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Roseophilin (1), a secondary metabolite isolated from a culture
broth of Streptomyces griseoviridis, has attracted considerable
attention for the intricate molecular topology of its ansa-bridged
azafulvene core as well as for the potent cytotoxicity against
various human cancer cell lines.[1, 2] Several conceptually differ-
ent approaches aiming at the total or partial synthesis of this
challenging target have been reported and a set of functional
derivatives has been prepared.[3±5] The biological mode of action
of 1, however, still remains elusive.

The closest structural relatives to roseophilin occurring in
nature are the members of the prodigiosin family such as 2 ±
4.[6±8] Like 1, these alkaloids contain an azafulvene motif as well
as an ansa bridge, but incorporate a methoxypyrrole rather than
a methoxyfuran as the central ring into their heterocyclic
perimeter. In view of these structural similarities and the potent
cytotoxic and immunosuppressive activities of compounds 2 ± 5
and their congeners,[9, 10] it seems appropriate to study whether
roseophilin (1) and the prodigiosins share a common mode of
action toward biological receptors. Having access to both series
by our total synthesis programs,[3, 8, 11] we are able to perform

studies along these lines. An interim report comparing the ability
of these compounds to damage double-stranded DNA in the
presence of metal cations is summarized below.

Very recently, it has been demonstrated that prodigiosin (5)
binds to DNA and produces oxidative strand cleavage if
administered in combination with CuII salts.[12] This biological
effect is triggered by the formation of p-radical cations through
oxidation of the electron-rich pyrrolylpyrromethene chromo-
phor of 5 by the metal cation and may account for the
cytotoxicity of this alkaloid.[13]

By using the same assay system, we were able to gain deeper
insights into the structural requirements for effective cleavage of
DNA by prodigiosin derivatives. As can be seen from the agarose
gel depicted in Figure 1, neither nonylprodigiosin (4)[8b] per se
(lane 3) nor CuII alone (lane 2) damage purified double-stranded
plasmid DNA of the bacteriophage FX174 (lane 1).[14, 15] In
contrast, a combination of both is very effective: The progress of
strand cleavage caused by 4 ´ Cu(OAc)2 with increasing incuba-
tion time is depicted in lanes 4 ± 13. It is clearly visible that the

Figure 1. Result of agarose gel electrophoresis showing the extent of DNA
cleavage produced by nonylprodigiosin (4) in the presence of Cu(OAc)2 with
increasing incubation time at 37 8C. Lane 1: DNA alone ; lane 2: DNA � CuII ;
lane 3: DNA � 4 ; lanes 4 ± 13: DNA � 4 � CuII after the following incubation
times : 0 min (4), 5 min (5), 10 min (6), 15 min (7), 20 min (8), 30 min (9), 45 min
(10), 60 min (11), 90 min (12), 120 min (13); lane 14: linear DNA formed from
scDNA by using the restriction endonuclease Xho I ; lane 15: DNA marker (500
base pairs molecular weight difference) ; lane 16: DNA marker (1000 base pairs
molecular weight difference). The insert at the top shows the relevant detail of
lanes 10 ± 14 at higher magnification.
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nicked form II as well as the concatemeric form III constantly
gain intensity at the expense of the supercoiled (sc) form I. After
ca. 60 min at 37 8C, the latter has almost completely disappeared,
whereas band IV corresponding to linear DNA formed by
double-strand cleavage can be detected (compare with lane 14
showing linear DNA obtained with the restriction endonuclease
Xho I).[16]

The efficacies of a set of different prodigiosin derivatives in
inducing single- and/or double-strand cleavage of supercoiled
DNA in the presence of CuII are compared in Figure 2. Lanes 1 ± 3
refer to control experiments showing that neither the truncated
prodigiosin 6[10, 16] nor Cu(OAc)2 alone lead to any noticeable
effect. In line with the results described above, a combination of
both completely degrades scDNA (I) after 60 min by strand
cleavage, since only bands of the nicked (II), concatemeric (III),
and linear forms (IV) are visible after this incubation time.

Figure 2. Result of agarose gel electrophoresis showing the extent of DNA
cleavage produced by different prodigiosin derivatives in the presence of Cu(OAc)2

after an incubation time of 60 min at 37 8C. Lane 1: DNA alone ; lane 2: DNA � 6 ;
lane 3: DNA� CuII ; lane 4: DNA� 6� CuII ; lane 5: DNA� 7 � CuII ; lane 6: DNA
� 8� CuII ; lane 7: DNA� 4� CuII ; lane 8: DNA� 10� CuII ; lane 9: DNA� 9�
CuII ; lane 10 : DNA � 13 � CuII ; lane 11: DNA � 11 � CuII ; lane 12 : DNA � 12 �
CuII ; lane 13: linear DNA ; lane 14: DNA marker (500 base pairs molecular weight
difference) ; lane 15: DNA marker (1000 base pairs molecular weight difference).

Compounds 7 and 8 bearing a shorter or no alkyl side chain on
the pyrrole ring C, respectively, behave similarly (lanes 5 and 6),
as does nonylprodigiosin (4) (positive control, lane 7). Interest-
ingly, product 13 containing two pharmacophore units is less
efficient in cleaving the plasmid (lane 10). Most important with
regard to structure ± activity relationships, however, is the
finding that all prodigiosin analogues in which one pyrrole ring
has been replaced by another aromatic entity (furan, thiophene,
benzene) show no appreciable activity (lanes 8, 9, 11, 12).

These close ties between the nature of the arene rings and the
capacity of the compounds to cleave DNA is corroborated by the
screening of roseophilin (1),[3a] its elaborate analogue 14,
differing from the natural product only in the substitution
pattern of the heteroaromatic rings,[3c] and of the truncated
chromophore models 15 ± 17 (Figure 3).[3c] Thus, plasmid DNA

Figure 3. Result of agarose gel electrophoresis showing the extent of DNA
cleavage produced by roseophilin (1) and roseophilin analogues 14 ± 17 in the
presence of Cu(OAc)2 after an incubation time of 60 min at 37 8C. Lane 1: DNA
marker (1000 base pairs molecular weight difference) ; lane 2: DNA alone ; lane 3:
DNA � 1; lane 4: DNA � CuII ; lane 5: DNA � 1 � CuII ; lane 6: DNA � 14 � CuII ;
lane 7: DNA � 15 � CuII ; lane 8: DNA � 16 � CuII ; lane 9: DNA � 17 � CuII ;
lane 10: DNA � 6 � CuII (positive control) ; lane 11: linear DNA.

suffers no appreciable damage if incubated with 1 alone (lane 3),
and even a combination of 1 and CuII is ineffective (lane 5). The
same holds true for 14 (lane 6) and 15 (lane 7). Some activity can
be noticed for 16 ´ Cu(OAc)2 (lane 8) and, to a greater extent, 17 ´
Cu(OAc)2 (lane 9), although it is still lower than that of the
prodigiosin complex 6 ´ Cu(OAc)2 used as a positive control in
this experiment (lane 10).

These results allow to draw some important conclusions. It has
been inferred from previous studies that the cytotoxic activity of
prodigiosin derivatives stems, at least in part, from the
pronounced ability of these compounds to cleave double-
stranded DNA;[12] in contrast, the structurally related and highly
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potent alkaloid roseophilin does not damage this target and, as a
consequence, must exert its cytotoxic activity by other mech-
anisms. Moreover, insights into the structure ± activity profiles of
such heterocyclic compounds have been gained. Thus, the
ability to effect strand cleavage is intimately related to the
presence of the intact pyrrolylpyrromethene chromophore.
Replacement of either the pyrrole ring A or B of the parent
system results in a very significant or even total loss of activity.
This is particularly surprising since structural investigations have
recently shown that the replacement of the A ring by a benzene
unit (4 versus 11) does not alter the electron distribution within
the heterocyclic domain of such compounds.[10] Furthermore,
increasing the electron density by the introduction of appro-
priate donor substituents (see 17/16/15) or by the exchange of a
pyrrole for a more electron-rich methoxyfuran unit (8 versus 15)
decreases rather than increases the potency of these com-
pounds, although such variations facilitate the formation of p-
radical cations upon reaction with CuII. The ability to coordinate
metal cations, however, is significantly reduced if one of the
pyrrole rings is replaced by another arene.[17] Therefore, we
conclude that this parameter is essential for DNA cleavage and,
as a likely consequence, for part of the biological activity of
prodigiosins.

In contrast to this very conservative pattern concerning the
heteroaromatic domain, significant modifications of the alkyl
part are well accommodated. It may even be completely absent
(!8) or can be tied back to form a macrocyclic ring (!4) without
any appreciable effect on the ability of the compound to effect
single- and double-strand cleavage. The latter aspect is partic-
ularly noteworthy since prodigiosins usually exist in two differ-
ent isomeric forms, A and B, respectively [Eq. (1)] .[18] Although in

compound 4Ðin contrast to all other derivatives investigatedÐ
the Z configuration of the azafulvene moiety is locked by the
macrocyclic tether,[8b, 10] it shows similar activity as its flexible
congeners.

Experimental Section

DNA cleavage assay : Purified scDNA (ca. 300 ng) [FX174 RF1 DNA,
purchased from MBI Fermentas GmbH, St. Leon-Rot, Germany; the
EDTA contained in the commercial sample was removed according
to the Qiaex II protocol for desalting and concentrating DNA by
using a Qiaex II Gel Extraction Kit] was incubated at 37 8C with the
respective pyrrole alkaloid derivative (30 mM final concentration) and
Cu(OAc)2 (30 mM) in a solution containing 3-(N-morpholino)propane-
sulfonic acid (MOPS) buffer (10 mM, pH 7.4), aq. NaCl (75 mM), and
MeCN (10 %, v/v) (total volume 20 mL) for the time indicated in the

figure legends. The mixture was quenched with loading buffer
(BioRad laboratories) and the DNA resolved by electrophoresis
(Powerpac 300, BioRad) (85 V, 1 h) on a 0.8 % agarose gel (containing
ethidium bromide) in Tris/boronic acid buffer (BioRad). The bands
detected under UV light were analyzed and processed by using the
Bio Doc II software (Biometra).

Generous financial support by the Deutsche Forschungsgemein-
schaft (Leibniz award to A.F.) and the Fonds der Chemischen
Industrie is gratefully acknowledged. We thank Prof. M. T. Reetz for
providing access to the S2 laboratory at the MPI and Dipl.-Chem. S.
Wilensek for advice in the early stages of this investigation.

[1] Y. Hayakawa, K. Kawakami, H. Seto, K. Furihata, Tetrahedron Lett. 1992, 33,
2701 ± 2704.

[2] Information concerning the cytotoxicity of 1´HCl (NCI number 650718)
against various human cancer cell lines in vitro is available from the NCI
database on the Internet at http://www.dtp.nci.nih.gov.

[3] Total synthesis: a) A. Fürstner, H. Weintritt, J. Am. Chem. Soc. 1998, 120,
2817 ± 2825; b) A. Fürstner, H. Weintritt, J. Am. Chem. Soc. 1997, 119,
2944 ± 2945; c) A. Fürstner, T. Gastner, H. Weintritt, J. Org. Chem. 1999, 64,
2361 ± 2366.

[4] Formal total syntheses: a) B. M. Trost, G. A. Doherty, J. Am. Chem. Soc.
2000, 122, 3801 ± 3810; b) S. J. Bamford, T. Luker, W. N. Speckamp, H.
Hiemstra, Org. Lett. 2000, 2, 1157 ± 1160; c) T. Mochizuki, E. Itoh, N.
Shibata, S. Nakatani, T. Katoh, S. Terashima, Tetrahedron Lett. 1998, 39,
6911 ± 6914; d) J. Robertson, R. J. D. Hatley, Chem. Commun. 1999, 1455 ±
1456; e) J. Robertson, R. J. D. Hatley, D. J. Watkin, J. Chem. Soc. Perkin Trans.
1 2000, 3389 ± 3396; f) P. E. Harrington, M. A. Tius, Org. Lett. 1999, 1, 649 ±
651; g) S. H. Kim, I. Figueroa, P. L. Fuchs, Tetrahedron Lett. 1997, 38, 2601 ±
2604.

[5] Model studies: a) S. J. Bamford, K. Goubitz, H. L. van Lingen, T. Luker, H.
Schenk, H. Hiemstra, J. Chem. Soc. Perkin Trans. 1 2000, 345 ± 351; b) J.
Robertson, N. Kuhnert, Y. Zhao, Heterocycles 2000, 53, 2415 ± 2420;
c) M. A. Fagan, D. W. Knight, Tetrahedron Lett. 1999, 40, 6117 ± 6120;
d) S. H. Kim, P. L. Fuchs, Tetrahedron Lett. 1996, 37, 2545 ± 2548; e) S.
Nakatani, M. Kirihara, K. Yamada, S. Terashima, Tetrahedron Lett. 1995, 36,
8461 ± 8464.

[6] For the isolation and structure elucidation of these compounds see:
a) N. N. Gerber, Tetrahedron Lett. 1970, 11, 809 ± 812; b) N. N. Gerber, J.
Heterocycl. Chem. 1973, 10, 925 ± 929; c) H. H. Wasserman, G. C. Rodgers,
D. D. Keith, J. Am. Chem. Soc. 1969, 91, 1263 ± 1264; d) H. Laatsch, M.
Kellner, H. Weyland, J. Antibiot. 1991, 44, 187 ± 191.

[7] Leading preparative studies: a) D. L. Boger, M. Patel, J. Org. Chem. 1988,
53, 1405 ± 1415; b) R. D'Alessio, A. Rossi, Synlett 1996, 513 ± 514; c) W. R.
Hearn, M. K. Elson, R. H. Williams, J. Medina-Castro, J. Org. Chem. 1970, 35,
142 ± 146; d) H. H. Wasserman, D. D. Keith, J. Nadelson, Tetrahedron 1976,
32, 1867 ± 1871; e) H. Rapoport, K. G. Holden, J. Am. Chem. Soc. 1962, 84,
635 ± 642.

[8] a) A. Fürstner, H. Szillat, B. Gabor, R. Mynott, J. Am. Chem. Soc. 1998, 120,
8305 ± 8314; b) A. Fürstner, J. Grabowski, C. W. Lehmann, J. Org. Chem.
1999, 64, 8275 ± 8280; c) A. Fürstner, H. Krause, J. Org. Chem. 1999, 64,
8281 ± 8286.

[9] For leading studies concerning the biological activities of prodigiosin
derivatives see the following references and the literature cited therein:
a) R. D'Alessio, A. Bargiotti, O. Carlini, F. Colotta, M. Ferrari, P. Gnocchi, A.
Isetta, N. Mongelli, P. Motta, A. Rossi, M. Rossi, M. Tibolla, E. Vanotti, J. Med.
Chem. 2000, 43, 2557 ± 2565; b) C. Yamamoto, H. Takemoto, K. Kuno, D.
Yamamoto, A. Tsubura, K. Kamata, H. Hirata, A. Yamamoto, H. Kano, T. Seki,
K. Inoue, Hepatology (Philadelphia) 1999, 30, 894 ± 902; c) S. Songia, A.
Mortellaro, S. Taverna, C. Fornasiero, E. A. Scheiber, E. Erba, F. Colotta, A.
Mantovani, A.-M. Isetta, J. Golay, J. Immunol. 1997, 158, 3987 ± 3995; d) A.
Mortellaro, S. Songia, P. Gnocchi, M. Ferrari, C. Fornasiero, R. D'Alessio, A.
Isetta, F. Colotta, J. Golay, J. Immunol. 1999, 162, 7102 ± 7109; e) T. Sato, H.
Konno, Y. Tanaka, T. Kataoka, K. Nagai, H. H. Wasserman, S. Ohkuma, J. Biol.
Chem. 1998, 273, 21 455 ± 21 462; f) M.-H. Lee, T. Kataoka, N. Honjo, J.



CHEMBIOCHEM 2001, No. 9 � WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001 1439-4227/01/02/09 $ 17.50+.50/0 709

The Chemistry and Biology of
Ratjadone

Markus Kalesse,*[a] Mathias Christmann,[a] Ulhas Bhatt,[a]

Monika Quitschalle,[a] Eckhard Claus,[a] Aamer Saeed,[a]

Arne Burzlaff,[b] Cornelia Kasper,[b] Lars O. Haustedt,[a]

Edgar Hofer,[a] Thomas Scheper,[b] and Winfried Beil[c]

KEYWORDS:

antitumor agents ´ cell cycle ´ natural products ´ ratjadones ´
total synthesis

Ratjadone (1), a remarkably cytotoxic secondary metabolite, was
isolated in 1994 by Höfle et al. from Sorangium cellulosum
collected as a soil sample at Cala Ratjada (Mallorca, Spain).[1] It
belongs to a family of so-called orphan ligands which include
polyketides like leptomycin,[2] callystatin A,[3] and other related
compounds.[4] In initial biological evaluations, it was found that
ratjadone exhibits high cytotoxicity in cultured mouse cell lines
(L929) with an IC50 value of 50 pg mLÿ1. Additionally, it was found
that this compound inhibits the growth of the HeLa cell line
(KB3.1) at remarkably low concentrations (40 pg mLÿ1).[5] We
initiated the total synthesis of ratjadone in order to provide
molecular tools that can be used to investigate the biological
effects of individual substructures and to contribute to a better
understanding of its mode of action. Our total synthesis of
ratjadone was therefore set up to allow the rapid assembly of
various ratjadone diastereomers and derivatives from three
fragments (Scheme 1).[6a±d] During our manuscript preparation,
Williams et al. reported the synthesis of (ÿ)-ratjadone.[6e]

The pivotal steps in the synthesis are a Wittig reaction for the
junction of the fragments B and C followed by a Heck reaction
for the attachment to the A fragment. For the synthesis of
diastereomers, the enantiomeric fragments A', B', and C' were
synthesized according to our original strategy (Scheme 1). From
these different fragments, diastereomeric ratjadone frameworks
could be assembled in just two steps, with only three further
transformations remaining to obtain ratjadone or any of its
diastereomers. By using this strategy, we were able to generate
the diastereomeric compounds (2 ± 5) and analogues (6 ± 9)
shown in Scheme 2.
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