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Abstract
Leinamycin is a structurally novel Streptomyces-derived natural product that displays very potent
activity against various human cancer cell lines (IC50 values in the low nanomolar range). Previous
in vitro biochemical studies have revealed that leinamycin alkylates DNA, generates apurinic (AP)
sites and reactive oxygen species (ROS), and causes DNA strand breaks. However, it is not clear
whether these events occur inside cells. In the present study, we have determined the endogenous
amount of AP sites and DNA strand breaks in genomic DNA and the amount of oxidative stress in
a human pancreatic carcinoma cell line, MiaPaCa, treated with leinamycin by utilizing the aldehyde-
reactive probe (ARP) assay, the comet assay, and fluorescent probes, respectively. We demonstrated
that AP sites are formed rapidly following exposure to leinamycin, and the number of AP sites was
increased up to seven- fold in a dose dependent manner. However, only 25–50% of these sites remain
2 h after media containing drug molecules was aspirated and replaced with fresh media. We also
observed leinamycin induced ROS generation and a concomitant increase in apoptosis of MiaPaCa
cells. Because both AP sites and ROS have the potential to generate strand breaks in cellular DNA,
the comet assay was utilized to detect damage to nuclear DNA in leinamycin-treated MiaPaCa cell
cultures. Both alkaline and neutral electrophoretic analysis revealed that leinamycin produces both
single- and double-stranded DNA damage in drug-treated cells in a dose-dependent manner. Taken
together, the results suggest that rapid conversion of leinamycin-guanine (N7) adducts into AP sites
to produce DNA strand breaks, in synergy with leinamycin-derived ROS, account for the exceedingly
potent biological activity of this natural product.
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INTRODUCTION
Leinamycin is an antitumor antibiotic, which was first isolated from Streptomyces sp. by
researchers at Kyowa Hakko Kogyo Co., Ltd. in Tokyo, Japan in 1989 (1–2). Over the past
two decades, much has been learned about the structure and function of leinamycin. This natural
product antibiotic possesses several novel structural elements, including a 1,2-dithiolan-3-one
1-oxide moiety and an 18-membered lactam ring containing an embedded Z,E-thiazol-5-yl-
penta-2,4-dienone fragment (1–4). Leinamycin displays potent activity against cancer cell lines
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in both in vitro and in vivo tumor models and is currently in development as a potential
antitumor agent (5–9).

Early studies by the discoverers of leinamycin indicated that the natural product causes thiol-
triggered DNA strand breaks (5). Subsequent studies showed that attack of a thiol on the 1,2-
dithiolan-3-one 1-oxide in leinamycin initiates conversion of this heterocycle to a 1,2-
oxathiolan-5-one (Figure 1, step 2) that undergoes further rearrangement to an episulfonium
ion (Figure 1, step 3) (10–16). This episulfonium ion associates non-covalently with duplex
DNA and alkylates the N7-position of guanine residues in double-stranded DNA with very
high efficiency (Figure 1, step 4) (14,17,18). The guanine adduct is the only covalent DNA
lesion resulting from the reaction of thiol-activated leinamycin with duplex DNA (17).

Recent in vitro studies by the Gates group revealed that leinamycin-guanine adducts in double-
stranded DNA undergo unusually rapid depurination (t1/2 = 3 h) to generate AP sites (Figure
1) (19–21). In general, the depurination of N7-alkylguanine residues in double-stranded DNA
occurs with a half-life in the range of 50–100 h under physiological conditions (20). While the
chemical basis for the rapid loss of the leinamycin-guanine adduct from duplex DNA remains
uncertain, this rapid depurination reaction might be biologically important because AP sites
generated in cellular DNA are known to be cytotoxic lesions (22–26). In addition, AP sites are
readily converted into DNA strand breaks, which are also potentially toxic lesions (27–28).
Finally, recent evidence shows that AP sites can generate interstrand crosslinks in DNA under
physiologically relevant conditions (29). Although both AP sites and single-strand breaks are
subject to repair by various cellular systems (30–32), rapid generation of large numbers of AP
sites by leinamycin has the potential to overwhelm the capacity of these repair enzymes (33–
36).

In addition to the DNA-alkylation chemistry described above, attack of a thiol on leinamycin
releases a persulfide intermediate (RSSH, Figure 1) that can mediate the generation of reactive
oxygen species (ROS) in vitro (37–43). Persulfides generate ROS via an initial reduction of
molecular oxygen to superoxide radical, followed by disproportionation to hydrogen peroxide,
and finally production of the hydroxyl radical via the Fenton reaction (37–43). Such chemistry
could contribute to the biological activity of leinamycin because intracellular generation of
ROS can cause DNA strand cleavage and lead to cell death via general oxidative stress (44–
48).

Our recent study demonstrated that exposure to leinamycin caused DNA strand breaks in both
time- and dose-dependent manners, with strand cleavage occurring as early as 3 h after
MiaPaCa cells were exposed to the drug (49). Most DNA-damaging agents are known to
activate DNA checkpoint mechanisms irrespective of their mode of actions (50). The
checkpoint kinase Chk2 is known to be activated in response to direct DNA cleaving agents
such as ionizing radiation (IR), while replication arresting agents, such as the alkylating agents,
aphidicolin and hydroxyurea, activate the checkpoint kinase Chk1 (50). Thus, the observed
activation of Chk2, but not Chk1, in MiaPaCa cells treated with leinamycin is consistent with
a cellular response to DNA strand break formation rather than DNA adduct formation (50). In
the present study, we set out to determine whether leinamycin; increases the number of AP
sites, forms DNA strand breaks, and produces ROS inside human cancer cell lines as previous
chemical and biochemical studies have suggested. Our results showed that the ability of
leinamycin to produce unique types of DNA damage and ROS might represent a new
biochemical route to very potent cytotoxic activity against human cancer cells. Overall, this
work makes important connections between the chemical reactivity of leinamycin (51–52) and
its potent biological activity against human cancer cell lines (5,9).
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MATERIALS and METHODS
Materials

Oligonucleotides were constructed by Sigma Genosys (Woodlands, Texas). T4 polynucleotide
kinase was purchased from New England Biolabs, and all radioactive nucleotides were from
Amersham Life Sciences.

Cell lines
The MiaPaCa cell line was obtained from American Type Culture Collection (Rockville, MD)
and cultured according to their instructions in RPMI 1640 supplemented with 10% FCS. All
chemical reagents were purchased from Sigma Aldrich, and leinamycin was a kind gift from
Dr. Yutaka Kanda of Kyowa Hakko Kogyo Ltd. All chemicals were dissolved in DMSO (5
mg/mL stock solution) and stored at −80°C.

Assay for AP sites in cultured cancer cells
The cultured MiaPaCa cells were treated with various concentrations of leinamycin, harvested,
washed, and incubated in 1 mL of PBS/5 mM glucose with 3 mM Aldehyde Reactive Probe
(ARP), which is N’-aminooxymethylcarbonylhydrazino-D-biotin (Dojindo Molecular
Technologies Inc, Gaithersburg, MD) for 60 min at 37°C as previously described (53). The
cells were then collected and washed twice with 1 mL of PBS to remove residual ARP. The
DNA was then isolated and immobilized on a 96-well plate with DNA binding solution. The
96-well plate was then incubated with streptavidin-conjugated horseradish peroxidase (HRP)
(Amersham, Piscataway, NJ) and rinsed with a washing buffer. After adding 100 µL of
substrate solution (Dojindo Molecular Technologies Inc, Gaithersburg, MD) to each well and
incubating the microplate at 37 °C for 1 h as the manufacturer suggested, the enzymatic activity
of HRP was detected colorimetrically by measuring the absorbance at 650 nm. The number of
AP sites was calculated based upon a standard curve generated using ARP standard DNA
solutions (Dojindo Molecular Technologies Inc, Gaithersburg, MD) as described previously
(54). In addition to colorimetric detection, the relative amount of AP sites was determined by
flow cytometry. Harvested cells were fixed and incubated with FITC-conjugated streptavidin
(Sigma Aldrich). Cellular fluorescence was determined with the Coulter ELITE ESP flow
cytometer, and fluorescent signals were collected using the standard configuration of the flow
cytometer (green fluorescence for FITC).

Comet assay
The neutral comet assay was performed as previously described (55). Briefly, following
treatment of MiaPaCa cells with leinamycin, cells were trypsinized, pelleted, and suspended
in 100 µL of PBS. The cell suspension (10 µL) was mixed with 100 µl of LMAgarose
(Trevigen) at a ratio of 1: 10 (v/v), and 75 µL of the mixture was pipetted onto a CometSlide
(Trevigen) and allowed to gel at 4°C until a clearing appeared around the agarose. Slides were
immersed in cold lysis solution (Trevigen) for 1 h at 4°C and then rinsed several times in TBE
buffer. Slides were then electrophoresed in either TBE buffer or alkaline electrophoresis
solution (300 mM NaOH, 1 mM EDTA, pH> 13) at 1 volt per cm, electrode to electrode. After
electrophoresis, slides were rinsed 3 times with distilled water and allowed to dry overnight.
The slides were then stained with 50 µl of SYBR Green I (Trevigen) and scored with a Zeiss
Axioplan fluorescent microscope with 516–560 nm emission from a 70 W mercury lamp
connected to a camera. For each dose, about 30–60 cells per slide were scored and recorded
for analysis. Images were acquired and analyzed using a self-developed image system. Comet
length, percentage of DNA in the tail, and comet moment were calculated as previously
described (56).
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Purification and radiolabeling of oligonucleotides
5'-end labeled duplex oligonucleotides shown in Figure 5 were prepared as described below.
Each strand was 32P-5′-end labeled with T4 polynucleotide kinase and γ-32P-ATP, heat-treated
to inactivate the enzyme, and annealed with the unlabeled complementary strand. The resulting
duplex oligonucleotides were run through a Sephadex G-10 column to remove unincorporated
γ-32P-ATP. The annealed duplex oligonucleotides were further purified with a 16%
nondenaturing PAGE gel. The DNA was visualized by exposure to X-ray film and purified
from the gel by using the crush and soak method.

Leinamycin cleavage reaction
End-labeled duplex oligonucleotides (100 fmol) were incubated with 100 µg/mL leinamycin
in a 20 µl reaction mix containing 40 mM Tris–HCl, pH 8.0, 1 mM DTT, and 20 mM NaCl.
The reaction was terminated by adding 80 µl of a drug stop buffer containing 5 µg of calf
thymus DNA in 0.4 M NaOAc (pH 6.0) solution, and DNA was precipitated with 3 volumes
of ethanol. For nondenaturing gel electrophoresis, DNA pellets were resuspended in a gel
loading dye and electrophoresed in a 16% native PAGE gel. To determine true DNA strand
breakage sites, the DNA pellet was suspended in 20 µL of a neutral formamide dye and the
products were resolved by electrophoresis in a 16% denaturing PAGE gel without heat
denaturation. The dried gel was exposed to a PhosphorImager screen and visualized using
ImageQuant software.

ROS assay
The cellular production of ROS by leinamycin in the human pancreatic cancer cell line
MiaPaCa was measured using dichlorofluorescin diacetate (DCFDA) and flow cytometry as
previously described (57). In brief, following treatment of MiaPaCa cells with various
concentrations of leinamycin for 2h, cells were trypsinized, pelleted, washed, and incubated
in 1 mL of PBS/5 mM glucose with 50 µM DCFDA for 60 min at 37°C. The cells were then
collected and washed twice with 1 ml PBS to remove residual DCFDA. DCF fluorescence was
quantified at 525 nm, when excited with 488 nm light with the Coulter ELITE ESP flow
cytometer.

Caspase activity assay
Caspase 3-like activity was determined using the ApoAlert Caspase Fluorescent Assay Kit
(Clontech Laboratory, Inc.) according to the manufacturer's protocol. Briefly, after treatment
with leinamycin for 2 hours at 0, 12.5, 25, or 100 ng/mL, cells were washed with ice-cold PBS
and lysed in cell lysis buffer. Cell lysates were mixed with caspase assay buffer containing 20
µmol/L Ac-DEVD-AFC as a caspase-3 substrate and incubated for 1 h at 37 °C. Enzyme
catalyzed release of the fluorophore 7-amino-4-trifluoromethyl coumarin (AFC) from the
labeled substrate, DEVD-AFC, was monitored using a Synergy HT Multi-Detection
Microplate Reader (BioTek) with an excitation wavelength of 395 nm and an emission
wavelength of 509 nm.

RESULTS
Determination of AP sites in genomic DNA isolated from leinamycin-treated cells using the
aldehyde-reactive probe (ARP)

To determine whether leinamycin increases the number of AP sites in living cells, the number
of AP sites in genomic DNA was determined following treatment of MiaPaCa cells with
leinamycin as previously described (53). Previous studies revealed that the ARP reagent can
penetrate viable cells and react directly with AP sites (54). Thus, by directly labeling AP sites
in cultured cells with ARP reagent, we tried to minimize potential experimental errors resulting
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from the accidental generation of the AP sites or loss of the AP sites occurring during the DNA
extraction process at high temperature (54). The number of AP sites in isolated DNA from
cells was then determined by measuring the enzymatic activity of horseradish peroxidase
(HRP) conjugated to streptavidin and calculated based upon a standard curve generated using
ARP standard DNA solutions (see Fig. 2A). As shown in Figure 2B, there is a concentration-
dependent increase in the number of AP sites in MiaPaCa cells after a transient exposure (2 h)
to leinamycin. We observed that the levels of AP sites increased up to seven-fold in a dose
dependent manner. Specifically, control cells contained expected (53) background levels of 3
AP sites per 105 bp, whereas leinamycin-treated cells contained between 5–20 AP sites per
105 bp after a transient exposure (2 h) to a leinamycin concentration of 200 ng/mL. However,
the burst of AP sites generated by leinamycin was very brief; only 25 to 50% of these sites
remain within 2 h after media containing the drug was aspirated and replaced with fresh media.
A flow cytometric method was also independently used to directly measure the AP sites in
MiaPaCa cells after labeling the AP sites in chromosomal DNA of living cells with biotin-
containing ARP followed by treatment with streptavidin-FITC. As shown in Figure 2C, about
a three-fold increase in the FITC fluorescence signal was observed in MiaPaCa cells exposed
to 100 ng/mL leinamycin for 2 h compared to the untreated cells. Overall, these data are
consistent with the recent in vitro studies showing that the leinamycin-guanine adduct in
double-stranded DNA undergoes unusually rapid depurination to generate AP sites in duplex
DNA (19–21).

Leinamycin causes oxidative stress in human cancer cells
Previous chemical studies predicted that leinamycin could generate reactive oxygen species
(ROS) in cultured cells from persulfide species generated in the reaction of thiols with
leinamycin, in addition to its DNA-alkylating property (37–43). To determine whether
leinamycin causes oxidative stress in a human cancer cell line, we used a fluorescent probe,
DCFDA and flow cytometric analysis to determine the DCF fluorescence of leinamycin-treated
versus untreated cells as previously described (57). As shown in Figure 3A and 3B, the
fluorescence signal increased up to 50% in MiaPaCa cells treated with 100 ng/mL leinamycin
for 2 hours as compared to untreated cells. The role of ROS in drug-induced apoptosis has been
well established in various human cancer cells, although the exact mechanism by which ROS
promotes apoptosis remains to be discovered. Based on an increased generation of ROS in
leinamycin-treated MiaPaCa cells, we examined the effect of leinamycin on apoptosis in these
cells. In order to quantify the proteolytic activation of caspase-3, lysates normalized for the
protein from the MiaPaCa cells treated with leinamycin were assayed for their caspase-3
activity using Ac-DEVD-AFC as a substrate. As shown in Figure 3C, leinamycin treatment
increases caspase-3 activity up to 30%, after 2-h exposure to 100 ng/mL leinamycin.

Measurement of single-strand and double-strand breaks in the DNA of leinamycin-treated
cells

Leinamycin-derived AP sites have the potential to generate single strand breaks via a β-
elimination reaction that cleaves the O–P bond on the 3'-side of the abasic site (22,28,58).
Similarly, leinamycin-derived ROS may generate single-strand breaks in chromosomal DNA
by reactions involving hydrogen atom abstraction from the DNA backbone (56–62). Therefore,
we characterized the type of DNA strand breaks (single or double) produced by leinamycin in
MiaPaCa cells by the neutral comet assay to identify double-strand breaks as previously
described (33–34). As shown in Figure 4A, the formation of double strand DNA breaks was
moderate in leinamycin-treated MiaPaCa cells in the comet assay in which lysis and
electrophoresis were done under neutral conditions. However, the comets with a distinct head,
consisting of intact DNA, and a tail, consisting of damaged or broken pieces of DNA, appeared
in drug-treated cells in a dose- and time-dependent manner in the comet assay in which the
electrophoresis was done under alkaline conditions (see Figure 4B). Results of the neutral
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comet assay were analyzed to determine the mean tail moment, mean tail length, and mean
percentage of tail DNA, and are summarized in Fig. 4C. Taken together, these results suggest
that leinamycin predominantly produces single-stranded DNA breaks in MiaPaCa cells in a
dose- and time-dependent manner.

Leinamycin can produce both single-strand breaks (SSBs) and double-strand breaks (DSBs)
in the DNA backbone

In order to further test whether leinamycin produces DNA strand breaks, the duplex DNA
oligomer Pu47 was labeled at the 5’ end of the G-rich strand with 32P. As shown in Figure 5A,
a native PAGE analysis of the sample revealed that leinamycin causes DNA fragmentation in
a dose-dependent manner. The cleavage of double-stranded DNA by leinamycin could be
initiated by single-strand breaks on one strand followed by formation of single-strand breaks
on the opposite DNA strand close to the initial single strand break site, resulting in double-
strand cuts in duplex DNA oligomers. Previous studies suggested that leinamycin induces a
significant amount of DNA adducts that spontaneously depurinate to form AP sites in DNA
(19). Although AP sites are known to be relatively stable under physiological conditions,
spontaneous cleavage of AP sites can occur via β-elimination, resulting in single-strand breaks
(SSBs) with 3’ and 5’-ends blocked with an unsaturated aldehydic (α,β-4-hydroxy-2-
pentenal)-3’-phosphate and phosphate groups, respectively (28). Methoxyamine blocks strand
cleavage at AP sites by reacting with the aldehyde group at the same sites in DNA and
preventing β-elimination and the hydrolysis of the 3'-phosphodiester of an abasic site (29,30).
To obtain clear evidence that leinamycin-induced DNA strand breaks may spontaneously occur
via β-elimination reactions at aldehydic abasic sites, we tested whether methoxyamine
decreases the yield of DNA strand breaks induced by the natural product. As shown in Figure
5B, treatment of oligomer duplexes with leinamycin in the presence of methoxyamine
significantly decreased the number of true DNA strand breaks produced by leinamycin in the
absence of thermal treatment. Collectively, these results confirm that DNA strand breaks
induced by leimamycin are a result of spontaneous cleavage via β-elimination and the
hydrolysis of the 3'-phosphodiester of an abasic site.

DISCUSSION
Leinamycin damages DNA by unique chemical mechanisms and displays potent anticancer
activity against several human malignant cell lines (1,2,5–9). Recent in vitro studies revealed
that the leinamycin-guanine adducts in double-stranded DNA undergo unusually rapid
depurination to generate AP sites in the DNA duplex (19,21). The half life of the leinamycin-
guanine adduct in converting to an AP site in duplex DNA was estimated to be about 3 h, while
typical N7-guanine adducts undergo depurination slowly in duplex DNA, with a half-life of
about 50–100 h at physiological conditions (20). Thus, the N7-alkylguanine residue generated
by leinamycin decomposes to yield an AP site faster than any other guanine adduct ever
reported (19,20,58). Therefore, it was of great importance to determine whether leinamycin
generates AP sites in living cells to understand the mechanisms involved in its antitumor
activity. In the current study, we utilized the ARP reagent to measure AP sites formed in
genomic DNA of MiaPaCa cells treated with leinamycin, and both flow cytometry and
colorimetric methods were independently used to measure the AP sites labeled with ARP
reagent (43). We observed that the levels of AP sites increased approximately seven-fold after
a transient exposure (2 h) to concentrations of leinamycin less than 200 ng/mL. This result is
generally consistent with our earlier observations that the leinamycin-guanine adduct in
double-stranded DNA undergoes unusually rapid depurination to generate an AP site in the
DNA duplex.
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In vitro biochemical experiments have shown that, in addition to its DNA-alkylating properties,
leinamycin generates ROS under physiologically-relevant conditions (38–43). Thus, in this
study, we measured oxidative stress (ROS generation) in MiaPaCa cells upon treatment with
leinamycin using DCFDA and flow cytometry. We observed an approximately 50% increase
in cellular production of ROS in the leinamycin-treated cells compared to the mock-treated
cells in a dose- and time-dependent manner. In general, conversion of precursors like DCFDA
to their fluorescent form is observed in cells that undergo an apoptotic-like cell death (44–
48). Since leinamycin also induces apoptosis under similar conditions, as demonstrated by a
30% activation of caspase 3 (2h, 100 ng/mL), it is not yet clear whether the leinamycin-induced
conversion of DCFDA to DCF is due directly to leinamycin-derived ROS or from the release
of cytochrome c that occurs during the early phases of apoptosis, thus requiring further studies
on the mechanism of ROS formation in leinamycin treated cells.

It is worthwhile to note that the AP sites in leinamycin treated cells have a short half life, since
the levels of AP sites remain only 25–50% above background 2h after drugs were removed
from the flasks and fresh medium was added. In a previous study, the kinetics of abasic site
formation in methyl methanesulfonate (MMS)-treated HeLa cells were investigated using the
ARP, revealing that the amount of AP sites in MMS-treated cells increases up to 3 h, and then
disappears with a half-life of about 20 h, which is quite different from what we observed for
leinamycin (63). The relatively rapid formation and disappearance of leinamycin-derived AP
sites may be due to several factors, including rapid DNA alkylation by activated leinamycin
(14,17,18), rapid spontaneous depurination of the leinamycin-guanine adduct (19–21) and,
finally, rapid removal of the AP site by enzymatic repair processes (64,65).

Our previous study suggested that the generation of apoptotic cells after treatment with
leinamycin closely follows the rapid induction of DNA-strand breaks by leinamycin (49).
Therefore, we evaluated the induction of DNA strand breaks after the exposure of MiaPaCa
cells to leinamycin using the Comet assay, which is generally used for the detection of single-
and double-strand breaks and alkaline-labile sites at the single cell level (55,56). The results
from both alkaline and neutral electrophoretic analysis confirmed that leinamycin
predominantly produces single-stranded DNA breaks in drug-treated cells. Our results support
the hypothesis that rapid conversion of N7-leinamycin-G adducts into AP sites is responsible
for the increased formation of DNA strand breaks, since AP sites can be chemically converted
into DNA strand breaks through β-elimination in vitro. The conversion of AP sites into DNA
strand breaks can also be catalyzed by physiological concentrations of polyamines and histones
inside cells (64). Furthermore, Swenberg has suggested that the rate-determining step in AP
site repair is not the AP endonuclease-induced cleavage reaction but the trimming of the 5'-
deoxyribose phosphate (dRP) group from the strand break (65). Thus, if the rapid depurination
of the leinamycin-guanine adduct overwhelms the cell’s ability to repair AP sites it is likely
that strand breaks (not AP sites) are the resulting intermediate that builds up in the cell. Other
alkylating agents such as MMS that do not depurinate rapidly do not yield the build-up of
strand breaks that is seen for leinamycin. In this study, DNA strand breaks (single or double)
produced by leinamycin in DNA were further examined by using a native and denaturing
polyacrylamide gel electrophoresis analysis of duplex DNA oligomers treated with leinamycin.
This analysis revealed that this drug can produce both single and double strand breaks in a
duplex DNA oligomer. Interestingly, methoxyamine effectively decreases the amount of DNA
strand breaks produced by leinamycin in duplex DNA oligomers in a dose-dependent manner.
Methoxyamine is known to block strand cleavage at abasic sites by reacting with the aldehyde
group at AP sites in DNA and preventing β-elimination and the hydrolysis of the 3'-
phosphodiester of an abasic site (29,30). Our study provides strong evidence that leinamycin-
mediated strand breaks could arise primarily through the DNA alkylating properties of
leinamycin and its ability to subsequently generate labile AP sites. DNA strand breaks induced
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by leinamycin may arise either via spontaneous cleavage via β-elimination or through
processing of the abasic site by APE.

Taken together, our results are consistent with our hypothesis that the ability of leinamycin to
efficiently alkylate DNA, generate a burst of AP sites along with DNA strand breaks, and
generate oxidative stress represents an unrecognized biochemical route to potent anticancer
activity against human cancer cells, establishing a strong link between the DNA-damaging
properties of leinamycin and its potent activity against human cancer cell lines. Since DNA
strand breaks are generally regarded as more lethal lesions to cells compared to base adducts
or AP sites, our results suggest that rapid conversion of AP sites into DNA strand breaks may
account for leinamycin’s very potent biological activity (32).
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Figure 1.
Chemistry leading to DNA-alkylation by leinamycin followed by a rapid decomposition of a
leinamycin-guanine adduct to yield an AP site in duplex DNA.
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Figure 2.
Increased production of AP sites in MiaPaCa cells treated with leinamycin. A, standard curve
for the detection of AP sites in DNA containing known numbers of AP sites using an ARP
assay kit (Dojindo Molecular Technologies) (32). B, colorimetric measurement of AP sites in
DNA isolated from MiaPaCa cells treated with leinamycin. MiaPaCa cells were treated for 2
hours with 0, 50, 100, or 200 ng/mL leinamycin, and media containing drug molecules was
aspirated, washed with PBS twice, and replaced with fresh media. At 0, 2, and 24 hours after
incubation with fresh media, the cells were then incubated with 3 mM ARP for 60 min at 37°
C in 1 ml PBS containing 5 mM glucose to directly label the AP sites in chromosomal DNA
of living cells as previously described [31]. The number of AP sites was calculated based upon
a standard curve generated using ARP standard DNA solutions as described in Fig. 2A. C, flow
cytometric measurement of the relative amount of AP sites in MiaPaCa cells treated with 0 or
100 ng/mL leinamycin. The drug-treated cells were harvested, fixed and incubated with FITC-
conjugated streptavidin (Sigma Aldrich). Cellular fluorescence was determined with the
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Coulter ELITE ESP flow cytometer, and fluorescence signals were collected using the standard
configuration of the flow cytometer (green fluorescence for FITC).
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Figure 3.
A, flow cytometric analyses of the fluorescence of leinamycin-treated MiaPaCa cells at various
concentrations for 2 h. MiaPaCa cells were treated with 0, 25, 50, or 100 ng/mL leinamycin
for 2 hours. Drug-treated MiaPaCa cells were incubated with 0.4 mM DCFH-DA for 30 min,
and then washed with PBS. DCF fluorescence was quantified by its fluorescence at 525 nm,
when excited with 488 nm light with the Coulter ELITE ESP flow cytometer. B, a graphical
representation of data presented in A. C, Activation of caspase-3 in leinamycin-treated
MiaPaCa cells. MiaPaCa cells were incubated with 0, 25, 50, or 100 ng/mL leinamycin for 2
hours, and caspase-3-like activity was measured by the DEVD-AFC-cleavage assay. Data are
mean ± SEM of three separate experiments.
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Figure 4.
Level of leinamycin-induced DNA strand breaks breaks in MiaPaCa cell as determined by a
neutral Comet assay. MiaPaCa cells were treated with 0, 12.5, 25, 50, 100, or 200 ng/mL
leinamycin for 2 hours, and the lysis of the harvested cells was done under neutral conditions.
The electrophoresis was done under either neutral (A) or alkaline (B) condition. C, Mean tail
moment, mean tail length, and mean percentage of tail DNA in MiaPaCa cells treated with 0,
12.5, 25, 50, 100, or 200 ng/mL leinamycin for 2 hours and analyzed by a neutral Comet assay
using electrophoresis under either neutral or alkaline condition. The number of cells scored in
each treatment was 30–60. Error bars denote SEM.
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Figure 5.
A) A native PAGE gel analysis showing double stranded cleavage of a 5'-end-labeled 47-bp
oligomer duplex (Pu47) by treatment with leinamycin. B) Protective effect of methoxyamine
on leinamycin-induced double-stranded DNA breaks. A 5'-end-labeled Pu47 was treated with
leinamycin in the presence of increasing concentrations of methoxyamine. To determine true
DNA strand breakage sites, the DNA samples were dissolved in 20 µL of a neutral formamide
dye and were electrophoresed in a 16% denaturing PAGE gel without heat denaturation.
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