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Leinamycin (LNM) is a potent antitumor antibiotic produced by Strep-
tomyces atroolivaceus S-140, featuring an unusual 1,3-dioxo-1,2-
dithiolane moiety that is spiro-fused to a thiazole-containing 18-mem-
bered lactam ring. Upon reductive activation in the presence of
cellular thiols, LNM exerts its antitumor activity by an episulfonium
ion-mediated DNA alkylation. Previously, we have cloned the lnm
gene cluster from S. atroolivaceus S-140 and characterized the bio-
synthetic machinery responsible for the 18-membered lactam back-
bone and the alkyl branch at C3 of LNM. We now report the isolation
and characterization of leinamycin E1 (LNM E1) from S. atroolivacues
SB3033, a ΔlnmE mutant strain of S. atroolivaceus S-140. Comple-
mentary to the reductive activation of LNM by cellular thiols, LNM
E1 can be oxidatively activated by cellular reactive oxygen species
(ROS) to generate a similar episulfonium ion intermediate, thereby
alkylating DNA and leading to eventual cell death. The feasibility of
exploiting LNM E1 as an anticancer prodrug activated by ROS was
demonstrated in two prostate cancer cell lines, LNCaP and DU-145.
Because many cancer cells are under higher cellular oxidative stress
with increased levels of ROS than normal cells, these findings sup-
port the idea of exploiting ROS as a means to target cancer cells and
highlight LNM E1 as a novel lead for the development of anticancer
prodrugs activated by ROS. The structure of LNM E1 also reveals
critical new insights into LNM biosynthesis, setting the stage to in-
vestigate sulfur incorporation, as well as the tailoring steps that
convert the nascent hybrid peptide–polyketide biosynthetic interme-
diate into LNM.
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Leinamycin (LNM) (Fig. 1A, 1) is an antitumor antibiotic
produced by Streptomyces atroolivaceus S-140 (1). It features

an unusual 1,3-dioxo-1,2-dithiolane moiety that is spiro-fused to
a thiazole-containing 18-membered lactam ring, a molecular
architecture not found to date in any other natural product (Fig.
1A). LNM shows potent antitumor activity in vitro and in vivo
and is active against tumors that are resistant to clinically im-
portant anticancer drugs, such as cisplatin, doxorubicin, mito-
mycin, and cyclophosphamide; therefore 1 has been pursued as a
promising anticancer drug lead (2–4).
The mode of action of 1 has been extensively investigated. The

1,3-dioxo-1,2-dithiolane moiety of 1 is essential for its antitumor
activity. Upon reductive activation in the presence of thiol agents, 1
exerts its antitumor activity by an episulfonium ion-mediated DNA
alkylation, a mode of action that is unprecedented among all DNA-
damaging natural products (Fig. 1A). Thus, under a reductive cel-
lular environment, the 1,3-dioxo-1,2-dithiolane moiety of 1 is first
attacked by a thiol to produce a sulfenic acid intermediate (1a) that
can cyclize, by ejecting a persulfide, to form a 1,2-oxathiolan-5-one
intermediate (1b). Subsequent rearrangement of 1b, through an
intramolecular attack of the 1,2-oxathiolan-5-one moiety by the C-6/
C-7 alkene, affords an episulfonium ion intermediate (1c), which
can efficiently alkylate the N7 position of deoxyguanosine bases of

DNA (1d), ultimately causing DNA cleavage and cell death. The
episulfonium ion 1c exists in equilibrium with an epoxide 1e through
the intramolecular backside attack by the C-8-hydroxyl group (Fig.
1A) (4–11). Although 1c formation does not require DNA, because
the hydrolysis product (1f) forms rapidly in the absence of DNA (5),
noncovalent DNA binding by the Z,E-5-(thiazol-4-yl)-penta-2,4-
dienone moiety of 1 significantly enhances its DNA alkylation ac-
tivity (9). In addition, the persulfides generated in the formation of
1b also contribute to the observed DNA damaging activity of 1, but
via an independent mechanism mediated by reactive oxygen species
(ROS) (4, 12–14).
We have previously cloned and sequenced the lnm bio-

synthetic gene cluster from S. atroolivaceus S-140, which consists
of 27 ORFs (orfs) (15–17). In vivo and in vitro characterizations
of the 1 biosynthetic machinery have since established that
(i) the thiazole-containing 18-membered lactam backbone of 1
is synthesized by a hybrid nonribosomal peptide synthetase
(NRPS)-acyltransferase (AT)–less type I polyketide synthase
(PKS), consisting of LnmQ (adenylation protein), LnmP [pep-
tidyl carrier protein (PCP)], LnmI (a hybrid NRPS-AT–less type
I PKS), LnmJ (AT-less type I PKS), and LnmG (AT) (17–19)
and (ii) the alkyl branch at C-3 of 1 is installed by a novel
pathway for β-alkylation in polyketide biosynthesis, featuring
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LnmK (acyltransferase/decarboxylase), LnmL [acyl carrier
protein (ACP)], LnmM [hydroxymethylglutaryl-CoA synthase
(HCS)], and LnmF [enoyl-CoA hydratase (ECH)] (Fig. 2) (20–
22). However, the mechanism of sulfur incorporation to form
the 1,3-dioxo-1,2-dithiolane moiety, which is essential for the
DNA damage activity of 1, as well as the tailoring steps that
convert the nascent hybrid peptide–polyketide intermediate into
1, remains elusive.
To shed light into these steps, we systematically inactivated all

genes within the lnm cluster whose functions or roles in 1 bio-
synthesis cannot be readily predicted on the basis of bioinformatics
analysis alone (16, 17). Each of the mutant strains was then fer-
mented, with the S. atroolivaceus S-140 WT as a control, to isolate
new metabolites accumulated to account for their roles in 1 bio-
synthesis. Here, we report the isolation and characterization of
leinamycin E1 (LNM E1, 2) from SB3033, a ΔlnmE mutant strain
of S. atroolivaceus S-140. Significantly, the structure of 2 reveals
critical new insights into 1 biosynthesis, setting the stage to in-
vestigate sulfur incorporation, as well as the tailoring steps that
convert the nascent hybrid peptide–polyketide biosynthetic in-
termediate into 1 (Fig. 2). Most strikingly, 2 can be readily oxidized
into a sulfenic acid intermediate (2a), which, in a mechanistic
analogy to 1a and via a similar 1,2-oxathiolan-5-one intermediate
(2b) to 1b, can undergo further rearrangement to form an epis-
ulfonium ion intermediate (2c). Thus, complementary to the re-
ductive activation of 1 by cellular thiols to generate an episulfonium
ion intermediate, 2 can be oxidatively activated by cellular ROS to
generate a similar episulfonium ion intermediate, thereby alkylating
DNA and leading to eventual cell death (Fig. 1B). The feasibility of
exploiting 2 as an anticancer prodrug activated by ROS was dem-
onstrated in two prostate cancer cell lines, LNCaP and DU-145,
that are known to exist under higher oxidative stress than normal
tissues. Because many cancer cells are under higher cellular oxi-
dative stress with increased levels of ROS than normal cells (23, 24),
our results suggest a means of exploiting ROS to target cancer cells
and highlight 2 as a novel lead for the development of anticancer
prodrugs activated by ROS.

Results and Discussion
Inactivation of lnmE Abolishing 1 Production and Accumulating 2 as
the Major Metabolite in SB3033. The lnm biosynthetic gene cluster
consists of 27 orfs, and 9 of them (i.e., lnmQPIJGKLMF) have
been characterized for their roles in 1 biosynthesis (15–22). The
functions of the remaining 18 orfs in 1 biosynthesis cannot be
readily predicted by bioinformatics analysis alone (16, 17). The
lnmE gene, 1 of the 18 orfs, encodes a protein of 307 amino acids,
showing no significant homology to any functionally characterized
protein. To determine the role of lnmE in 1 production, an lnmE
in-frame deletion mutant strain SB3033 was constructed (SI Ap-
pendix), the genotype of which was confirmed by Southern analysis
(SI Appendix, Fig. S1). SB3033 was fermented according to pre-
vious conditions (15–21) using the S. atroolivaceus S-140 WT as a
control (SI Appendix). HPLC analysis showed that SB3033 abol-
ished 1 production but accumulated one major new metabolite,
named LNM E1 (2), with the same UV absorption spectrum as 1
(Fig. 3, traces I and II). LNM E1 was purified by a combination of
chromatographic methods, and its structure was determined by
spectroscopic methods (SI Appendix).
LNM E1 was isolated as a yellow solid and had the molecular

formula of C22H28O4N2S2 as determined by analysis of electrospray
ionization-mass spectrometry (ESI-MS) and NMR spectroscopic
data, which was verified by high resolution ESI-MS (HR-ESI-MS)
(found m/z 449.1562, calculated [M + H]+ ion at m/z 449.1563) (SI
Appendix, Fig. S2), requiring 10 degrees of unsaturation. Its UV
absorption and NMR spectroscopic data (SI Appendix, Table S2 and
Figs. S3–S7) were analogous to those of 1. The main differences
between 2 and 1 are two hydroxylated carbons and the 1,3-dioxo-1,2-
dithiolane moiety. Two hydroxylated carbons (C-8 and C-4′) and a
thioester carbonyl carbon (C-3′, δC around 205) of 1 were absent in
the NMR spectra of 2 whereas an sp3 methylene (C-8, δH 3.34 and
3.26; δC 40.6) and an sp3 methine (C-4′, δH 2.84; δC 46.3) and a
carbonyl carbon (C-3′, δC 175.1) were present in 2. This information
led to the conclusion that C-8 and C-4′ were not oxygenated and
C-3′ was a free carboxylic acid. Also, the chemical shift of quaternary

Fig. 1. LNM (1) and LNM E1 (2) as novel anticancer drug leads via episulfonium ion-mediated DNA alkylation upon complementary activation: (A) reductive
activation of 1 by cellular thiols and (B) oxidative activation of 2 by cellular ROS, affording a pair of episulfonium ions that efficiently alkylate the N7 position
of deoxyguanosine bases of DNA, thereby causing DNA cleavage and eventual cell death.
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carbon C-3 (δC 50.2) of 2 was shifted upfield ∼25 ppm in comparison
with 1, which indicated that the C-3 was substituted with a thiol
moiety. Detailed 2D NMR [COSY, heteronuclear multiple-bond
correlation spectroscopy (HMBC), and heteronuclear multiple-
quantum correlation spectroscopy (HMQC)] experiments confirmed
above assignments (Fig. 4). The absolute configuration of C-4′ was
established as S based on X-ray crystallographic analysis of 3.
To complement the ΔlnmE mutation in SB3033, pBS3108, a

construct in which the expression of lnmE is under the control
of the constitutive ErmE* promoter (25), was introduced into
SB3033 by conjugation to afford SB3034 (SI Appendix). SB3034
was fermented under the conditions known for 1 production (15–
22) with the S. atroolivaceus WT as a control. HPLC analysis
showed that SB3034 restored 1 production to a level comparable
with that of the WT (Fig. 3, traces I and III). Collectively, these
data unambiguously established the intermediacy of 2 in 1 bio-
synthesis, suggesting that one of the two sulfur atoms is most
likely incorporated after the β-alkylation steps but before the
thioesterase (TE)-mediated 18-membered lactam ring formation.
On the basis of these findings, we now propose 2 as the nascent
product of the LNM hybrid NRPS-AT–less type I PKS, setting
the stage to investigate the mechanism of sulfur incorporation, as
well as the tailoring steps that convert 2 to 1, requiring minimally
hydroxylations at C-8 and C-4′, oxidation at S-1′, S-insertion at 2′,
and 1,3-dioxo-1,2-dithiolane ring formation (Fig. 2).

Oxidative Activation of 2 Resulting in an Episulfonium Ion Intermediate
Similar to That Generated in Reductive Activation of 1. The potent
antitumor activity of 1 has been attributed to its ability, upon
reductive activation in the presence of thiols, to form an epi-
sulfonium ion intermediate, which can efficiently alkylate DNA,

ultimately causing DNA cleavage and cell death. In the absence of
DNA, the episulfonium ion intermediate can also react with H2O
or CH3OH to rapidly form 1f or 1g, respectively, which has served
as the evidence supporting the involvement of the episulfonium
ion intermediate (Fig. 1A) (4–11).
A close examination of the HPLC profile of SB3033 revealed

at least four additional minor metabolites, 3–6, with the same
UV absorption as 1 and 2, whose relative abundance, however,
seemed to be dependent on the solvents and time used to pre-
pare the crude products (Fig. 3, trace II). With the exception of
4, which was produced in trace quantity but can be readily
detected by liquid chromatography-mass spectrometry (LC-MS)
analysis, 3, 5, and 6, were individually purified, together with 2,
from the large-scale fermentation of SB3033 (SI Appendix).
The structures of 3, 5, and 6 were established by the HR-ESI-MS

(SI Appendix, Fig. S2) and comprehensive NMR spectroscopic
analyses (Fig. 4 and SI Appendix, Table S2 and Figs. S8–S13 and
S20–S27). The relative stereochemistry of C-3, C-6, and C-7 in 3 was
established using information from the NOESY spectrum (Fig. 4B)
and comparison of its spectroscopic data to those of 1g (Fig. 1A).
The absolute stereochemistry of C-3 and C-16 in 3 as in 1 was
assigned based on a shared biosynthetic origin. The strong NOESY
correlations of H-7 with H-2a and of H3-18 with H-8b defined the
relative stereochemistry of C-6, C-7, and C-3 in 3 (Fig. 4B). The last
question to be settled was the absolute configuration of the branch
carbon, C-4′, in 2–6, which could not be determined from the NMR
data alone due to the free rotation of the carbon–carbon bond
between C-4′ and C-3. Thus, a single crystal of 3 was successfully
obtained from a mixture of methanol/water (10:0.2), and X-ray
crystallographic analysis established its absolute configuration
at C-4′ as S (SI Appendix), thereby the same S configuration at

Fig. 2. Proposed biosynthetic pathway for LNM (1) featuring (i) the LnmQPIJ hybrid NRPS-AT–less type I PKS with the discrete LnmG AT loading the malonyl
CoA extender units to all six PKS modules, (ii) the LnmKLMF enzymes catalyzing the β-alkyl branch at C3, and (iii) LNM E1 (2) as a key intermediate for 1
biosynthesis, setting the stage to investigate the mechanism of sulfur incorporation and the tailoring steps that convert 2 to 1, requiring minimally hy-
droxylations at C-8 and C-4′, oxidation at S-1′, S-insertion at 2′, and 1,3-dioxo-1,2-dithiolane ring formation. Color coding indicates the moieties installed by
NRPS (blue), PKS (red), β-alkyl branch (green), and other tailoring enzymes (black). SAM, S-adenosylmethionine. The green oval denotes an AT docking
domain. Domain abbreviations are: A, adenylation; AT, acyltransferase; Cy, cyclization; DH, dehydratase; KR, ketoreductase; KS, ketosynthase; MT, methyl-
transferase, Ox, oxidation; PCP, peptidyl carrier protein; TE, thioesterase; ?, domain of unknown function.
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C-4′ for 2, 4, 5, and 6 on the basis of their shared biosynthetic
origin (Fig. 4).
The structures of 3 and 5, which are similar to that of 1f and 1e,

respectively, indicate that they most likely come from the rear-
rangement through a similar episulfonium ion intermediate as 1c
(Fig. 1). We also found that 6 increased over time in solution
presumably due to air oxidation of 2. These two pieces of evidence
prompted us to propose that 2, the major product from SB3033,
may proceed through oxidative activation to form a similar sul-
fenic acid (2a), which, in a mechanistic analogy to 1a, could un-
dergo further rearrangement to afford an episulfonium ion 2c,
leading to the eventual formation of 3, 4, and 5 (Figs. 1 and 5A).
To test this hypothesis, we incubated 2 with hydrogen peroxide

(H2O2), mimicking oxidative activation (SI Appendix). When the
reaction is carried out in acetone, compounds 3, 5, and 6 were
indeed produced (Fig. 5B, trace II), whose identities were con-
firmed by HR-ESI-MS and HPLC analysis in comparison with
authentic standards. When the reaction was carried out in meth-
anol, a new compound was produced, in addition to 3, 5 and 6 (Fig.
5B, trace III). This new compound was isolated, and its structure as
4, the methoxyl-adduct of 2c (Fig. 5A), was similarly established on
the basis of HR-ESI-MS (SI Appendix, Fig. S2) and NMR analyses
(Fig. 4 and SI Appendix, Table S2 and Figs. S14–S19).

LNM E1 (2) Showing Potent Cytotoxicity Against Prostate Cancer Cell
Lines LNCaP and DU-145 with Increased Levels of ROS. The fact that
2, upon oxidative activation, can rapidly form an episulfonium ion
intermediate (2c) suggests that 2 could be exploited as an anti-
cancer prodrug activated by ROS. We reasoned that 2 will remain
inactive in normal cells, thereby exhibiting minimal systemic tox-
icity, and could be activated in situ if cells contain high levels of
ROS; the resultant 2c may then alkylate DNA, in a mechanistic
analogy to 1c, resulting in DNA cleavage and cell death but only
targeting cancer cells under high oxidative stress (Fig. 1).
It is now well known that many cancer cells possess higher

cellular oxidative stress with increased levels of ROS than normal
cells (23, 24). We have also demonstrated that ROS levels in
androgen-sensitive LNCaP prostate cancer cells or androgen-
insensitive DU-145 prostate cancer cells could be further modu-
lated by selected androgen (26, 27) or polyamine analogs (28, 29),

respectively, as well as polyamine oxidase inhibitors (30). We have
reported that ROS levels in intact LNCaP and DU-145 cells can
be readily estimated by the fluorescent dye 2′,7′-dichloroflurescin
diacetate (DCFH) oxidation assay following a published pro-
cedure (26, 31). Thus, we first determined the relative levels of ROS

Fig. 4. Metabolites isolated from the ΔlnmE mutant strain S. atroolivaceus
SB3033: (A) structures of LNM E1 (2) and its minor cometabolites LNM E2 (3),
LNM E3 (4), LNM E4 (5), and LNM E5 (6), (B) key 1H-1H COSY, 1H-13C HMBC,
and 1H-1H NOESY correlations supporting their structural elucidation (SI
Appendix, Figs. S3–S27), and (C) X-ray structure of 3 (SI Appendix), estab-
lishing the absolute stereochemistry of 3, as well as 2, 4, 5, and 6 on the basis
of their shared biosynthetic origin.

Fig. 3. HPLC analysis of the crude products isolated from fermentation
cultures of S. atroolivaceus S-140 WT (I), SB3033 (i.e., ΔlnmE) (II), and SB3034
(i.e., ΔlnmE/lnmE) (III). The metabolites with similar UV absorption are 1 (●),
2 (♦), 3 (▼), 4 (◊), 5 (∇), and 6 (○).
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in DU-145 and LNCaP cells, with and without the treatments of
selected agents, with the normal human prostate epithelial cells
(HPECs) as controls (SI Appendix). As summarized in SI Appendix,

Table S3, (i) the ROS levels in both LNCaP and DU-145 cell lines
are relatively higher than in normal HPEC, (ii) LNCaP cells have
relatively higher ROS levels that DU-145 cells, (iii) the ROS levels

Fig. 5. Formation of 3–6 via an oxidative activation and episulfonium ion-mediated rearrangement of 2: (A) A proposed mechanism to account for the
formation of 3–6 from 2 and (B) HPLC analysis of the reaction mixtures, confirming rapid conversion of 2 (♦) to 3 (▼), 4 (◊), 5 (∇), and 6 (○) upon exposure to
H2O2 in acetone (II) or methanol (III). [O], oxidation as exemplified by H2O2.

Fig. 6. Growth inhibitory activity for LNM E1 (2) against normal (HPEC) and cancer (DU-145 and LNCaP) cells treated with selected agents modulating ROS levels and
compared with LNM (1) as a control. DNA levels were measured as an indicator of cell growth, and all data were normalized to growth effect with vehicle as controls.
(A) Effects of 1 (●) and 2 (▼) on normal HPEC. (B) Effects of 1 on DU-145 (●) or LNCaP (○) cells. (C) Effects of 2 on DU-145 cells (●) or DU-145 cells treated with
BE-3-3-3 (red filled square) or BE-3–3-3 andMDL 72527 (blue triangle). (D) Effects of 2 on LNCaP cells (●) or LNCaP cells treated with R1881 (red filled square) or R1881
and vitamin E (blue triangle). (E) Effects of 2 on LNCaP cells (●) or LNCaP cells treated with BE-3-3-3 (red filled square) or BE-3-3-3 and MDL 72527 (blue triangle).
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in DU-145 cells are moderately enhanced after the treatment of
0.1 μM BE-3-3-3 (a polyamine analog), and the observed enhance-
ment is completely abolished by the cotreatment with 25 μM MDL
72527 (a polyamine oxidase inhibitor), and (iv) the ROS levels in
LNCaP cells are significantly enhanced after the treatment of either
1 nM R1881 (an androgen analog) or 0.1 μM BE-3-3-3, and the
observed enhancements are markedly reduced by the cotreat-
ment with 15 μM vitamin E (an antioxidant) or 25 μM MDL
72527, respectively.
Encouraged by the sharp differences of ROS levels between

normal (HPEC) and cancer (DU-145 and LNCaP) cells and our
ability to modulate ROS levels using selected agents, we next pro-
ceeded to test whether 2 could exert cytotoxicity against cancer cells
with elevated levels of ROS (SI Appendix). DNA levels were mea-
sured as an indicator of cell proliferation, and 1 was used as a
control (Fig. 6). (i) For normal HPEC, 1 was a potent growth in-
hibitor (IC50 ∼2 nM) whereas 2 showed little growth inhibitory
activity even at μM concentration (Fig. 6A). These findings would
be expected with the reductive cellular environment of normal
HPEC (SI Appendix, Table S3). (ii) In contrast, 1 was essen-
tially inactive against DU-145 and LNCaP cells. These findings
are in good agreement with the fact that these two cell lines are
under high oxidative stress (Fig. 6B and SI Appendix, Table S3).
(iii) However, 2 was also inactive against DU-145 and LNCaP
cells, suggesting that the basal levels of ROS in these two cell
lines are not high enough to activate 2 (Fig. 6 C–E and SI Ap-
pendix, Table S3). (iv) At the elevated ROS levels upon treat-
ments of DU-145 cells with BE-3-3-3 or LNCaP cells with either
R1881 or BE-3-3-3, 2 indeed potently inhibited the growth of both
DU-145 (IC50 ∼1 μM) and LNCaP cells (IC50 ∼4 μM and ∼2 μM,
respectively, with R1881 and BE-3-3-3). Significantly, the observed
growth inhibitory activities of 2 against both cell lines were

completely abrogated by the cotreatments of DU-145 with BE-3-
3-3 and MDL 72527 or LNCaP with BE-3-3-3 and MDL 72527 or
R1881 and vitamin E, respectively (Fig. 6 C–E). Both MDL 72527,
a polyamine oxidase inhibitor, and vitamin E, an antioxidant, are
known to reduce ROS levels in DU-145 or LNCaP cells (SI Ap-
pendix, Table S3) (26, 27, 30). These data therefore unambiguously
correlated the cytotoxicity of 2 with ROS-mediated activation in
cells and supported the development of 2 as an anticancer prodrug
exploiting the elevated levels of ROS in many cancer cells. Anti-
cancer prodrugs activated by ROS in selected cancer cell lines are
known but are few (32–36). The unprecedented mode of action of
2, via oxidative activation and episulfonium ion-mediated DNA
alkylation, is very exciting (Fig. 1), providing an outstanding op-
portunity to explore the novel scaffold of 2 and related natural
products for anticancer drug discovery.

Methods
Materials, methods, and detailed experimental procedures are provided in SI
Appendix. SI Appendix, Table S1 contains plasmids and strains used in this
study, SI Appendix, Table S2 compiles all of the 1H and 13C NMR data for 2–6,
and SI Appendix, Table S3 summarizes ROS levels in human prostate cells
under the conditions studied in DCF fluorescent units estimated by the DCFH
oxidation assay. SI Appendix, Fig. S1 depicts the construction and confir-
mation of the ΔlnmE mutant strains SB3032 and SB3033. SI Appendix, Fig. S2
summarizes all of the HR-ESI-MS spectra of 2–6. SI Appendix, Figs. S3–S7,
Figs. S8–S13, Figs. S14–S19, Figs. S20–S24, and Figs. S25–S27 are 1H and 13C
NMR spectra of 2–6, respectively, supporting their structural determination.
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