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AbstractÐHydrodisul®des (RSSH) have previously been implicated as key intermediates in thiol-triggered oxidative DNA damage
by the antitumor agent leinamycin. In an e�ort to better understand DNA damage by RSSH and to expand on the number and
type of chemical systems that produce this reactive intermediate, the ability of 3H-1,2-benzodithiol-3-one 1,1-dioxide (11) to serve
as a thiol-dependent DNA cleaving agent has been investigated. The ®ndings reported here indicate that reaction of 11 with thiols
results in release of RSSH and subsequent oxidative DNA strand cleavage. # 2000 Elsevier Science Ltd. All rights reserved.

Reaction of thiols with the antibiotic leinamycin (1)
triggers oxidative DNA cleavage and DNA alkylation
via two chemically distinct pathways (Scheme 1).1ÿ4

Thiol-triggered oxidative DNA cleavage by leinamycin
and by synthetic leinamycin analogues such as 5, 6, and
7 occurs by a general mechanism involving the conversion
of molecular oxygen to DNA-cleaving oxygen radicals via
superoxide, hydrogen peroxide, and a tracemetal-catalyzed
Fenton reaction.2,4 Superoxide radical is presumably
generated in this process by O2-mediated degradation of
unstable hydrodisul®de intermediates (RSSH, 3;
Scheme 1) that are produced during the reaction of the
1,2-dithiolan-3-one 1-oxide heterocycle with thiols.4,5

Hydropolysul®des (RSxSH) are also suspected as key
intermediates in thiol-triggered oxidative DNA cleavage
by polysul®des such as 7-methylbenzopentathiepin6 (8)
and bis(2-hydroxyethyl)trisul®de (10).4 DNA damage and/
or general oxidative stress caused by the production of
oxygen radicals in the decomposition of hydrodisul®de
intermediates may play an important role in the biolo-

gical activities of the antitumor agent leinamycin and
various cytotoxic polysul®des such as varacin7 (9) and
lissoclinotoxin A,8 and bis(2-hydroxyethyl)trisul®de (10).9

In an e�ort to better understand the DNA-cleaving
properties of hydrodisul®des and to expand on the
number and type of chemical systems capable of gen-
erating this reactive species, we have examined the abil-
ity of 3H-1,2-benzodithiol-3-one 1,1-dioxide (11) to
serve as a thiol-activated DNA-cleaving agent. We
anticipated that attack of thiol on this sulfur heterocycle
would result in the release of RSSH by the mechanism
shown in Scheme 2. Although the reaction of thiols with
11 has not previously been reported, the mechanism
proposed in Scheme 2 is directly analogous to that elu-
cidated for the reaction of phosphites with this sulfur-
transfer agent.10

We ®nd that, in the presence of excess thiol, micromolar
concentrations of 11 e�ciently cause single-strand
breaks in duplex DNA, as measured by the conversion
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of supercoiled (Form I) plasmid DNA to the open cir-
cular form (Form II) (Fig. 1). In accord with the
mechanism proposed in Scheme 2, e�cient DNA clea-
vage by 11 is completely dependent upon added thiol
(Fig. 2). As expected for the involvement of a hydro-
disul®de intermediate (3), mechanistic experiments indi-
cate that 11, in conjunction with added thiols, mediates
the conversion of molecular oxygen to DNA-cleaving
oxygen radicals (Fig. 3). The involvement of reduced
oxygen species (O2

�ÿ!H2O2!HO� ) and a trace metal-
catalyzed, Fenton-type conversion of hydrogen peroxide
to DNA-cleaving radicals in thiol-mediated DNA clea-
vage by 11 is supported by several ®ndings. Commonly

used11 oxygen radical scavengers such as methanol and
mannitol signi®cantly inhibit thiol-dependent DNA
cleavage by 11. Chelating agents such as diethylene-
triaminepentaacetic acid (DETAPAC) inhibit strand
scission in this system, presumably by sequestering
adventitious trace metals in a non-redox-active form11,12

that cannot participate in the Fenton reaction. Addition
of the hydrogen peroxide-destroying enzyme catalase to
the assay mixture almost completely inhibits DNA
cleavage. Addition of superoxide dismutase (SOD)
increases the e�ciency of strand scission by 11. The
marked e�ect of SOD is consistent with the presence of
superoxide radical in these reactions. SOD catalyzes the
disproportionation of superoxide to hydrogen peroxide
and O2,

13 and the increase in cleavage e�ciency can be
rationalized by the fact that this enzyme facilitates the

Scheme 2. Proposed reaction of thiols with 3H-1,2-benzodithiol-3-one 1,1-dioxide (11).

Scheme 1. Mechanisms of DNA damage by leinamycin.

Figure 2. E�ect of thiol concentration on DNA cleavage by 11.
Supercoiled pBR322 DNA (38 mM bp) was incubated for 6 h at 24 �C
with 11 (100 mM) in sodium phosphate bu�er (50 mM, pH 7.0) with
various concentrations of 2-mercaptoethanol, followed by agarose gel
electrophoretic analysis as previously described.2

Figure 1. Thiol-dependent DNA cleavage by various concentrations
of 11. Supercoiled pBR322 DNA (38 mM bp) was incubated for 6 h at
24 �C with various concentrations of 11 and 5 equiv of 2-mercapto-
ethanol in sodium phosphate bu�er (50 mM, pH 7.0), followed by
agarose gel electrophoretic analysis as previously described.2 Lane 1,
DNA alone; lane 2, 11 (1 mM) (0.02�0.01); lane 3, thiol (5 mM)
(0.06�0.01); lane 4, 11 (10 mM)+thiol (0.13�0.02); lane 5, 11 (20
mM)+thiol (0.26�0.05); lane 6, 11 (50 mM)+thiol (0.63�0.11); lane
7, 1 (100 mM)+thiol (1.53�0.64); lane 8, 1 (250 mM)+thiol
(2.77�0.69); lane 9, 11 (500 mM)+thiol (3.08�0.61); lane 10, 11
(1 mM)+thiol (3.47�0.78). The value in parentheses following each
lane description represents the mean number of strand breaks per
plasmid molecule (S) calculated using the equation S=ÿln fI where fI
is the fraction of plasmid present as form I. 15 The values are corrected
for background nicks present in control DNA.
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production of hydrogen peroxide.14 The observation
that >2 equiv of thiol are required for signi®cant DNA
cleavage (Fig. 2) suggests that secondary reactions of
thiol with 3 may be important.

In order to characterize the chemical events underlying
thiol-dependent oxidative DNA cleavage by 11, we
examined the products and intermediates resulting from
reaction of this sulfur heterocycle with thiols. The reaction
of 11 (40 mM) with excess thiol (10 equiv of 2-mer-
captoethanol) in a 4:1 water:acetonitrile mixture is rapid
(complete in seconds).16 The resulting mixture of pro-
ducts was separated and characterized using standard
methods, and the identity of the products was con®rmed
by comparison of NMR spectra with that of authentic
samples prepared by independent routes. The aromatic
carboxylic acids 16, 17, and 18 were isolated and char-
acterized as their methyl ester derivatives following work
up of the reaction mixture with diazomethane.17ÿ21

The products isolated from the reaction of 11 with
thiols are consistent with those expected from the
breakdown of the hydrodisul®de and 1,2-benzox-
athiolan-3-one 1-oxide intermediates (3 and 13) shown
in Scheme 2. Initial attack of thiol on the 1,2-benzox-
athiolan-3-one 1-oxide intermediate 13 is expected to
yield the thiosul®nate 15. In accord with literature pre-
cedent,22 this thiosul®nate reacts further with thiol to
a�ord a mixture of disul®des 16 and 17. The disul®des
16 and 17 are isolated in low yield because thiol-disul®de

exchange23 reactions with excess 2-mercaptoethanol in
the mixture e�ciently convert them to thiosalicylic acid
18. Importantly, the production of polysul®des (14,
X=1,2) in this reaction is indicative of the formation of
a hydrodisul®de intermediate (3). Hydrodisul®des read-
ily decompose to yield mixtures of polysul®des.24,25

Finally, in support of the proposed mechanism (Scheme
2), under conditions designed to favor its detection (0.5
equiv n-propanethiol, 0.5 equiv triethylamine, in dry
CH2Cl2), we have directly observed the unstable 1,2-
benzoxathiolan-3-one 1-oxide (13) as the major product
stemming from the reaction of 11 with thiol.26

This work establishes the 3H-1,2-benzodithiol-3-one
1,1-dioxide heterocycle as a new type of thiol-activated
DNA-cleaving agent. Examination of products and
intermediates resulting from the reaction of 3H-1,2-
benzodithiol-3-one 1,1-dioxide with thiol supports the
notion that a DNA-cleaving hydrodisul®de species
(RSSH) is released by attack of thiol on this ring sys-
tem. The e�ciency and mechanism of thiol-triggered
DNA cleavage by 11 and 5 are very similar.2 This
observation is meaningful because RSSH is an inter-
mediate generated by the attack of thiol on both of these
heterocyclic systems and, therefore, thiol-triggered oxi-
dative DNA damage by 11 and 5 is most reasonably
attributed to this common reactive intermediate. Fur-
ther studies designed to characterize the mechanism(s)
by which hydrodisul®des generate oxygen radicals are
currently underway in this laboratory.

Figure 3. E�ect of various additives on thiol-activated DNA cleavage by 11. Supercoiled pBR322 DNA (38 mM bp) was incubated for 6 h at 24 �C
with 11 (100 mM) and 2-mercaptoethanol (500 mM) in sodium phosphate bu�er (50 mM, pH 7.0) in the presence of various additives, followed by
agarose gel electrophoretic analysis as previously described.2

Scheme 3. Products resulting from attack of thiol on 3H-1,2-benzodithiol-3-one 1,1-dioxide (11).
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Previous work has shown that 5 serves as an excellent
model for the chemical reactivity of the 1,2-dithiolan-3-
one 1-oxide heterocycle found in leinamycin (1).1,3,4

Thus, our studies with 11 suggest that a 1,1-dioxide
analogue of leinamycin (19) would retain the ability to
produce RSSH upon reaction with thiols. On the other
hand, such a leinamycin analogue would likely be
devoid of DNA-alkylating properties because the elec-
trophilic oxathiolanone intermediate (2, Scheme 1)
required for the generation of the leinamycin-derived,
DNA-alkylating episulfonium ion (4) is not produced
by attack of thiol on the 1,1-dioxide system. Rather,
attack of thiol on the 1,1-dioxide system produces a 1,2-
oxathiolan-3-one 1-oxide (e.g., 13) which, in the context
of leinamycin, is not expected to lead to formation of a
DNA-alkylating electrophile.27 Consequently, the 1,1-
dioxide analogue of leinamycin 19 could serve as a
useful research tool to examine the biological e�ects
stemming from hydrodisul®de production by leinamy-
cin, in the absence of DNA alkylation by the natural
product.
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