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Natural Products from Marine Invertebrates and Microbes as Modulators

of Antitumor Targets

D.J. Newman™ and G.M. Cragg
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Abstract: Over the last twenty-five to thirty years, exploration of the marine fauna and microbial flora has progressed
from a random search by natural product chemists who liked to dive and wished to combine their hobby with their profes-
sion, to fully integrated programs of systemic investigation of the chemical agents elaborated by marine organisms of all
phyla (as presumably defensive agents against predators) for their potential as leads to human-use drug candidates where
the putative mechanisms have been identified as modulation of, and/or interaction with, potential molecular targets, rather
than just exhibiting general cytotoxicity. This review is not exhaustive but is meant to cover the highlights of such agents
and is arranged on a (nominal) target basis rather than by organism or chemical class.
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INTRODUCTION

As mentioned by Kingston and Newman [1], effectively
all secondary metabolites from any source can be considered
as the products of a process of “natural combinatorial chem-
istry”. This is either because they are the products of genes
that have frequently been “shuffled” between taxa, or be-
cause they are the products of what might be described as
“co-metabolism” whereby a molecule is biosynthesized by
one organism and then modified by another. What may be
considered in retrospect as the earliest example of this from
the marine environment, would be the discovery by Berg-
mann et al. [2-4] of the compounds, spongouridine (1) and
spongothymidine (2) from the Caribbean sponge, Cryp-
totheca crypta. What was significant about these materials
was that they demonstrated for the first time that naturally
occurring and bioactive nucleosides could be found con-
taining sugars other than ribose or deoxyribose.

These two compounds effectively revolutionized the then
current dogma as they demonstrated that biological systems
would recognize the base and not pay too much attention to
the sugar moiety. In fact they may be considered the proto-
types of all of the modified nucleoside analogues made by
chemists that have crossed the anti-viral and anti-tumor
stages since then as chemists began to substitute the “regular
pentoses” with acyclic entities, and with cyclic sugars bear-
ing unusual substituents. These experiments led to a vast
number of derivatives that were tested extensively as anti-
viral and anti-tumor agents over the next thirty plus years.
Suckling [5] showed how such structures evolved in the
(then) Wellcome laboratories, leading to azidothymidine
(AZT) and incidentally, to Nobel Prizes for Hitchens and
Elion, though no direct mention was made of the original
arabinose-containing leads from natural sources.

Showing that “Nature may follow chemists rather than
the reverse, or conversely that it was always there but the
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natural products chemists were slow off the mark”, arabino-
syladenine (Ara-A or VidarabineO), was synthesized in 1960
as a potential anti-tumor agent [6], was later produced by
fermentation [7] of Streptomyces griseus, and was isolated
together with spongouridine [8] from a Mediterranean gor-
gonian (Eunicella cavolini) in 1984. This example is circum-
stantial evidence for the involvement of microbes in marine
invertebrate-sourced metabolites, but now there is very good
evidence that what was frequently suggested from a com-
parison of marine- and terrestrial-sourced metabolite struc-
tures, is in fact the case.

Thus in the case of manzamine A [9,10] the base mole-
cule (3) and the 8-hydroxy derivative (4) have both been
isolated from a laboratory fermentation of a Micromono-
spora sp. cultured from the sponge from which manzamine
A was isolated. In contrast, in the case of the pederin-based
metabolites, the base structure pederin (5) is the product of a
commensal pseudomonad isolated from the Paederus beetle
[11-13]. In the case of the pederin analog onnamide A (6), it
has recently been demonstrated by a metagenomic study that
the producing genes can be isolated from the invertebrate,
and that the pathway contains the correct genetic constructs
to produce onnamide [14]. These reports effectively demon-
strate that the 35 so far reported pederin-based molecules
from marine invertebrates, including the irciniastatins A (7)
and B (8) [15], are almost certainly products of commensal
microbes and are sequestered and, in some cases modified by
the host invertebrate. We should note that irciniastatin A was
recently reported by the Crews’ group under the name of
psymberin [16], but the Pettit’s group manuscript describing
the same molecule was submitted earlier and thus the name
irciniastatin A has precedence. A very recent review by Piel
et al. has reported further on the marine-derived pederin
family of compounds and should be consulted for further
details, particularly the genetic aspects of the work [17].

Since the body of the review is arranged around projected
mechanisms for the metabolites, some of the compounds
referred to will be seen again. Thus in the following pages
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we will discuss the relatively recent compounds whose ori-
gins are nominally from marine invertebrates and from mi-
crobes that have been directly isolated from mainly seabed
sediments. Occasionally, we will note where the producing
organism is not the one from which the metabolite was
nominally obtained in earlier investigations.

The list of targets is not exhaustive but does include tu-
bulin interactive agents, proteasome inhibitors, histone
deacetylase inhibitors, DNA interactive agents, protein
kinase and protein phosphatase inhibitors, protein synthe-
sis/JNK modulators and chemical manipulations of structures
to derive other types of inhibitors. Two reviews of marine
anti-tumor agents have recently been published. One that
covers most if not all compounds that have been in clinical
trials irrespective of mechanism [18] and the second on a
smaller scale that covers some of the same ground but in-
cludes more discussion of the potential producing organisms
[19].

TUBULIN INTERACTIVE AGENTS (TIAS)

The prototypical agents with tubulin as their target are
the Vinca alkaloids and colchicines from the 1950s to 1960s
and the seminal discovery in the early 1980s by Horwitz that
Taxol® although a tubulin interactive agent, exhibited an
entirely different mechanism of action during its interaction
with tubulin, by causing the tubulin to stabilize rather than
continuing to assemble and disassemble during the normal
mitotic processes of the cell cycle. A very recent review by
Mollinedo should also be consulted for information on
mechanisms that microtubule-targeting drugs may be in-
volved in in addition to those shown under specific agents
discussed below [20]. Although all of these agents were of
plant origin (though there is debate in the literature about the
taxanes actually being of microbial origin [21]), it was obvi-
ous to begin to look for agents from the marine environment
that might also demonstrate a similar activity. To date there
are a significant number of “different” structures that in two
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dimensions do not resemble taxanes but do have a similar
mechanism of action. These include the tubulin stabilizers
sarcodictyins / eleutherobin, discodermolide, laulimalide,
dictyostatin, peloruside, and diazonamide. There are another
series of marine-derived or marine-associated compounds
that exhibit effects on tubulin polymerization interactions
that are similar in principle to those of the vinca or colchi-
cine alkaloids, including the dolastatins, halichondrin de-
rivatives, the hemiasterlins and cryptophycins (though the
latter are not commented on here as they were covered ex-
tensively in two recent reviews [18,19]), plus others such as
vitilevuamide that that interact at an unique site also inter-
fering with tubulin polymerization. A recent review of pep-
tides that shows more details of the interactions of some of
these agents, and also compares them with similar agents
form other natural sources has recently been published by
Janin and should be consulted by the interested reader [22].

These agents are discussed below with the non-pacli-
taxel-like agents being discussed first, since the first marine-
derived tubulin interactive agents, the dolastatins, were
headed for clinical trials before their probable mechanism(s)
were identified, followed by tubulin stabilizers.

MOLECULES WITH VINCA-LIKE ACTIVITIES
The Dolastatins

The dolastatins are a series of cytotoxic peptides that
were originally isolated in very low yield by Pettit’s group
[23-27] as part of its work on marine invertebrates from the
Indian Ocean mollusk, Dolabella auricularia. Due to the
potency and mechanism of action of dolastatin 10 (9), a lin-
ear depsipeptide which was shown to be a tubulin interactive
agent binding close to the vinca domain in a site where other
peptidic agents bound [28,29], the compound entered Phase |
clinical trials in the 1990s under the auspices of the NCI.
Since the natural abundance was so low, Pettit and others
developed synthetic methods that provided enough material
under cGMP conditions to commence trials [23]. Dolastatin
10 progressed through to Phase 11 trials as a single agent, but
it did not demonstrate significant antitumor activity in a
Phase Il trial against prostate cancer in man [30]. Similarly,
no significant activity was seen in a Phase Il trial against
metastatic melanoma [31].

As a result of the synthetic processes alluded to earlier,
many derivatives of the dolastatins have been synthesized
with TZT-1027 (Auristatin PE or Soblidotin) (10) now in
Phase 1l clinical trials in Europe, Japan and the USA under
the auspices of either Teikoku Hormone, the originator, or
the licencee, Daiichi Pharmaceuticals. Very recently, another
variation of dolastatin 10, auristatin PYE (11) where the R,
position was replaced by a substituted pyridyl compared to
dolastatin 10, was reported to have in vivo efficacy in a colon
adenocarcinoma model and to bind to tubulin [32]. Another
derivative of dolastatin15 known as Cematodin (12) or LU-
103793, was entered into Phase | clinical trials by the Knoll
division of Abbott GMBH for treatment of breast cancer. It
progressed into Phase 11, but trials appear to have been dis-
continued.

However, an orally active third generation dolastatin 15-
based molecule, known under the names of BSF-223651,
LU-223651, ILX651 or Synthadotin (13 ) is now in phase Il

Current Drug Targets, 2006, Vol. 7, No. 3 281

clinical trials for non-small cell lung, prostate and melanoma
carcinomas following two reports [33,34] in 2003 of re-
sponses in Phase | studies in melanoma, breast and non-
small-cell lung in patients. It was licensed by llex from
BASF Pharma (and llex was purchased in late 2004 by Gen-
zyme) and there have been six scientific reports in the last
two years on the Phase | studies with this agent, either as
presentations at ASCO meetings [35-38], the American As-
sociation for Cancer Research (AACR) meeting [39] or the
joint US-European (AACR-NCI-EORTC) molecular targets
meeting [40].

The pattern has continued in that the current data is also
from abstracts presented at the 2004 ASCO meeting but
what is very interesting is that the compound is now postu-
lated to function in a manner different from the classical tu-
bulin inhibitors, irrespective of whether they are the classical
or the taxane variety, as the current putative mechanism for
this molecule is inhibition of microtubule nucleation [41-43].
It will be very interesting to see what a full-fledged paper on
this mechanism will provide in the way of evidence. This
reporting via abstract format is still continuing with the very
recent abstract by Edler et al. [44] stating that the active
metabolite of dolastatin 15, cematodin and synthadotin, the
pentapeptide N,N-dimethylvalyl-valyl-N-methylvalyl-prolyl-
proline is in fact much more potent than the three “parent”
compounds in its inhibition of tubulin assembly with an 1Cs
of 1 mM, almost equivalent to that of dolastatin 10 under the
same assay conditions (0.8 niM), rather than the 4-10 M
levels for the other compounds.

Using a tritium-labeled dolastatin 15 as a bioprobe,
Hamel’s group at NCI [45] recently reported that the vinca
domain in tubulin may well be composed of a series of
overlapping domains rather than being a single entity, as
different levels/types of competition were found when se-
lected tubulin interactive agents were used to investigate the
binding characteristics of the labeled probe. The study of the
interaction of radio labeled ILX651, and the “metabolite” is
currently underway [44] in order to compare synthadotin
etc., with the base molecule for this agent, dolastatin 15 in
order to discover what “type of binding” occurs but the re-
sults will not be presented before this review is submitted.

In a similar manner to bryostatin, there was always a po-
tential question with the dolastatins as to whether or not they
were microbial in origin, as peptides with unusual amino
acids have been well documented in the literature as coming
from the Cyanophyta and the mollusk from which the pep-
tides were isolated was known to feed on these microbes. In
the last few years, this supposition has been shown to be fact
as in 1998, workers at the Universities of Guam and Hawaii
reported the isolation and purification of simplostatin 1 (14)
from the marine cyanobacterium Simploca hynoides [46].
This molecule differed from dolastatin 10 by the addition of
a methyl group on the first N-dimethylated amino acid. Sub-
sequently, in 2001, the same groups reported the direct iso-
lation of dolastatin 10 from another marine cyanobacterium
that was known to be grazed on by D. auricularia [47]. Do-
lastatin 10 was in fact isolated from the nudibranch follow-
ing feeding of the cyanophyte, thus confirming the original
hypothesis (personal communication, Dr. V. J. Paul). Re-
cently, the mechanism of action of symplostatin 1 was
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shown to be similar to dolastatin 10 but to be somewhat
more toxic to mice at comparable doses [48].

HALICHONDRIN B AND DERIVATIVES

Halichondrin B (15) is one of a series of compounds
originally isolated and reported [49,50] by Uemura et al. in
1985 from the Japanese sponge Halichondria okadai. Fol-
lowing these initial papers, other investigators reported
similar materials from a number of sponges from other areas
of the Pacific and Indian Oceans, including Axinella sp. from

the Western Pacific [51], Phakellia carteri from the Eastern
Indian Ocean [52], and particularly from a deep water Lis-
sodendoryx sp. off the East Coast of South Island, New
Zealand [53]. Although there was enough halichondrin B
available from a variety of sources for some initial experi-
ments and to determine that the possible mechanism of ac-
tion was as an tubulin interactive agent, affecting tubulin
depolymerization at a site close to, but distinct from, the
vinca site [54-56] and to show initial in vivo activity [57],
there was not enough material for further development work.
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In 1992, NCI issued a request for groups that could pro-
vide a variety of scarce natural products from natural
sources, and a consortium from New Zealand composed of
the University of Canterbury (who had discovered that a
deep water Lissodendoryx sp produced the halichondrins at
nominally 1 mg.Kg™ wet weight) and the National Institute
for Water and Atmospheric Research (NIWA), were success-
ful in convincing the NCI to fund a large-scale recovery and
isolation program as a joint venture with them and the New
Zealand Government.

Following an environmental assessment of the potential
collection area paid for by the Developmental Therapeutics
Program (DTP) of the NCI, the NZ Government gave per-
mission to collect 1 metric tonne from the Kaikoura shelf at
a depth of 100 meters and greater by trawling. Following
extensive work up, these samples produced 300 milligrams
of halichondrin B, but what was just as important, were the
experiments conducted by NIWA scientists (also partially
funded by DTP/NCI) that demonstrated that the deep-water
Lissodendoryx could be successfully aquacultured in water
as shallow as 10 meters and still produce the halichondrin
complex at levels roughly comparable with those found from
wild collections.

Concomitantly with the start of this large-scale wild col-
lection program, Kishi’s group at Harvard, also funded by
the DTP/NCI, reported that they had successfully synthe-
sized both halichondrin B and norhalichondrin B [58]. Ki-
shi’s synthetic methods were then utilized by the US division
of the Japanese pharmaceutical company, Eisai, to synthesize
a large number of variants of halichondrin B, particularly
smaller molecules that maintained the biological activity but
were intrinsically more chemically stable, due to the substi-
tution of a methylene group for the ester oxygen in the mac-
rolide ring, thus producing a much more stable ketone-
containing ring. Following a presentation by NCI/DTP sci-
entists at the 1998 AACR meeting on their results with the
New Zealand-derived halichondrin B (which had a signifi-
cantly lower toxicity in animals than the materials used in
earlier studies) [59], the Eisai Research Institute and DTP
evaluated two of these agents against the NZ halichondrin B.
One of the compounds, originally ER-086526 (NSC 707389)
and now renumbered E7389 (16), was approved by the then
NCI’s Decision Network (now Drug Development Group) in
2001 and entered Phase | clinical trials in 2002 in conjunc-
tion with the NCI.

At the 2003 ASCO meeting, there were two presentations
on E7389, one showing pharmacokinetics of this agent in
man [60] in the current Phase I trial demonstrating that levels
above those required for cytotoxicity in vitro were achiev-
able for up to 72 hours at doses below the DLT of 0.5
mg.M?; the other demonstrating that this agent exhibits p53-
independent anticancer activity versus non-small cell lung
cancer (NSCLC) invitro at the 0.5 pM level [61] orders of
magnitude below the 1500 pM levels achievable in man. In
2004, further evidence of possible mechanisms of E7389
were published by workers from Eisai with evidence that
pointed towards induction of apoptosis at concentrations in
the 10 nM level or higher where complete mitotic blocks
were observed in U937 cells, together with hyperphos-
phorylation of Bcl-2, which may indicate a role for this
pathway in the apoptotic effects of E7389.
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Details of the biology and chemistry of this compound
and other compounds in the series had been published by
both the Harvard [62] and Eisai scientists [63], and recently
some further work was reported from the Eisai group and
their collaborators [64,65]. These reports amply demonstrate
the power of current synthetic chemistry when applied to a
very potent marine-derived natural product and by using
variations on the synthetic techniques described, enough
cGMP material, produced by total synthesis, was provided to
the NCI for the initial clinical trials.

HEMIASTERLIN DERIVATIVES

Hemiasterlin (17) was originally reported by Kashman’s
group [66] from the South African sponge Hemiasterella
minor, an organism that also contained jaspamide and geo-
diamolide TA. This report was quickly followed by the re-
port of a group of cytotoxic peptides isolated by Andersen’s
group at the University of British Columbia (UBC) from a
Papua New Guinea sponge that was originally classified as
Pseudoaxinyssa sp. but, due to a taxonomic revision, is now
a Cymbastela sp. This particular sponge produced a number
of peptides, including geodiamolides A to F, hemiasterlin as
described by Kashman, two novel hemiasterlins, A (18) and
B (19), and other geodiamolides and criamides [67].

In 1997, following testing of the hemiasterlin, and the A
and B derivatives in experiments to determine their MOAs, it
was discovered that these agents interact with tubulin to pro-
duce microtubule depolymerization in a manner similar to
that reported for nocodazole and vinblastine [68]. Further
investigations by Hamel’s group using hemiasterlin isolated
at NCI [69] indicated that this peptide, together with crypto-
phycin 1 and dolastatin 10, inhibited tubulin assembly and
probably bound [70] at what is being called the “peptide
binding site”.

In the intervening time, Andersen commenced a synthetic
program in order to produce the original hemiasterlin using a
scheme that would permit variations on the overall structure
in order to determine SAR requirements [71]. In that report,
Andersen makes the very telling point that one should al-
ways confirm the biological activity of naturally occurring
peptides by testing their synthetic counterparts in the same
assay, pointing out the problems that Pettit reported with the
biological activity of the natural stylopeptide 1 versus the
inactive synthetic stylopeptide 1, which were identical by all
physicochemical measurements [72]

The hemiasterlins, including the analogues made by An-
dersen’s group, which included HTI-286 (20) which was
known by Andersen’s group [73] as Synthetic Peptide Ana-
logue (SPA) 110 and that now has the generic name of talto-
bulin, were licensed by UBC to Wyeth for development as
part of the NCNPDDG of which Andersen was a component.
Significant amounts of synthetic work were performed by
Wyeth around these structures, but as reported [74] at the
2002 AACR Meeting the original agent was still superior.

Following these reports, a full paper giving details of the
in vitro and in vivo animal data was published by Loganzo et
al. in 2003 [75] and a subsequent presentation at the 2003
AACR meeting gave some very interesting data on HT1286-
dolastatin 10 hybrids [76] where the tubulin binding site ap-
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peared to be similar for both the dolastatins and HTI-286.
The hybrids were also much more active than dolastatin 10
in cells that expressed the P-glycoprotein efflux pump. A
much more detailed report on the methods used and the bio-
logical activities of HTI-286 and analogues was published in
2004 by Zask et al. and should be consulted for specific
methodologies [77]. Further work at Wyeth indicated that a
photo affinity analogue of HTI-286 cross-linked a-tubulin at
a site within the 314-339 residues, distant from the colchi-
cine site and further evidence that the binding sites of these
two agents differed on tubulin was obtained by the Wyeth
group by use of a stilbene derivative of HTI-286 and sedi-
mentation centrifugation experiments [78].

From a resistance mechanism aspect, the Wyeth group
recently published two papers giving information at the mo-
lecular level of potential reasons why cells become resistant
to HTI-286 but are still relatively sensitive to epothilones,
taxanes and colchicine. It appears that point mutations in a
and or b tubulins mediate microtubule stabilization and that
there may also be an ATP-binding cassette drug pump that is
distinct from P-glycoprotein, ABCG2, MRP1 or MRP3
[79,80].

Currently the molecule is in Phase | trials and is sched-
uled for Phase Il with Wyeth and there is a very nice exam-
ple of source country collaboration and benefit-sharing in
this particular case, as UBC has already made a payment to
Papua New Guinea as part of a collection agreement that
allows for flow-back of benefit to the source country as re-
quired by the CBD and also the NCI’s own Letter of Collec-
tion (LOC).

In the abstracts of the 2005 AACR meeting, there are
three very interesting posters from the Eisai group in the
USA (the same group that just reported work on laulimalide
derivatives and who have been working with the halichon-
drin B analogue), referring to an as yet unpublished hemiast-
erlin analogue known as E7974. In these abstracts, they re-
port that this compound has low nM activity against tumor
cells with a potentially high therapeutic index when com-
pared to non-dividing quiescent human fibroblasts, with high
potency against taxane-resistant lines and induces caspase-3
activation and PARP cleavage on short exposure to the
agent, and photo-active analogues, like the Wyeth HTI-286
equivalent, preferentially photo-labeled a-tubulin [81-83].
Once the structure is available, it will be interesting to com-
pare the Eisai molecule(s) with those from the University of
British Columbia and Wyeth.

MOLECULES WITH TAXOL®-LIKE ACTIVITY
Discodermolide and Derivatives

Discodermolide (21), a polyhydroxylated lactone, was
reported by the Harbor Branch Oceanographic Institution
(HBOI) group in 1990 following isolation from the Carib-
bean sponge, Discodermia dissoluta, originally collected at a
depth of 30 meters off the Bahamas [84], followed by subse-
quent collections at depths in excess of 100 meters using a
manned submersible. The initial structure was incorrect and
led to a revision to the stereochemistry being published the
following year [85]. Originally, the compound was judged to
be a new immunosuppressive agent and an incidental cyto-
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toxin, but in 1996, it was reported that discodermolide bound
to microtubules more potently than Taxol®, a discovery that
confirmed in silico studies at the University of Pittsburgh
[86]. The incorrect initial report from HBOI led to synthesis
of the wrong (-) isomer by Schreiber’s group before the revi-
son was published [87], and this was followed by other
groups synthesizing the same incorrect isomer. Subsequently
other groups in the late 1990s to 2003 made the correct iso-
mer, with Marshall and Johns [88], Halstead [89], Smith et
al. [90], and Paterson et al. [91] all reporting syntheses that
produced varied isomers in good yield. Kilogram amounts
are now achievable by total synthesis [92] and in a veritable
“tour-de-force”, the process chemistry group at Novartis, to
whom in the interim, HBOI had licenced the compound as a
preclinical candidate, reported their cGMP synthetic route in
a series of five papers in 2004 [93-97] after reporting their
formal synthesis the previous year [98].

The compound is currently in Phase | clinical trials as a
potential treatment against solid tumors and in addition, Ko-
san Inc. are working on a genetic approach to the molecule
in a manner similar to their work with the epothilones. At the
2003 ASCO meeting, the first formal report of any Phase |
trial of the compound was presented. No objective responses
had been seen, but stable disease in ~20% of the patients
(who all had advanced solid malignancies) was reported, and
aside from one patient, the DLT had not yet been reached
[99]. Further work in non-human experiments was also pre-
sented at the same meeting, with McDaid et al. reporting
[100] that discodermolide and paclitaxel, although formally
similar in their MOAs, give synergistic responses in vitro
and in vivo in mouse models with ovarian or NSCLC
xenografts; thus this combination may well be worth using in
human trials. Subsequently at the 2004 ASCO meeting Mita
et al. [101] presented further information on the pharma-
cokinetics with 26 patients and established that discoder-
molide exhibited non-linear pharmacokinetics characterized
by a second peak in the terminal phase with PK characteris-
tics suggestive of prolonged recycling of the drug between
tissue and the systemic circulation and reported that minimal
toxicities were seen in that particular trial.

The Harbor Branch group is still discovering more de-
rivatives of the natural product and recently published the
structures and initial in vitro activity of five new analogues
from sponges in the genus, Discodermia but not of the same
species [102] and a relatively recent paper from Horwitz’
group [103] demonstrated how discodermolide and Taxol®
may well fit into the same site on tubulin. Following up on
this work that had previously demonstrated synergy between
paclitaxel and discodermolide, a multinational group [104]
recently reported that the compounds synergistically inhib-
ited both microtubule dynamic stability and mitosis. Though
both paclitaxel and discodermolide appear to bind to the
same site on tubulin as shown by competition experiments,
and demonstrate synergy with A549 cells under the condi-
tions used, other microtubule stabilizing agents that com-
petitively inhibit *H-paclitaxel binding such as eleutherobin
and epothilones A and B, do not exhibit such synergistic
behavior. The reason(s) for these differences is(are) not
known, but a significant number of possibilities that may be
experimentally investigated are given in the discussion of the
paper and should be consulted by an interested reader and in
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a very recent paper, members of the same group demon-
strated that one of their postulates related to synergy (differ-
ential effects on tubulin isotypes by paclitaxel) is quite a
reasonable hypothesis at this moment in time [105]. Further
very recent work by members of the same group [106] has
now demonstrated that paclitaxel and perhaps by inference,
other agents with similar binding characteristics, exhibits a
previously undescribed effect as an anti-angiogenic agent in
normal endothelial cells and in an endothelial cell line
(HMEC-1) at concentrations below 1 nM. Such concentra-
tions have no observable effect on A549 cells even when
these cells were incubated with hydrocortisone and epider-
mal growth factor. Thus very subtle changes in microtubule
dynamics appear to produce manifold changes in cellular
growth processes.

DICTYOSTATIN

The HBOI group recently isolated a marine macrolide,
dictyostatin 1 (22) having some of the structural features of
discodermolides, from a deep water lithistid sponge by fol-
lowing a tubulin interaction assay rather than relying on cy-
toxicity [107]. This material had previously been reported,

but as a cytotoxin, from a Maldavian Spongia species by
Pettit et al. [108], and hybrids of both this agent and dis-
codermolide had also been reported from chemical synthesis
by Shin et al. [109]. However, it was not until the deep water
sponge metabolites were investigated by using a tubulin-
specific assay that the underlying mechanism for the cyto-
toxicity was realized [107].

Following this work, two elegant syntheses by Paterson
etal. [110] and Shin et al. [111] confirmed the structure and
gave the absolute configurations, with both synthetic
schemes confirming that the 10 stereo centers that discoder-
molide shares with dictyostatin were as postulated from ex-
tensive NMR and molecular modeling as reported earlier in
2004 [112]. These syntheses now open up the possibilities of
production of significant quantities of this molecule and
closely related ones for further investigations and the two
papers should be consulted for the various proposed struc-
tures and for the diagrams that demonstrate the very close
similarities between discodermolide and dictyostatin in their
conformations, when the x-ray structure of the former is
compared to the solution conformation of the latter.
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That this compound and discodermolide have similar
biological activities at the molecular level was demonstrated
by Madiraju et al. [113] who reported that these two com-
pounds and epothilone B exhibit very similar inhibition of
binding of radiolabeled paclitaxel to microtubules and from
using multiparameter high-content immunofluoresence
studies, dictyostatin induced microtubule stabilization and
bundling at concentrations of ~1 nM. Some SAR results also
indicated that the configurations of the C19 hydroxyl, the C6
and C14 methyls and the natural E:Z geometry of the diene
are very important for stabilization of the microtubule.

DIAZONAMIDE

In 1991, workers in Fenical’s group reported the isolation
of Diazonamide (23) from the ascidian Diazona angulata
[114]. This compound languished for a significant amount of
time due to supply problems, though finally another supply
of organism was found through the involvement of the NCI’s
marine collection program that enabled some further biologi-
cal evaluations to be performed. A number of well known
synthetic chemists made attempts at synthesizing the initial
structure, with formal syntheses being published. However,
the original structure was questioned by Harran and this
caused a reassessment of the original data, culminating in the
publication of syntheses of the original structure 23, an oxo
analogue 24 and then their revised structure 25 (cf Burgett et
al. and references therein [115]). This was followed by with
a second formal synthesis by Nicolaou’s group being re-
ported [116] in 2003 and then recently, two more publica-
tions from Nicolaou reported two entirely different methods
of synthesis of the revised structure with assignment of all
chiral centers [117,118]. In these latter reports, Nicolaou’s
group reported that though they had made a small series of
analogues, unless they had the full diazonamide architecture,
no compound broke the low micromolar level barrier as a
cytotoxin.

Using the molecules provided by the Harran group,
Hamel and colleagues investigated the interactions with tu-
bulin and reported that both diazonamide A and the oxygen
analogue (where the dihydropyrrole ring of the revised
structure had been replaced by a dihydrofuran moiety) were
potent inhibitors of microtubule assembly, comparable to
dolastatin 10 in their responses and roughly 6 to 20 times
more potent than dolastatin 15 depending upon the specific
assay. However, neither compound exhibited competition for
binding sites with labeled vinblastine or dolastatin 10, nor
did they stabilize labeled colchicine binding. Thus they re-
semble dolastatin 15 in their lack of competition for these
sites but are much more potent, it is possible that they have a
specific, but as yet unrecognized binding site, or they may
bind at the so-called “peptide binding site”, but only when
this site is at the end of growing molecules. For further de-
tails and a more exhaustive discussion of the differences, the
actual paper should be consulted [119].

ELEUTHEROBIN/SARCODICTYIN

In 1997, Lindel et al. reported the isolation and properties
of the diterpenoid Eleutherobin (26) from the Australian al-
cyonacean (octacoral) Eleutherobia sp., demonstrating that
this compound mimicked paclitaxel in its interactions with
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tubulin [120]. The same year, workers from the then Phar-
macia-Upjohn company reported that the closely related
compounds known as the Sarcodictyins (27), which had been
reported approximately 10 years earlier from the Mediterra-
nean corals Sarcodictyon roseum and Eleutherobia aurea by
Pietra’s group [121,122] but without any biological activities
listed. Their activity versus tubulin was reported [123]
by a group from Pharmacia-Upjohn at that year’s AACR
meeting.

What is of great interest in the case of these compounds
and the eleutherobins are the combinatorial chemistry syn-
theses that Nicolaou’s group reported in a series of papers in
the late 1990s, that permitted formation of hybrid molecules
of the two base structures [124-129] and the final report by
the Danishevsky group on their synthetic method which
permitted the addition of different sugar epimers to a base
tricyclic ketone [130]. Using one of these hybrid compounds
(28) and the natural products, Hamel et al. described their
interactions with tubulin [131] and demonstrated that the
compounds interacted in a similar manner to paclitaxel and
in the case of eleutherobin, competitive inhibition of labeled
paclitaxel was found to occur. The hybrid compound and the
sarcodictyins were much less potent as tubulin binders but
did demonstrate significant activity against tumor lines in
vitro and all of the compounds were relatively equipotent
against both parental and paclitaxel-resistant cell lines, albeit
at relatively high nM levels for the sarcodictyins compared
to eleutherobin. The hybrid compound, which lacks the sugar
moiety, was intermediate in its activity when compared to
the two base natural product structures and confirmed the
earlier findings of McDaid et al. where they reported that the
arabinose enantiomer of eleutherobin was lower in activity in
both binding and cytotoxicity assays [132] with the natural
product. Thus, as mentioned in other discussions of a variety
of tubulin-interactive agents, the absolute binding character-
istics of these agents does not always correlate with their
activity as cytotoxins.

Although recollection of the coral from the original area
(Western Australia) was not possible for political reasons,
and thus the work reported earlier was performed using the
synthetic materials, including the derivation of a common
pharmacophore that could accommodate paclitaxel, dis-
codermolide, eleutherobin, the epothilones and nonataxel
[133], in early 2000, Cinel et al., using a specific tubulin
interactive assay, discovered eleutherobin and six other re-
lated compounds [134] from the Caribbean octacoral
Erythropodium caribaeorum, with all giving assay results
that indicated paclitaxel-like activities. Approximately one
year later, Andersen’s group reported that eleutherobin,
when isolated from the E. caribaeorum, was in fact an arti-
fact of the methanolic extraction protocol as was also the
eleutherobin aglycone which had previously been synthe-
sized [135]. Further work from the same group extended the
Ojima pharmacophore by demonstrating that the 2',3' olefin,
when reduced, produced a compound devoid of activity in
their assays, a portion of the molecule that had not been pre-
viously identified as being of import for activity [136].

Due to the problems alluded to earlier in obtaining mate-
rials from the original source area and the complexities of
either synthesis or isolation from wild collections of E. cari-
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baeorum, even in the Caribbean, the access to these agents
was revolutionized in 2002, when Andersen’s group reported
that these materials could be isolated in comparable amounts
to those found in Nature from materials grown in aquaria for
the decorative seawater aquarium trade [137]. In that par-
ticular paper, work on in vivo models was alluded to, but no
papers have been presented to date.

Even though aquacultural production is a viable method,
synthetic chemists have still continued their work into novel
methods to produce these agents and analogues. Thus in
2004, Chandrasekhar et al. reported the synthesis of a sim-
plified oxy-analogue of eleutherobin and were able to model
it onto porcine b-tubulin, and reported that the compound 29
had some cytotoxicity [138]. This work was followed in
2005 by two papers from Castoldi’s group in Italy, one [139]
giving a newer method of synthesis of eleutherobin involv-
ing a novel synthesis of a key intermediate in the Dan-
ishevsky synthetic scheme, and the other, a complete discus-
sion of their work [140]. In the latter paper, they reported
their syntheses of a number of C-7 modified eleutheside
analogues that still retained paclitaxel-like activity and in the
case of one particular molecule 30 the tubulin interactions
were comparable to those of paclitaxel, but the compound
was at least two orders of magnitude less cytotoxic. As they
state in their discussion, such a molecule may well have util-
ity in other pharmacologic areas and they point to the papers
discussing the utility of paclitaxel-like molecules as protec-
tive agents against b-amyloid toxicity in primary neurons
[141-143] and in fact, in the 2005 paper by Michaelis et al.,
discodermolide was shown to be more potent in their assay
systems than any of the four taxanes used [143].

LAULIMALIDE

Laulimalide (31) and isolaulimalide (32) were first re-
ported as fijianolides B and A respectively by the Crews’
group [144] from the Vanuatu sponge Cacospongia mycofi-
jiensis, and effectively simultaneously by Corley et al. as
laulimalides from an Indonesian Hyatella sp. and also from a
chromodorid nudibranch, Chromodoris lochi grazing on the
sponge [145]. The same materials were also reported from
the Okinawan sponge Fasciospongia rimosa [146] and co-
isolated with a mixture of other well-known metabolites
from a Dactylospongia sp. by Cutignano et al. [147]. Though
the cytotoxicity and antifungal activities of these agents had
been reported by the original groups, it was not until 1999
that Mooberry et al. [148] reported that these compounds
demonstrated paclitaxel-like activity and that this was
probably the reason for the cytotoxicities reported. These
compounds have also been reported in other sponge genera,
including Fasciospongia and Dactylospongia.

Although a microtubule stabilizing agent, work from
Hamel’s group [149] indicated that this agent might well
bind at a site different from the taxanes, though it is possible
that it might also be binding to unpolymerized tubulin or to
aberrant polymeric tubulin. Furthermore, in late 2003, Moo-
berry et al. [150] reported that this agent, like other microtu-
bule-stabilizers, has an additional mechanism independent of
mitotic arrest whereby G; aneuploid cells are formed due to
aberrant mitotic events at 5 to 7 nM; concentrations ap-
proximately 30% of those required for mitotic accumulation.
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A very interesting abstract of a poster presented at the
2005 AACR Meeting reports on yet another effect of lauli-
malide in particular and other agents with similar mecha-
nisms by inference. Thus Lu et al. [151] reported that both
laulimalide and taxotere inhibited the VEGF-induced migra-
tion of HUVECs with comparable 1Cs, values of 10 pM,
whereas concentrations of 4nM were required to inhibit
HUVEC proliferation. However, at a concentration of either
drug of 100fM, minimal inhibition of HUVEC migration
was seen. If in contrast, the two were combined at these con-
centrations, then HUVEC migration was inhibited by 70%.
Preliminary evidence indicated that these two compounds
may exhibit different effects, with taxotere inhibiting the
association of the VEGF receptor with integrins whereas
seemed to have a greater effect upon the phosphorylation of
paxillin.

A large number (over 10) of synthetic routes to lauli-
malide have been published, plus many more that give meth-
ods of synthesis of “subassemblies” of the overall molecule,
and for a thorough discussion of the results of these endeav-
ors, the reader should consult the excellent synthetic paper
from Multzer’s group [152] and the recent review by Multzer
and Ohler [153]. In addition to these, Wender’s group has
reported the syntheses of five laulimalide analogues with
modifications in the epoxide, the Cy alcohol and and the C;-
C; enoate of the natural products that are poor substrates for
Pgp and hence are effective against paclitaxel-resistant cell
lines [154], following this report with an extended one the
following year [155].

In addition to the groups whose work, both biological
and chemical, have been shown above, two other groups
have been quietly working on laulimalide analogues. The
first report from the Kosan group was published as an US
Patent on 30DECO03 from a filing date in early 2002 [156]
and the second was from the Eisai group showing the syn-
thetic routes and biological activities in vitro of 18 plus
compounds [157]. The Eisai group added another modified
compound to the synthetic list very recently with the publi-
cation of a route to the substituted 11-desmethyl laulimalides
[158], following on from modeling predictions of Paterson et
al. in 2004 [159]. Further work from all of these groups
should prove to be very interesting in the development of
laulimalides as clinical candidates.

PELORUSIDE

In 2000, West and Northcote reported the isolation of the
cytotoxic macrolide Peloruside A (33) from the New Zea-
land marine sponge, Mycale hentscheli [160]. This initial
report was then followed two years later by a paper from
Hood et al. that demonstrated that this compound was an-
other in the series of marine-derived cytotoxins with a
mechanism of action similar to that of Taxol® and in a simi-
lar fashion, it demonstrated induction of apoptosis following
G,-M arrest [161], and as they pointed out, its relatively
simple structure may well lend itself to synthetic modifica-
tions.

Further biological work related to its potential mecha-
nism has now demonstrated that peloruside, like the
epothilones, discodermolide and laulimalide, is a weaker
substrate for the P-glycoprotein efflux pump than Taxol®
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[162]. This was established by peloruside’s cytotoxic activity
against paclitaxel resistant cell lines and it also appears to
bind at the same or a similar site to that reported for lauli-
malide, one significantly different to the taxoid binding site
[162]. Recently a computational study of the probable bind-
ing of laulimalide and peloruside to tubulin was published by
Pineda et al. [163]. They also found an additional preferred
binding site on a-tubulin, similar results to those referred to
earlier from direct experiments [163]. Further evidence of
another potential mechanism related to the ras status of the
cell lines/tumors, and hence added evidence for further de-
velopment, was reported by Miller et al. when it was shown
that peloruside enhanced apoptosis in H-ras transformed
cells but appeared not to have any immunosuppressive ef-

fect, in contrast to the two other unrelated cytotoxins also
found in the same sponge, mycalamide A and pateamine
[164].

The molecule has been difficult to reisolate in any sig-
nificant quantity from Nature, though there are reports of
successful isolation from aquacultured sponge fragments
[162] and it has been the target of a number of synthetic
groups over the last few years. It has, as noted by Ghosh and
Kim [165] in their paper reporting their enantioselective
synthesis of the C;-Cgy segment, structural similarities to the
epothilones. That same year, Liao et al. reported their total
synthesis and the absolute configuration of the (-)-peloruside
A, thus establishing the absolute configuration of the natural
isolate [166] and very recently, Jin and Taylor reported the
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total synthesis of the (+), or natural epimer of the compound
[167]. These syntheses, coupled to the potential for aquac-
ultural production of the natural metabolite will significantly
aid in the production of enough material to further evaluate
the full potential of this compound and analogues.

INHIBITORS OF TOPOISOMERASES | AND 11

Early in 2004, Cragg and Newman [168] reviewed natu-
ral product-derived agents active against these targets in an
issue of Journal of Natural Products honoring Drs. Monroe
Wall and Mansukh Wani, the co-discoverers of both Taxol®
and camptothecin, and it also covered reports on new devel-
opments in the area of topoisomerase inhibitors. Although
most of the new topoisomerase | inhibitors are based on the
camptothecin pharmacophore, the microbial protein kinase
inhibitor staurosporin (derivatives of which have been re-
ported from marine invertebrate extracts over the years) is
also a topoisomerase inhibitor and various derivatives of the
basic staurosporin scaffold have activities in topoisomerase
inhibition, both types | and Il. Since that review was pub-
lished, two important papers have been published. In the
first, Denny reviewed the anticancer activity of some new
topoisomerase inhibitors and covered 6 topoisomerase I, 12
topoisomerase Il and 6 dual topoisomerase inhibitors [169]
with most being derived from natural products. The second
paper by Marshall et al. [170], reported the details of AK37
(34), a compound based on a marine-derived pyridoacridine
which stabilizes the topoisomerase | cleavable complex in a
manner comparable to 9-amino-camptothecin. The interested
reader should also consult the recent review by Marshall and
Barrows on the pyridinoacridines in general in order to see
the wide variety of structures and activities in this class of
natural products [171].

PROTEASOME INHIBITORS

The proteasome is a cellular multienzyme complex which
is involved in the ubiquitin-proteasome pathway control of
cell cycle progression, in the termination of signal transduc-
tion cascades, and in the removal of mutant, damaged, and
misfolded proteins and therefore is a promising therapeutic
target. The background to the proteasome is described in an
excellent review by Kisselev and Goldberg [172], and the
first proteasome inhibitor, the peptide boronate PS341
(Bortezomib®) (35) [173] has now gone into clinical use.
This is a synthetic compound based upon a natural product
structure [174] and the story of the compound has been de-
scribed in detail by the initial inventor and will not be further
described here [175].

There are however, a significant number of other com-
pounds from Nature, and from derivatives of these com-
pounds, that have led to a greater understanding of the intri-
cacies of this multienzyme complex. Thus the 20S protea-
some in mammals has three closely linked proteolytic activi-
ties, known from their substrates as trypsin-, chymotrypsin-
and caspase-like. However, in the case of the latter two ac-
tivities, their range of substrates is broader than their names
would suggest, as branched chain aminoacids are cleaved
quite well by the caspase-like and to a lesser extent by the
chymostrypsin-like active centers. The first two do not have
the classical triad of the serine proteases but have threonine
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as the catalytic center, and they therefore should be classified
as members of the N-terminal nucleophile hydrolases; en-
zymes that cleave amide bonds by utilizing the side chains of
their terminal serine, threonine or cysteine residues and have
similar 3D structures [176].

The other major difference between the proteasome and
single proteolytic enzymes is that the complex only acts as a
concerted whole; individual activities are not demonstrable.
In fact if the chymotrypsin-like activity is inhibited by a suit-
able compound (such as a peptidic aldehyde originally de-
signed to inhibit chymotrypsin), or the specific threonine is
removed by site-specific mutagenesis, then a large reduction
in the rate of protein degradation is seen. However, in con-
trast, if the sites corresponding to the other nominal activities
are modified, the overall rate of hydrolysis of proteins is not
significantly changed. Due to the substrate specificity of
chymotryptic sites, most inhibitors are hydrophobic whereas
in the case of the other two activities, their “peptide-based”
substrates / inhibitors tend to be charged. As a result, almost
all of the proteasome inhibitors tend to have chymotrysin-
like activities with some overlapping, but weaker, effects on
the other sites.

The first report of what turned out to be a proteasome
inhibitor from Nature was in 1991, when Omura et al. re-
ported that the microbial metabolite, lactacystin (36), in-
duced neuritogenesis in neuroblastoma cells [177]. In 1995,
this original report was followed by those of Fenteany et al.
[178] and Craiu et al. [179] demonstrating that radio-labeled
lactacystin selectively modified the b5(X) subunit of the
mammalian proteasome and irreversibly blocked the activity.
In subsequent studies, Dick et al. demonstrated that the ac-
tual inhibitor in vitro was the b-lactone, clasto-lactacystin-b-
lactone (37) [180] a material formed spontaneously on expo-
sure of lactacystin to neutral agqueous media. Subsequent
work from the same group [181] demonstrated that the
membranes of cells were permeable to the lactone and that
although rapidly hydrolyzed by water, it exists inside mam-
malian cells in equilibrium with lactathione, the inactive
product of its reaction with glutathione. Although the b-
lactone was quoted to be an irreversible inhibitor, the protea-
some adduct is slowly hydrolyzed with a t;, of approxi-
mately 20 hrs. Finally, in 1999, Corey and Li reported on the
synthesis of the parent compound and other analogues, sug-
gesting that the b-lactone should be named omuralide (37)
[182].

In 2003, Fenical’s group reported the isolation and
structural determination of the marine bacterial metabolite,
salinosporamide A (38) and demonstrated that it was a cy-
totoxic proteasome inhibitor [183], and the following year,
Reddy et al. [184] reported a total synthesis. What is very
interesting about the salinosporamide structure is that com-
pared to omuralide, it is uniquely functionalized, with a cy-
clohexene ring replacing the isopropyl group found at C5 in
omuralide. The significance of this substitution is that in
1999, Corey et al. demonstrated that the isopropyl group was
essential for activity and that replacement by a phenyl ring
abolished the activity [182]. Thus salinosporamide A might
well interact with the 20S proteasome in a modified manner
when compared to that of omuralide. Unlike omuralide, sali-
nosporamide A appears to be the true metabolite, and not a
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derivative from a precursor. However, since it is produced by
fermentation, there is always the possibility that any conver-
sion is extremely rapid during the fermentative production
and thus would not be seen. Currently, this molecule is un-
dergoing preclinical evaluation at Nereus Pharmaceuticals as
a proteasome inhibitor with the expressed aim of entering
clinical trials in late 2005.

There are other natural products with quite different for-
mal structures from microbes that are very active inhibitors
of this complex. Thus in 1999, Crews’ group at Yale re-
ported that the epoxyketone microbial metabolites epoxomi-
cin (39) [185] and eponemycin (40) [186] exhibited their
cytotoxic activities as a result of proteasome inhibition.
Similarly to the omuralide inhibitors, epoxomicin reacted
predominately with the chymotrysin-like site whilst the less
potent eponomycin and its synthetic analogue, dihydroepon-
omycin (41), had roughly equal activity against both the
chymotrysin-like and the caspase-like sites. In contrast to the
“regular” peptidic inhibitors such as the aldehydes, boronates
or vinyl sulfones, these peptidic epoxyketones reacted with
both the hydroxyl and amino groups of the N-terminal
threonine, forming a morpholino ring system as a result.
These expoxyketones are the most selective proteasome in-
hibitors so far reported. When biotinylated derivatives were
used as cell probes, only the proteasomal subunits were co-
valently modified. The reason for the high specificity may
well lie in their ability, in the 2R configuration, to form the
morpholino ring. They cannot form the comparable ring with
a cysteine or serine protease since these do not have free
amino functionalities adjacent to the nucleophilic group
[187]. Further evidence was that on inversion at the 2 posi-
tion to give the 2S conformer, the potency was dramatically
reduced probably as a result of the steric hindrance to for-
mation of the morpholino ring system [185,187].

HISTONES
Basic Histone Structure

Most non-biological discussions of gene structure and
DNA give the impression that DNA exists as a double
stranded helical structure, whereas in practice, the DNA in
the human genome is packaged into chromatin, a dynamic
macromolecular complex of DNA, histones and non-histone
proteins. Within the overall structure, nucleosomes, which
are DNA wrapped around a histone octamer (composed of an
H3-H4 tetramer and two H2A-H2B dimers) form the basic
repeating unit of chromatin. Within this paradigm, con-
densed chromatin mediates transcriptional repression
whereas open chromatin permits gene transcription, although
transcription occurs to some extent throughout as a result of
the dynamic nature of the system, but at widely varying
rates.

Extending out of the nucleosomes are the charged amino
terminal “tails of the histones” and since the tail of H4 ap-
pears to interact with the H2A-H2B complex of a neighbor-
ing nucleosome, then these “tails” may well regulate higher
order chromatin structural changes. These “tails”, in par-
ticular those from H4, can be modified post-translationally
by methylation, acetylation and phosphorylation (for further
information on this model the reader should consult Fig. 1 in
the excellent review by Johnstone [188]). As a result, cova-
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lent modification by acetyl transferases (HATS), histone
deacetylases (HDACs) methyltransferases and kinases offers
a series of mechanisms by which upstream signaling path-
ways may combine on a common target to regulate gene
expression in positive and negative fashions. To further add
to the inherent complexity but also to add another level of
sophistication, the positioning of nucleosomes with respect
to one another can be controlled by protein complexes that
utilize ATP hydrolysis. Thus the interaction of all of these
processes permits exquisite control of gene expression.

Although a significant amount of work at the protein
level has been performed on the methylases, phosphorylases
and acetylases, the process that has currently yielded the
most promising lead compounds is inhibition of acetylation,
we will discuss HDAC inhibition from the aspect of tar-
get(s), drug discovery, modification and utility and only
from a marine perspective. A more thorough discussion of
the other natural product sources has been given in a recent
review by Kingston and Newman [189].

Histone Deacetylases

Currently, there are 18 identified HDACs in humans
[188,190,191] divided into three classes based on their re-
semblance to known yeast transcriptional regulators. Thus
Class | (yeast Rpd-3 like) is composed of HDACs 1, 2, 3, &
8; Class Il (yeast Hda-1 like) is composed of HDACs 4 - 7,
9 & 10 and Class Il (SIR-2 like) is composed of SIRT1-
SIRT-7. There are significant differences between the classes
and some subtle differences within the classes. Thus the
Class | protein complexes are generally nuclear, though #3
can be found in the cytoplasm. Class Il protein complexes
are generally in both the nucleus and cytoplasm (shuttling)
but there is a difference between sources as to the location of
#6. Johnstone has it listed as a classic Class Il [188] whereas
Kristelett et al. list it as purely cytoplasmic [190]. The Class
Il proteins are quite different both in sequence and in the
mechanism(s) of deacetylation. Thus these complexes
probably use an NAD+ cofactor in a manner similar to the
yeast complex, whereas the other two classes have a zinc
atom at the active site. Little work has been reported on the
Class Il proteins other than to locate the SIRT2 protein to
the nucleus [188,190].

The reasons why modification of HDACs may lead to
antitumor activity are manifold, but the following particular
processes may give the reader a better appreciation of the
potential from such intervention.

A. HDAC:s are implicated in oncogenic transformation by
their interaction with the cell cycle regulators Mad/Max
and Rb. The Mad/Max heterodimers are essential compo-
nents of the repression of the E-box containing growth
regulatory genes in the cellular differentiation process
[188,190] and the interactions are mediated by the asso-
ciation with the HDAC-mSin3 complex [192]. If this re-
pressor system is disrupted by over-expression of Myc or
v-Skl (both common in tumors) then the cell cycle is un-
regulated and cellular progression and transformation oc-
curs [193,194].

B. Rb silences genes that are active in the S phase of the cell
cycle as a result of binding to their transcription factor
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E2F. Such binding results in the active repression of the
promoter sites and is apparently due to the recruitment of
HDAC to E2F, thus converting the chromatin from a
transcriptionally active, to an inactive state (ie hypoace-
tylated) [195,196]. Since in almost every human tumor
the Rb/E2F regulatory pathway is disrupted, deletion,
mutation or other inactivation of the Rb gene results in
the loss of the Rb/HDAC interaction, thus favoring un-
controlled proliferation and tumor formation [195-198].

C. A third area is the involvement of Class Il HDACs, in
particular #4, in the physiological activation of the
ras/MAPK signal transduction pathway which results in
the constitutive nuclear localization of HDACA4. Since
ras genes are commonly inappropriately activated in tu-
mors and HDAC4 is known to have an important role in
cellular differentiation, then the potential for a mecha-
nism is plausible whereby mitogenic signaling and al-
tered HDAC recruitment may be implicated in dysregu-
lation of differentiation and oncogenesis [188,191,199].
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D. Finally, two relatively recent reports have shown that
HDAC:s are involved in the promotion of angiogenesis
through the suppression of the hypoxia-responsive tumor
suppressor genes [200,201].

HDAC INHIBITORS (HDACIS)

HDACIs have been described as tripartite: an enzyme
binding group that is frequently aromatic; a hydrophobic
spacer group; and an inhibitor group [202-204]. Such a
model is well demonstrated by the natural product tricho-
statin A (TSA) (42) where the structure mimics the lysine
side-chain of the substrate (the “linker”), the inhibitory end
being the zinc-chelating hydroxamic acid and the aromatic
enzyme binding group being the 4-dimethylaminobenzoyl
group. This molecule, together with its congeners (B, C, and
D) was first isolated as an antifungal agent [205], and ap-
proximately a decade later, they were found to have potent
differentiation-inducing and antiproliferative activities in
Friend erythroleukemia cells. This was followed by studies
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in synchronous normal rat fibroblasts where G1 and G2 ar-
rest was seen. The block at G1 was removed on removal of
the TSA and normal growth was then seen. In contrast, G2-
arrested cells started G1, proceeded through S, but no mito-
sis occurred and the cells were converted to proliferative
tetraploids. TSA was subsequently shown to be a very potent
(nM level) inhibitor in vitro and in vivo of the Class | and Il
HDACSs with a slight specificity for HDAC1 & 6 compared
to #4. The S enantiomer was inactive, and neither enantiomer
had any activity against the Class I11 enzymes [206]. The full
mechanism was not elucidated but a large series of effects
were seen on signal transduction systems, including induc-
tion of apoptosis when normal and tumor cells from many
sources were treated with this agent.

Although TSA and synthetic derivatives inhibit cell
growth and induce apoptosis, differential display analyses
revealed that only 2-10% of the genes in TSA-treated cells
are significantly altered [207,208], but the basis for this se-
lectivity is not known. Fuller details and references to the
specific events seen with this compound at the molecular
level can be found by inspection of tables 2 and 3 in the re-
cent review by Vanhaecke et al., which should be consulted
by the interested reader [206]. Once the basic structural fea-
tures of TSA and its initial activities were identified, then
work began on the synthesis of compounds that were more
stable and had a better water solubility.

The natural product, trapoxin (43), a cyclic tetrapeptide
with an epoxy side chain was reported as an irreversible in-
hibitor of HDACs in 1993 by Kijima et al. [209]. These in-
vestigators found that it demonstrated some selectivity
against Class | & 1l HDACs, inhibiting #1 and #4 but not #6,
in contrast to TSA [188]. It also induced growth inhibition in
a number of cell lines regardless of their p53 status [210].

The final compound in this section, NVP-LAQ824 (ge-
neric name dacinostat) (44), is totally synthetic but its struc-
ture is a melding by the Novartis company of chemical and
biological information from three natural products and
(semi-)synthetic variations. Thus this compound has in its
structure the “chemical DNA” from the marine natural prod-
uct psammaplin A (45) (which was reported by Novartis as a
potent HDAC inhibitor 14 years after its first isolation by the
groups of Schmitz [211] and Crews [212] in 1987), trapoxin
and trichostatin A. The full story of the evolution of the
compound was given in a series of three papers from the
Novartis group [213-215] in 2003, and these, in particular
the review by Remiszewski [215] should be consulted for the
chemical rationales that led from these natural products to
the current clinical candidate. Currently, the material is in a
Phase | trial against hematologic malignancies at the Dana-
Farber Cancer Institute according to the published literature
[216] but in a footnote in the very recent review by Simmons
et al. [19], the authors state that “recent personal communi-
cations suggest that these trials have been discontinued”,
though at the time of writing (03/05), the compound is still
listed as “in Phase | trials” in the Prous Integrity® database.

CELL CYCLE/KINASE INHIBITORS
The Variolins

In 1994, the group of Blunt and Munro in New Zealand
reported the isolation of a series of compounds, the variolins,
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(46-49) from the Antarctic sponge, Kirkpatrickia varialosa
[217,218]. These compounds had previously undescribed
ring system, a pyrido[3’,2":4,5]pyrrolo[1,2-c]pyrimidine, and
of the four, Variolin B (47) was the most active with both
cytotoxic (versus murine P388 leukemia) and antiviral (ver-
sus Herpes simplex type I) activities. The compounds were
licensed to PharmMar for further development and over the
next few years, a variety of investigators published synthe-
ses, with the first total synthesis by Anderson and Morris in
2001 followed by a paper in late 2003 from a group led by
Alvarez [219] at the University of Barcelona covering in
detail the total syntheses of variolin B and the previously
undescribed analogue, deoxyvariolin B (50). These, when
reported on by PharmaMar are known as PM-01220 and
PM-01218 respectively.

What was very interesting about these compounds was
that in addition to demonstrating nM level activity against a
variety of standard cell lines in vitro, such activity appeared
to be independent of p53 status and in Jurkat leukemia cells,
but not in colon or breast carcinoma lines, very rapid apopto-
sis was observed in 4 to 6 hours of exposure in the first re-
port at the 2003 AACR meeting [220]. Another report at the
same meeting indicated that flow cytometric studies implied
a caspase 3-mediated response and in addition, no DNA
strand breakage was observed in treated colon, breast or Jur-
kat lines. In in vitro assays of the effect of 100 to 1000 nM
concentrations of these agents on the kinase activity of at
least three different Cdk/cyclin complexes, significant inhi-
bition was observed [221], data suggestive of these agents
being novel Cdk inhibitors. Then in 2004, the PharmaMar
group reported that both agents had useable pharmacokinet-
ics in mice, thus opening the way for initial in vivo assess-
ment of their potential as antitumor agents [222].

Following on from these earlier reports, in the abstracts
of the 2005 AACR, PharmaMar scientists and their collabo-
rators have reported that both PM-01218 and another uni-
dentified analogue, PM-01217 were effective against the
human lung carcinoma Lx-1 without any significant tox-
icities [223], and that deoxyvariolin B (PM-01218) also has
in vivo activity against a variety of leukemic lines, with sig-
nificant reductions in tumor volumes at dose levels of 50%
of MTD, again with no reported significant toxicities at this
level [224]. Currently these molecules are in preclinical de-
velopment at PharmaMar.

INDIGO AND THE INDIRUBINS

The compounds in question are all based upon the simple
bicyclic heterocycle indole. The essential aminoacid trypto-
phan is formed from the chorismate pathway, via cyclization
of anthranilate, and indole is formed from tryptophan ca-
tabolism. If indole is hydroxylated in the 3 position, pre-
sumably by a suitable cytochrome Pys, then it is tautomeric
with the 3 keto analog, indoxyl (51). Various levels of oxi-
dation then lead to the mixture of indigo, indirubin (52) and
their isomers that is commonly used as the source of indigo
dyestuffs for either clothing or as war-paint with the ancient
Celtic “woad” being a mixture from the plant Isatis tinctora
[225].

Although usually thought of as being plant products, in-
digo and the indirubins have been reported from four nomi-
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nally independent sources: a variety of plants [225], a hum-
ber of marine mollusks, usually belonging to the Muricidae
family of gastropods [226], natural or recombinant bacteria
[227], and from human urine [228]. However it is probable
that the indirubins and indigo are the terminal oxidation
products of tryptophan/indole catabolism, and maybe a
method of removing an excess of toxic indole from the or-
ganism.

However, irrespective of the reason for the production,
the indirubins have been identified as the major active ingre-
dient of the Traditional Chinese Medicine recipe known as
Danggui Longhui Wan, which has been used for over a cen-
tury in China to treat chronic myelogenous leukemia (CML)
[229,230]. What is of import from both a marine natural
product and a pharmacological perspective was the recogni-
tion by Meijer’s group that the indirubins as a class were
both inhibitors of several Cdks and were also potent inhibi-
tors of glycogen synthase kinase-3 (GSK-3). In 2003, Meijer
et al. [231], described both the early work on this enzyme,
and then demonstrated that simple indirubins were potent
and selective inhibitors of both variants of GSK-3, with ICs,
values of 22 and 5 nM respectively. This study included a
brominated indirubin 53 and its chemically modified oxime
54 derivative; the former had not been isolated from natural
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sources prior to Meijer’s work with the mollusk, Hexaplex
trunculus, known from antiquity as the source of Tyrian pur-
ple. There was at least a 5-fold specificity versus Cdkl1/
Cyclin B and/or Cdk/p25, and significantly more specificity
against a wide range of other kinases. A slightly later paper
from the same group gave full details of the chemistry in-
volved, and established structure activity relationships using
X-ray crystallography and molecular modeling techniques
[232].

Although not in a marine organism, Guengerich et al.
[233] demonstrated that P40 enzymes could use indole and
both halogenated and methylated indoles as substrates when
human P4so 2A6 isozymes were expressed in E. coli, con-
firming earlier work from their groups [234,235], with the
compounds also showing differential inhibition against Cdks
and GSK-3 isozymes. Very recently, Guengerich’s group
published a thorough study of the potential for production of
modified indigoids as protein kinase inhibitors using recom-
binant P45, human enzymes and showed that depending upon
the actual indole used, nanomolar activities against GSK-3
isozymes could be obtained with a nearly 40 fold selectivity
when compared to Cdk1 or 5 activities with one compound,
indirubin 5,5’-dicarboxylic acid 5-methyl ester (55) [236]. It
is often forgotten that the first example of a P45 enzyme was

52 Indirubin; R; =R, =H, Ry = 0

51 Indoxyl (keto form)

44 NVP-LAQ-824
Dacinostat

53 6-Bromoindirubin; R; =H, R, =Br,R3; =0
54 BIO; R; =H, R, =Br, R; = N-OH

He g

45 Psammaplin A

55 Indirubin 5,5'-dicarboxylic acid 5-methyl ester
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in fact work with Pseudomonas putida on the hydroxylation
of camphor in the early 1960s, so the production of oxygen-
ated/hydroxylated species as a result of metabolism in lower
organisms is to be expected.

By using immobilized indirubins, Meijer’s group were
able to conclusively identify GSK-3 as the target of these
molecules in cell lyzates, to demonstrate that they had a sig-
nificant effect in vivo on Xenopus development, consonant
with the suggested mechanism, and to derive X-ray crystal-
lographic evidence for the binding of the agents at the active
(ATP-site) of GSK-3. They also demonstrated that the acti-
vation of the enzyme via phosphorylation by an as yet uni-
dentified kinase on two specific tyrosine residues (GSK-3 is
a Ser/Thr kinase) is blocked when indirubins are bound, per-
haps due to a conformational shift in the bound versus free
protein.

These papers were then followed by another from the
same group where they demonstrated that the indirubins ac-
tually had yet another, but independent action at the cell re-
ceptor level [237]. By using the same basic suite of com-
pounds they demonstrated that they serve as ligands for the
“orphan receptor” known as the aryl hydrocarbon receptor
(AhR). As yet no other natural ligands have been identified
for AhR, even though, contrary to earlier beliefs, it has ex-
isted for over 450 million years. There were also slightly
earlier proposals that indole-containing compounds are
amongst the natural ligands of AhR as first suggested by
Adachi et al. in 2001 [228] and further reviewed by Denison
and Nagy in 2003 [238].

The main mechanism underlying the cytotoxicity of these
molecules [237] appears to be kinase inhibition. As a result
of a series of elegant biochemical and biological studies,
including the use of cells that were null-null mutants for the
AhR, Meijer’s group was able to differentiate between the
cytostatic effects of some indirubins following their activa-
tion of the AhR and kinase inhibition.

Recently the pharmacologic areas that the indirubins and
their oximes have been extended to inhibition of human pa-
pilloma virus E7 effects upon the centrosome in normal hu-
man cells without any apparent effect upon the cell cycle.
This inhibition and thus potential reversal of the tumorigenic
effect of the E7 protein by indirubin-3'-oxime, could be ab-
rogated by use of exogenous Cdk2/cyclin E or Cdk2/cyclin
A, thus implying that Cdk2/cyclin activity was necessary for
“normal” E7-related tumorigenesis but probably not for
normal centrosome duplication/cell cycle progression in
normal cells [239], and therefore, this is further evidence that
inhibitors of Cdk2 may well have utility in tumor treatment.

Until very recently, all modeling studies with Cdk in-
hibitors were performed using the coordinates for CDK2 and
making assumptions as to modifications at the sites in the
other Cdks of interest. However, in early 2005, Mapelli et al.
published the structure of Cdk5/p25 and demonstrated the
binding of three inhibitors including indirubin-3’-oxime,
thus providing further data that may be used to modify these
simple compounds in order to make them more specific
ligands for these very important enzyme complexes in a va-
riety of pharmacologic areas.
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Where these findings will lead to in the antitumor area is
still to be seen, but what is of import in other diseases is that
GSK-3 is an important target in both Alzheimer’s disease
and in type Il diabetes, and although no reports of indole
derivatives have been made in the literature related to phar-
macologic intervention in these areas, their potential as leads
to novel agents must be considered to be quite high. In this
vein, an excellent overview of the treatment potential for
inhibitors of GSK-3 has recently been published and should
be consulted by the interested reader, particularly as other
natural product related structures are listed in the paper as
possible inhibitors in these disease states [240].

That Mother Nature still has many more molecules that
are “indirubin-like” with kinase inhibitory activities is amply
demonstrated by yet another paper from Meijer’s group, this
time in conjunction with groups in Argentina. In a recent
publication, they show the biological activities of the merid-
ianins (56), a group of halogenated indole derivatives that
are very close to the base structures of variolin B (47), the
psammopemmins (57) and discodermindol (58), though un-
like these latter agents which were isolated from sponges, the
meridianins were reported from the ascidian Aplidium me-
ridianum [241]. It is of interest to note that PharmaMar are
developing modifications of the variolins as candidates for
antitumor therapy (cf section on variolins earlier).

DNA INTERACTIVE AGENTS (NON-TOPOISO-
MERASE INHBITORS)

Ecteinascidin 743

The antitumor activity of extracts from the ascidian Ec-
teinascidia turbinata had been reported as early as 1969 by
Sigel et al. [242] but it was not until 1990 that the structures
of the active components, a series of related alkaloids, were
published simultaneously by Rinehart et al. [243] and
Wright et al. [244], with the most stable member of the se-
ries being Et743 (59). The base structure, without the exo-
cyclic isoquinoline group, is a well known chemotype [245]
originally reported from microbes, where the compound
classes are saframycins, naphthyridinomycins, safracins and
quinocarcins. Similar molecules were reported from marine
mollusks, ie jorumycin from the nudibranch Jorunna fune-
bris [246] and from sponges, the renieramycins, with the
latest variation, reineramycin J being recently reported by
Oku et al. [247]. However, with Et743, the exocyclic sub-
stituent was novel as was the bridging sulfur. The work by
many research groups leading up to the production of Et743
in quantities and quality good enough for human clinical
trials has been reported in a number of reviews and these
should be consulted for those aspects of the story [18,19].

Over the last few years, a considerable number of reports
have been published in the literature giving possibilities as to
the MOA(s) of Et743 when tumor cells are treated in vitro. A
significant problem with some of the reports is that the con-
centration(s) used in the experiments are often orders of
magnitude greater than those that demonstrate activity in
vivo. These levels are in the low nM to high pM range and
thus care should be taken when evaluating published work
on the MOA of this compound.
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At physiologically relevant concentrations the MOAs of
Et743 have been shown to include the following: effects on
the Transcription-coupled Nucleotide Excision Repair proc-
ess (TC-NER) [248,249] and interaction between the Et743
DNA adduct and DNA transcription factors, in particular the
NF-Y factor [250]. In a review published in 2003 by van
Kesteren et al. [251] other possible mechanisms were given
in their Table 1; the references that they cite should be con-
sulted for in-depth information and discussion for other po-
tential MOAs ascribed to Et743. Since the publication of that
review, a number of reports on other potential mechanisms,
including genes related to apoptosis, cell cycle, transcription
factors, growth factors/receptors and cyclin D1/D3, GRO1
and NF-kB pathways have also been published with the ma-
jority being in abstract form at the moment (cf references in
the review by Newman and Cragg [18]), though a recent
paper by Dziegielewska et al. sheds further light on the DNA
alkylation properties of Et743 in the inhibition of SV 40
DNA replication where it is at least 10 times more active in
cells than saframycin (a chemical cousin) and its DNA ad-
ducts (replication intermediates) may be blocked in fork pro-
gression [252]. In the abstracts for the 2005 AACR meeting,
there is one abstract by Mandola et al. that suggests that poly
(ADP-ribose) polymerase (PARP) interactions with Et743 in
vivo may play an important role in the cytotoxicity mecha-
nism(s) of this agent [253]. As alluded to earlier, although
there are a number of other mechanisms postulated, on care-
ful inspection, these are usually shown to occur at concen-
trations of drug well above (i.e. > ~250 nM) those that are
physiologically relevant [245].

The compound was placed into human clinical trials
whilst these mechanisms were being worked out, and many
reports have been published in both abstract and full paper
formats in the last four to five years, with the latest full pa-
pers being a report by Le Cesne et al. on a Phase Il European
trial in advanced sarcomas, where the authors considered that
Et743 was a very promising drug candidate for specific soft
tissue sarcomas [254] and another by Sessa et al. reporting a
43% objective response rate in resistant ovarian carcinomas
[255]. In addition to these full reports a search of the ASCO
abstracts for 2004 and of PubMed shows another three ab-
stracts reporting preliminary results with this agent in Phase
Il trials, plus three more full papers covering other Phase 1l
results. What was always one of the potential problems with
Et743 were the reports of hepatotoxicity in toxicology stud-
ies in animals, particularly the rat. However, in clinical use,
human hepatotoxicity appears to be controllable and in a
very recent review, Beumer et al. have provided a thorough
analysis of this problem as reported in the literature to date,
indicating that human hepatoxicity appears to be controllable
[256].

ZALYPSIS® (PM-00104/50)

In DailyDrugNews in January 2005, PharmaMar was
reported to have placed into Phase I clinical trials, a com-
pound that was related to jorumycin and the renieramycins,
known as Zalypsis® (60) and very recently, an analytical
method was also published [257,258]. It is quoted as being a
DNA binder but does not activate the DNA damage check-
point response and has in vivo activity against human
xenografts covering breast, gastric, prostate and renal lines
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with further details to be presented at the 2005 AACR
meeting [259,260]. Although there is toxicity from the agent,
it is reversible and manageable in preclinical toxicology and
from the structure, it appears to be derived from cyanosa-
fracin B, the same starting material as used for the synthesis
of Et743 by the PharmaMar chemistry group, but to date no
methods have been published.

ASCIDIDEMNINS

These agents are reductive DNA-cleaving agents, and
their manifold structures are the subject of an excellent re-
view by Delfourne and Bastide [261] which built on previ-
ous 1993 and 1999 reviews (cf references in Delfourne and
Bastide). Recently, in addition to this review, specific agents
have either had their mechanisms elucidated or are in the
process of being modified to produce more active agents.
Thus the work by Delfourne et al. around the ascididemnin
structure (61) has led to semisynthetic compounds that ex-
hibit submicromolar activity against some of a panel of 12
human tumor cell lines [262]. Further iterations on the
structures are underway.

As an example of the novel mechanism of a natural
product of this class, the recent paper by Marshall et al.
[263] has demonstrated that neoamphemidine (62) but not its
regioisomer amphimedine (63), is active in in vitro and in
vivo experiments at a level comparable to etoposide and ap-
pears to interact with topoisomerase 11 but does not stabilize
cleavable complexes, unlike all other currently used topoi-
somerase |l inhibitors.

SPISULOSINE

In 1999, workers from PharmaMar reported on the initial
studies with a molecule known as ES-285 or spisulosine
(64), isolated from the marine clam, Spisula polynyma. This
initial report (at a conference on molecular targets) was rap-
idly followed by a full paper in 2000 that demonstrated that
the compound caused a loss of actin stress fibers, which
might well be due to its resemblance to lysophosphatidic
acid (LPA) and hence an interaction with the LPA receptor
which is known to modulate the levels of the Rho proteins
[264]. The compound demonstrated a wide in vitro thera-
peutic index when tumor cells were compared to normal cell
lines, with a 50 to 100 fold difference in 1Csy values [265]
and appeared to interact with the endothelial cell differentia-
tion gene (EDG) receptors as originally postulated by
Cuadros et al. [264], which was further confirmed by two
presentations in 2003 [266,267]. In the 2005 AACR ab-
stracts, further evidence is reported that suggests that the
activity is related loss of actin stress fibers and overlaps with
the Rho/ROCK signaling locus but the actual site(s) differs
from these proteins. This work was performed using gene
expression microarrays and fuller details will be pub-
lished/presented in due course [268]. This compound is cur-
rently in Phase | trials against solid tumors in Europe under
the aegis of PharmaMar.

PROTEIN FOLDS AND INHIBITORS OF KINASES
AND PHOSPHATASES

A significant amount of effort has been and continues to
be directed at the “fitting of structures to the ATP-binding
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sites” in order to develop novel kinase inhibitors, and this
approach has been quite successful in developing structures
for clinical trials [269]. However, a variation on this theme
has been successfully developed by Waldmann and his group
at the Max Planck Institute in Dortmund, Germany over the
last few years where rather than initially concentrating on the
specifics of the ATP-binding site in the beginning, they used
two fundamental premises in their search for kinase (and
other) enzyme inhibitors.

A. They consider that biologically active natural products
are viable, biologically validated starting points for library
design, thus permitting the discovery of hit (or lead) com-
pounds with an enhanced probability of success if included
in high throughput screening [270,271].

B. Although there are estimates of between 100K and 450K
proteins in humans, the number of topologically distinct
“shapes”, defined as “protein folds” is much lower, with
estimates of 0.6K to 8K (Koonin et al. [272] and references
therein).

Waldmann considered therefore, that if you could find an
inhibitor of a specific “protein fold” from nature, then it
could act as a prototype from which one could develop
closely related structures that may inhibit proteins with
similar “folds” and specificity may even be discovered.
These concepts are fundamentally similar to the “privileged
structure” as originally defined by Evans et al. [273] and
utilized by Nicolaou so successfully in the case of the ben-
zopyrans [274-276]. The Waldmann approach, however, has
the added wrinkle of using protein folding patterns as the
basis for subsequent screens.

That this concept was successful was shown by the su-
perb work reported from Waldmann’s group on the deriva-
tion of inhibitors of Tie-2, IGF1R and VEGFR2 & 3 from the
original discovery of the Her-2/Neu inhibitor, nakijiquinone
C (65). This compound was first reported by Kobayashi et
al. from a marine sponge in 1995 and was shown by them to
be an inhibitor of EGFR (Her-2/Neu is a proto-oncogene
from this class of receptors), c-erbB2 and PKC in addition to
having cytotoxic activity against L1210 and KB cell lines
[277]. Using the basic structure of the sesquiterpene, Wald-
mann et al. built a library of 74 compounds and on testing
against a battery of kinases (with similar protein domain
folds) were able to identify 7 new inhibitors with low mi-
cromolar activity in vitro. Included in the 7 were one
VEGFR?2 inhibitor (66) and four inhibitors of Tie-2 kinase
(67-70), a protein intimately involved in angiogenesis and
for which, at the beginning of the studies, no inhibitors were
known. During the work, the first natural product inhibitor of
Tie-2 kinase was reported (71) [278] from the plant Acacia
aulacocarpa, and a set of four papers from another group
demonstrated the activity of synthetic pyrrolo[2,3-d]pyri-
midines as inhibitors of the same class of kinases [279-282].

The details of the models used, the chemistry leading to
the nakijiquinone-based compounds, and the ribbon struc-
tures of the kinase domain of the insulin receptor with the
corresponding homology domains of the as yet uncrystal-
lized VEGFR-2 and Tie-2, are given in a series of papers
from Waldmann’s group, with a full review being published
in 2003 [283].
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Not only kinase inhibitors could be identified by similar
techniques, as was originally shown by the work reported
earlier on dysidiolide derivatives by Waldmann’s group
[271] and recently extended to cover other, nominally differ-
ent enzymes within the same “similarity cluster” which in
this case comprised Cdc25A phosphatase, acetylcholine-
sterase and 11b-hydroxysteroid dehydrogenases type 1 and
type 2. Thus using a 147 member library based upon dysidi-
olide (72) resulting from the postulate that the g-hydroxy-
butenolide group in dysidiolide was the major determinant of
phosphatase activity, they obtained a compound (73) 10 fold
more potent (ICs, of 350 nM) than the parent against
Cdc25A and other compounds with activities against the
other two enzyme classes in the low micromolar levels. In-
terested readers should consult the original paper and its
supporting information for fuller details of these very in-
triguing results [284].

In contrast, rather than using the Waldmann group’s
methods, Wan et al. [285] used a natural product and deriva-
tives to search by means of affinity chromatography and
assays against recombinant kinases for other proteins that
either bound to the ligand (natural product or modified ana-
logue) or were inhibitors of specific enzymes. Using this
technique, and hymenialdisine (HMD) (74), a known nano-
molar-level inhibitor versus Cdks, Mek1, GSK3b and CK1,
and with micromolar activity against Chk1, they modified
the structure and were able to generate HMD analogues with
micromolar or better activities against 11 new targets, to
obtain structures with both increased selectivity compared to
HMD (75), and with antiproliferative activities 30 fold
higher that HMD (76).

APLIDINE, AN AGENT WITH MULTIPLE TARGETS

This compound, formally dehydrodidemnin B (77), was
first reported in a patent application in 1989, with an UK
patent issued [286] in 1990 and then referred to in the 1996
paper from Rinehart’s group on structure-activity relation-
ships amongst the didemnins [287]. In 1996, the antitumor
potential was reported by PharmaMar scientists [288,289]
and the total synthesis was reported in a patent application
[290] in 2000 and the patent was issued in 2002.

The compound, generic name “aplidine or dehydrodide-
mnin B” and with a trade name of Aplidin®, was placed into
Phase | clinical trials in 1999 under the auspices of Phar-
maMar in Canada, Spain, France and the UK for treatment of
both solid tumors and non-Hodgkin’s lymphoma and pub-
lished details through early 2004 are given in Newman and
Cragg together with discussion as to the mechanisms of ac-
tion that might be relevant [18].

Since the latter publication, further evidence has been
published confirming the inhibition of endothelial cell func-
tions related to angiogenesis including blockade of formation
of matrix metalloproteinases (MMP-2 and MMP-9) at con-
centrations achievable during patient treatment [291], and by
use of dominant-negative kinase mutants of mouse embryo
fibroblasts, Cuadrado et al. recently demonstrated that
aplidine targets the essential kinase, JNK [292]. Further con-
firmation of this pathway being the probable primary target
for aplidine, at least in its induction of apoptosis mechanism
came from a recent paper from PharmaMar where investiga-
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tion of the reasons for an aplidine-resistant HelLa cell line
being more than 1000 fold resistant implicated the bypassing
of the MAPKSs activation pathway [293]. In an abstract pre-
sented at the 2005 AACR meetings, Menon et al. reported
that in studies with human leukemic cells (K562, CCRF-
CEM and SKI-DLCL) where aplidin exhibited synergy with
cytarabine, aplidin-treated cells when analyzed using the
U133 GeneChip from Affymetrix, suggested multiple cellu-
lar targets, including down-regulation of ribosomal 18 and
28S mRNA expression, and up-regulation of various TNF-
related ligands [294].

It should be noted that the clinical trials of the very close
aplidine analogue, didemnin B, were discontinued because

of the toxicities observed, including significant immunosup-
pression. However, in contrast, evidence for a lack of myelo-
suppression by aplidine, Et743 and kahalide F, compounds
currently in Phase II, 1I/111 and 1l respectively, was reported
by the PharmaMar group using a murine competitive re-
populating model as the test system. However, to date, no
reports have been published of confirmation in human pa-
tients” bone marrow cells [295].

What is very interesting both chemically and pharmaco-
logically, is that the removal of two hydrogen atoms, i.e.
conversion of the lactyl side chain to a pyruvyl side chain,
appears to significantly alter the toxicity profile, as this is the
only formal change in the molecule when compared to
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didemnin B, though the comments on dosage regimens in the
excellent review of didemnin B and analogues by Vera and
Joullie [296] should be taken into account when such com-
parisons are made in the future.

Similarly, the resemblance to didemnin B is emphasized
by the recent work of Cardenas et al. who reported [297] that
in DMSO solution, aplidine, like didemnin B, does not ex-
hibit a formal b-turn in its side chain in approximately 20%
of its solution conformers, thus suggesting that the presence
of such a turn is not required for biological activity. Though,
as the authors point out, there may well be other, as yet un-

recognized minor conformers that are responsible for
some/all of the biological activities demonstrated.

That these latter comments may well be valid can be seen
in the recent paper by Gutierrez-Rodriguez et al. on the
modeling of aplidine and tamandarin A analogues with spi-
rolactam b-turn mimetics which implied the possibility of a
peptidylprolyl cis/trans isomerase in the MOA of aplidine.
This is another potential mechanism in addition to the results
described above in the discussion on JNK activation, and the
known inhibition of protein synthesis and ornithine decar-
boxylase activities [298].
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CONCLUSION

Though not a complete review of all antitumor active
agents from marine sources, it can be seen that the marine
environment, irrespective of what organism or collection of
organisms actually produces an agent, is an extremely rich
source of both novel chemistry and novel biology associated
with these compounds. In addition, as amply demonstrated
by the work of Waldmann’s group and Wan’s groups, these
initial structures are really only the beginning of what the
marine environment has to offer. When one couples these
reports to the probability that the real initiator of a very large
amount of the chemistry seen is in fact microbial, then all of
the potential of genetic manipulation of organisms comes
into play, as very recently demonstrated by the work with a
genome extract from an Australian invertebrate where an
international team of workers in Australia and the UK were
able to express the genes producing patellamide D and as-
cidiacyclamide (cyclic non-ribosomal octapeptides) from a
Prochloron species that is a commensal of the Lissoclinum.
patella from which these metabolites were first isolated (the
reference is a personal communication from Dr. Paul Long,
University of London, UK, because although presented by
Long et al. at the Society for Industrial Microbiology sym-
posium in San Diego, CA, in November 2004, no abstract
number was ever assigned).

Thus one may certainly say that “The surface has only
just been scratched!”
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