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develop new treatments.

Compounds that stabilize p53 could suppress tumors providing a additional tool to fight cancer. Mdmz2,
and the human ortholog, Hdm2 serve as ubiquitin E3 ligases and target p53 for ubiquitylation and deg-
radation. Inhibition of Hdm2 stabilizes p53, inhibits cell proliferation and induces apoptosis. Using HTS to
discover inhibitors, we identified three new alkaloids, isolissoclinotoxin B, diplamine B, and lissoclinidine
B from Lissoclinum cf. badium. Lissoclinidine B inhibited ubiquitylation and degradation of p53, and selec-
tively killed transformed cells harboring wild-type p53, suggesting this compound could be used to

© 2008 Elsevier Ltd. All rights reserved.

Abbreviations: NCI, National Cancer Institute; CCR, Center for Cancer Research;
Mdm?2, mouse double minute 2; Hdm2, human ortholog of Mdm2; Mdm2, Mdm2
gene; Hdm2, Hdm2 gene; E1, ubiquitin-activating enzyme; E2, ubiquitin conjugat-
ing enzyme; E3, ubiquitin ligase; p53, tumor suppressor; p53, p53 gene; RF, ring
finger, a structural motif that characterizes one class of E3 enzymes; ESI-TOF MS,
electrospray ionization time-of-flight mass spectrometry; HRESI-TOFMS, high
resolution, electrospray ionization time-of-flight mass spectrometry; RPE, retinal
pigment epithelial cells; ALLN, N-acetyl-leucyl-leucyl-norleucinal; MEFs, mouse
embryo fibroblasts; CMV, cytomegalovirus; U20S, human osteosarcoma cell line;
HCT116, human colon carcinoma cell line; U20S-pG13, U20S cell line with stably
expressed p53-responsive luciferase reporter pG13; Adr, adriamycin; RLU, relative
light units; RPE-EIA, RPE cells transformed with the adenovirus EIA; Ha-ras, ras
gene from Harvey murine sarcoma; PARP, poly(ADP-ribose)polymerase; A9, p53-
deficient mouse embryo fibroblast; C8, mouse embryo fibroblast with wild-type
p53; SPE, solid phase extraction; PBS, phosphate-buffered saline; GFP, green
fluorescent protein; GST, glutathione S-transferase; DTT, dithiothreitol; EDTA,
ethylene diamine tetraacetic acid; SDS-PAGE, sodium dodecyl sulfate polyacryl-
amide gel; PVDF, polyvinylidene fluoride; Rb, retinoblastoma.

* Corresponding authors. Tel.: +1 301 846 1222; fax: +1 301 846 1666 (A.M.W.);
tel.: +1 301 846 1943; fax: +1 301 846 6919 (T.C.M.).

E-mail addresses: amw@nih.gov (A.M. Weissman), mckee@ncifcrf.gov (T.C.

McKee).

™ These scientists contributed equally to this work.

* Present address: Department of Chemistry and Physics, Natural Science Building
Rm 231, Western Carolina University, Cullowhee, NC 28723, USA.

8 Present address: Cancer and Developmental Biology Laboratory, CCR, NCI-
Frederick, National Institutes of Health, Frederick, MD 21702-1201, USA.

0968-0896/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2008.10.024

1. Introduction

The tumor suppressor p53 plays a central role in protecting cells
from tumor development by inducing cell cycle arrest, senescence,
and apoptotic cell death in response to diverse stresses, such as
DNA damage or oncogene activation.!™ Within normal cells, p53
is maintained at low levels by ongoing ubiquitylation and prote-
asomal degradation. Ubiquitylation occurs as a result of the
sequential action of three enzymes, E1 (ubiquitin-activating en-
zyme), E2 (ubiquitin conjugating enzyme), and E3 (ubiquitin li-
gase). Recognition of ubiquitylated proteins by the proteasome
requires the formation of polyubiquitin chains, which are linked
through Lys 48 of ubiquitin (K48). E3s, which interact with E2, rec-
ognize and target specific protein substrates like p53 for ubiquity-
lation. The largest class of E3s identified contains a specific zinc
binding protein fold known as a RING finger (RF) motif. These
RF-E3s mediate the direct transfer of ubiquitin from the E2 to the
protein substrate, and in some cases they have also been shown
to regulate their own stability through auto-ubiquitylation.’

Mouse double minute 2 (Mdm2), whose human ortholog is
Hdm?2, is one of the principal cellular regulators responsible for tar-
geting the degradation of p53, and maintaining low p53 levels
during normal growth and development.®~® Hdm2 belongs to the
RF-E3 family and targets both p53 and itself for proteasomal deg-
radation through ubiquitylation. '~# The importance of Hdm2 in
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regulating p53 is illustrated by the observation that deletion of
Mdm2 is embryonic lethal only in mice retaining expression of
functional p53. Mice containing a simultaneous deletion of both
Mdm?2 and p53 develop normally, suggesting that Hdm2 is essen-
tial for negative regulation of the growth-inhibitory activities of
p53 during development.’®'! Under normal conditions, p53 is
tightly controlled by Hdm2 through an auto-regulatory feedback
loop. First, cellular stress causes an increase in active p53, which
in turn, activates the transcription of Hdm2 and thereby increases
the level of Hdm2. Next Hdm2 diminishes p53’s ability to transac-
tivate target genes by binding to p53 and targeting it for ubiquity-
lation and proteasomal degradation.! There is evidence that a
significant percentage of those tumors that retain wild-type p53
exhibit Hdm2 amplification or disrupt the pathways that control
the stabilization and activation of p53 through other means.!2
Therefore, restoration or enhancement of p53 function through
inhibiting Hdm2’s E3 activity represents a potentially efficacious
approach for inducing apoptotic cell death in human tumors con-
taining wild-type p53.

For this reason, we developed a high throughput screen to iden-
tify inhibitors of the Hdm2 E3 activity.!® Using this assay to screen
the NCI natural product extract library, we identified an extract of
the ascidian Lissoclinum cf. badium collected off the coast of Papua
New Guinea that inhibited the E3 activity of Hdm2. Ascidians of
the genus Lissoclinum have yielded many different classes of natu-
ral products, including cyclic peptides,'4-1¢ diterpenoids,!” pyrido-
acridine alkaloids,'®-2° polyethers,?!*2 benzopentathiepins,?>-*
and dimerized aromatic amines.?%?>2% In this study, we describe
the isolation and characterization of five alkaloids (1-5). Three of
these compounds are new and two, diplamine B (4) and lissoclini-
dine B (5) stabilize Hdm2 and p53 in cells. Moreover, 5 selectively
kills transformed cells expressing wild-type p53, suggesting that 5
could form the basis for the development of therapeutically useful
compounds.

2. Chemistry

Compound 1 was isolated as yellow amorphous solid. High res-
olution ESI-TOFMS analysis suggested a molecular formula of
C11H15NO,Ss. The 'H NMR spectrum (CD30D) of 1 was uncompli-
cated, with an aromatic singlet at 6y 7.00 (1H), methyl singlets at
dy 3.96 (3H) and 2.98 (6H), and multiplets at oy 3.29 (2H), 3.30
(1H), and 3.32 (1H). The '*C NMR spectrum of 1 contained ten sig-
nals, six of which appeared to arise from aromatic carbons.
Although our data did not exactly match that for any known com-
pound, the NMR data for 1 corresponded well to that of the syn-
thetic benzopentathiepin derivative isolissoclinotoxin A (6).2” The
obvious differences were the appearances of the six-proton signal
at 5y 2.98 and a carbon signal at éc 43.58 found in 1 that were
not seen in 6. The HMBC spectrum of 1 displayed correlations from
the signal at 6y 7.00 to the quaternary carbon signals at 5¢c 133.94,
150.18, 151.58, and 136.52, which was consistent with the pres-
ence of a pentasubstituted benzene ring containing two oxygen-
ated carbons. An HMBC correlation between the methoxyl proton
signal at dy 3.96 and the signal at §¢c 151.58 proved that the meth-
oxyl group was attached to the aromatic ring. Other HMBC corre-
lations (shown in Fig. 1) were consistent with the presence of a
(dimethylamino)ethyl moiety in 1. Placement of substituents
around the aromatic ring plus the presence of five sulfur atoms
in the molecular formula suggested 1 belonged to the benzopen-
tathiepin family previously isolated from Lissoclinum.?”® The con-
firmation of the sulfur ring system in 1 was supported by the
presence of the peak for [M—S,+H]" in the high resolution ESI mass
spectrum (m/z 290.0356, calcd 290.0343).2’ To account for the
remaining oxygen atom, acetylation of 1 using acetic anhydride
and pyridine yielded the acetate ester 7, suggesting the presence
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of a hydroxyl group in 1. ROESY correlations (Fig. 1) supported
the assignment of the substitution pattern for 1. Thus, 1 was iden-
tified as a dimethylamino analogue of 6, and we have given it the
name isolissoclinotoxin B. Compounds 2 and 3 were isolated from
Hdm2-inhibitory fractions but were found to have very little activ-
ity in our assay. These compounds (2-3) were identified as varacin
(2) and N,N-dimethyl-5-methylvaracin (3) by comparison of our
NMR data with those found in the literature, 19282

Compound 4 was isolated as an orange film. HRESI-TOFMS anal-
ysis indicated 4 had a molecular formula of C;gH;5N50S. The 'H
NMR spectrum of 4 in CD30D consisted of nine signals, six of which
corresponded to protons attached to aromatic carbons. The three-
proton singlet at 6y 2.68 suggested the presence of a thiomethyl
group in 4. The remaining two signals corresponded to a pair of
coupled methylenes at oy 3.37 and 3.89. The '>C NMR spectrum
displayed 18 signals, 15 of which appeared to arise from aromatic
carbons. Of the aromatic carbons, nine were quaternary, including
one that was oxygenated (é¢c 181.05). COSY analysis of 4 indicated
that the six downfield protons formed two isolated spin systems: a
1,3-butadienyl moiety, and a pair of vinylic protons. A single
ROESY correlation indicated that two protons at Jy 8.80 and 8.90
(H-4 and H-5), which did not show a COSY correlation, were in
close proximity to each other. This information suggested that 4
was a member of the diplamine class of pyridoacridine alkaloids,
which have previously been reported from other members of the
genus Lissoclinum.

A comparison of 'H and '>C NMR data for 4 with that of dipl-
amine (8)%° and lissoclin B (9)?° suggested all three were closely
related. The chemical shifts for the aromatic carbons of 4 differed
from the corresponding literature values for 8 and 9 by no more
than 3%. HMBC correlations observed for 4 (Fig. 1) were completely
consistent with the proposed skeleton, although HMBC correla-
tions to all quaternary carbons were not detected. The spectrum
clearly lacked signals for the acetyl group reported in 8. Therefore,
4 was assigned the structure of a deacetylated analogue of dipl-
amine, which we have named diplamine B.

Compound 5 was isolated as a purple film. HRESI-TOFMS anal-
ysis indicated that 5, like 4, had a molecular formula of
C15H15N50S. The 'H NMR spectrum of 5 contained eight signals
(a ninth signal was observed by HSQC analysis), but the spectrum
had several differences compared to that of 4. The most significant
change was the disappearance of a SCH3 singlet observed in 4 that
was replaced by a methylene singlet at d; 6.11 in 5. The >C NMR
spectrum of 5 consisted of 18 signals, with 15 apparent aromatic
carbon signals. COSY and ROESY analysis elucidated two spin sys-
tems in close proximity, as was found in 4. From HMBC analysis of
5, the two-proton singlet at §,; 6.11 showed correlations to two sp?
carbons (dc 124.67 and 143.95). This information and the HMBC
analysis (Fig. 1) suggested that 5 was deacetylated lissoclinidine
(10), characterized by a five-member benzoxathiole ring.'%?° We
have named this compound lissoclinidine B.

Given the ability of pyridoacridine alkaloids containing a qui-
none carbonyl at C-8 and a thiomethyl group at C-9 to rearrange
to form lissoclinidine-type isomers,?° the possibility arose that 5
was a chromatographic artifact arising from the purification pro-
cess. In our initial isolation of 5, 'H NMR signals characteristic of
5 were observed in fractions from the earliest stage of the isolation
process, and we ultimately isolated more than 4 mg of material. In
a repeated isolation procedure, additional care was taken to avoid
prolonged exposure of fractions to acidic conditions and ambient
light. The yield of 5 was lower (2 mg), but it was still detectable
by LC-MS and NMR from the beginning of the isolation. We pro-
posed that 5 is therefore, in our case, both a natural product as well
as a product of the rearrangement of 4. This was consistent with
the results of Appleton et al.'® who provided strong evidence that
10 is a component of living samples of Lissoclinum notti.
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Figure 1. Key 2D NMR correlations of 1, 4, and 5.

3. Biological characterization of compounds

Compounds 1-5 were tested in the Hdm2 electrochemilumi-
nescence assay, and these data are summarized in Table 2. Com-
pound 1 was shown to have an ICsy of 58.6 uM, while 4 and 5
had ICsg’s of 101.3 and 98.1 uM, respectively. Compound 3 was
weakly active with an ICso of 120.8 uM, while 2 was essentially
inactive (ICso > 295 uM). The presence of a phenol at C-3 of 1 ap-
pears to improve the activity of 1 over that of 2-3. The dimethyl-
amine moiety found in 1 and 3 also appears to increase Hdm2
inhibition of the benzopentathiepins. Since 4 and 5 are equally ac-
tive, this suggests that the functionality required for their activity
lies in the aromatic ring system and sidechain, and may not be af-
fected by substituent differences at C-8, C-9, or N-11.

To determine whether the activity observed in vitro is also
found in cells, we tested compounds 1-5 for effects on cellular
p53 and Hdm2. Tert-immortalized human retinal pigment epithe-
lial (RPE) cells were incubated with compounds 1-5 and cellular
p53 and Hdm?2 levels determined by immunoblotting.

Compounds 2 and 3 had no discernable cellular effects (data not
shown). Compound 1 was toxic to RPE cells even at 10 uM while at
1 uM did not increase p53 levels (data not shown). On the other
hand, compounds 4 and 5 increased p53 and Hdm2 in a dose-
dependent manner and at 10 uM exhibited the greatest increase
in p53 and Hdmz2, similar to 50 uM of the proteasome inhibitor
N-acetyl-leucyl-leucyl-norleucinal (ALLN) (Fig. 2). It is interesting

Table 2

Hdm2-inhibitory activity of 1-5

Compound ICs50 (ULM)
1 58.6+4
2 >295

3 1208+9
4 101.3+4
5 98.1+6

to note that 4 and 5 displayed more potent activity in cells
(10 uM) than they did in the cell free assay system (101.3 and
98.1 uM, resp.). This enhanced activity in cells was also seen in
the subsequent cell-based studies that follow.

To ensure that the increase in Hdm2 was not the result of p53-
dependent transcriptional activation of Hdm2, p53~/ mdm2~/~
mouse embryo fibroblasts (MEFs) were transiently transfected
with plasmid encoding Hdm2 under the control of a p53-indepen-
dent CMV promoter. After treatment with 10 pM 4 or 5 for 8 h, cel-
lular Hdm2 was determined. Both 4 and 5 increased Hdm2 in MEFs
(Fig. 3), demonstrating that 4 and 5 function at least in part by sta-
bilizing Hdm2. In conducting these experiments it became appar-
ent that compound 4 was fairly unstable and degraded over
time. However, since the effects and structures of the two com-
pounds are quite similar, 5 was selected for further evaluation.
To directly investigate whether 5 blocks Hdm2-mediated p53

Table 1
NMR data for compounds 1, 4-5 (CD30D)
Pos. 1 4 5

dc OH dc OH dc OH
1 133.94 132.67 8.34 d, 8.0, 1H 119.27 7.82 d, 8.4, 1H
2 131.54 133.32 7.99 t, 7.7, 1H 136.45 7.76 t, 7.5, 1TH
3 150.18 131.39 7.90 t, 7.7, 1H 125.04 7.38 t, 7.5, 1TH
4 151.58 124.93 8.80 d, 7.5, 1H 126.16 8.20 d, 8.4, 1H
4a 123.10 116.19
4b 139.08 150.76
5 115.37 7.00 s, 1TH 122.01 8.90 d, 5.0, 1H 105.08 7.45 d, 6.6, 1H
6 136.52 150.89 9.14 d, 44, 1H 143.95 8.13 d, 6.6, 1H
7 32.06 3.30 m, 1H

3.32 m, 1H

7a 147.71 124.67
8 59.56 3.29 m, 2H 181.05 136.60
9 144.73 139.78
10 57.02 3.96 s, 3H 150.21 108.43
10a 150.72 133.79
10b 118.76 120.40
11a 147.07 141.86
12 43.58 2.98 s, 6H 29.09 3.89 t, 7.4, 2H 29.30 3.29% m, 2H
13 40.17 3.37 t, 7.2, 2H 38.07 3.24 m, 2H
14 17.87 2.68 s, 3H 78.88 6.11 s, 2H

@ Signal overlapped with CD,HOD peak; detected by HSQC analysis.
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Figure 2. Diplamine B (4) and lissoclinidine B (5) increased p53 and Hdm2 in cells in a dose-dependent manner. RPE cells were treated with 50 uM ALLN, or 1-10 pM 4 or 5
for 8 h. Total levels of p53, Hdm2, and B-actin, which serves as an equal loading control, were assessed by immunoblotting using antibodies directed against each of these

proteins.
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Figure 3. Diplamine B (4) and lissoclinidine B (5) stabilized HIm2 in MEFs. p53~~ mdm2~~ MEFs were transiently transfected with Hdm2 plasmid under the control of a
CMV promoter. Forty-eight hours after transfection, the cells were treated with 10 uM 4 or 5 for 8 h. Cellular Hdm2 and B-actin were determined by immunoblotting.

ubiquitylation, U20S (a human osteosarcoma) cells were tran-
siently co-transfected with plasmids encoding p53 and Hdm2 prior
to incubation with ALLN or 5. Co-transfection with p53 and Hdm2
induced loss of p53 (Fig. 4, compare lanes 2 and 3). Consistent with
its activity as a general proteasome inhibitor, ALLN resulted in the
accumulation of p53, including higher molecular weight forms of
the protein indicative of ubiquitylation (Fig. 4, compare lanes 3
and 4). Incubation with 5 similarly blocked p53 degradation in a
dose-dependent manner. Strikingly, however, ubiquitylated forms
of p53 were absent in 5-treated cells (Fig. 4, lanes 5-8). This result
was confirmed in an additional experiment with HCT116 colon
carcinoma cells expressing wild-type p53, which also showed that
5 prevented the accumulation of ALLN-induced ubiquitylated p53
following treatment with both 5 and ALLN (data not shown). This
result indicates that 5 inhibits both Hdm2-mediated ubiquitylation
and degradation of p53.

The capacity of p53 to induce cell cycle arrest or apoptosis is
dependent on its transcriptional activity.? To examine whether 5
activates p53-dependent transactivation, U20S-pG13 cells that

Transfection : -  p53 p53+Hdm?2
5 (UM)
Treatment: - - - ALLN 3 5 10 15
p53-(ub), =
p53 —» - W - - e
B-aclin R R

1 2 3 4 5 6 7 8

Figure 4. Lissoclinidine B (5) inhibits Hdm2-mediated p53 degradation. U20S cells
were transiently co-transfected with plasmids encoding p53 and Hdm?2. Sixteen
hours after transfection, the cells were treated with 50 pM ALLN, or 3-15 uM 5 for
8 h. Cellular p53 and B-actin were determined by immunoblotting. p53-(Ub),:
ubiquitylated forms of p53.

stably express endogenous wild-type p53 and a p53-responsive
luciferase reporter (reporter pG13)3%3! were employed. Treatment
with 5 led to a dose-dependent increase in luciferase activity
(Fig. 5). These data suggest that the stabilization of p53 by 5 results
in activation of p53-dependent transcription.

Previous studies have shown that oncogenic transformation can
sensitize cells to p53-induced apoptosis.>? To determine whether 5
selectively kills transformed cells, we compared RPE cells with RPE
cells transformed with adenovirus E1A (RPE-E1A) which interacts
with the retinoblastoma (Rb) tumor suppressor gene product but
not p53.2*> While 5 had no effect on parental RPE cells, it resulted
in a clear dose-dependent increase in cell death in the RPE-E1A
cells (Fig. 6). Based on our previous work,'> we would predict that
p53-expressing cells will be differentially susceptible to apoptosis
in response to agents that inhibit the E3 activity of Hdm2. A well-
established system for measuring p53-dependent cell death is to
use MEFs transformed with adenovirus E1A and activated Ha-
ras.>® To evaluate whether 5 induces cell apoptosis in a p53-depen-
dent manner, we used p53-deficient (A9) and wild-type p53 MEFs

30 -
25 1
20 1
15 1
10 -

RLU (Fold Induction)

- Adr 1 3
5

10 (uM)

Figure 5. Lissoclinidine B (5) activates p53 transcription. U20S-pG13 cells were
incubated with 1 pg/ml adriamycin, or 1-10 uM 5 for 22 h. After the incubation,
luciferase activity was assessed. Data represent average and standard deviation of
three independent experiments. RLU, relative light unit; Adr, adriamycin.
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Figure 6. Lissoclindine B (5) selectively kills transformed cells. Parental RPE cells
and RPE-E1A cells were incubated with 1 pg/ml adriamycin, or 3-25 uM 5 for 17 h
and cell death was assessed by trypan blue exclusion. Data represent average and
standard deviation of three independent experiments.

(C8). After incubation with 5 for 20 h, a marked increase in cell
death in C8 cells was noted while p53-deficient A9 cells were rel-
atively resistant (Fig. 7A). Consistent with apoptotic cell death,
cleavage of the poly (ADP-ribose) polymerase (PARP) was observed
in response to 5 specifically in the p53-expressing C8 cells but not
A9 cells (Fig. 7B). Similarly, p53-dependent killing was found when
HCT116-p53" cells were compared to HCT116-p53~ cells (data not
shown). Consistent with a primary role in inhibiting Hdm2 and
thereby activating p53, these data indicate that 5 induces cell
apoptosis in a p53-dependent manner.

4. Discussion

We report here the isolation of five compounds and the biolog-
ical characterization of one new alkaloid 5 as an inhibitor of Hdm2
E3 activity in a cell free system. In cells, 5 is more potent which
suggests that it does more than inhibit the E3 function of Hdm2

A 120
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B A8 c8

S(pM): 0 S5 10 20 0 5
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Figure 7. (A) Lissoclinidine B (5) selectively kills cells expressing wild-type p53.
p53-deficient (A9) or wild-type p53 (C8) MEFs were treated with 5-20 uM 5 for
20 h. Cell death was measured by trypan blue exclusion. Data represent average and
standard deviation of three independent experiments. (B) Lissoclinidine B (5)
induces apoptosis in C8 cells. A9 and C8 cells were incubated with 5-20 pM 5 for
14 h. Cellular PARP and B-actin were evaluated by immunoblotting using anti-PARP
and anti-B-actin specific antibodies.
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and indeed, may act on other pathways. Within the Hdm2 path-
way, this compound increases cellular p53 and Hdm?2 levels, inhib-
its auto-ubiquitylation of Hdm2 in cells, and inhibits Hdm2-
mediated ubiquitylation of p53. Most importantly, 5 selectively in-
duces apoptotic cell death in transformed cells and cells harboring
wild-type p53.

p53 is the most frequently inactivated tumor suppressor gene
in human malignancies. The RF-E3 Hdm2 plays a major role in
modulating p53 activity by targeting it for ubiquitin-mediated
proteasomal degradation.* Therefore restoring wild-type p53
activity through inhibiting Hdm2 E3 activity is an attractive ap-
proach to treating malignancies that retain wild-type p53. Sev-
eral different approaches aimed at inhibiting the activity of
Hdm2 have been attempted. One approach is to inhibit Hdm2
gene expression through the use of antisense oligonucleotides.®
These reagents specific for Hdm2 have shown anti-tumor ability
both in vitro and in vivo.3® A second approach employed by sev-
eral groups has been to inhibit the binding of Hdm2 to p53.
Early experiments have shown that p53-derived peptides inhibit
the Hdm2-p53 interaction.?” More recently, several chemical
nonpeptide compounds have been identified, which include Nut-
lin,®® RITA*® MI-63,%° and Syl-155.*! These compounds show
promise in the treatment of tumors harboring a wild-type p53
and with amplified cellular Hdm2 levels. We have taken a differ-
ent approach, in which we have sought to identify small mole-
cule inhibitors of Hdm2’s catalytic activity in order to inhibit
Hdm2-mediated p53 degradation.!*%%4? Diplamine B (4) and lis-
soclinidine B (5) are new inhibitors of Hdm2 auto-ubiquitylation
and clearly stabilize both p53 and Hdm2 in cells at low micro-
molar concentrations.

More than half of the current clinically used chemotherapeu-
tic agents are derived from natural products.** In an analysis of
the 79 new chemical entities approved for cancer therapy by
the FDA between 1981 and 2002, sixty-five (82%) were identi-
fied as originating from small organic molecules and 48 of 65
(74%) were natural products or natural product derivatives.*?
At least three classes of natural products, chlorofusin,** polycy-
clic compounds,®® and chalcone derivatives®® have been re-
ported to efficiently inhibit the formation of the Hdm2-p53
complex. More recently, our group identified natural product
sempervirine which inhibits auto-ubiquitylation of Hdm2 and
stabilizes p53 and Hdm2 in cells.'> Here we report lissoclinidine
B (5) clearly inhibits auto-ubiquitylation of Hdmz2, stabilizes p53
and Hdm2, and selectively kills transformed cells and cells har-
boring wild-type p53. Further studies will be needed to under-
stand the mechanistic details of this compound’s effect on
Hdm2.

5. Experimental
5.1. General experimental procedures

UV spectra were recorded using a Beckman DU-600 spectro-
photometer. IR spectra were recorded for neat samples with a
Perkin-Elmer Spectrum 2000 FT-IR spectrophotometer. NMR
spectra were obtained on a Varian Inova 500 spectrometer oper-
ating at 500.2 MHz for 'H and 125.8 MHz for !3C. High resolution
mass spectra were recorded with a Applied Biosystems QSTAR
hybrid triple-quad time-of-flight mass spectrometer with an
electrospray ionization source. The calibration solution used
was Renin substrate, calibrated on masses 110.0713 and
879.9723, both within 5 ppm. Low resolution mass spectra were
recorded on a Hewlett-Packard Series 1100 MSD LC-MS with an
electrospray ionization source. Electrochemiluminescence plates,
cell lysates, and reagents for the Hdm2 assay were purchased
from MesoScale Discovery.
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5.2. Reagents and antibodies

The proteasome inhibitor N-acetyl-leucyl-leucyl-norleucinal
(ALLN) was purchased from Calbiochem (La Jolla, CA). Adriamycin
and the anti-B-actin antibody were purchased from Sigma (St.
Louis, MO). Antibodies recognizing Hdm2 (Ab-1 (OP46) and Ab-2
(OP115)) were purchased from Oncogene (Boston, MA). Antibodies
recognizing p53 (sc-126) and poly(ADP-ribose) polymerase (PARP)
(sc-7150) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

5.3. Cell lines and plasmids

Human retinal pigment epithelial (RPE), RPE-E1A, p53~/~
mdm2~/~ mouse embryo fibroblasts (MEFs), U20S, U20S-pG13,
C8, A9 cells were as described previously.?® Plasmids encoding
Hdm2 and p53 genes have been described previously.”4’

5.4. Marine sample extraction

The ascidian sample, used in this work, was collected for the
NCI, by Pat Colin of the Coral Reef Research Foundation in the Coral
Sea, 90 miles southwest of Port Moresby, Papua New Guinea, on
October 22, 1993. The taxonomist was Frangoise Monniot and a
voucher is at the Smithsonian Division of Worms under the Collec-
tor No. 0CDN1811. The frozen sample was pulverized at the Na-
tional Cancer 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 deionized water (1 L) by stirring (30 rpm) for 30 min.
The mixture was centrifuged at room temperature and the super-
natant was separated and then lyophilized to give the aqueous ex-
tract. The insoluble portion from the centrifugation was
lyophilized and then statically extracted overnight at room tem-
perature with 1 L of 1:1 MeOH-CH,Cl,. The organic phase was fil-
tered, the pellet was washed with a 10% volume of fresh MeOH,
and the combined organic phase was concentrated to dryness at
<35 °C by rotary evaporation and then finally dried under vacuum
at room temperature to give the organic extract as a gum.

5.5. Isolation of compounds

The crude extract (2.02 g), which showed activity in our initial
Hdm?2 screening assay (ICsp of 71 pg/mL), was fractionated first
using wide-pore C4-bonded silica gel with a step gradient of aque-
ous methanol to afford six fractions, one of which (33% MeOH,q),
248 mg) had activity better than that of the crude extract. This
fraction was fractionated further by LH-20 with 1:1 MeOH/MeCN
as a mobile phase, which yielded seven fractions (fractions A-G),
three of which had improved activity (fractions B-D).

Fraction B (72 mg) was subjected to reversed-phase C18 flash
chromatography using a step gradient (20-100% MeOH,q) with
0.05% TFA) to afford eight fractions, three of which had significant
activity (fractions B-2, B-5, and B-6; 6.8, 29.1, and 17.0 mg, respec-
tively). Fraction C (30 mg) was separated by this same flash chro-
matography method to afford eight fractions, five of which had
good activity in the Hdm2 assay (fractions C-2, C-3, C-4, C-5, and
C-6; 1.8, 2.7, 3.7, 9.9, and 12.0 mg, respectively). Fraction D
(10 mg) was fractionated by use of C;g SPE using a step gradient
(50-100% MeOH,q) with 0.05% TFA) to afford three fractions, one
of which (the 50% MeOH.q) wash) was purified further by re-
versed-phase Cyg HPLC (gradient, 2 mL/min, 10-50% MeOH,q) with
0.05% TFA over 20 min) to afford 5 (15.9 min, 2.2 mg).

Compounds 1 and 2 (4.8 mg and 2.3 mg, respectively) were
purified by reversed-phase C;g HPLC purification of 15.7 mg of
fraction B-6 (gradient, 2 mL/min, 40-80% MeOHq with 0.05%
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TFA over 30 min; 1: 20.0 min; 2: 27.0 min). Compound 1 was also
obtained from fraction B-5. Fraction B-2 consisted of a complicated
mixture of several compounds related to 1, and these fractions
were not purified further due to lack of material. Fraction B-7
(50% MeOH(aq) wash, 4 mg), which was three times less active than
1 in the Hdm2 assay, was shown to contain 3 along with several
minor impurities, based on LC-MS and 'H NMR analysis. Com-
pound 4 (5.4 mg) was isolated from fractions C-5 and C-6 by re-
versed-phase C;g HPLC (gradient, 2 mL/min, 45-62% MeOH,q)
with 0.05% TFA over 26 min, 14.5 min) followed by C4 HPLC (gradi-
ent, 2 mL/min, 45-62% MeOH,q) with 0.05% TFA over 30 min,
25.5 min). Fraction C-3 consisted mainly of 5, which appeared to
be responsible for the activity of this fraction. Fractions C-2 and
C-4 consisted of complicated mixtures of several compounds re-
lated to 2 and 4, and these fractions were not purified further
due to lack of material.

5.5.1. Isolissoclinotoxin B (1)

Light yellow foam; UV (MeOH) /ma.x (loge) 356 (3.39), 218
(4.09); IR (neat film) vmax 3324, 2919, 2851, 1675, 1476, 1201,
1066, 721 cm™!; "H NMR (CD30D), see Table 1; >*C NMR (CD30D),
see Table 1; HRES-TOFMS (positive ion) m/z 353.9781 ([M+H]"
calcd for C;1H16NO,S5: 353.9785), 290.0356 ([M—S,+H]* calcd for
C]]H]6N0255: 2900343)

5.5.2. Diplamine B (4)

Dark orange film; UV (MeOH) /4. (loge) 208 (4.39), 265 (3.70),
379 (3.05); IR (neat film) vqax 2924, 2853, 1675, 1202, 1131,
723 cm~'; '"H NMR (CD50D), see Table 1; 1*C NMR (CD50D), see Ta-
ble 1; HRES-TOFMS (positive ion) m/z 322.1005 ([M+H]" calcd for
C]8H16N3OS: 3221014)

5.5.3. Lissoclinidine B (5)

Purple film; UV (MeOH) /nax (loge) 214 (4.37), 265 (3.98), 298
(3.81), 309 (3.78), 389 (3.15), 477 (3.10); IR (neat film) vax 2923,
2852, 1681, 1204, 1135, 723 cm™!; 'H NMR (CDs0D), see Table 1;
13C NMR (CD50D), see Table 1; HRES-TOFMS (positive ion) m/z
322.1003 ([M+H]" calcd for C;gH 6N30S: 322.1014).

5.5.4. Preparation of 0-acetyl-isolissoclinotoxin B (7)

To a 4 mL screw-cap vial was added 0.5 mg 1, 0.2 mL pyridine,
and 0.2 mL acetic anhydride. This mixture was stirred for 24 h at
room temperature, after which 1.0 mL of MeOH was added and
the solution dried under a stream of nitrogen without further puri-
fication to afford 7 (0.5 mg): yellow-green film; '"H NMR (CD30D), &
2.30 (s, 3H, CH3CO0), 2.86 (s, 6H, H-11 and H-12), 3.18 (m, 2H, H-8),
3.91 (s, 3H, H-10); 7.20 (s, 1H, H-6); LRESIMS (positive ion) m/z
396.0 ([M+H]+ calcd for C]3H]3N0355: 3960)

5.6. Biological evaluation of compounds

5.6.1. Hdm2 biochemical assay procedure

The Hdm2 assay was performed as described previously.'?
Briefly, the activity of Hdm2 was measured by detecting polyubiq-
uitylated Hdm2 by electrochemiluminescence using a ruthenium-
labeled polyubiquitin antibody. Cell lysates containing a GST-
Hdm?2 fusion protein were added to glutathione-coated 96-well
plates (MesoScale Discovery, Gaithersburg, MD) and incubated at
room temperature for 1 h. Separately, cell lysates containing rabbit
E1 (MesoScale Discovery) and E2 (UbcH5B*8; MesoScale Discovery)
were incubated with a solution containing ubiquitin, phosphate-
buffered saline solution (PBS), ATP, and DTT for 30 min to pre-
charge the E2 ligases for ubiquitin transfer.

Assay samples and the pre-charged E1/E2 solution were then
simultaneously added to the plate wells containing Hdm2 and al-
lowed to react for 30 min at room temperature. The reaction was
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then stopped by washing the plate with PBS. A ruthenium-labeled
polyubiquitin antibody in a Tris-buffered solution of tripropyl-
amine and a surfactant was then added, and the plate was incu-
bated for 1h at room temperature. The luminescence of the
wells was recorded using a MesoScale Discovery SECTOR™ PR100
plate reader. On each plate, the ubiquitylation reaction was per-
formed in the absence of added inhibitors to give a 0% inhibition
threshold, while the reaction was also performed in the presence
of EDTA to establish a 100% inhibition threshold; luminescence
data collected were normalized based on this scale for each plate.
The compounds were assayed at concentrations of 100, 20, 4, 0.8,
and 0.02 pg/mL. Each purified compound was assayed in
quadruplicate.

5.6.2. Western blot

Cells were lysed in RIPA buffer (50 mM Tris, pH 7.5, 150 mM
NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM iodo-
acetamide and Complete Mini (Roche, Mannheim, Germany)) and
centrifuged at 14,000g for 20 min at 4 °C. Equal amount of post-nu-
clear supernatants were resolved by SDS-PAGE, transferred to
PVDF membranes (Millipore, Billerica, MA) and immunoblotted
with specific antibodies using standard procedures.® Bands corre-
sponding to specific proteins were visualized with horseradish per-
oxidase-labeled secondary antibodies and chemiluminescence
agents (Pierce, Rockford, IL).

5.6.3. Luciferase assay

U20S-pG13 cells were lysed with reporter lysis buffer (Prome-
ga, Madison, WI). The resultant lysates were centrifuged at
14,000g for 20 min. Luciferase activity in the supernatant was
determined according to the manufacturer’s instructions
(Promega).

5.6.4. Trypan blue exclusion

Staining was performed by 1 min bath perfusion of 0.4% Trypan
Blue Stain (Cambrex Bio Science, Walkersville, MD). Under a micro-
scope, non-viable cells are stained and viable cells excluded the
stain.
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