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It may be useful to develop prodrugs that are selectively activated
by oxidative stress in cancer cells to release cell-killing reactive
intermediates. However, relatively few chemical strategies exist for
the activation of prodrugs under conditions of oxidative stress.
Here we provide evidence for a novel process in which oxidation
of a thiol residue in the natural product leinamycin E1 by H,0, and
other byproducts of cellular oxidative stress initiates generation of
an episulfonium ion that selectively alkylates guanine residues in
duplex DNA.

In cancer chemotherapy, it would be advantageous to develop
prodrugs that are selectively activated in tumor tissue. This
requires identification of features that are unique to cancer
cells or the tumor microenvironment." For example, there have
been longstanding efforts to identify agents that are transformed
to cytotoxic DNA-damaging intermediates in the hypoxic tissue
found in some solid tumors.>™ Alternatively, evidence indicates
that some cancer cells reside in a state of oxidative stress
characterized by higher than normal levels of reactive oxygen
species (ROS) such as H,0, due to increased growth factor
signaling, metabolic rate, and mitochondrial dysfunction.’>™®
This has led to the idea that oxidative stress may represent a
new “therapeutic target” in cancer and has inspired efforts to
develop oxidatively-activated prodrugs that release cytotoxic
DNA-damaging agents following reaction with H,0,.>°™* To
date, however, there are few chemical strategies for the activation
of prodrugs by H,0, or other byproducts of oxidative stress in
cells.”™ In the work described here, we characterize a novel
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Oxidative activation of leinamycin E1 triggers
alkylation of guanine residues in double-stranded
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process involving oxidatively-activated generation of a cytotoxic
DNA-alklyating agent by an analog of the natural product
leinamycin (LNM).

LNM is a Streptomyces-derived natural product with an unprece-
dented molecular architecture that includes an 18-membered,
thiazole-containing macrolactam spiro-fused to a 1,2-dithiolan-
3-one 1-oxide heterocycle.">” LNM displays activity in the low
nanomolar concentration range against various human cancer
cell lines™'*'®' and activity in vivo against tumors that are resistant
to important anticancer drugs such as cisplatin, doxorubicin,
mitomycin, and cyclophosphamide.'®*° LNM is a prodrug that
is rapidly converted to a potent DNA-damaging agent when it
enters the thiol-rich intracellular environment.'®*'">> Attack of
thiolate on the central sulfur atom of the 1,2-dithiolan-3-one
1-oxide heterocycle in LNM generates the ring-opened compound
1, followed by cyclization involving attack of the sulfenate residue
on the adjacent carbonyl group to give the 1,2-oxathiolan-5-one
derivative 2 (Scheme 1).2°2® The electrophilicity of the sulfur
center in 2 drives an intramolecular rearrangement involving the
C6-C7 alkene of the 18-membered macrolactam to produce the
DNA-alkylating episulfonium ion (3, Scheme 1). Alkylation of
guanine residues in duplex DNA by 3 is enabled by noncovalent
association of LNM with the double helix involving intercalation of
the extended thiazolyl-2,4-pentadienone pi-system on the 3'-face
of target nucleobase residues.>*" The 7-alkylguanine residues
generated by LNM undergo rapid depurination to leave abasic
sites on the DNA backbone.****

We recently isolated and characterized the first biosynthetically
engineered LNM analog, LNM E1, from SB3033, a AlnmE mutant
strain of S. atroolivaceus S-140.>* LNM E1 lacks the 1,2-dithiolan-3-
one 1-oxide heterocycle that is critical for thiol-initiated generation
of the DNA-alkylating episulfonium ion in the parent natural
product. Interestingly, under oxidative conditions, LNM E1 under-
goes rearrangement to give the hydrolysis and methanolysis
products 5a and b (Scheme 2) that are diagnostic for episulfonium
ion formation.>* Indeed, LNM E1 is selectively toxic to cancer cell
lines with high levels of oxidative stress.** It was proposed that
oxidation of LNM E1 to the sulfenic acid derivative 4a affords an
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2a R1=CH3, R2=OH, R3=OH
2b Ry=H, Ry=CHs, Ry=H

3a R;=CHg, Ry=OH, Ry=OH
3b Ry=H, Ry=CHg, Ry=H

4a Ry=OH
4b R,=SR

Scheme 1 Activation of LNM and LNM E1.

6, Guanine adduct

Scheme 2 Fates of the LNM El-derived episulfonium ion.

alternative entry into the LNM rearrangement reaction manifold
(Scheme 1); however, the ability of H,0, and various byproducts
of oxidative stress to activate DNA alkylation by LNM E1 under
physiologically-relevant conditions has not been examined
until now.

We incubated LNM or LNM E1 with 5'-*’P-labeled DNA
duplexes in the presence of various activating agents, followed
by piperidine workup (0.1 M, 90 °C, 25 min) and gel electro-
phoretic analysis of the labeled DNA fragments resulting from
cleavage at alkylation sites. As expected,?*" a control experiment
in which the parent natural product LNM was activated by
2-mercaptoethanol generated high yields of thiol-triggered DNA
strand cleavage products that were consistent with alkylation of
guanine residues in the target duplex (Fig. 1, lane 13). In contrast,
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Fig. 1 Oxidatively-activated DNA damage by LNM E1. The DNA duplex
shown was 5'-32P-labeled on the top strand. Reactions were incubated for
24 h, followed by piperidine workup and 20% denaturing polyacrylamide
gel electrophoretic analysis. Lane 1: untreated duplex; lane 2: Maxam-
Gilbert G reaction; lane 3: A + G reaction; lane 4: LNM E1 (200 uM), pH 7;
lane 5: LNM E1 (200 pM), pH 8; lane 6: LNM E1 (200 pM) + H,O, (500 pM)
pH 7; lane 7: H,O, (500 uM) pH 7; lane 8: LNM E1 (200 uM) + H,O,
(500 uM) pH 8; lane 9: H,O, (500 uM) pH 8; lane 10: LNM E1 (200 uM) +
xanthine (250 uM) + xanthine oxidase (1 unit); lane 11: xanthine (250 uM) +
xanthine oxidase; lane 12: LNM E1 (200 uM) + 2-mercaptoethanol
(500 pM); lane 13: LNM (100 uM) + 2-mercaptoethanol (500 pM); lane
14: LNM (100 puM) + H,0, (500 uM).

LNM generated relatively weak strand cleavage under oxidative
conditions, in the presence of H,0, (lane 14). LNM E1 generated
low levels of strand cleavage at guanine residues alone or in the
presence of 2-mercaptoethanol (lanes 4 and 12). Importantly,
LNM E1 in the presence of H,0, produced substantial yields of
strand cleavage that were well above the background levels
generated by H,O, alone (lanes 6 and 8). The products were
consistent with strand cleavage arising from alkylation of guanine
residues in the DNA duplex. Comparative time course and
concentration profiles revealed that the yield of DNA alkylation
by LNM E1 + H,0, was similar to that generated by the parent
natural product LNM + thiol (Fig. S1-S6, ESI).

Previous studies showed that the LNM-derived episulfonium
ion displays sequence preferences that are distinct from other
DNA-alkylating agents.?! Thus, it is significant that the sequence
specificity of the DNA damage generated by LNM E1 in duplex
DNA closely mirrors that caused by the parent compound
LNM (Fig. 2B and Fig. S7, ESIf).>" Damage is primarily located
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Fig. 2 DNA alkylation by LNM E1 and LNM. The DNA duplex shown in
Fig. 1 was 5'-32P-labeled on the top strand. Following incubation, reactions
were subjected to piperidine workup and 20% denaturing polyacrylamide
gel electrophoretic analysis. Panel A: strand cleavage yields under various
activation conditions. The bars depict fraction of material found in cleavage
products under each condition. Panel B: sequence-specificity of DNA
alkylation by LNM E1 compared to LNM. The bars depict the relative amount
of cleavage generated by LNM E1 + H,O, and LNM + 2-mercaptoethanol at
each guanine residue in the duplex shown in Fig. 1. To allow comparison, the
amount of cleavage at G, was normalized to 100 in each case.

at guanine residues in regions of duplex DNA, with relatively little
damage observed in the single-stranded overhangs. Furthermore,
the two agents share common alkylation “hotspots” in the
duplexes examined here. These results suggest that LNM and
LNM E1 share similar noncovalent DNA-binding modes and
alkylate guanine residues via the closely related episulfonium
ion intermediates 3a and 3b (Scheme 1).

We examined the ability of several biologically-relevant
oxidizing systems other than H,0, to activate LNM E1. First,
we showed that the xanthine/xanthine oxidase enzyme system,
a physiologically-relevant generator of the reactive oxygen
species (ROS) superoxide radical and hydrogen peroxide,*
activates DNA alkylation by LNM E1 (Fig. 1, lanes 10 and 11,
Fig. 2). Second, we found that LNM E1 can be activated by
FeNH,(SO,), (Fig. 2). Iron salts are known to catalyze the
oxidation of thiols.***” Finally, we examined the ability of
disulfides to activate LNM E1 (Fig. 2 and Fig. S8, ESIt). Oxidative
stress can cause elevated levels of intracellular disulfides, such as
glutathione disulfide.*® We found that glutathione disulfide,*®
5,5'-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent),*® and (bis)2,4-
dinitrophenyl disulfide were able to trigger DNA alkylation by E1.
Rapid disulfide exchange reactions***° presumably generated a
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LNM E1 disulfide 4b that afforded access to the episulfonium
ion alkylating agent 3b via the oxathiolanone intermediate 2b
(Scheme 1). The activation of LNM E1 by the disulfide pathway
is slower than the H,0, activation pathway (Fig. S8, ESIY).

To more clearly elucidate the chemical events underlying
DNA strand cleavage induced by LNM E1, we used LC-MS to
characterize the reactions of LNM E1 with H,O, both in the
presence and absence of duplex DNA. We incubated LNM E1
with the DNA duplex shown in Fig. 1 and H,0O, in pH 7.4 buffer,
followed by thermal workup (90 degrees, 40 min) to induce
depurination of N7-alkylguanine residues. The mixture was
extracted with n-butanol, and the extract analyzed using LC-MS
to reveal a prominent product whose mass-to-charge (/z) ratio
was consistent with the guanine adduct 6 (Fig. 3).

LC-MS analysis of the reaction between LNM E1 and H,0, in
the absence of DNA in either methanol or aqueous buffer
showed that the natural product was consumed rapidly to give
a mixture that includes the symmetrical LNM E1 disulfide (4b,
R = LNM E1) and the hydrolysis or methanolysis products 5
(Fig. S9 and S10, ESIt). Upon further incubation, we observed
disappearance of the symmetrical E1 disulfide accompanied by
a corresponding increase in the rearranged product 5b (Fig. S9,
ESIY). These results were consistent with the idea that disulfides
of LNM E1 (4b) can undergo conversion to the DNA-alkylating
episulfonium ion 3b as illustrated in Scheme 1.

Our studies characterized new bioactivation processes in
which oxidation of a thiol residue in LNM E1 by H,0, and other
byproducts of cellular oxidative stress initiates generation of a
DNA-alkylating episulfonium ion. Thus, the ability of LNM E1
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Fig. 3 LC-MS analysis of the reaction between LNM E1 + H,O, and DNA.
The modified DNA was subjected to thermal workup, the products
extracted into n-butanol and the extract analyzed by LC-MS in the positive
ion mode. Panel A shows the total ion chromatogram (TIC) and panel B
shows the mass spectrum of the product eluting at 15 min that displays an
m/z value and fragmentation pattern consistent with a LNM E1-guanine
adduct (M + Na calcd 620.6).
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to kill cancer cell lines that exist in a state of elevated oxidative
stress may stem from oxidatively-activated DNA alkylation. The
oxidative activation of LNM E1 provides indirect support for a
mechanism proposed previously to explain thiol-independent,
hydrolytic activation of the parent natural product LNM."' The LNM
scaffold may be unique in its ability to support the generation of a
common reactive intermediate via reductive (RSH), oxidative (H,O,,
RSSR), and hydrolytic routes (Scheme 1).2%2**1%> While the detailed
mechanisms of these activation processes require further study, this
multifaceted behavior likely is made possible by the ambiphilic
nature*®™** of the sulfenic acid group (RSOH) that can function as
either a nucleophile (LNM) or an electrophile (LNM E1) in different
routes to the episulfonium ions 3 (Scheme 1). These fascinating
features of LNM and LNM E1 will surely inspire the continued
search for new members of the LNM family of natural products for
the purpose of anticancer drug discovery.*’
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