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structure of 5, were unsuccessful. Examination of molecular
models reveals that the bridgehead carbon—hydrogen bonds are
nearly parallel to the carbonyl group, with dihedral angles, cal-
culated by MM2,'1® of 27° and 150°, so that the kinetic acidity
of each is quite low.

Ketone § was also different from the previously reported cis-
bicyclo[4.3.2]undecanone 14! (by NMR and IR), which would
have arisen from the “crossed” photoadduct 13 (Scheme III). To
rule out the possibility that the product was the unknown
trans-bicyclo[4.3.2]undecanone, an X-ray analysis was performed
on the intermediate keto acid 11 (recrystallized as a monohydrate
from methyl alcohol, mp 104-109 °C for the liberation of H,O,
then 137-139 °C), which confirmed the structural assignment
shown for § (Chart 1).2° The formation of the trans isomer can
be explained by a chairlike six-membered-ring transition state in
the photocycloaddition. As shown in Chart I, the two bridgehead
hydrogens are then necessarily trans.

In conclusion, we note that the intramolecular photocyclo-
addition of dioxolenones has important advantages over the more
classical de Mayo diketone sequence.?’ Aside from the benefits
of regiochemical control afforded by the use of the 8-keto esters,
this new methodology makes accessible the trans-bicyclo-
[5.3.1]undecane ring system 5, which cannot be prepared by the
standard de Mayo reaction.?? The extension of this bicyclo-
undecane ring construction to the synthesis of the taxanes, and
the application of this methodology to the construction of other
inside—outside bicycloalkanes, notably the trans-bicyclo[4.4.1]-
undecane ring system of the ingenane diterpenes,?® is currently
under way in our laboratories.
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Bleomycin (Blm), a glycopeptide-derived anticancer drug,!
causes strand scission of DNA both in vivo and in vitro.? Cleavage
of DNA by Blm has been extensively studied, with the finding
that transition-metal ions such as Fe(II) must be present.> Blm
has also been employed in combination chemotherapy with other
drugs.* In vitro studies have shown that the DNA-cleaving
activity of Blm is substantially modified by cis-diamminedi-
chloroplatinum(II); a number of new cleavage sites are produced.’®
Hence the synergism between these drugs may be related to
interactions at the level of DNA drug binding.

The chemically inert complex of Blm with cobalt(I1II), CoBlm,
is known to accumulate in certain human cancers.® CoBlm also
binds strongly to DNA in vitro (K =~ 10 M) and can cause DNA
strand breaks when irradiated with UV light.” The cleavage is
sequence-dependent: pyrimidines attached to the 3’-side of guanine
are attacked.”® Presumably, cleavage of DNA is a consequence
of photoreduction of CoBlm (irradiation of Co(III) complexes
in the ligand-to-metal charge-transfer region often leads to pro-
duction of Co(II)®). CoBIlm does not degrade DNA when ir-
radiated with visible light. However, the extensive studies of
electron transfer from ruthenium(II) polypyridyl complexes to
various cobalt(III) ammine complexes® suggested to us that it
might be possible to use ruthenium(II) tris(bipyridyl) as a sen-
sitizer, to activate CoBlm in the presence of visible light.

Tris(2,2’-bipyridine)ruthenium(II), Ru(bpy),*, is a small cation
which is electrostatically attracted to DNA!® and may be expected

(1) (a) Umezawa, H.; Maeda, K.; Takeuchi, T.; Okami, Y. J. Antibiot.,
Ser. A 1966, 19, 200. (b) Blum, R. H.; Carter, S. K.; Agrl, K. A. Cancer
(Philadelphia) 1973, 31, 903. (c) Carter, S. K. In Bleomycin: Current Status
and New Developments; Carter, S. K., Crooke, S. T., Umezawa, H., Eds.;
Academic Press: New York, 1978; pp 9-14. (d) Crooke, S. T. In Bleomycin:
Current Status and New Developments; Carter, S. K., Crooke, S. T., Ume-
zawa, H., Eds.; Academic Press: New York, 1978; pp 1-8. (e¢) Umezawa,
H. In Bleomycin: Chemical, Biochemical and Biological Aspects; Hecht, S.
M., Ed.; Springer-Verlag: New York, 1979; pp 24-36.

(2) (a) Suzuki, H.; Nagai, K.; Yamaki, H.; Tanaka, N.; Umezawa, H. J.
Antibiot. 1969, 22, 446, (b) Terasima, T.; Yasukawa, M.; Umezawa, H. Gann
1970, 61, 513. (c) Takeshita, M.; Horwitz, S. B.; Grollman, A. P. Virology
1974, 60, 455. (d) Antholine, W. E.; Solaiman, D.; Saryan, L. A.; Petering,
D. H. J. Inorg. Biochem, 1982, 17, 75.

(3) (a) Sausville, E. A.; Peisach, J.; Horwitz, S. B. Biochem. Biophys. Res.
Commun, 1976, 73, 814. (b) Sausville, E. A.; Peisach, J.; Horwitz, S. B.
Biochemistry 1978, [7, 2740. (c) Sausville, E. A.; Stein, R. W.; Peisach, J.;
Horwitz, S. B. Ibid. 1978, 17, 2746. (d) Ehrenfeld. G. M.; Rodriguez, L. O.;
Hecht, S. M,; Chang, C.; Basus, V. J.; Oppenheimer, N, J. Ibid. 1985, 24,
81. (e) Suzuki, T.; Kuwahara, J.; Goto, M.; Sugiura, Y. Biochem. Biophys.
Acta 19858, 824, 330. (f) Ehrenfeld, G. M.; Murugesan, N.; Hecht, S. M.
Inorg. Chem. 1984, 23, 1498,

(4) (a) Bajetta, E.; Rovej, R.; Buzzoni, R.; Vaglini, M.; Bonadonna, G.
Cancer Treat. Rep. 1982, 66, 1299. (b) Perry, D. J.; Weltz, M. D.; Brown,
A. W. Jr.; Henderson, R. L.; Neglia, W. J.; Berenberg, J. L. Cancer (Phila-
delphia) 1982, 50, 2257. (c) Davis, H. L. Jr.; von Hoff, D. D.; Henney, J.
E.; Rozencweig, M. Cancer Chemother. Pharmacol. 1978, [, 83. (d) Wittes,
R. E.; Brescia, F.; Young, C. W. Oncology 1975, 32, 202,
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Presse Med. 1972, 2,95. (b) Kono, A.; Matsushima, Y.; Kojima, M.; Maeda,
T. Chem. Pharm. Bull. 1977, 25, 1725. (c) Kono, A. Ibid. 1977, 25, 2882,
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Chem. 1979, 22, 1019.
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Endicott, J. F. J. Am. Chem. Soc. 1973, 95, 2470. (d) Adamson, A. W,
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Figure 1. Ru(bpy),?*-sensitized cleavage of ¢ X174 RF 1 DNA by
CoBLM, and production of alkali-labile sites. Reaction mixtures con-
taining (in a total volume of 25 uLl.) 25 mM Tris borate, pH 8.1, 190 uM
EDTA and | pg of $X174 RF I DNA were incubated (either in the dark
or under illumination) with the indicated additions of CoBIm (final 11
uM) and/or Ru(bpy);** (final 3 uM). Finally, the samples in lanes 9,
10, 12, and 14 (underlined) were maintained at pH 11.5 for 2 h in the
dark following the addition of 10 uL of a sucrose/EDTA /dye mixture
and 1 uL of 1.67 M NaOH /25 mM EDTA. Only the sample in lane 14
was hydrolyzed by this alkaline treatment. Electrophoresis was carried
out in 1% (w/v) agarose, according to Chang and Meares.” DNA bands
were visualized by ethidium fluorescence.

to diffuse one dimensionally along the chain.!" Because of the
enormous negative charge density of DNA, encounters between
divalent cations and DNA-bound CoBIm are expected to be orders
of magnitude more frequent than they would be in the absence
of DNA.!2

Under an ordinary 60-W incandescent light bulb for 1 h, su-
percoiled ¢ X174 DNA (form I)'3 is almost quantitatively cleaved
to nicked circular DNA (form IT) in the presence of Ru(bpy);**
and CoBIm'*!> (Figure 1A, lane 7). No DNA cleavage occurs
in the absence of light (Figure 1A, lanes 2—-4) or in the absence
of Ru(bpy);** (lane 5) or CoBlm (lane 6).'® Further, using a
5’-32P end-labeled 121-base-pair DNA restriction fragment as the
substrate, polyacrylamide gel electrophoresis indicates that the
cleavage fragments formed are essentially identical with those
formed by UV irradiation of CoBlm (compare Figure 2, lanes 5
and 6)."” Strand scission occurs mainly at the 3’-side of guanosine
residues,'® producing DNA cleavage fragments that migrate as

(10) (a) Kumar, C. V.; Barton, J. K.; Turro, N. J. J. Am. Chem. Soc.
1985, 107, 5518. (b) Clarke, M. J. ACS Symp. Ser. 1980, 140, 157. (c)
Kelly, J. M.; Tossi, A. B.; McConnell, D. J.; Oh Uigin, C. Nucl. Acids Res.
1985, 13, 6017.

(11) (a) Winter, R. B.; Berg, O. G.; von Hippel, P. H. Biochemistry 1981,
20, 6961. (b) Berg, O. G.; von Hippel, P. H. Annu. Rev. Biophys. Biophys.
Chem. 1985, 14, 131.

(12) Wensel, T. G.; Chang, C.-H.; Meares, C. F. Biochemistry 1985, 24,
3060.

(13) $ X174 DNA, purchased from Bethesda Research Labs, was found
to contain more than 95% form I DNA as shown by 1% agarose gel electro-
phoresis.

(14) CoBIm was prepared from CoSO, and Bleonoxane (gift sample from
Bristol Labs, Syracuse, NY). The A, green fraction of CoBlm was separated
by HPLC as described earlier’ and was used for all these experiments. Ru-
(bpy);** obtained from Johnson Matthey Inc. was purified by repeated pre-
cipitation with methanol from an aqueous solution.

(15) The concentrations of Ru(bpy);** and CoBlm were determined by
spectrophotometric absorption measurements. For Ru(bpy);**, €55, = 14600
M~ em™? for CoBlm, €, = 18000 M~! cm™.7® In cleavage reactions,
Ru(bpy);** was the last component added prior to irradiation.

(16) Reactions were carried out in siliconized and sterilized eppendorf vials
by using a General Electric 60-W incandescent lamp (intensity ~7 uW /cm?,
at 450 nm < \ < 460 nm) at a distance of about 10 cm. Care was taken not
to expose the reaction mixtures to room light. All the apparatus used in this
investigation was acid-washed and thoroughly rinsed with deionized, distilled
water to avoid heavy metal contamination. The reaction vials were kept in
crushed ice.

(17) (a) Maxam, A. W_; Gilbert, W. Proc. Natl. Acad. Sci. U.S.A. 1977,
74, 560. (b) Maxam, A. W_; Gilbert, W. Methods Enzymol. 1980, 65, 499.
The intensity of the UV light used was ~1 mW /cm? at 366 nm.
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Figure 2. Sequence-dependent cleavage of a 121-base-pair T7-DNA
restriction fragment'” by Co'"BIm in the presence of Ru(bpy);** and
visible light. Each reaction mixture contained (in a total volume of 10
ul) 25 mM Tris borate, pH 8.1, 190 uM EDTA, and 5’-*?P-labeled
double-stranded DNA. The reaction mixtures also contained the indi-
cated additions of CoBlm (final 11 uM) and/or Ru(bpy),** (final 3 uM),
except that lane 6 was 1 uM CoBIm. Samples for lanes 4, 5, and 7 were
irradiated with visible light; the sample in lane 6 was irradiated with
approximately 100X more photons of 366-nm ultraviolet light.?* The
other samples were incubated in the dark. Note that no nicking is
observed in the absence of light, even in the presence of both Ru(bpy),**
and CoBlm (lane 3). At the end of the reaction the degraded DNA was
ethanol precipitated twice and subjected to polyacrylamide gel electro-
phoresis and autoradiography.”™ To identify the sites of DNA damage
which are listed along the side, four sets of base-specific cleavage products
were prepared'’ (not shown).

sharp bands on high-resolution gel electrophoresis.!” The 121-
base-pair DNA restriction fragment has the following sequence.
Only the strand labeled with *?P is shown: 5-*?P-CTATTTAC-

CAj, GATTGTTAAA,, GAGCGTCTTA;;
GGTCAGGTTT,, CGTTAGACCGy;, CATCACCTTT,,
CAGTGTGGTG; ACTCACTGTCs, GTTTCATGTC,,

GTACATCGTA, g CCGTGTTTAC,,
TTCATGTTGT,5C,5,. The CoBIm-Ru(bpy);** cleavage sites
are in italics.

This treatment also produces sites cleavable by alkali. Alka-
li-labile sites, presumably formed by removal of nitrogeneous bases
from DNA, are converted to single-strand breaks by exposure to
high pH.2®  When $X174 DNA samples were treated with
CoBIm, Ru(bpy);>*, and light and then incubated for 2 h at pH
11.5 in the dark, the DNA was found to be degraded into smaller
fragments, which appear as a diffuse band (Figure 1B; lane 14).

(18) Similar sequence specificity of nicking was also observed when a 5'-3?P
end-labeled 68-base pair DNA restriction fragment’® was used as the reaction
substrate. Also, the thiobarbituric acid test’® indicates that there is no
base—propenal formation. In addition, interstrand cross-linking of DNA was
observed after visible irradiation of DNA in the presence of CoBlm and
Ru(bpy);**.

(19) Maniatis, T.; Fritsch, E. F.; Sambrook, J. Molecular Cloning; Cold
Spring Harbor Laboratory: Cold Spring Harbor, NY, 1982; p 461.

(20) (a) Bayley, C. R.; Brammer, K. W ; Jones, A. S. J. Chem. Soc. 1961,
1903. (b) Lloyd, R. S.; Haidle, C. W.; Hewitt, R. R. Cancer Res. 1978, 38,
3191. (c) Povirk, L. F.; Wubker, W.; Kohnlein, W.; Hutchinson, F. Nucleic
Acids Res. 1977, 4, 3573. (d) Ross, R. L.; Moses, R. E. Biochemistry 1978,
17, 581.
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These results support the hypothesis that CoBlm cleavage of
DNA is a consequence of the photoreduction of Co(III). It is
interesting to note that forming CoBlm by air oxidation after
mixing Co?* and Blm in the presence of DNA is not accompanied
by significant strand scission. Nor does irradiation of Ru(bpy);**
and [Co(NH;)¢]** in the presence of DNA cause cleavage.?!
Evidently, strand scission requires prior formation of the
[Co™BIm]-DNA complex. This complex is known to involve very
close association of the cobalt center to the DNA!? and is thought
to involve intercalation of the Blm bithiazole moiety between DNA
base pairs.?

These results show that Ru(bpy);** sensitizes the cobalt-
bleomycin-mediated cleavage of DNA in the presence of visible
light, and the cleavage has the sequence specificity characteristic
of bleomycin. Since CoBlm is known to accumulate preferentially
in certain types of cancer cells in vivo,® such sensitized cleavage
of DNA might be used in the light-mediated treatment of cancer.?
We are investigating covalent conjugation of CoBlm with a suitable
photosensitizer.
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M.; Haseltine, W. A. Biochemistry 1982, 21, 4310. (¢) Mirabelli, C. K.; Ting,
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Acivicin (AT-125) (1), isolated® and characterized* from
Streptomyces sviceus by researchers at the Upjohn Co., has potent
anticancer activity® and has also found use as an important tool
for studying xenobiotic metabolism involving glutathione.® 4-
Hydroxyacivicin (2) is a cometabolite with roughly one-fifth the
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cytotoxic activity of 1.7 As an extension of our studies of sec-
ondary metabolism at the §-position of a-amino acids,*'® we have
investigated the biosynthesis of 1 and 2 and report here aspects
of their derivation from ornithine (3).

A seed culture was prepared by inoculating 50 mL of broth!!
with a loopful of soil culture!? and incubating the broths at 28
°C and 270 rpm in a gyrotory incubator shaker for 69 h. The
seed culture was used to inoculate five 200-mL production broths!3
(2.5% v/v) in 1-L baffled!* wide-mouth Erlenmeyer flasks, which
were then incubated at 32 °C and 250 rpm. Acivicin first ap-
peared in the fermentation broth!® at 48 h and the concentration
peaked at 120 h, whereupon the fermentation broth was worked
up. After centrifugation (8800g, 15 min) the supernatant was
decanted, and the pellet was resuspended in water and recen-
trifuged. The combined supernatants were adjusted to pH 7.8
and subjected to two ion-exchange chromatographies;'¢ 1 and 2
were then separated from each other by flash chromatography.!’?
The relevant fractions were lyophilized, resulting in solids that
were each recrystallized (methanol-water) to purity, yielding 6
mg of 1 and 11.7 mg of 2.

By recognition of the fact that a five-carbon amino acid should
be the logical precursor, and considering the oxidation state of
C-5 of the metabolites, pL-[1-1*C]glutamic acid (4) and L-[U-
14C]glutamine (8) were each fed to separate production broths
(one flask each) at 48, 72, and 96 h after inoculation, and each
fermentation was continued for a total of 120 h. All six exper-
iments were worked up in standard fashion after 25.3 mg of 1
and 25.1 mg of 2 were added to each as carrier. In none of these
experiments was either metabolite radioactive. However, when
DL-[2-'*C]lornithine was fed at 48 h, workup yielded radioactive
metabolites: the percent incorporation for 1 was 0.2 and for 2
it was 2.0, after recrystallization to constant specific activity.

In order to determine whether ornithine incorporation was
specific and to simultaneously determine whether the a-amino
groups were retained, 38.8 mg of pL-[5-'*C,5-'*N]ornithine
(3a),'81 mixed with 13.2 uCi of DL-[5-14C]-3, was fed in equal
portions to five 200-mL production broths at 48 h, and these were
worked up as usual after 120 h. The 100.6-MHz 3C NMR
spectrum? of each metabolite in D,0, 1a! and 2a,?? exhibited

(7) Martin, D. G.; Chidester, C. G.; Mizsak, S. A.; Duchamp, D. J.;
Baczynskyj, L.; Krueger, W. C.; Wnuk, R. J.; Menlman, P. A. J. Antibiot.
1975, 28, 91.
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3493,

(9) Gould, S. J.; Thiruvengadam, T. K.; Aberhart, D. J.; Lin, H.-J. J. Am.
Chem. Soc. 1983, 105, 5470. Aberhart, D. J.; Gould, S. J; Lin, H.-J;
Thiruvengadam, T. K.; Weiller, B. H. J. Am. Chem. Soc. 1983, 105, 5461.

(10) Prabhakaran, P. C.; Woo, N. T.; Yorgey, P.; Gould, S. J. Tetrahedron
Lert. 1986, 27, 3815.

(11) The seed medium consisted of glucose (0.5 g), yeast extract (0.5 g),
Difco peptone (0.12 g), and double-distilled water (50 mL) and was adjusted
to pH 7.2

(12) Antibiotic production in liquid culture was found to degenerate when
S. sviceus was stored on agar [dextrin (10.0 g), beef extract (1.0 g), yeast
extract (1.0 g), NZ Amine A (2.0 g), cobalt chloride (0.02 g), and agar (17.5
g) in 1 L of distilled H,O at pH 7.5.], but stabilization was effected when the
organism was maintained as spores on sterile soil: spores from a fresh slant
were suspended in 0.9% NaCl + 0.01% Tween 80 and transferred to sterile
soil in a culture tube; the tube was incubated at 26 °C for 2 weeks and then
stored in a cold room (4 °C).

(13) The production medium consisted of cerelose (0.4 g), washed dry
yeast (0.5 g), Kaysoy 200c (4 g), corn starch (2 g), NH,CI (1 g), and tap
water (200 mL) and was adjusted to pH 7.2.

(14) One-liter wide-mouth Erlenmeyer flask with two sets of three fin-
gerlike indentations (ca. 1 in.) in a vertical row.

(15) Production was checked by bioassay using B. subtilis UC-902 (ob-
tained from The Upjohn Co.) as the test organism.

(16) Chromatographed first on Dowex 50WX4 (H*, 100-200 mesh, § X
23 cm): washed with distilled H,O and then eluted with 2.5 N NH,OH.
Relevant fractions were combined, adjusted to pH 7.0, and applied to Biorad
AG3-X4A (100-200 mesh, 3 X 20 cm), washed with distilled H,0, 50%
MeOH, 90% MeOH, and then eluted with MeOH:H,0:AcOH = 90:10:3.

(17) The sample in distilled H,O was evaporated onto 0.4 g of silica gel
60, applied to the top of a silica gel 60 column (21 g), and eluted with methyl
ethyl ketone:acetone:water = 65:20:15.

(18) Wityak, J.; Palaniswamy, V. A.; Gould, S. J. J. Labelled Comp.
Radiopharm. 1988, 22, 1155.

(19) Zmijewski, M. J.; Palaniswamy, V. A.; Gould, S. J. J. Chem. Soc.,
Chem. Commun. 1983, 1261.
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