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Abstract — Ascidians (class Ascidiacea) belong to the subphylum Urochordata
(Tunicata) and are generally called as tunicates because the body is covered by
tunic, a sack-like case, or sea squirts since they spurt water when disturbed.
Nitrogenous secondary metabolites form more than 80% of new natural products
obtained from ascidians and showed a wide variety of bioactivities. This review
describes the structures and bioactivities of major classes of unique nitrogenous
ascidian metabolites: cyclic peptides, in which aplidine is in the Phase II clinical
trials, pyridoacridine alkaloids, P-carboline alkaloids, lamellarins and related
pyrrole alkaloids, ecteinascidins (ETs, ET 743 completed the Phase III clinical

trials), diterpene and steroidal alkaloids, and polysulfur alkaloids.

INTRODUCTION

Ascidians (Ascidiacea) belong to the subphylum Urochordata (Tunicata), which includes three classes,
Ascidiacea, Thaliacea, and Appendiculata. The common feature of the animals in Urochordata is a tunic,
a sack-like case covering their soft bodies. Therefore, these animals are called tunicates. Members in
Ascidiacea are sessile filter feeders and those in the latter two classes are pelagic. These animals possess
pharyngeal slits, dorsal hollow nerve cords, and notochords at their larval stages, but the latter two tissues
are lost during development in Ascidiacea and Thaliacea. Ascidiacea is the largest and most diverse class
in Urochordata, and ascidians take many different forms, which are conveniently divided into two types,
solitary and colonial species. The solitary species generally live as isolated individuals, and the colonial
species are characterized by many small individuals, called zooids, living together in a common tunic.
Unique color changes in ascidian blood, from yellow-green to deep blue by exposure to air, have been
reported as early as 1847, which prompted organic chemists to elucidate the molecular mechanism.

Relatively large amounts of vanadium, sulfuric acid, and an uncharacterized nitrogenous compound were
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deduced to cause the color changes.”” Hemovanadins, oxygen-carrying proteins, were first supposed to
function in the pigmentation, which was found to be wrong. However, the efforts have provided much
knowledge on ascidian chemistry and biology,”® and unstable hydroquinones, tunichromes, were obtained
from the blood of several ascidian species.”"

The first ascidian secondary metabolite, geranyl hydroquinone (1), was isolated from Aplidium sp. and
reported in 1974." It was about a quarter century later than the isolation of arabino nucleosides from a
marine sponge Tedania sp.,"” that is generally thought to be the beginning of OH

marine natural product chemistry. Compound 1 exhibited chemo-preventive W
activity against some forms of leukemia, Rous sarcoma, and mammary OH .
carcinoma in test animals. Since malignant neoplasms have been the important

targets for natural product chemists to search the medicines and their lead compounds, these findings
encouraged the researchers for further studies on these organisms."

Chemical studies on ascidians have grown considerably over the past several decades, and 761 new
secondary metabolites have been isolated up to 2006 (Fig. 1). Ascidians remain unique among marine
invertebrates in that they overwhelmingly produced nitrogen-containing metabolites (Fig. 1); most of
these compounds were biosynthesized from amino acids. Of the 761 new compounds from ascidians, a
vast majority, 621 (81.6%), contained nitrogen. A number of these nitrogenous compounds exhibited
remarkable bioactivities, such as cytotoxic, antimicrobial, antiviral, and anti-inflammatory activities, and
novel chemical structures originated in the various mechanisms of pharmacological activities. Six
ascidian-derived drug candidates, didemnin B, ecteinascidin-743, aplidine, vitilevuamide, diazonamide,
and ascididemin, entered or currently undergoing clinical or preclinical trails, are all nitrogenous
compounds.'* This review covers several major classes of unique nitrogenous ascidian-derived

metabolites with pronounced biological activities.
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CYCLIC PEPTIDES

Cyclic peptides with novel structures and biological functions are one of the major structural classes
isolated from ascidians. The discovery of didemnins, a well-known family of closely related highly
bioactive cyclic depsipeptides, launched an exciting and intriguing chapter in marine natural product
chemistry. The initial isolation of didemnins A (2), B (3), and C (4) from a Caribbean Trididemnum
solidum was reported in 1981 as antiviral and antitumor agents."'® Continuous studies on the large
amounts of extracts of this ascidian provided 14 new congeners, didemnins D (5), E (6),'"* G (7),"” M (8),
N (9),” X (10), and Y (11),**" nordidemnins A (12), B (13), C (14),"* and N (15),*° as well as
methylenedidemnin A (16)," epididemnin A, (17), and a ring-opened form of didemnin A,
acyclodidemnin A (18). Didemnin M was previously described as didemnin H from Trididemnum
cyanophorum.” A patent disclosed the structure and cytotoxic activity of dehydrodidemnin B (19), or
aplidine, from the Mediterranean Aplidium albicans.** Two new didemnins with modified macrocyclic
rings, [Try’]didemnin B (20) and [D-Pro*]didemnin B (21), were purified from 7. cyanophorum,” which
also afforded two new [Hip’]-modified didemnins, [Hysp*]didemnin B (22) and [Hap*]didemnin B (23).*

A B C D R
2 Ist Hip Me,Tyr MelLeu H
3 Ist Hip Me,Tyr MeLeu Pro-Lac
4 Ist Hip Me,Tyr MeLeu Lac
5 Ist Hip Me,Tyr MeLeu Pro-Lac-(Gln);-pGlu
6 Ist Hip Me,Tyr MeLeu Pro-Lac-(Gln),-pGlu
7 Ist Hip Me,Tyr MeLeu CHO
8 Ist Hip Me,Tyr MeLeu Pro-Lac-Gln-pGlu
9 Ist Hip Tyr MeLeu Pro-Lac
10 Ist Hip Me,Tyr MeLeu Pro-Lac-(Gln);-Hydec
11 Ist Hip Me,Tyr MeLeu Pro-Lac-(Gln),-Hydec
12 Norsta Hip Me,Tyr MelLeu H
13 Norsta Hip Me,Tyr MeLeu Pro-Lac
14 Norsta Hip Me,Tyr MeLeu Lac
15 Norsta Hip Tyr MeLeu Pro-Lac
16 Ist Hip Me,Tyr X —
17 Ist epiHip Me,Tyr MelLeu H
19 Ist Hip Me,Tyr MeLeu Pro-Pyruvate

OMe
20: Ry = CHMey, Ry =H

22: R; = CH(Me)Et, Ry = Me
23: Ry=H,Ry=Me
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Two cytotoxic depsipeptides related to the didemnins, tamandarins A (24) and B (25), were discovered
from a Brazilian ascidian of the family Didemnidae.”” The cytotoxicity of tamandarin A (24) was
evaluated against various human cancer cell lines and shown to be slightly more potent than didemnin B.
Most of the didemnins exhibited remarkable antitumor, antiviral, and immunosuppressive activities.”
Several structure-activity relationship studies on the didemnins have been reported.”>* More recently, the
Illinois group reported systematic studies on the bioactivities of 42 natural and synthetic didemnin
congeners and revealed that the native cyclic depsipeptide core was an essential structural requirement for
most of the bioactivities, especially for cytotoxic and antiviral activities.”' The linear side chain portion of
the peptide can be altered with a gain of bioactivities in some cases. Didemnin B (3) was one of the most
prominent members in this family, and its antitumor properties were reviewed in 1986.” Didemnin B (3)
was advanced to the Phase II human clinical trials as the first marine natural product because of the high
levels of in vivo antitumor activity but dropped from further studies due to the cardiotoxicity.
Dehydrodidemnin B (aplidine) (19) showed no apparent cardiotoxicity and stronger antitumor activity
than didemnin B and is now in Phase II clinical trials as a second-generation clinical candidate of the
didemnin series. "

The genus Lissoclinum is an extraordinary source of cyclic peptides. Peptides from Lissoclinum patella
were characterized by the presence of thiazole and oxazoline amino acids and divided into two general
groups, heptapeptides and octapeptides. Within the past decade, collections of L. patella from a variety of

*3and ulicyclamide (36),” as well as

locations have afforded heptapeptides, lissoclinamides 1-10 (26-35)
octapeptides, patellamides A-G (37-43),”** ulithiacyclamide (44),” and ulithiacyclamides B (45)** and
E-G (46-48).* Most of the lissoclinamides exhibited mild cytotoxicity except for lissoclinamide 7 (32),
which was highly cytotoxic against the human bladder carcinoma T24 cells, human fibroblasts
MRCS5CV1 cells, and peripheral blood lymphocytes with the 1Cs, values of 0.06, 0.04, and 0.08 ug/mL,
respectively,” and lissoclinamide 4 (29), which was reported to reduce survival in both T24 and
MRC5CV1 cells to approximately 5% of the untreated values at 5 ug/mL (ICy, = 0.8 ug/mL).”
Ulithiacyclamide (44) showed the most potent cytotoxicity against the murine leukemia L1210 and
human CEM acute lymphoblastic leukemia cell lines with the 1Cy, values of 0.35 and 0.01 pg/mL,
respectively.” Patellamides A (37), B (38), and C (39) were about 10 times less cytotoxic having ICs,
values of 2-4 ug/mL against L1210 cells, and the IC,, value of ulicyclamide was 7.2 pg/mL.* The
structure-activity relationship (SAR) study revealed that the oxazoline group and/or disulfide bridge may
be necessary to improve their cytotoxic activity.* While, the substitution of thiazolines with oxazolines
led to the general decrease in cellular toxicity, and changes in the stereochemistry of amino acids in the
macrocyclic ring influenced the cytotoxicity.* Patellamides B (38) and C (39) also reduced in vitro

multi-drug resistance (MDR) of drug resistant lymphoblasts.”’ A metagenomic analysis revealed the
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symbiotic cyanobacterium in L. patella synthesized patellamides by a ribosomal pathway."
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A new family of cyclic peptides, called patellins, were isolated from L. patella collected in Fiji and a
Lissoclinum sp. from the Great Barrier Reef, Australia.** Patellins 1 (49) and 2 (50), cyclic hexapeptides,
and patellins 3-6 (51-54), octapeptides, lacked thiazole residues normally associated with the peptides
from L. patella and contained two serine or threonine residues, which were modified as dimethylallyl
ethers. Several patellins have been shown to exist as mixtures of multiple conformers in their solutions.*’
Patellin 6 (54) showed modest cytotoxicity (ICs, =2 ug/mL) against murine lymphocytic leukemia P388,
human lung cancer A-549, human colon cancer HT-29, and monkey kidney CV-1 cell lines and inhibited
the activity of topoisomerase II (ICy, = 2.5 ug/mL), while patellins 1-5 (49-53) were inactive in a series of
in vitro cytotoxicity assays. Tawicyclamides A (55) and B (56) were isolated from the Philippine L.

patella and represented a new family of cyclic octapeptides possessing thiazole and thiazoline residues.
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But these compounds lacked an oxazoline ring, which was also the characteristic moiety of cyclic
peptides from L. patella.® Compounds 55 and 56 and their dehydro-analogs exhibited the weak

cytotoxicity against human colon cancer cell lines at 31 ug/mL (ICs,’s).

49 50 51: R1 = R2 = CHZCHMeQ
54: Ry = CHMey, Ry = Phe
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Bistratamides A-J (57-66), new cyclic hexapeptides, have been reported from Lissoclinum bistratum,”'

together with cycloxazoline (67),”* a symmetric trimer containing three oxazoline rings formed by the
condensation of valines and threonines. Cycloxazoline (67) showed cytotoxicity against MRC5CV1 and
T24 cells (ICs, = 0.5 ug/mL), and the ICs, values of bistratamides A (57) and B (5§8) were 50 and >100
ug/mL, respectively. Bistratamides E-J (61-66) exhibited the cytotoxicity against human colon cancer
HCT-116 cells (ICy,’s: 7.9, 28, 5, 1.7, 9, and 1 ug/mL, respectively).” Bistratamide D (60) was suggested
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Two unique toxins, diazonamides A (68) and B (69), were isolated from Diazona angulata,” which was
originally misidentified as Diazona chinensis.”® Diazonamide A (68) had the cytotoxicity against
HCT-116 and a murine melanoma cell line B-16 (ICy,’s < 15 ng/mL). Diazonamides A and B were first
assigned as unusual halogenated highly unsaturated cyclic peptide structures 68a and 69a, respectively.”
These unusual structures proposed for diazonamides, coupled with their impressive cytotoxic properties,
immediately aroused intense interests in organic synthesis of these compounds. Although the synthesis of
the proposed structure of diazonamide A (68a) was succeeded, the synthetic compound had little
cytotoxic activity and was highly unstable.”” Spectral data for diazonamide A was reevaluated and the
structure of 68 was suggested.”””® The polyheterocyclic core of the correct structure 68 was speculated to
biosynthetically construct from an oxidized ditryptophan unit that was oxidatively coupled to a tyrosine
residue. Diazonamide A inhibited the MAP-induced (ICy,: 0.30 and 0.47 puM with and without 0.5 mM
MgCl,, respectively) and glutamate-induced microtubule assembly (ICs,: 0.87 and 0.75 pM with and
without preincubation, respectively), which were as potent as dolastatin 10 (ICy,: 0.49, 0.68, 1.2, and 1.3
uM, respectively) and stronger than dolastatin 15 (ICs: 11, 17, 6.6, and 6.2 uM, respectively).” The
inhibitory activity on microtubule assembly by diazonamide A was ascribed to the potent inhibition of
tubulin-dependent GTP hydrolysis (ICs,: 2.4 £ 0.7 pM), which was also comparable with the effect
observed by dolastatin 10 (ICs,: 3.4 = 0.9 uM). Vitilevuamide (70), a bicyclic 13 amino acid peptide, was
a tubulin polymerization inhibitor isolated from two ascidians Didemnum cuculiferum and
Polysyncranton lithostrotum.”*" Compound 70 showed the cytotoxicity against several human tumor cell
lines (LCsy = 6-311 nM), and the analysis in the 25-cell line panel revealed a weak correlation with
several taxol analogs. At 9 ug/mL (5.6 uM), 70 showed the effect equivalent to that of colchicine at 25
ug/mL (62.5 uM) in a cell-based screen for tubulin assembly inhibitors and inhibited the polymerization
of purified tubulin (ICs, = ca. 2 uM). A cell cycle analysis and competitive binding assays showed that 70
arrested cells in the G2/M phase and may interact with tubulin at a unique site distinct from vinblastine,
colchicine, dolastatin 10, or GTP.** Diazonamide A (68) and vitilevuamide (70) are now under preclinical

evaluations as potential antitumor agents.'
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68a: Ry =H, Ry= 68:Ry=H,Ry= J%{H
NH, OH N N
69a: R, =Br,Ry=H 69: Ry =Br,Ry=H o o]
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PYRIDOACRIDINE ALKALOIDS

The pyridoacridines are a class of colored polycyclic aromatic alkaloids possessing the
pyrido[4,3,2-mn]acridine or acridone skeleton and probably the largest group in ascidian alkaloids. These
compounds provide challenges in the structure assignment to natural product chemists but exhibit an
array of interesting biological activities, especially the significant cytotoxicity against cultured cancer
cells. The activity has often been attributed to the ability to intercalate into DNA, because their general
planar structures are able to interpose between stacked base pairs. Interaction with DNA, inhibition of
DNA metabolizing enzymes, and production of reactive oxygen species would play important roles in the
cytotoxicity of the pyridoacridines.”

The first pyridoacridine alkaloid was isolated and identified as 2-bromoleptoclinidinone (71) from
Leptoclinides sp. in 1987.* However, its structure was revised in 1989 on the basis of selective long-rang
'H/"*C polarization transfer experiments and chemical correlation with ascididemin (72),” a congener
isolated from the Okinawan Didemnum sp.®® Compound 71 exhibited excellent cytotoxicity against 60
tumor cell lines in the NCI standard in vitro assay but was too toxic to yield significant antitumor
responses in the xenograft models.”” Ascididemin (72) was cytotoxic against L1210 cells (IC5, = 0.39

L% and caused the release of calcium in the

ug/mL), inhibited the activity of topoisomerase I
sarcoplasmic reticulum with the potency of seven times greater than caffeine.®® Compound 72 was one of
the most potent anti-parasite agent in the 18 analogues tested against malaria and leishmania.”’ Studies
performed at the NCI revealed the significant activity of 72 (T/C < 50%) against six of twelve human
tumor cell lines in the preliminary in vivo hollow fiber assay, but a weak activity was observed in the
xenograft models with the best response in the HCT-116 human colon tumor xenograft at a dose (i.p.) of
8 mg/kg on the fifth and ninth days (T/C = 58%). Although this level of response was not considered
significant, 72 is now in the preclinical trials because HCT-116 is a relatively refractory tumor and a new
understanding on SAR of 72 may improve the spectrum of in vivo antitumor activity.” Two related
compounds, 11-hydroxyascididemin (73) and meridine (74), have been reported from Leptoclinides sp.
and Amphicarpa meridiana, respectively.®® Meridine (74) exhibited the cytotoxicity against P388 murine
leukemia cells at 0.3-0.4 ug/mL and was highly active against the pathogenic yeasts Candida albicans
(MIC and minimum fungicidal concentration (MFC) in the Sabouraud dextrose broth, 3.1 ug/mL; MIC
and MFC in RPMI-1640, 0.2 pg/mL) and Cryptococcus neoformans (MIC = 0.8 and MFC = 6.2 ug/mL).

Compound 74 also inhibited the growth of Bacillus subtilis (MIC = 3.1 ug/mL).”'

N N
'N\ ! |\ |N\ l\
P = I~
Z N R N
o) OH O
71: R=Br 73
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Ascidians of the genera Cystodytes and Lissoclinum afforded eleven cytotoxic tetracyclic pyridoacridines,
cystodytins A-K (75-85), derivatives of 8 H-pyrido[4,3,2-mn]acridone.””” Cystodytins A (75) and B (76)
showed cytotoxicity against L1210 cells (ICs,’s = 0.22 and 0.24 ug/mL, respectively) and powerful
calcium-releasing activity in sarcoplasmic reticulum, which were respectively 36 and 13 times more
potent than caffeine.”” Cystodytins D-I (78-83) were active against L1210 and human epidermoid
carcinoma KB cells (IC,, = 0.068-1.4 ug/mL). Cystodytin J (84) was cytotoxic against HCT cells (ICs, =
1.6 uM) and inhibited the topoisomerase II-mediated decatenation of kinetoplast DNA in a
dose-dependent manner.”* Varamines A (86) and B (87),° lissoclins A (88) and B (89),” and
isodiplamine (91)” from Lissoclinum spp. and diplamine (90)’® from Diplosoma sp. possessed the same
carbon skeleton as that of cystodytins. Compounds 86, 87, and 90 showed cytotoxicity against 1.1210
cells (IC5,’s = 0.03, 0.05, and 0.02 ug/mL, respectively). Compounds 84, 85, 90, and 91 exhibited the
moderate to potent antimicrobial activity against a variety of microorganisms and cytotoxicity against
P388 (ICs,’s = 3.5, 1.3, 1.9, and 2.1 uM, respectively).” Diplamine (90) showed cytotoxicity against HCT
cells IC5, < 1.4 uM) and inhibited the function of topoisomerase Il and DNA intercalation.” The
Indonesian Eusynstyela latericius gave styelsamines A-D (92-95).” Styelsamine D (95) was most potent

in these alkaloids against HCT-116 (IC, = 1.6 uM).

N ‘s
0 MeO '
X =2 O O
o MeS N MeS
Y= )klé\
NHR; NHCOR NHCOR
75:Ry=X,Ry=H 86: R = Et 88: R = CH,CHMe, 91 92:R= )\/NHE
76: Ry=Y,Ry,=H 87: R=Me 89: R = (Me)C=CHMe(E) NHAc
77: R, = COCH,CMe,OH, R, = H 90: R = Me 93:R= "
78: Ry =X, Ry, =0OH 94: R=CHO

79: Ry =Y, Ry = OH

80: Ry =X, R, =OMe

81: R, =Y, Ry =OMe

82: Ry = X, Ry = OCO(CH,);CH=CH(CH,);Me
83: R; =Y, Ry = OCO(CH,);CH=CH(CH,);Me
84: R, =COMe, Ry = H

85: Ry = COMe, R, = OMe

95: R= ~~NH2

Kuanoniamines A-F (96-101)**' and dehydrokuanoniamine B (102)™ are a series of pentacyclic aromatic
alkaloids having a pyridoacridine-thiazole system. Compounds 96-99 weakly inhibited the proliferation
of human epidermoid carcinoma (KB) cells in vitro, and the ICy, value of kuanoniamine A (96), the most
active one, was 1 pg/mL.* Compounds 99 and 102 showed cytotoxicity against HCT cells (ICy, = ~8
uM).”* The most recent study on the anticancer activity of 96 and 98 revealed that 96 was a potent growth
inhibitor against all test tumor and non-tumor cell lines and that 98, which was less potent than 96,
showed a high selectivity to the estrogen-dependent (ER+) breast cancer cell line.*> Compound 96 also
inhibited the DNA synthesis and caused an extensive reduction of the human breast cancer MCF-7 cells

74,83-85

in G2/M phase as well as an increase in the apoptotic cells. Shermilamines A-E (103-107) and
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cycloshermilamine D (108),* thiazinone-fused pentacyclic pyridoacridines, have been obtained from
Trididemnum sp. and Cystodytes spp. Shermilamine D (100) was patented as exhibiting cytotoxicity
against P388 (ICs,, 0.53 uM), A-549 (0.27 uM), HT-29 (2.66 uM), and human melanoma SK-MEL-28
(0.53 uM) cell lines.”” Arnoamines A (109) and B (110) were isolated from Cystodytes sp. and proposed
to be the first members of a new family of pentacyclic aromatic alkaloids with a pyrrole ring fused to the
pyridoacridine skeleton.®® Compounds 109 and 110 showed the selective cytotoxicity against MCF-7
(GI5, = 0.3 and 5.0 ug/mL, respectively), A-549 (2.0 and 2.0 ug/mL), and HT-29 (4.0 and 3.0 ug/mL) and

inhibited the activity of topoisomerase II through the intercalation into DNA.

6 R Re 109: R=H
97: R = NHCOCH,CHMe, 103: Ry = Br, Ry = NHCOMe 110: R=Me
98: R = NHCOEt 104: R, = H, R, = NHCOMe
99: R = NHCOMe 105: Ry = H, Ry = NHCOCH=CMe,
100: R = NHCOCHMe, 106: Ry =H, Ry =NMe,
101: R = NHCOCH(Me)Et 107: Ry = H, Ry = N(O)Me,

102: R = NHCOCH=CMe,
An interesting class of hexacyclic pyridoacridines, segolines A-C (111-113), possessed a unique bicyclic
imide ring system.”” A common characteristic trait of the segolines was the dramatic color changes,
from orange to deep purple, associated with a pH shift from neutral to acidic. [sosegoline (114), a more
polar isomer of segolines, had a succinimide ring instead of a glutarimide ring.*” A Brazilian Cystodytes
dellechiajei afforded two novel pyridoacridines, sebastianines A (115) and B (116).”” These compounds
had unprecedented ring systems: pyridoacridine-pyrrole in 115 and pyridoacridine-pyrrolidine condensed
with a-hydroxyisovaleric acid in 116. The profile of cytotoxicity against a panel of HCT-116 colon
carcinoma cells indicated the p53-dependent mechanism for compounds 115 and 116. Eilatin (117), the
first heptacyclic fused-aromatic alkaloid with a unique symmetrical structure, was isolated from
Eudistoma sp. and showed cytotoxic and antiproliferative activities in a broad range of tissue cultures.”
The strong anti-HIV activity (ICs, = ca. 1 uM) in CD4+ HeLa cells and human peripheral blood
monocytes was observed with 117-Ru (II) complexes.” The plane structure of 117 was important for the

activity.
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B-CARBOLINE ALKALOIDS AND RELATED COMPOUNDS

The B-carbolines form a large group of tryptophan-derived alkaloids and have been reported from several
ascidian genera, such as Eudistoma, Ritterella, Pseudodistoma, and Lissoclinum. The colonial ascidian
Eudistoma olivaceum has been the extraordinarily rich source of [-carbolines and yielded eudistomins A
(118) and C-T (119-136).”>*® Eudistomins were the first series of ascidian B-carbolines, and some of them
exhibited the significant antiviral activity. A Caribbean Lissoclinum fragile gave eudistomin U (137) and
its pseudo-isomer, isoeudistomin U (138).” Eudistomin V (139) was isolated from Pseudodistoma
aureum,'” and different collections of Eudistoma spp. afforded eudistomins W (140) and X (141)""' and
19-bromoisoeudistomin U (142).'” Eudistomin X (141) exhibited antimicrobial activities at 5 and 10
ug/disk against B. subtilis (17 and 18 mm), Staphylococcus aureus (11 and 12 mm), Escherichia coli (15
and 20 mm), and C. albicans (17 and 18 mm), respectively. Eudistomin W (140) was selectively active
against C. albicans (13 mm at 10 pg/disk). Eudistoma gilboverde provided three N-methylated
p-carboline  alkaloids, 2-methyleudistomin D (143), 2-methyleudistomin J (144), and
14-methyleudistomin C (145).'"” Compound 145 showed the most potent cytotoxicity in the three

compounds against four different human tumor cell lines (ICs,’s < 1.0 pug/mL).
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Related B-carbolines, eudistomidins A-F (146-151)'“' and eudistalbins A (152) and B (153),'”” were
obtained from Eudistoma glaucus and Eudistoma album, respectively. Compounds 147-149 showed
cytotoxicity against L1210 (ICs,’s = 3.4, 0.36, and 2.4 ug/mL, respectively) and mouse lymphoma
L5178Y (3.1, 0.42, and 1.8 ug/mL) cells.'” Compound 147 activated the rabbit heart muscle actomyosin
ATPase by 93% at 30 pM, and 146 and 148 inhibited calmodulin in vitro (ICs, = 20 and 30 uM,
respectively). Compound 149 induced the Ca** release from the sarcoplasmic reticulum, and this activity
was about 10 times more potent than that of caffeine. Eudistomin E (121) and eudistalbin A (152)
inhibited the growth of KB cells with the ED;y, values of < 5.0 ng/mL and 3.2 ug/mL, respectively,

whereas eudistalbin B (153) was inactive.'"’
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2

151
Arborescidines A-D (154-157) from Pseudodistoma arborescens'® and woodinine (158) from Eudistoma

199110 were brominated tetrahydro-B-carbolines. Compound 158 exhibited antibacterial and

fragum
antimycobacterial activities, and 157 showed weak cytotoxicity (ICs, = 3 ug/mL) against KB cells. An
undescribed  Eudistoma sp. afforded two trypargine derivatives, trypargimine (159) and
1-carboxytrypargine (160).""' Compound 160 was proposed to be generated by enantioselective

condensation of tryptamine with an a-keto acid derivative of arginine, which will be oxidatively

NMe NMe NMe Br NMe
N LiH A\ H
N Hwy—NMe
Br N H
HO
| \ ® ®
/N X N ~N N N
COOH N !
NH NH \> 7y N
0 |
~ NH =
HoN S

Me
161: X =Br 163: X = Br 165
162: X=H 164: X =H

decarboxylated to give 159.

B

’ll IZ/
I

159 160

Unique N9-substituted p-carbolines, didemnolines A-D (161-164),"* and a N9-linked P-carboline
dimmer (165)'"” have been reported from different collections of Didemnum spp. Compounds 161-163
showed antimicrobial activity and moderate cytotoxicity against KB cells, and 163 was the most potent in
three compounds (ICy, = 0.28 ug/mL) probably because of the sulfoxide moiety.

Tiruchanduramine (166) was the first ascidian-derived [-carboline-3-carboxylate and also the first natural
product possessing the enduracididinamine moiety isolated from Synoicum macroglossum and inhibited
the a-glucosidase activity.''* Shishijimicins A-C (167-169) were novel enediyne antitumor antibiotics
obtained from Didemnum proliferum possessing a novel sugar unit, which is a conjugated product of a
hexose and a B-carboline moiety, attached to the calicheamicinone aglycone.'” These compounds were
highly cytotoxic against rat 3Y1 (ICs,’s = 2.0-4.8 pg/mL), human cervical carcinoma HelLa (1.8-6.3
pg/mL), and P388 (0.47-2.0 pg/mL) cell lines. Since 167-169 have the p-carboline moiety, recognition of

DNA sequence by these compounds may be different from those of the other enediyne compounds.'"”
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The first examples of a-carbolines were grossularines-1 (170) and -2 (171) isolated from a solitary
ascidian Dendrodoa grossularia."'*""” Compounds 170 and 171 showed potent cytotoxicity against human
solid tumor WiDr (colon) and MCF-7 (breast) cell lines (active up to 10 ng/mL) but were less active
against L1210 cells (IDy,’s = 6 and 4 pug/mL, respectively).'”” These compounds accumulated the cells in
the G1 phase at the concentrations of 10 (170) and 1.5 ug/mL (171). Grossularine-2 (171) was suggested
to act on DNA as a mono-intercalating agent. The Indonesian solitary Polycarpa aurata gave
N,N-didesmethylgrossularine-1 (172), which inhibited the colony formation of Chinese hamster V79
cells.'"™"" Interestingly, 172 reduced the production of inflammatory cytokines IL-8 and TNF-o. by
inhibiting the activity of transcription factors AP-1 and NF-kB (unpublished data).

o)
— N/\/[N#NH NH N A OH
N oM H B! P
\ P NN
N N N H o
H o}
166 170: R = NMe, 171
172: R = NH,

167: Ry= SMe, Ry = CHy
168: R;=H, R,=CHs
169: Ry= SMe, R, = H

LAMELLARINS AND RELATED PYRROLE ALKALOIDS

Lamellarins are a group of naturally occurring polyaromatic pyrrole alkaloids derived from L-tyrosine and
L-DOPA. These compounds were named after a prosobranch mollusk Lamellaria sp., from which
lamellarins A-D (173-176) were first isolated in 1985."° In 1988, lamellarins E-H (177-180) were
reported from an ascidian Didemnum chartaceum.” Over forty lamellarins have been isolated from
ascidians. The lamellarins contain a pentacyclic chromophore (6H-[1]benzopyrano[4’,3’:4,5]pyrrolo-
[2,1-alisoquinolinone) and are generally divided into two structural groups according to the presence or
absence of A’ olefin. These two groups can readily be distinguished by their 'H NMR spectra.

Lamellarins I-M (181-185) and lamellarin N-triacetate (186-triacetate) were isolated from Didemnum sp.,
together with lamellarins A-C (173-175) and lamellarin D-triacetate (176-triacetate).'”> The isolation of
lamellarins A-D from this ascidian will give further support on the idea that mollusks accumulated these
compounds from dietary ascidian-derived metabolites. This Didemnum sp. also gave lamellarin S (187).'*
Sulfated lamellarins, 20-sulfate derivatives of lamellarins T-V and Y (193), and five new lamellarins T-X
(188-192) were isolated from an unidentified Arabian ascidian, along with lamellarin N (186).'** The first
dimethoxy lamellarin, lamellarin Z (194), an 8-sulfate derivative of lamellarin G (179) and 20-sulfate
derivatives of B (174), C (175), and L (184) were isolated from the Australian D. chartaceum.'”
Lamellarin B (196) was purified from Didemnum sp., together with lamellarins G (179) and L (184)."
Lamellarins o (195), v (197), and € (198)'*" and lamellarins T (199), 1 (200), ¢ (201), and %(202)'** were
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obtained from different collections of Didemnum obscurum.

R, R, R, R, Rs Rs
173 H Me H Me Me Me
190 H Me Me H Me Me
190 20-sulfate SO;” Me Me H Me Me
R, R, R, R, Rs Rs R,
174 H Me H Me Me Me Me
174 20-sulfate SO;” Me H Me Me Me Me
185 H Me H Me Me Me H
191 H Me Me H Me Me Me
192 H Me Me H Me Me H
198 H Me Me Me Me Me H
199 H Me Me Me Me Me Me
201 Ac Me Ac Me Ac Me Me
R, R, R, R, Rs Rs R,
175 H Me H Me Me Me OMe
175 20-sulfate SO, Me H Me Me Me OMe
177 H Me Me H Me Me OH
178 H Me Me Me Me Me OH
179 Me H Me H Me H H
179 8-sulfate Me H Me H Me SO;” H
181 H Me Me Me Me Me OMe
182 H Me Me Me Me H H
183 H Me H Me Me Me OH
184 H Me Me H Me H H
184 20-sulfate SO;” Me Me H Me H H
187 H H H H Me H H
188 H Me Me H Me Me OMe
188 20-sulfate SO, Me Me H Me Me OMe
189 H Me Me H Me Me H
189 20-sulfate SO;” Me Me H Me Me H
193 SO;” Me Me H H Me H
194 Me H H H Me H H
197 196 H H Me H H H H
202 Ac Me Ac Me Me Ac H
R, R, R, R, Rs Rs
176 H Me H Me Me H
176-triacetate Ac Me Ac Me Me Ac
180 H H H H H H
186 H Me Me H Me H
186-triacetate Ac Me Me Ac Me Ac
195 H Me Me H Me Me
200 H Me Me Me Me Me

Lamellarins had the interesting structural features and exhibited a wide variety of remarkable bioactivities,

such as inhibition of cell division, cytotoxicity, inhibition of HIV-I integrase, and immunomodulatory
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activity. Lamellarins I (181), K (183), and L (184) were comparably cytotoxic against P388 and A-549
cells (ICs,’s = ~0.25 ug/mL), and 183 and 184 exhibited moderate immunomodulatory activity.'”
Lamellarin I (181) increased the cytotoxicity of doxorubicin, vinblastine, and daunorubicin in a
concentration-dependent manner in multidrug-resistant (MDR) cells at non-toxic doses, and the potency
of 181 as a MDR modulator was 9 to 16-fold higher than that of verapamil. It is suggested that 181
reversed MDR by directly inhibiting the P-glycoprotein-mediated drug efflux.'” Lamellarin N (186)
showed cytotoxicity against melanoma cell lines SK-MEL-5 (LCs, = 0.19 uM) and UACC-62 (9.88
uM)."** Lamellarins F (178), T (199), % (202), and L-triacetate (184-triacetate) strongly inhibited the
proliferation of colorectal cancer COLO-205 cells (IC5, = 9.0, 5.6, 0.2, and 0.25 nM, respectively).'”
Sulfate derivatives of lamellarins had little or no cytotoxicity compared with the corresponding hydroxyl
compounds but showed antiviral activity. For example, the ICs, values of lamellarin o (195) and its
20-sulfate against HeLa cells were 5.1 and 274 uM, respectively,” however, lamellarin o 20-sulfate
strongly inhibited the HIV-1 integrase terminal cleavage and strand transfer activities in vitro, HIV-1
replication in cultured dental pulp p4-2 cells (IC;, = 88 uM), and the growth of HIV-1 in cells (ICy, = 8
uM)."”' Removal of the 20-sulfate group reinforced the cytotoxicity but completely abolished the activity
against HIV-1 integrase. The sulfate group appeared to be a key structural element for the inhibition of
HIV-1 integrase by lamellarins, which was also observed for the other sulfate-containing natural products,

such as cyclodidemniserinol trisulfate from the Palauan Didemnum guttatum."”

OH HO OH HO

5 :ZKJQ;\ s “

Ej 213:R,=Ry=Rg=H
214: Ry = Ry = H, Ry = OMe

215: R = OMe Rp=Rg=H
209 211:R=H 216: R, = R, = OMe, Ry = H
212:R=Me 217: R‘=R2=H, Rs = Me

Lukianols, ningalins, polycitones/polycitrins, and rigidins are the other polyaromatic pyrrole alkaloids
derived from dopamine. Two triphenylpyrrolo-oxazinones, lukianols A (203) and B (204), were isolated
from an unidentified ascidian from Palmyra atoll, which resembled lamellarins O-R."* Lukianol A (203)

exhibited moderate cytotoxicity against KB cells (IC5, = 1 ug/mL), and B (204) inhibited the activity of
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human aldose reductase (h-ALR2) at 0.6 uM, which was about 6-fold more potent than sobinil (IC;, = 3.6
uM), the known AR inhibitor."** Ningalins A-D (205-208), obtained from Didemnum sp., were believed
to participate in the metal chelation phenomena due to the structural similarity to other metal binding
O-catechols.'” Polycitones A (209) and B (210) and polycitrins A (211) and B (212) were
polybrominated pyrrole alkaloids produced by Polycitor sp., and 209 was a potent inhibitor of RNA and
DNA-directed DNA polymerases."**"’ Polycitone A (209) also inhibited three different retroviral reverse
transcriptases as efficiently as cellular DNA polymerases.'*® Pyrrolopyrimidine alkaloids, rigidin (213)"”
and rigidins B-E (214-217),"*"'*" were obtained from Eudistoma spp. and Cystodytes sp., respectively.

Rigidin (213) was identified as a calmodulin antagonist, and 214-216 showed moderate cytotoxicity

against L1210 cells.

ECTEINASCIDINS

Ecteinascidia turbinata is the exceptional producer of exceedingly potent antitumor agents ecteinascidins
(ETs). Powerful antitumor and immunomodulating activities of the extracts were reported as early as
1969,'* but it was not until 1990 that six active alkaloids, ETs 729 (218), 743 (219), 745 (220), 759A
(221), 759B (222), and 770 (223), were reported independently by two research groups.'*'** Two
additional analogues, ETs 722 (224) and 736 (225), were isolated from the Caribbean E. turbinata.'* This
species also provided ETs 597 (226), 583 (227), 594 (228), and 596 (229), putative biosynthetic
precursors of previously described ETs,'* and ETs 731 (230), 745B (231), 808 (232), and 815 (233).""
The Thai Ecteinascidia thurstoni, the first example of the Asian ascidian contained the ETs, gave a new

ET 786 (234) together with ET 770 (223).'®

218: R=0H 219: R=0H 224 225:R=O0H
230:R=H 220:R=H 232: R = CHy(CHO),
231: R =OH, S-oxide 221: R==0 (lactam)

222: R =0OH, S-oxide

223: R=CN

233: R = C(CHO)=CHOH
234: R =CN, S-oxide

OMe
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The common structural feature of the ETs is the fused pentacyclic moiety, composed of two
tetrahydroisoquinoline units A and B. Compounds 218-223, 230, 231, 233, and 234 have one more
tetrahydroisoquinoline moiety as unit C, and 224, 225, and 232 possessed a tetrahydro-f3-carboline moiety
at unit C. Compounds 226-229 lacked unit C. The unit C attached to the unit B by a 10-membered sulfide
lactone ring, which is a quite distinctive structural feature of the ETs and different from the
saframycin-class compounds, although the saframycins have very similar structures to the units A and B
in ETs."® Two types of aromatic moieties at the unit C would be biosynthesized by the condensation of
carbonyl groups with either dopamine or tryptamine equivalent.'”

ETs possessed the strikingly potent cytotoxicity. ETs 722 (224) and 736 (225) inhibited the growth of
L1210 cells (ICy,’s = 2.5 and 5.0 ng/mL, respectively), and the IC,, value of ET 743 (219) was 0.5 ng/mL.
ETs 729 (218) and 743 (219) showed potent inhibitory activity against P388 cells (IC,’s = 0.93 and 1.3
ng/mL, respectively).'**'* ETs 770 (223) and 786 (234) exhibited cytotoxicity against breast cancer (ICs,
= 2.5 and 7.6 nM, respectively) and nasopharynx carcinoma (0.034 and 0.15 puM) cells.'”® In vivo
activities of ETs were evaluated by mouse tumor models and a variety of human tumor xenografts. ETs
729 (218), 743 (219), 722 (224), and 736 (225) demonstrated a remarkable in vivo efficacy in P388, B-16,
M5076 (ovarian sarcoma), and Lewis lung carcinoma mouse models and several tumor xenograft
models."*® ET 729 (218) gave 8 survivors out of 10 test mice after 60 days following the inoculation of
B-16.'"" These in vivo experiments indicated that the unit C in their structures affected the antitumor
activity. ET 743 (219) is currently under registration for the treatment of soft tissue sarcomas and in
Phase III trials for the ovarian cancer.'" Besides the cytotoxicity, the other bioactivities, such as
antimetabolic activity, enzyme inhibition, and antimicrobial activity, have been reported for some ETs.'*
ETs 770 (223) and 786 (234) inhibited the growth of Mycobacterium tuberculosis (MIC = 0.13 and 2.0
uM, respectively).'*® ET 743 (219) was revealed to have the inhibitory effects on macrophage viability,

differentiation, and cytokine production."

DITERPENE AND STEROIDAL ALKALOIDS

Terpenes are rarely encountered as the secondary metabolites from ascidians. Dichlorolissoclimide
(235)"""> and chlorolissoclimide (236),"* two labdane diterpenes with a unique succinimide moiety,
were isolated from the New Caledonia Lissoclinum voeltzkowi and exhibited the remarkable cytotoxicity
against non-small cell lung cancer NSCLC (ICs,’s = 9 and 10 ng/mL, respectively), KB (14 and 52
ng/mL), P388 (1 and 1.7 ng/mL), and doxorubicin-resistant P388 (300 and 200 ng/mL) cell lines."”
Compounds 235 and 236 also inhibited the protein synthesis in the mammalian cells and the extracts of
mammalian and plant cells.”* An Okinawan Lissoclinum sp. afforded 15 labdane alkaloids,

haterumaimides A-K (237-247)"""" and N-Q (248-251)."* These compounds inhibited the first cleavage



70 HETEROCYCLES, Vol. 74, 2007

of fertilized sea urchin eggs and exhibited moderate to potent cytotoxicity against P388 cells.
Haterumaimides J (246) and K (247) were the most and second active compounds against P388 cells
(ICs,’s = 0.23 and 0.45 ng/mL, respectively). The presence of the OH group at C-6, 7, 12, and/or 18, a

chlorine atom at C-2 and an imido NH should be essential for the cytotoxicity against P388 cells."®

238: R=Cl 239: R=Cl 240: R=Cl 241: R=Cl
243: R=H 245:R=H 244:R=H 242: R=H

246: R=H 248 249 250 251
247:R=Ac

Ritterazines A-Z (252-277), isolated from Ritterella tokioka, were highly cytotoxic dimeric steroidal
alkaloids structurally related to the cephalostatins.''®* Their structures consisted of two polyoxygenated
steroidal skeletons linked by a pyrazine ring. Ritterazines exhibited modest to potent cytotoxicity against
P388 cells (Table 1) according to the structural variations. Compounds 252, 253, 255-264, and 276
showed the significant cytotoxicity, while 265-270, 274, 275, and 277, no 5/6 spiroketal, had marginal
activity.'® The contribution of the terminal 5/6 spiroketal to their cytotoxicity was also observed between
253 and 254.'* Ritterazine B (253) showed the most potent cytotoxicity to non-small cell lung cancer
PC14 cells with a mean Gy, of 75.1 nM and arrested PC14 and the human promyelocytic leukemia
HL-60 cells at the G2/M checkpoint. HL-60 cells became multinucleated, and, at 20 nM, this resulted in
the onset of apoptosis. These results indicated that 253 would be a potent inducer of apoptosis, acting via

a novel antimitotic mechanism.'®

[§)

Ri Ry 2
253: OH H 1
257:0HH S
258: OH Al* §
259:=0 H R
260: =0 OH §
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Table 1. Cytotoxicity (ICs,, ng/mL) of ritterazines against P388 cells

267: 22'R
268: 22'S
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269: 22'R
270: 22'S

I~ 274: 22 R
HO o : 275:228

162

252 253 254 255 256 257 258 259 260 261 262 263 264
35 015 92 16 35 073 073 16 14 1395 10 15
265 266 267 268 269 270 271 272 273 274 275 276 277
460 2100 710 570 2100 460 460 2100 2100 3200 3000 3.5 2000
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POLYSULFUR ALKALOIDS

Ascidians have been proved to be rich sources of sulfur-containing natural products. The solitary
Polycarpa spp. are rich producers of them. The Philippine P. aurata afforded polycarpamines A-E
(278-282), which possessed rare sulfur-containing functional groups.'” Compound 279 showed
significant antifungal activity against Saccharomyces cerevisiae and C. albicans. A unique dimeric
disulfide, polycarpine (283), was first isolated from P. aurata collected at Flinder Reef (Coral Sear) as a

cytotoxic compound.'®® Subsequently, 283 and its dihydrochloride were discovered from a Micronesian P.

118 167

aurata °and an Australian Polycarpa clavata,”" respectively, together with some degradation products.
Polycarpine (283) showed cytotoxicity against an array of human cancer cell lines and significant
antitumor activity in mice against P388, L1210, and Ehrlich carcinoma cells.'® High inhibitory activity
against reverse transcriptases from Raus sarcoma and avian myeloblastosis viruses in vitro (ICs, = 3.5
uM) and Na*/K*-ATPase isolated from rat brain (IC5, = 0.5 uM) were also observed for 283.'® The
inhibitory activity of 283 on the enzyme inosine monophosphate dehydrogenase could be reversed by the
addition of excess dithiothreitol, which suggested that 283 reacted with thiol groups in the enzyme.'® In
addition, 283 activated p38 kinase, JNKs, and ERKs in mouse epidermal JB6 C1 41 cells and stimulated
the p53-dependent transcriptional activity and phosporylation, and the dihydrochloride of 283 was
cytotoxic against HCT-116 cells.'® Recently, we have reported three new sulfur-containing alkaloids,
polycarpaurines A-C (284-286), from the Indonesian P. aurata."” Polycarpaurine C (286) was the first
example possessing the thiosulfate moiety obtained from marine organisms.'” Polycarpaurines A (284)
and C (286) inhibited the colony formation of V79 cells (EC5, = 6.8 and 8.6 uM, respectively), but B

(285) showed modest inhibitory activity at 10 uM.

N(Me), N(Me), N(Me), NH

N 2
MeO MeO HO MeO 4 T H 1 NH,
N, MeO \"(
B s s Me e N\ _N.
Moo MeO o O 2TFA Me
s R OMe S R H OMe > :
MeS~ MeS~™ Me0~S NN OMe
’ P 285: R = SO5~
278: R=H 279:R=0 282 2N 286: R = 5-SO5~
281: R=COMe 280:R=S 283:n=2
284:n=1

The first natural pentathiepin, varacin (287), was isolated from Lissoclinum vareau in 1991."" Since then,
unusual dopamine-derived cyclic polysulfides have been emerged as the major class of sulfur-containing
alkaloids from ascidians, and 30 homologues have been obtained from the genera Lissoclinum, Eudistoma,
and Polycitor. The structures and bioactivities are listed in Tables 2 and 3.

Lissoclinotoxins A (288) and B (289),"">'” from Lissoclinum perforatum, N,N-dimethyl-5-(methylthio)-
varacin (290) and 5-(methylthio)varacin (291) and their corresponding trithianes (292 and 293) from
Lissoclinum japonicum and Lissoclinum sp., and 3,4-desmethylvaracin (294) from Eudistoma sp."”* were

reported. Varacin (287) exhibited the potent antifungal activity against C. albicans (14 mm at 2 ug/disk)
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and cytotoxicity against HCT-116 cells (IC,, = 0.05 ug/mL), which was 100 times more active than
5-fluorouracil (5-FU). A profile of cytotoxicity provided preliminary evidence that 287 damages DNA.""
Lissoclinotoxin B (289) was more potent than lissoclinotoxin A (288) against various Gram positive and
negative bacteria. Compound 288 showed the cytotoxicity against L1210 (IC5, = 1 ug/mL) and toxicity
against resistant strains of Plasmodium falciparum, which was more potent than the activity of quinine
and chloroquine.'” Lissoclinotoxin A (288) also inhibited the cell division of sea-urchin eggs at 16
ug/mL.'” This antimitotic activity was not correlated with the polymerization or depolymerization
processes.'”” Compounds 291 and 293 inhibited the protein kinase C activity (ICs,’s = 0.3 ug/mL)."™

The far-eastern ascidian Polycitor sp. gave three potent antifungal and antibacterial polysulfides, varacins
A-C (295-297).'"” Varacin C (297) showed more potent cytotoxicity than the antitumor agent,
doxorubicin, against colon, prostate, breast, and lung cancer cells (ICy, = 2.4-48.2 nM)."”” Compound 297
was a thiol-dependent DNA-cleaving agent and suggested to cause the conversion of molecular oxygen to
hydroxyl radical (*OH), which cleaves DNA under a physiological condition.'”” This mechanism may
explain the potent cytotoxicity and antimicrobial activity of varacin C.

Lissoclinotoxin C (298) and the first dimer, lissoclinotoxin D (299), were isolated from an Australian
Lissoclinum sp.”’ Lissoclin disulfoxide (300), a dimeric sulfoxide, was obtained from the South African
Lissoclinum sp. as an inhibitor of IL-8 o and f3 receptors (ICs, = 0.6 and 0.82 uM, respectively) and also
had inhibitory activity against PKC (ICs, = 1.54 uM)."”® A Philippine didemnid ascidian afforded two
dimeric alkaloids, lissoclinotoxins E (301) and F (302)."”® These compounds displayed the cytotoxicity
against the phosphatase and tensin homolog-deficient MDA-MB-468 cells with the ICs, values of 2.3 and
1.5 ug/mL, respectively.'”

Table 2. Dopamine-derived polysulfur alkaloids from ascidians

compound structure source bioactivity ref.
OMe
MeO. S~g
varacin s . . antifungal,
s-S Lissoclinum vareau . 171
287 cytotoxic
NH,
oo s antifungal,
lissoclinotoxin A S}S Lissocli forat antibacterial, 172
- issoclinum perforatum ) .
288 s p antimalarial, 173
NH, cytotoxic
OMe
lissoclinotoxin B HO S8, : : .
289 %}(s_ $ Lissoclinum perforatum antimicrobial 173
HN
OMe
MeO S‘S\S antimicrobial, 174
290 MesS s-S Lissoclinum japonicum  protein kinase C 180
inhibitor 184

NMe,
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Lissoclinum sp.

Lissoclinum japonicum

Lissoclinum sp.

Eudistoma sp.

Polycitor sp.

Polycitor sp.

Polycitor sp.

Lissoclinum sp.

Lissoclinum sp.

Lissoclinum sp.

Didemnid ascidian

Didemnid ascidian

protein kinase C
inhibitor

antimicrobial,
protein kinase C
inhibitor

protein kinase C
inhibitor

protein kinase C

inhibitor

antimicrobial

antimicrobial

antimicrobial,
acid-promoted
DNA-cleavage

antimicrobial

IL-8 Ro/Rf
inhibitor

cytotoxic

cytotoxic
antimicrobial

174

174
180
184

174

174

175

175

175
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77
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176
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We have reported a unique trimeric polysulfur alkaloid, lissoclibadin 1 (303), as a cytotoxic component
from an Indonesian Lissoclinum cf. badium."”'™ Further studies yielded the other 13 congeners,
lissoclibadins 2-14 (304-316) (Table 3), including a tetramer, lissoclibadin 8 (310), a trimer, lissoclibadin
9 (311), and nine dimers, lissoclibadins 2-7 (304-309) and 10-12 (312-314)."""**"®* The structures of
lissoclibadins were assigned on the basis of their spectroscopic data, and the relative orientations of
aromatic rings were defined by NOESY experiments and computational molecular modeling studies.
Lissoclibadin 8 (310) was the first tetrameric dopamine-derived cyclic polysulfide alkaloid with four
identical fully substituted dopamine derivatives connected through four disulfide bonds.'®* Although the
structure of lissoclibadin 8 was first assigned as shown in Ref. 182, the exhaustive computational
conformation analysis suggested that 310 is the only structure, which explains the every spectroscopic
data, and that the other three possible structures, including the one shown in Ref. 182, showed
inconsistencies with the data (manuscript in preparation). Lissoclibadin 9 (311), the second example of

trimer, differed from lissoclibadin 1 (303) in both aromatic amine moiety and sulfur bridge.'"

Table 3. Lissoclibadins isolated from Lissoclinum cf. badium

compound structure bioactivity ref.
NMe;  Me,N

Me SMe 1 79
lissoclibadin 1 oo s o antibacterial, 180
303 s cytotoxic 183

S
MeO S OMe
MeO 1 84
NMe,

MeO SMe
NMe, .
. o MeQ ar{tlfunga}l, 180
lissoclibadin 2 MeO SMe antibacterial, 183
304 MesS SM T owe cytotoxic, 184
° induce IL-8 production

) . QMe ) 180
lissoclibadin 3 MeO s SMe cytotoxic, 183
305 Mes s OMe induce IL-8 production

OMe 184

HO
lissoclibadin 4 MO S‘ﬁ antibacterial, 181
306 S oMe cytotoxic
" s-s 7 antiyeast
lissoclibadin 5 MeO SMe ) N
antibacterial, 181
307 ; & Y ome

MeO cytotoxic
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OH .
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Lissoclibadins 1-9 (303-311), 13 (315), and 14 (316) showed weak cytotoxicity against L1210 cells and
remarkable inhibitory activity against the colony formation of V79 cells (Table 4). Lissoclibadins 11
(313) and 12 (314) were not active against L1210 at 20 uM, but 314 had a modest activity against V79.

The V79 bioassay reflects the direct action of compounds on the cells.'"™ The cytotoxicity of
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lissoclibadins 1-3 (303-305) and 10 (312), 302, 292, and 290, isolated from L. cf. badium, were examined
against cultured human solid tumor cell lines to evaluate their potential anticancer efficacy (Table 5).'*

Lissoclibadins 1 (303) and 2 (304) showed similar activity against 9 human solid tumor cell lines and
were more potent than cisplatin. Lissoclibadin 2 (304) was the most interesting compound because of the
potent inhibitory activity against colon (DLD-1 and HCT 116), breast (MDA-MB-231), renal (ACHN),
and large-cell lung (NCI-H460) cancer cell lines. This compound showed no apparent toxicity following
the 50 mg/kg single i.v. treatment to mice and preferable stability in rat plasma.'* Antitumor experiments
using nude mice baring the human colon cancer (HCT-116) showed the maximum result on the sixth day
after 5-day treatment with 25 and 50 mg/kg (i.v., once a day) (36 and 37% reduction, respectively), but a

dose dependence was not observed (unpublished data).

Table 4. Cytotoxicity (ICs,, uM) against the murine leukemia cell L1210 and Chinese hamster V79 cell

303 304 305 306 307 308 309 310 311 313 314 315 316

L1210 150 204 279 194 097 0.63 217 200 038 >20 >20 220 1.80
V79* 0.40 0.08 0.34

V79° 0.20 0.71 0.06 0.06 0.17

V79° 0.21 0.14 0.63 >20 790 0.44 0.70
a,b,c: Three different experiments.

Lissoclibadins 2 (304) and 3 (305) and lissoclinotoxin F (302) induced the production of IL-8 in
PMA -stimulated HL-60 cells, but lissoclinotoxin E (301), 292, and 290 did not showed such activity.'"
Lissoclibadin 2 (304) inhibited the growth of the marine bacterium Ruegeria atlantica (12.2 mm at 5
ug/disk) and the fungus Mucor hiemalis (13.8 mm at 50 ng/disk),'™ and lissoclibadins 4-7 (306-309)

showed weak antimicrobial activity against S. aureus, E. coli, and S. cerevisiae."'

Table 5. Cytotoxicity (ICs,, uM) of lissoclibadins 1-3 (303-305) and 10 (312) and compounds 302, 292,

290 isolated from Lissoclinum cf. badium against cultured human solid tumor cell lines'*

Breast Large-cell lung Prostate Renal Colon Melanoma
Compd MDA
T-47D o3y  NCI-H460 PC-3 ACHN UO31 DLD-1 HCT-116 MALME-3M

Cisplatin  8.75 6.89 0.72 4.65 1.71 2.97 1.76 1.99 1.81

303 0.39 0.30 0.28 0.24 0.25 0.20 0.13 0.22 0.82
Cisplatin 6.12  5.71 0.67 3.36 1.57 2.65 2.88 2.46 3.27

304 0.57 0.20 0.27 0.64 0.24 0.58 0.10 0.14 0.77

305 3.18 3.59 2.32 7.02 3.26 2.22 1.12 1.49 2.96

312 0.54 0.53

302 1.04  0.69 0.48 1.06 0.43 0.68 0.24 0.48 1.42

292 3.39 5.34 10.2 10.0 4.62 3.22 1.00 3.04 6.99

290 230  3.65 3.50 5.31 3.78 2.33 0.82 2.86 5.83
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Trisulfur cyclic compounds 317 and 318 have been isolated from Perophora viridis collected off the
Atlantic coast of North Carolina.'" These compounds showed the toxicity to brine shrimp and inhibited
the cell division of sea urchin eggs and the growth of S. aureus and B. subtilis."® Cis-1,2,3-trithiane
derivative 319 was obtained from a New Zealand Aplidium sp."™ Compound 319 was observed to
interconvert to trans-isomer 320 in neutral or slightly basic solutions. Hypsistozoa fasmeriana collected at
Tukukata and Leigh Harbor in New Zealand afforded 320.""" Two dithiane alkaloids 321 and 322 were
also isolated from the Leigh Harbor collection. Compounds 319 and 320 showed identical bioactivities,
such as modest cytotoxicity against P388 cells (ICs, = 21.6 pM) and antimicrobial activity to B. subtilis
and C. albicans (4 mm at 120 ug/disk)."”’

OH
HN” SN

321: R=Me
322:R=H

BIOSYNTHESIS OF MARINE NATURAL PRODUCTS FROM ASCIDIANS

Although the intensive research efforts have identified the impressive numbers of bioactive metabolites
from ascidians, biosyntheses of them are still unclear. Ascidians, like the other marine invertebrates, are
known to exist in obligate or non-obligate symbiosis with microorganisms, particularly with
cyanobacteria Prochloron spp. The structural similarities between ascidian and microbial metabolites let
us speculate that symbiotic microorganisms are in many cases (at least in part) produce the compounds
previously obtained from ascidians. The distribution of a specific family of natural products in unrelated

ascidians or their seasonal variations will support this growing conjecture.'®®

However, the origin of
ascidian-derived metabolites has not been well demonstrated because of the complicated nature of marine
symbiotic associations and the difficulties in isolation and cultivation of symbiotic microorganisms. With
the aid of experimental strategies especially metagenomic analyses, some progresses have been made.
Biosythesis of patellamides A (37) and C (39) have been elucidated to be performed by a symbiotic
Prochloron sp. in the ascidian L. patella through a ribosomal pathway.?” The other possible origin of
ascidian-derived compounds will be the dietary microalgae and zoo planktons, and ascidians accumulate

these compounds most probably for the chemical defense.'*®

The similarity of structures between ascidian and microbial metabolites proved to be of practical
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importance in the case of ET 743, which is evaluated clinically as an antitumor agent. The content of ET
743 in the producing ascidian E. turbinata is low, and, therefore, a practical method for providing enough
amounts of compound for clinical evaluations was required. Since the structure of ET 743 was similar to
the bacterial metabolite cyanosafracin B, ET 743 has been produced by the semisynthesis from this
compound.'” Cyanosafracin B is easily obtained by fermentation of the bacterium Pseudomonas
fluorescens.

The presence of unique endosymbiotic bacteria in E. turbinata has been demonstrated by 16S rDNA and
in situ hybridization analysis.'” The origin of ET 743 may be defined in the near future. A biosynthetic
pathway involving the formation of tyrosine diketopiperazine followed by oxidation to the corresponding
DOPA derivative has been suggested by isotope labeling studies.'' This proposed biosynthetic pathway
was different from that of the saframycins, structurally related myxobacterial metabolites from the
terrestrial myxococcus xanthus."”' Culture experiments of E. turbinata revealed that the production of ETs
was observed with the colonies fed on a mixed diet of microalgae Chaetoceros gracilis and Isochrysis
galban."®

There are a number of interesting marine natural products as potential drugs and their leads. However, the
supply problem impedes the pharmacological and clinical evaluations. Studies on the biosynthesis and
primary producers of natural products obtained from marine invertebrates are very important not only for
chemical and ecological research but also the production of these secondary metabolites for further
evaluations. These studies will elucidate the biosynthetic genes, and, in the future, a biotechnological

production of marine natural and unnatural-natural products will be achieved.

CONCLUSION

During the past decades, ascidians have been thrust into the limelight of marine natural product chemistry.
The increased attention has resulted in the isolation of numerous new classes of secondary metabolites,
exhibiting significant biological activities. Although research on ascidians was initiated more recently
than on some other marine invertebrates, the first marine natural product to enter human clinical trials,
didemnin B, was the ascidian metabolite. Secondary metabolites of ascidians are interesting targets for
isolation and organic synthesis because of their diverse structural features and remarkable bioactivities.
Considering the unique structures and pronounced pharmacological properties of metabolites, especially
the promising future in the clinical trials of ET 743 and aplidine, ascidians will continue to attract the

attention of both chemists and pharmacologists.
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