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AbstractÐThe diketopiperazines of phenylalanine, tyrosine and DOPA have been synthesized from 14C-labeled amino acids and tested as
intermediates in the biosynthesis of the ecteinascidins. Biosynthetic experiments were performed using an enzyme preparation of the tunicate
Ecteinascidia turbinata, the source of the ecteinascidins. Tyrosine and DOPA diketopiperazines were both transformed to the ecteinascidins
whereas the diketopiperazine of phenylalanine was not modi®ed. It is now apparent that the biosynthesis of the ecteinascidins is initiated by
the condensation of tyrosine to its cyclic dipeptide followed by a subsequent oxidation to the diketopiperazine of DOPA. q 2000 Elsevier
Science Ltd. All rights reserved.

Introduction

The ecteinascidins are a family of tetrahydroisoquinoline
alkaloids isolated from the tunicate Ecteinascidia
turbinata.1 Ecteinascidin 743 (ET 743) is a candidate for
the treatment of several human cancers, in particular lung
cancer and melanoma. Ecteinascidins have been shown to
kill tumor cells in vitro,2 inhibit tumor growth in vivo,2

suppress allograft rejection,2b diminish host reactions to
tissue grafts and inhibit lymphocyte proliferation.3 The
ecteinascidins have two mechanisms of action: they are
unique alkylating agents and also disaggregate microtubule
complexes without affecting tubulin itself. The ectein-

ascidins are structurally related to the safracins4 and safra-
mycins5 from microbes as well as the renieramycins6 and
xestomycin7 from sponges.

As initially suggested by Rinehart and co-workers,1b an
inspection of the structure of ecteinascidin 743 (1) (Scheme
1) suggests that this metabolite could be derived from inter-
mediates 2 and 3. (It is, however, conceivable that inter-
mediate 2 reacts ®rst with cysteine [or b-mercaptopyruvic
acid] and then with dopamine rather than with intact 3.)
Pentacyclic intermediate 2 appears to be derived from a
diketopiperazine of either phenylalanine (4), tyrosine (5) or
DOPA (6), likely via intermediates 7 and 8 (Scheme 2).
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Scheme 1. Possible biosynthetic origin of ecteinascidin 743.
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Results and Discussion

We recently reported in vitro conditions to evaluate the
biosynthetic transformation of putative ecteinascidin
precursors and demonstrated the conversion of labeled
amino acids to ecteinascidin 743.8 A cell-free extract of E.
turbinata afforded 3000 dpm ET 743 when incubated with
tyrosine (5.5£106 dpm) and 2100 dpm ET 743 when incu-
bated with cysteine (11£106). Herein, we report the results
of incubating radiolabeled diketopiperazines of phenyl-

alanine, tyrosine and DOPA with a cell-free extract of E.
turbinata.

Diketopiperazines 4, 5 and 6 were prepared by standard
methods.9 While 4 and 5 are known compounds, 6 had not
been previously reported. The syntheses of 4 and 5
proceeded as outlined in Jung's report9 and proved to be
applicable to both medium scale and 1 mg scale prepara-
tions. Conditions were established to perform this synthesis
on a 1 mg scale to de®ne appropriate techniques for the

Scheme 2. Potential diketopiperazine intermediates in ecteinascidin biosynthesis.

Scheme 3. Initial steps of the biosynthesis of ecteinascidin 743.
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synthesis of radiolabeled compounds required for the
biosynthetic studies.

In general, the methyl ester of the amino acid was
condensed with an equimolar amount of t-BOC protected
amino acid using DCC. The acyclic dipeptide was then
treated with formic acid to afford the cyclic dipeptide. The
medium scale reactions produced cyclic dipeptides 4 and 5
in yields of 93 and 96%, respectively. The synthesis of the
diketopiperazine of DOPA (6) had not been previously
reported and in fact, to our knowledge, there are no reports
describing the incorporation of DOPA into peptides.10 Inter-
estingly, we found that 6 could be readily prepared in an
overall yield of 52% if all transformations were performed
under argon. NMR analysis of this diketopiperazine
revealed the presence of small amounts of dicyclohexylurea,
a byproduct of the coupling reaction, which proved dif®cult
to remove without degradation of product.

The 14C-labeled diketopiperazines 4, 5 and 6 were prepared
from 50 mCi each of phenylalanine ethyl ester, tyrosine and
DOPA. Radiolabeled tyrosine and DOPA esters are not
commercially available and their methyl esters were synthe-
sized by the treatment of tyrosine with acidic 2,2-dimethoxy
propane.11 The cyclic dipeptides were puri®ed by vacuum
chromatography over ODS, followed by repeated RPHPLC
using an acetonitrile/water (0.1% TFA) gradient to afford
radiochemically pure material.

All biosynthetic experiments were performed using a cell-
free extract of E. turbinata. We found that the activity of
these enzyme preparations was greatly dependent upon the
handling of the organism following the collection. Optimum
results were obtained when the tunicate was immediately
¯ash frozen in liquid nitrogen upon collection. The frozen
samples were then transported to the laboratory at 2808C
and maintained at this temperature. The tunicate (250 g)
was then ground to a ®ne powder in a chilled mortar and
pestle, added to a phosphate buffer (500 mL) at pH 7.7
containing DTT, EDTA and leupeptin, centrifuged at
10,000 g and the supernatant stored in 30 mL aliquots at
2808C.

To assess the viability of the cell-free extract, an aliquot was
incubated with [U±14C] tyrosine (2.5 mCi), a known ectein-
ascidin precursor, as previously described.8 Recovery of ET
743 with an activity of 2000 dpm (0.017% conversion) indi-
cated a viable extract. As indicated in Table 1, diketopiper-
azines 5 and 6 were both transformed to ET 743 while 4 was
not modi®ed. Radiochemical purity of ET 743 was estab-
lished by repeated HPLC analysis. The extremely trace
quantities of this metabolite precluded degradative work
and recrystallization to constant speci®c activity. In all
cases in which radioactive product is reported, the radio-

activity of the ecteinascidin HPLC peak was at least 100
times that of the eluent immediately prior to, and immedi-
ately following, this fraction.

Diketopiperazine 6 afforded ET 743 with a radiochemical
yield of 11.4%, signi®cantly higher than that from 5 (Table
1). The radiochemical transformation of both diketopiper-
azines was at least two orders of magnitude greater than that
for tyrosine as is to be expected for committed biosynthetic
intermediates. These data indicate that the diketopiperazine
of tyrosine (5) is the ®rst committed intermediate in ectein-
ascidin biosynthesis and suggest that prior to any further
cyclization, 5 is oxidized to 6. It is conceivable that these
diketopiperazines are not the actual intermediates but
instead are transformed to the ecteinascidins through a
reduction to the aminol. Recent analysis of putative peptide
synthetases SafB and SafA involved in saframycin
biosynthesis suggest that a linear tetrapeptide is a pre-
cursor.12 It has been further suggested that this tetrapeptide
is likely to be reductively released to afford Ala-Gly-Tyr-
Tyr-CHO prior to an intramolecular cyclization to a
heminaminal structure.13 To address this possibility in
ecteinascidin biosynthesis, we examined the conversion of
5 to 6 in our enzyme preparation of E. turbinata. This oxi-
dation was con®rmed from an analysis of the tyrosine
diketopiperazine incubation mixture. Addition of 6 as
`cold carrier' to the quenched incubation of labeled 5 facili-
tated the puri®cation of radioactive DOPA diketopiperazine
(4300 dpm),14 providing strong support for the direct
involvement of diketopiperazines 5 and 6 in ecteinascidin
biosynthesis.

We have provided evidence that the biosynthesis of the
ecteinascidins is initiated by the condensation of tyrosine
to its cyclic dipeptide followed by a subsequent oxidation
to the diketopiperazine of DOPA (Scheme 3). Further
experiments directed at identifying the fate of 6 are
currently underway.

Experimental

General

1H NMR spectra were recorded on a Unity Inova Varian 500
instrument at 500 MHz. IR spectra were obtained on a
Mattson 4020 instrument. HPLC puri®cations were
performed on either a PE Series 410 pump equipped with
a PE 325 detector or an HP 1090 instrument. Incubations
were performed at 278C in a Labline 4628 Environmental
shaker at 220 rpm. Radioactivity was measured using an
LKB Wallac 1219 Rackbeta scintillation counter. All
solvents used were Optima grade and the phenylalanine
methyl ester, tyrosine methyl ester, DOPA methyl ester,

Table 1. Incorporation of labeled precursors into ecteinascidin 743

Radiolabeled
precursor

Total radioactivity
used (dpm)

Recovered radioactivity
in ET 743 (dpm)

Conversion
(%)

[U±14C] Tyrosine 1.21£107 2,000 0.016
[U±14C] Phe DKP 6£105 Background 0
[U±14C] Tyr DKP 8£105 11,530 1.4
[U±14C] DOPA DKP 4£105 39,960 11.4
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EDTA, BSA, DTT and leupeptin were purchased from
Sigma Chemical Co. Radiolabeled amino acids were
purchased from American Radiolabeled Chemicals Inc.

Collection of animal material and preparation of the
cell-free extract

Colonies of E. turbinata were collected at a depth of 0.1±
0.5 m in a mangrove community in Long Key, Florida. The
freshly collected tunicate was quickly cleaned of extraneous
material, ¯ash frozen, and ground to a ®ne powder in a
chilled mortar and pestle. This powder (250 g) was added
to 500 mL of a phosphate buffer at pH 7.7 containing DTT
(290 mg), EDTA (550 mg), BSA (375 mg) and leupeptin
(0.5 mg). The mixture was vortexed for 5 min and then
centrifuged at 10,000 g and the supernatant stored in
30 mL aliquots at 2808C.

Synthesis of cyclo-(ll-Phe-ll-Phe) (4)

Medium scale reaction conditions: To a solution of
l-phenylalanine methyl ester hydrochloride (323 mg) and
N-t-BOC-l-phenylalanine (397 mg) in 3 mL DMF and
12 mL acetonitrile at 08C was added triethylamine
(210 mL) followed by DCC (309 mg). The mixture was
stirred at 08C for 2 h and allowed to stand at this temperature
for 12 h. The dicyclohexyl urea was ®ltered and washed
with EtOAc. The combined ®ltrate was evaporated under
nitrogen to afford a gummy residue, which was partitioned
between EtOAc and H2O. The organic layer was washed
sequentially with 0.5N HCl, H2O, 0.5N NaHCO3 and
brine, and then dried over sodium sulfate, and evaporated
to afford a white solid. Puri®cation by ¯ash chromatography
(70% EtOAc/hexane) gave a colorless foam of N-(tert-
butoxycarbonyl)-l-phenylalanyl-l-phenylalanine methyl
ester. This dipeptide was stirred with formic acid (20 mL)
at ambient temperature for 2 h and subsequently evaporated.
The residue was dissolved in sec-butanol (40 mL) and
toluene (10 mL) and the solution re¯uxed for 2 h. The
mixture was concentrated and puri®ed by ¯ash chroma-
tography over ODS using a step gradient of H2O (0.1%
TFA), H2O (0.1% TFA)/CH3CN 8:2, H2O (0.1% TFA)/
CH3CN 6:4, H2O (0.1% TFA)/CH3CN 4:6. Final puri®-
cation with RPHPLC using an Altex Ultrasphere column
(10 mm£25 cm), monitoring 230 nm with a linear gradient
of 75% H2O (0.1% TFA): 25% CH3CN to CH3CN over
20 min afforded cyclo-(l-Phe-l-Phe) (4) in an overall
yield of 93%. Melting point, IR, 1H NMR and 13C NMR
were in accord with literature values.9a

Radiochemical synthesis: To a solution of l-phenylalanine
ethyl ester hydrochloride (50 mCi) and N-t-BOC-l-phenyl-
alanine (1.1 mg) in 50 mL DMF and 450 mL acetonitrile at
08C was added triethylamine (10 mL) followed by DCC
(1 mg). The mixture was stirred at 08C for 2 h and allowed
to stand at this temperature for 12 h. The dicyclohexyl urea
was ®ltered and washed with EtOAc. The residue was
washed sequentially with 400 mL each of 0.5N HCl, H2O,
0.5N NaHCO3 and brine and the organic layer evaporated
under nitrogen. The dipeptide was stirred with formic acid
(2 mL) at ambient temperature for 2 h and subsequently
evaporated. The residue was dissolved in sec-butanol
(1.5 mL) and toluene (1 mL) and the solution re¯uxed for

2 h. The mixture was concentrated and directly puri®ed by
RPHPLC using a Vydac column (4.6£150 mm2), moni-
toring 230 nm with a linear gradient of 75% H2O (0.1%
TFA): 25% CH3CN to CH3CN over 20 min to afford
2.4£106 dpm of 14C-cyclo-(l-Phe-l-Phe) (4).

Synthesis of cyclo-(ll-Tyr-ll-Tyr) (5). The medium scale
synthesis of cyclo-(l-Tyr-l-Tyr) was performed as
described for cyclo-(l-Phe-l-Phe). The overall yield was
96% and the melting point and IR, 1H NMR and 13C
NMR were in accord with literature values.9a

The radiochemical synthesis of 5 was performed as
described for 4 to afford 2.0£106 dpm. [14C±U] Tyrosine
methyl ester was synthesized as follows: a solution of tyro-
sine (50 mCi) in 1.5 mL 2,2-dimethoxy propane was treated
with 100 mL of HCl (12N) and the mixture stirred for 18 h.
The reaction mixture was passed through a column of silica
and concentrated to dryness.

Synthesis of cyclo-(ll-DOPA-ll-DOPA) (6). The medium
scale synthesis of cyclo-(l-DOPA-l-DOPA) was performed
as described for cyclo-(l-Phe-l-Phe) in an overall yield of
52% with the exception that all transformations were
performed under argon: IR (KBr pellet) 3404, 3320,
1671 cm21; 1H NMR (d6-DMSO, 500 MHz) d 8.7 (s,
OH), 8.1 (br. s, NH), 6.55 (dd, 2 H, J�8.5, 1.5 Hz), 6.51
(br. s, 2 H), 6.36 (d, 2 H, J�8.0 Hz), 4.15 (m, 2 H), 2.75
(ddd, 2 H, J�4 Hz), 1.9 (m, 2 H); HRFABMS calcd for
C18H19N2O6 (M11)1 359.1238, found 359.1243.

The radiochemical synthesis of 6 was performed (under
argon) as described for 4 to afford 6.0£105 dpm.

Incubation of 14C-labeled tyrosine and DKPs

The 14C-labeled precursor was added to 30 mL of the cell-
free extract forti®ed with 1 mg each of ATP, NADH and
NADPH and the mixture incubated at 200 rpm at 278C for
24 h. The incubations were quenched by shaking with
30 mL EtOAc, which was subsequently removed in vacuo
and the aqueous mixture dried by lyophilization. The ectein-
ascidins were puri®ed by a reversed phase (C-18) vacuum
¯ash chromatography using a step gradient of H2O (0.1%
TFA), H2O (0.1% TFA)/CH3CN 8:2, H2O (0.1% TFA)/
CH3CN 6:4, H2O (0.1% TFA)/CH3CN 4:6. The third
fraction was concentrated to dryness and subjected to
RPHPLC puri®cation using a C-18 Vydac column
(4.6£250 mm2) and monitoring 230 nm with a mobile
phase of H2O (0.1% TFA)/CH3CN 82:18.
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