones A (3) and B
(4),!3 3-ketoadociaquinones A (5) and B (6),'? tetrahy-
drohalenaquinones A (7)'*!'% and B (8),'*!> and 13-0O-
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methyl xestoquinol sulfate (9). Compounds 6 and 9 were
new natural products, although 6 has previously been
synthesized. The structures of the known compounds
1-5, 7, and 8 were identified by comparison of their
spectral data with previously published values, while
the structures of 6 and 9 were elucidated on the basis
of their spectroscopic data. Several of the isolated
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Table 1. 'H and '*C NMR spectral data for compounds 6 and 9

No. 6 9
IH I3C lH ]3C
1 8.89 s 151.0 7.68 s 146.5
2 122.5 121.8
3 191.6 2.90 br dd (17.7, 5.2), 2.66 m 19.7
4 3.08 ddd (18.7, 13.1, 5.0), 2.65 dd (18.7, 5.1, 1.3) 32.3 2.17m 17.9
232m

5 2.93 ddd (12.8, 5.0, 1.3), 2.19 ddd (13.1, 12.8, 5.1) 36.5 2.74 dt (13.0, 3.4), 1.81 ddd (13.3, 13.0, 4.2) 32.9
6 36.3 37.8
7 147.3 149.8
8 144.1 148.6
9 170.1 174.4
10 137.4 131.4
11 8.73s 124.9 9.15s 125.5
12 132.3 124.7
13 178.2 155.3
14 111.4 6.90 d (8.5) 104.8
15 148.6 7.60 d (8.5) 123.3
16 173.6 143.0
17 131.2 132.0
18 8.34's 124.2 8.45s 120.5
19 153.3 146.5
20 1.64 s 29.7 1.55s 339
21 3.40 m 483

2 3.88 m 40.4

NH 9.27t (3.2)

OMe 4.05 s 56.4

compounds have shown activity in other bioassays.
Thus halenaquinone (1) was cytotoxic against KB and
P388 cell lines,'*!® while halenaquinone (1) and xesto-
quinone (2) showed cardiotonic properties'>!72° and
inhibitory activity against Ca** ATPase,?! 2* phosphati-
dylinositol 3-kinase,?*!# protein—tyrosine kinase,> and
mammalian topoisomerase 1.?° Adociaquinones A (3)
and B (4) were reported to be cytotoxic toward P388,
HCT, KB16, and HEP-3B cell lines,'3?7-2® Adociaqui-
none B (4) was the most active among the isolates in
the Cdc25B assay.

2. Results and discussion

After solvent partitioning, the CH,Cl, extract retained
the bulk of activity in the Cdc25B assay. This fraction
was first separated on a reversed phase C;g flash column
using 55% MeOH to furnish 12 fractions (I-XII). Com-
pounds 1 and 2 were purified by reversed phase Cig
HPLC from fractions IX and XI, respectively, while
compounds 3-8 were obtained using phenyl HPLC from
fractions III-V, VII, and VIII. Compound 9 was puri-
fied by reversed phase C;g flash chromatography of
the aqueous MeOH extract followed by reversed-phase
HPLC. The structures of compounds 1-5, 7 and 8 were
identified by comparison of their spectral data with pre-
viously published values.''"!3

3-Ketoadociaquinone B (6) was isolated as a yellowish
powder. Its molecular formula was assigned as
C»H;5sNO+S based on its HR-FAB-MS spectrum. The
'"H NMR data for 6 in CDCl; (20% CD;0D) matched
those of the semi-synthesized product 3-ketoadoci-
aquinone B, which was originally derived from halen-

aquinone.'> The structure of 6 was confirmed by
analysis of the 2D NMR spectra ('"H-'H COSY,
HMQC, and HMBC). Since there were no '*C NMR
data available for 6 in the literature, such data were in-
cluded in Table 1.

Compound 9 was also isolated as a yellowish powder.
There were one olefinic and two aromatic singlets (oy
9.15, s; 8.45, s; 7.68, s), two aromatic doublets (dy
7.60, d, J=8.5Hz; 6.90, d, J = 8.5 Hz), one methoxyl
singlet (0y 4.05, s), one methyl singlet (dy; 1.55, s), and
signals attributed to three methylenes (dy 2.90, br dd,
J=17.7, 52Hz;, 2.74, dt, J=13.0, 3.4 Hz; 2.66, m;
2.32, m; 2.17, m; 1.81, ddd, J=13.3, 13.0, 4.2 Hz).
The 'H-'"H COSY spectrum exhibited two spin-cou-
pling systems (CH,~CH,~CH, and CH=CH). In the
HMBC spectrum of 9, both H-18 (éy 8.45) and H-20
(0 1.55) correlated with C-6 (oc 37.8). In addition,
H-11 (6g 9.15) showed long-range correlations with
both C-9 (5¢ 174.4) and C-13 (5¢ 155.3). The 'H and
13C NMR data for 9, which are summarized in Table
1, compared favorably with the published values for
xestoquinol sulfate,'> with the major difference between
them being the presence of signals for an extra methoxy
group in 9. The evidence for the connectivity of the
methoxy group to C-13 was obtained by observation
of a >J HMBC correlation from the methoxy singlet at
o 4.05 to C-13 at dc 155.3, and of a ROESY correla-
tion between the signal at oy 4.05 and H-14 at oy
6.90. Therefore, 9 was deduced to be a 13-O-methyl
derivative of xestoquinol sulfate.

The activities of compounds 1-9 in the Cdc25B assay are
shown in Table 2. Compounds 1-6, which had a naph-
thoquinone moiety, were more active than compounds
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Table 2. ICsy values (UM = SEM; n =4) of compounds 1-9 against
recombinant human Cdc25B, VHR, and PTP1B

Compound Cdc25B Cdc25B Full VHR PTP1B
number Catalytic length

domain
1 0.75£0.06 0.70+0.08 640+1.1 250+04
2 81+03 125%+04 107.0£4.0 550%1.6
3 0.50 £0.05 NT NT NT
4 0.08 £0.01 0.07£0.01 106+0.6 4.0%0.1
5 0.38£0.02 NT NT NT
6 0.13£0.02 0.21£0.01 9.0+0.2 39+0.2
7 98+1.1 NT NT NT
8 188+£0.9 NT NT NT
9 221+1.8 NT NT NT

7-9 against the catalytic domain of Cdc25B. Further-
more, when comparing the relative bioactivities of 1-6,
compounds 3-6 were more potent than 1 and 2. The
dihydro-benzothiazine dioxide in compounds 3-6 ap-
pears to be an important framework for this enhanced
activity. A 6-fold difference in ICs, values was seen
between the xestoquinone-based regioisomers 3 and 4,
while the halenaquinone-based regioisomers 5 and 6
exhibited only a 3-fold difference in ICsy values. Com-
pounds 4 and 6 were the most potent inhibitors of the
Cdc25B catalytic domain and were subjected to further
analyses. With these compounds, the ICs, values for full
length recombinant Cdc25B approximated that seen
with the catalytic domain (Table 2) and were firmly in
the nanomolar range. Furthermore, both 4 and 6
showed remarkable 19- to 150-fold selectivity for
Cdc25B when compared to either the closely related
dual specificity phosphatase VHR or the tyrosine phos-
phatase PTP1B.

Because Cdc25B has a prominent role in controlling
mitosis,># we next examined the ability of the most po-
tent and selective Cdc25B inhibitor, 4, to block cell pro-
gression during mitosis using a temperature sensitive
mutant cell line tsFT210, which permits cell synchroni-
zation without the use of chemical agents.”® As illus-
trated in Figure 1, even a brief 6 h treatment with
compound 4 caused a concentration-dependent block
in progression through mitosis as indicated by the in-
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Figure 1. Effects of 4 on cell cycle distribution of tsFT210 cells. Cells
were arrested at G2/M and then released in the presence or absence of
various concentrations of 4 for 6 h. Cell cycle distribution was
determined by flow cytometry.
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Figure 2. Effect of dithiothreitol on in vitro ICs, values of compound 4
for human full length Cdc25B.

crease in G2/M phase cells. These results are consistent
with inhibition of cellular Cdc25.

The active-site cysteines of the Cdc25 phosphatases are
highly susceptible to oxidation because of their low
pKa and quinones are known to be potential cellular
oxidants.’%3! Thus, we examined the ability of the
reductant dithiothreitol (DTT) to abrogate inhibition
of Cdc25B by compound 4. Incubation of Cdc25B with
up to 25 mM DTT had only a modest affect on inhibi-
tion, but incubation with 100 mM caused almost a 70-
fold increase in the ICsy value (Fig. 2). Although it is
obvious from our studies® (Table 2) that selectivity ex-
ists among quinones concerning their ability to inhibit
Cdc25B, the current results with DTT suggest that selec-
tive oxidation of the catalytic cysteine could be one pos-
sible mechanism for Cdc25B inhibition by 4.

3. Experimental
3.1. General procedures

Optical rotations were recorded on a Perkin-Elmer 241
polarimeter. IR and UV spectra were measured on
MIDAC M-series FTIR and Shimadzu UV-1201 spec-
trophotometers, respectively. NMR spectra were ob-
tained on a JEOL Eclipse 500 and a Unity 400
spectrometer in CD;0D (9) and DMSO-dg (6). Mass
spectra were obtained on a JEOL JMS-HX-110 instru-
ment. The chemical shifts are given in é (ppm) and cou-
pling constants are reported in Hertz. A Horizon™
Flash Chromatograph from BioTage Inc. was used for
flash column chromatography. HPLC was performed
on a Shimadzu LC-10AT instrument with a semi-pre-
parative C;g, a phenyl Varian Dynamax (5p,
250 x 10 mm), and a preparative C;g Varian Dynamax
column (8 p, 250 x21.4 mm). Finnigan LTQ LC/MS
with a C;g Hypersil column (5p, 100 x 2.1 mm) was
used for the analysis of compound 9 [20% MeCN,
20% MeCN, 100% MeCN, 100% MeCN: 0 min, 5 min,
20 min, 30 min; flow rate: 0.2 mL/min; #g: 20 min].

3.2. Marine sponge material

The sponge species (Phylum: Porifera, Class: Demo-
spongiae, Order: Petrosiidae Genus Xestospongia) was
collected by the Coral Reef Research Foundation at
18 m depth in Manado, Indonesia on May 15, 1993.
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The voucher specimen is deposited at the Smithsonian
Institution and a photograph of the sponge collection
are available as supporting data.

3.3. In vitro phosphatase assays

Bioassay-directed fractionation was conducted with an
epitope-tagged (histidines) catalytic domain of human
recombinant Cdc25B, which contained amino acids
275-539 of the full length protein and has been pre-
viously described.>> The histidines-tagged catalytic
domain and full length Cdc25B were isolated and
purified from E. coli with Ni-NTA resin as described
previously.*> Human recombinant VHR and PTPIB
phosphatase were purchased from BIOMOL (Plymouth
Meeting, PA). Activities of all phosphatases were mea-
sured using the substrate O-methyl fluorescein phos-
phate (Sigma, St. Louis, MO) in a 96-well microtiter
plate assay based on previously described meth-
o0ds.*>2%-32 The final incubation mixtures (25 uL) were
prepared with a Biomek 2000 laboratory automation
workstation (Beckman Coulter, Inc., Fullerton, CA).
Fluorescence emission from the product was measured
after a 20 or 60 min incubation period at ambient tem-
perature with a multiwell plate reader (Applied Biosys-
tems Cytofluor II; Foster City, CA; excitation filter,
485 nm/bandwidth 20 nm; emission filter, 530 nm/band-
width 25 nm). For the initial bioassay-directed fraction-
ation, samples were evaluated at one concentration
(0.2-1.0 pg/mL) and subsequent fractionations were exam-
ined with a minimum of six concentrations to determine
the concentration required to inhibit enzyme activity by
50% (ICsp). In some studies with full length Cdc25B, the
final concentration of DTT in the enzyme buffer, which
contained 30 mM Tris (pH 8.5), 75 mM NaCl, 1 mM
EDTA and 0.033% bovine serum albumin, was adjusted
from the standard of 2 mM to 100 mM. DTT concentra-
tions >100 mM had no effect on Cdc25B enzyme
activity.

3.4. Flow cytometry

tsFT210 cells were plated at 1x 10°cells/mL, main-
tained at 32°C and treated as previously described.?
Briefly, cell proliferation was blocked at the G2/M phase
by incubation at 39.4 °C for 17 h. Cells were released
from the block by incubation at 32 °C and immediately
treated with various concentrations of compound 4 or
the vehicle 0.1% dimethyl sulfoxide. After 6 h, cells were
harvested with phosphatase-buffered saline and stained
with 500 uL of propidium iodide/Rnase staining buffer
supplied by BD Pharmigen (San Diego, CA). Flow
cytometry analysis was conducted with a FACSCalibur
flow cytometer (BD Parmigen).

3.5. Extract preparation

The frozen sponge was pulverized at the National Can-
cer Institute in dry ice by use of a worm-fed grinder
(hamburger mill). The powder produced was allowed
to stand at —30 °C until the CO, sublimed, and the mass
was then extracted at 4 °C with de-ionized water (1 L)
by stirring (30 rpm) for 30 min. The mixture was centri-

fuged at rt and the supernatant lyophilized to give the
aqueous extract. The insoluble portion from the centri-
fugation was lyophilized and then statically extracted
overnight at rt with 1 L of a 1:1 ratio of MeOH-CH,Cl,.
The organic phase was filtered off, the pellet washed
with a 10% volume of fresh MeOH and the combined
organic phases reduced to dryness at <35 °C by rotary
evaporation, and then finally dried under high vacuum
at rt to give the organic extract as a gum. An extract
of this sponge was received from the National Cancer
Institute as sample number C011119 (3.16 g).

3.6. Isolation

Extract CO11119 (2.3 g; ICso 4 pg/mL against Cdc25B)
was suspended in aqueous MeOH (MeOH-H,O, 9:1,
200 mL) and extracted with hexanes (3 x 200 mL por-
tions). The aqueous layer was then diluted to 70%
MeOH (v/v) with H,O and extracted with CH,Cl,
(3 x200 mL portions). The CH,Cl, extract (400 mg;
ICso: 2 pg/mL Cdc25B) was fractionated by column
chromatography on a Horizon Flash Chromatograph
over CgSi gel using H,O-MeOH (45:55 followed by
100% MeOH) to furnish twelve fractions (I-XII). Frac-
tions IX and XI yielded compounds 1 (20 mg) and 2
(10 mg), respectively. The use of phenyl HPLC (75%
MeOH) provided compounds 3 (0.8 mg, 7g: 17.5 min)
and 4 (1.2 mg, tg: 15.5 min) from fractions VII and VIII,
while 5 (1.0mg, fg: 13.5min) and 6 (1.4mg, tx:
11.5 min) were purified in the same way from fractions
I11-V, respectively. Compounds 7 (0.8 mg, fg: 29 min)
and 8 (0.8 mg, 7r: 28 min) were also separated from frac-
tions I1I-V utilizing phenyl HPLC (55% MeOH). The
aqueous MeOH extract (1 g) was fractionated by col-
umn chromatography on a Horizon Flash Chromato-
graph over C;gSi gel using 1:1 H,O-Me¢OH to furnish
eight fractions (A-H). Additional C;g chromatography
(10% MeCN-40% MeCN in 30 min) of fraction VIII
yielded 9 (2.2 mg, tr: 23 min).

3.6.1. 3-Ketoadociaquinones B (6). Yellowish powder;
[0]5 +13 (¢ 0.12, MeOH); UV (MeOH) Ay (log &)
273 (3.6) nm; IR vyax 3401, 2961, 2921, 2849, 1686,
1676, 1207, 1134, 798, 721 cm™'; 'H and '*C NMR,
see Table 1; HR-FAB-MS m/z 438.0676 [M+H]" (calcd
for C22H15NO7S, 4380647)

3.6.2. 13-O-Methyl xestoquinol sulfate (9). Yellowish
powder; [a]; + 28 (¢ 0.19, MeOH); UV (MeOH) Apay
(log &) 331 (4.0), 310 (4.0), 273 (4.1), 223 (4.5) nm; IR
vmax 3415, 2955, 2924, 2855, 1629, 1611, 1572, 1459,
1377, 1243, 1039, 825 cm™'; 'H and '*C NMR, see Ta-
ble 1; Finnigan LC-ESI MS m/z 415 [M+H]; HR-

FAB-MS m/z 437.0665 [M+Na]® (caled for
C21H1807S + Na, 4370671)
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