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Abstract: Tryprostatin A 1 and B 2 are indole alkaloid-based
fungal products that act in the G2/M phase of the cell cycle.
Tryprostatin A and B as well as their two enantiomers and
four diastereomers have been synthesized via a common
strategy. As a measure of cytotoxicity, these eight stereo-
isomers were assayed for their growth inhibitory properties
in human breast, prostate, and lung cancer cell lines. The
ability of the tryprostatins and the tryprostatin stereoisomers
to induce topoisomerase II-mediated DNA relaxation or to
inhibit tubulin polymerization was also examined. Although
none of the stereoisomers were significantly active in topo-
isomerase II- or tubulin-based assays, ds2-try B 11 was found
to exihibit a cytotoxicity profile more potent than etoposide 3
in the human cancer cell lines examined. In addition, ds2-try
B 11 is comprised of an L-tryptophan derivative coupled to a
D-proline moiety, the latter stereochemistry of which may
enhance the activity of 11 and potential analogues in vivo.

Tryprostatins A 1 and B 2 (Figure 1) have been
isolated as secondary metabolites from the fermentation
broth of a marine fungal strain of Aspergillus fumigatus
BM939. It was found that tryprostatins A 1 and B 2
completely inhibited cell cycle progression of tsFT210
cells in the G2/M phase at a final concentration of 50
µg/mL of 1 and 12.5 µg/mL of 2, respectively.1-3 Trypro-
statins A 1 and B 2 contain a 2-isoprenyltryptophan
moiety and a proline residue, the latter of which is fused
to the diketopiperazine unit.

The biological activity of these alkaloids has stimu-
lated research on their total synthesis.4-10 The interest
in tryprostatin A and B in the present work stems from
the desire to determine whether these alkaloids inhibit
topoisomerase II or tubulin polymerization. The struc-
tures of the tryprostatins resemble an indole-based class
of topo II inhibitors that includes azatoxin 4,11 a dual
topo II/tubulin inhibitor designed as a structure-based
hybrid of etoposide 3 and ellipticine 5 by Macdonald et
al.12 Etoposide 3, a topoisomerase II inhibitor, is one of
the most commonly used agents in cancer chemo-
therapy13 and has improved significantly the treatment

of leukemia, lymphomas, and many solid tumors, in-
cluding testicular and ovarian cancers. Ellipticine 5, a
linear tetracyclic azasubstituted aromatic compound, is
the anticancer active indole alkaloid which intercalates
strongly with DNA.14 The similarities in the structures
of the tryprostatins and azatoxin 4 led us to investigate
topoisomerase II inhibition and tubulin inhibitory activ-
ity of the tryprostatins. A synthetic route to tryprostatin
A 1 and B 2 as well as their enantiomers (6 and 7)7 was
extended to the mismatched pairs 8-11 in order to
assess the effect of the stereochemistry of the diketo-
piperazine structure on the biological activity (Figure
2). The eight diastereomers were evaluated for their
ability to inhibit topoisomerase II (G2 phase) or tubulin
binding protein (M phase). The ultimate goals of this
research are to shed light on the mechanism of action
of the tryprostatins and employ this knowledge to design
agents active against human carcinoma cell lines.

Chemistry. The synthesis of ds2-try B 11 is described
here and serves as an example of the preparation of
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other analogues 8-10 in the series. In brief, the
protected 3-methylindole 1215 was stirred with N-
bromosuccinimide (NBS) in the presence of 2,2-azo-
bisisobutyronitrile (AIBN) at reflux to provide the
3-(bromomethyl)indole 13, as illustrated in Scheme 1.
When bromide 13 was coupled with the anion of the
Schöllkopf chiral auxiliary 14 (derived from D-valine),
the desired trans diastereomer 15 was obtained with
100% trans diastereoselectivity. To introduce the iso-
prenyl group at the indole C(2) position of 15 and
decrease the number of steps earlier reported by Gan
et al.,5 lithium diisopropylamide (LDA) was employed
to form the anion at C(2)7 (Scheme 1). The indole 15
was stirred with LDA at -78 °C, and this was followed
by addition of dry, pure isoprenyl bromide 16 to furnish
2-isoprenyl-pyrazine 17 (82% yield). Since the Schöllkopf
chiral auxiliary can tolerate strongly alkaline conditions,
it served as an excellent protecting group for the amino
acid functionality to prevent racemization. The pyrazine
moiety was removed from 17 under acidic conditions
(aqueous HCl, tetrahydrofuran) in greater than 92%
yield to provide the 2-isoprenyltryptophan 18 and
D-valine ethyl ester which could be recycled. With the
key 2-isoprenyltryptophan derivative in hand, the di-
ketopiperazine unit was now constructed. As illustrated

in Scheme 1, 2-isoprenyl-tryptophan (represented by 18)
was stirred with N-Fmoc-D-prolyl chloride 1916 in the
presence of triethylamine (in CHCl3) at room temper-
ature, and this was followed by removal of the solvent
(CHCl3). The Fmoc protecting group was then cleaved
by addition of diethylamine (DEA) in acetonitrile. The
acetonitrile and excess diethylamine were then removed
under reduced pressure. Formation of the diketopiper-
azine unit in 11 as well as removal of the BOC
protecting group from the indole N(H) function were
achieved after each diastereomer was heated individu-
ally in refluxing xylenes (high dilution). Therefore, a
stereospecific, enantiospecific total synthesis of the
diastereomer of tryprostatin B (11), for example, was
accomplished from 12 via alkylation of the correspond-
ing 2-lithio-indole derivative.

Results and Discussion. The growth inhibition
properties of all eight diastereomers were studied on
three human cancer cell linessMCF7 (breast), PC3
(prostate), and H520 (lung). Data from the assay results
are illustrated in Table 1, and GI50 values are depicted
in Figure 3. Outlined in Table 2 are the results obtained
from the National Cancer Institute (NCI) on the same
cancer cell lines which are in complete agreement with
the present work.

Scheme 1

Table 1. Cell Growth Inhibition of Tryprostatins and Their Enantiomers and Diastereomers (at 10, 100 µM) on Human Lung,
Breast, and Prostate Cancer Cell Lines

percent cell survivala

H520 MCF7 PC-3

compound 10 µM 100 µM 10 µM 100 µM 10 µM 100 µM

try A 1 80.1 ( 4.1 79.4 ( 4.2 >100 95.0 ( 4.7 99.2 ( 4.2 95.6 ( 5.0
en-try A 6 81.7 ( 3.9 75.2 ( 3.5 >100 >100 >100 83.7 ( 4.2
try B 2 77.6 ( 3.6 60.5 ( 3.5 88.2 ( 5.8 66.7 ( 5.3 95.5 ( 2.8 68.9 ( 6.6
en-try B 7 >100 99.8 ( 1.6 >100 >100 95.8 ( 1.3 78.9 ( 2.1
ds1-try A 8 >100 >100 >100 >100 >100 >100
ds2-try A 10 99.3 ( 1.8 98.5 ( 3.1 >100 99.0 ( 4.6 >100 >100
ds1-try B 9 >100 76.5 ( 11.2 >100 >100 97.3 ( 5.9 68.5 ( 3.4
ds2-try B 11 88.3 ( 8.4 0.1 ( 0.1 73.6 ( 5.3 0.0 ( 0.0 59.3 ( 3.9 0.2 ( 0.0

a CellTiter 96 AQueous nonradioactive cell proliferation assay (Promega) was used to determine growth inhibition. Percent inhibition
values were calculated versus control wells and were done in quadruplicate. Control wells contained 0.2% DMSO and the positive control
was either etoposide or m-AMSA. Values are reported ( the standard deviation of the mean.

1560 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 8 Letters



One of the diastereomers of the tryprostatins, ds2-
try B 11, exhibited potent cytotoxic activity (GI50 < 20
µM, see Table 2) against all three cancer cell lines. This
indicated that (1) the L-Try unit was required since none
of the other tryprostatins (6, 7, 8, and 9) which
contained the D-Try unit exhibited activity; (2) the
presence of the 6-methoxy group on ds2-try A 10 nearly
eliminated the activity; (3) the stereochemistry of ds2-
try B 11 is novel for the unnatural proline residue, may
retard metabolism in vivo, and may provide an agent
with a very long half-life. All eight of the diastereomers
were examined for their ability to inhibit topoisomerase
II-mediated DNA relaxation using an established pro-
tocol.17,18 Analysis of the results for all eight diastereo-
mers indicated there was no activity against topo II
(data19 not shown) for all eight compounds.

Analysis of the data for inhibition of tubulin poly-
merization of all eight compounds (microtubule as-

sembly assay was prepared as described in the litera-
ture20) indicated that only tryprostatin A 1 was active
against tubulin polymerization (∼250 µM). This was in
agreement with Osada et al.21 who recently reported
that tryprostatin A 1 was a novel inhibitor of MAP-
dependent (MAP ) microtubule-associated protein)
microtubule assembly.

Interest in 11 and the development of new analogues
based on the structure of ds2-try B 11 arises from
examination of results of cell growth inhibition studies.
In brief, ds2-try B 11 was more potent than etoposide 3
in the assay on the three human cancer cell lines
described in this work.

Examination of the data in Tables 1 and 2 indicated
the GI50 of ds2-try B 11 was 17.0 µM whereas the GI50
of etoposide 3 on MCF-7 cells was 55.6 µM. This clearly
demonstrated that ds2-try B 11 was more potent at
MCF-7 cells than etoposide 3. Although the GI50 of ds2-
try B 11 on H520 (GI50 ) 11.9 µM) and PC-3 (GI50 )
12.3 µM) cell lines was similar to that of etoposide 3,
ds2-try B 11 was much more potent than etoposide 3
at higher concentrations (see Figure 3).

Further research is underway to determine the mech-
anism of action of the cytotoxic activity of ds2-try B 11
and the scope of its activity against other cancer cell
lines (NCI data). In addition, results of this work
provide the nature of the stereochemistry (L-Try-D-Pro)
required for the synthesis of active analogues in the
series related to 11.
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