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Abstract
Molecular recognition and chemical modification of DNA are important in medicinal chemistry,
toxicology, and biotechnology. Historically, natural products have revealed many interesting and
unexpected mechanisms for noncovalent DNA binding and covalent DNA modification. The
studies reported here characterize the molecular mechanisms underlying the efficient alkylation of
duplex DNA by the Streptomyces-derived natural product leinamycin. Previous studies suggested
that alkylation of duplex DNA by activated leinamycin (2) is driven by noncovalent association of
the natural product with the double helix. This is striking because leinamycin does not contain a
classical noncovalent DNA-binding motif such as an intercalating unit, a groove binder, or a
polycation. The experiments described here provide evidence that leinamycin is an atypical DNA-
intercalating agent. A competition binding assay involving daunomycin-mediated inhibition of
DNA alkylation by leinamycin provided evidence that activated leinamycin binds to duplex DNA
with an apparent binding constant of approximately 4.3 ± 0.4 × 103 M−1. Activated leinamycin
caused duplex unwinding and hydrodynamic changes in DNA-containing solutions that are
indicative of DNA intercalation. Characterization of the reaction of activated leinamycin with
palindromic duplexes containing 5'-CG and 5'-GC target sites, bulge-containing duplexes, and 5-
methylcytosine-containing duplexes provided evidence regarding the orientation of leinamycin
with respect to target guanine residues. The data allows construction of a model for the
leinamycin-DNA complex suggesting how a modest DNA-binding constant combines with proper
positioning of the natural product to drive efficient alkylation of guanine residues in the major
groove of duplex DNA.

Molecular recognition and chemical modification of DNA are important in medicinal
chemistry, toxicology, and biotechnology.1–9 Historically, natural products have revealed
many interesting and unexpected mechanisms for noncovalent DNA binding and covalent
DNA modification.2,8–10 For example, studies of DNA-damaging natural products such as
the bleomycins,11–16 the azinomycins,17–19 acylfulvenes,20 fecapentaenes,21 resorcinols,22

coumarins,23 mitomycin C,24,25 CC-1065,26 duocarmycin,26 aflatoxin B1,27,28

pluramycin,29 neocarzinostatin,30 calicheamicin,31–34 fasicularin,35 and ecteinascidin 74336

have provided a wealth of insight regarding the chemical and biological mechanisms
underlying the cytostatic, cytotoxic, and mutagenic properties of DNA-damaging agents.
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Leinamycin (1) is a structurally unique natural product that has revealed interesting and
unexpected DNA-damage chemistry.37–41 Leinamycin shows very potent activity against a
variety of human cancer cell lines37–40,42 and DNA is an important cellular target for this
Streptomyces-derived secondary metabolite.38,42,43 Attack of thiols on leinamycin converts
the natural product into an episulfonium ion alkylating agent (2) by an unprecedented
sequence of rearrangement reactions (Scheme 1).44–55 In the absence of DNA, activated
leinamycin is cleanly converted to the episulfonium-derived hydrolysis product 4,44 while,
in the presence of physiologically-relevant concentrations of duplex DNA, approximately
75% of the input leinamycin is transformed to the covalent N7-guanine adduct 5.42,44,56

This is especially remarkable because episulfonium ions are typically inefficient DNA-
alkylating agents due to the fact that they undergo extensive hydrolysis.57,58

Many biologically active DNA-damaging agents associate noncovalently with the double
helix prior to covalent reaction with the biopolymer.2,10 Noncovalent binding has the
potential to position reactive species on the double helix in a manner that accelerates their
reaction with DNA over that with water or other biomolecules, thus affording high DNA
alkylation yields. Several lines of evidence suggest that the alkylation of duplex DNA by
activated leinamycin (2) is driven by noncovalent association of the natural product with the
double helix.44,56,59 Two groups made the qualitative observation that leinamycin alkylates
duplex DNA much more efficiently than single-stranded DNA.44,56 Given that the reactivity
of guanine residues in single- and double-stranded DNA are comparable,60 this suggests that
association of leinamycin with the duplex is required for effective DNA alkylation. In
addition, ethidium displacement assays provided evidence that leinamycin (1), the
hydrolysis product 4, and several synthetic analogs bind noncovalently to duplex DNA.59

Structure-activity relationships suggested that the Z,E-5-(thiazol-4-yl)-penta-2,4-dienone
portion of the natural product is central to its noncovalent DNA-binding properties.59

Finally, it was suggested that noncovalent binding prior to reaction of leinamycin with DNA
explains the sequence specificity of guanine alkylation.56

The suggestion that leinamycin associates noncovalently with duplex DNA is striking
because the natural product does not possess any structural elements typically associated61

with noncovalent DNA binding. Classical DNA-binding motifs include polycyclic aromatic
intercalating units,62 cationic groups that bind electrostatically to the DNA backbone,63 or
crescent-shaped groove-binding structures such as those seen in distamycin and
netropsin.26,64,65 Thus, it appeared that, in addition to its unique mechanism of covalent
DNA modification, leinamycin stood to reveal a novel structural motif for noncovalent DNA
binding. Here we present evidence that leinamycin is an atypical DNA-intercalating agent.
The data allows construction of a model for the leinamycin-DNA complex showing how a
modest DNA-binding constant combines with proper positioning of the natural product to
drive efficient alkylation of guanine residues in the major groove of duplex DNA.

Results
Leinamycin Does Not Alkylate Single-Stranded DNA Effectively

Two previous studies made the qualitative observation that leinamycin does not alkylate
single-stranded DNA under conditions where alkylation of duplex DNA is efficient.44,56 To
begin this study, we set out to quantitatively examine this issue. We characterized the
alkylation of the single-stranded and double-stranded DNA sequence 5'-32P-
dTATTTATAACGCATTTAATTT. In separate experiments, the single-stranded and
double-stranded substrates were incubated with leinamycin (200 μM-5 mM) and 1 equiv of
2-mercaptoethanol at 37 °C and pH 7, followed by Maxam-Gilbert workup (0.5 M
piperidine, 90 °C, 25 min) to induce strand cleavage at N7-alkylated guanine residues.66,67

The resulting DNA fragments were resolved on a 20% denaturing polyacrylamide gel and
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the labeled DNA visualized by phosphorimager analysis. Duplex DNA was alkylated
effectively under these conditions (Figure 1). On the other hand, the single-stranded
substrate was poorly alkylated even at higher concentrations of leinamycin.

Daunomycin Inhibits DNA Alkylation by Leinamycin
To quantitatively assess the noncovalent binding affinity of activated leinamycin for duplex
DNA, we carried out a competition binding experiment that examined the effect of added
daunomycin (6) on the alkylation of DNA by activated leinamycin. Daunomycin was chosen
because it intercalates into duplex DNA with its amino sugar residue occluding the major
groove (Figure 2).68 We found that daunomycin (0.s μM–50 μM) produced a concentration-
dependent inhibition of DNA alkylation by activated leinamycin (50 μM of 1 and 500 μM 2-
mercaptoethanol) (Figures 3 and 4). The IC50 value for daunomycin-mediated inhibition of
DNA alkylation by activated leinamycin under these conditions is 2.1 μM (Figure 4, Tris-
HCl, 50 mM, pH 7; NaCl, 150 mM; EDTA, 1 mM; 25 °C). The binding constant for the
association of daunomycin with duplex DNA under these conditions is known (KB = 5.5 ×
105 M−1).69 Thus, we were able to use the Cheng-Prusoff equation70 to estimate the
effective binding constant for the association of activated leinamycin with duplex DNA at
4.3 ± 0.4 × 103 M−1.

Evidence That Attachment of Leinamycin to Duplex DNA Causes Unwinding of the Double
Helix

Our earlier work demonstrated that the Z,E-5-(thiazol-4-yl)-penta-2,4-dienone moiety of
leinamycin presents an extended, slightly twisted π-surface and molecules containing this
fragment bind noncovalently to duplex DNA.48,59 This led us to suggest that this region of
leinamycin serves as a non-classical DNA intercalator.48,56 Thus, we were motivated to
examine whether the reaction of leinamycin with DNA caused unwinding of plasmid DNA.
DNA unwinding is a characteristic consequence of intercalative DNA binding by small
molecules.61,71–73 Changes in DNA-winding status induce changes in the topoisomer
population of a supercoiled plasmid that can be observed as changes in the mobility of the
plasmid on agarose gels.61,71–78

Accordingly, we examined the effects of activated leinamycin on the agarose gel mobility of
negatively supercoiled plasmid DNA. In these experiments, various concentrations of
leinamycin (20 μM–1 mM) and thiol (2-mercaptoethanol, 2 mM) were incubated with
supercoiled plasmid DNA (PGL2BASIC, 0.12 μg/mL) for 50 min and the samples analyzed
by agarose gel electrophoresis (Figure 5). Under these conditions, the thiol-triggered
activation of leinamycin is rapid.51 The reactions were carried out at 4 °C to minimize
depurination and subsequent nicking of the plasmid DNA.79 Activated leinamycin (2) at
concentrations between 20–300 μM caused a concentration-dependent decrease in the gel
mobility of the supercoiled DNA until the band co-migrated with open-circular plasmid
DNA. At concentrations between 400 μM-1.1 mM a concentration-dependent increase in
mobility beyond the open-circular form was observed. These results mirror those reported
for the modification of supercoiled plasmid DNA by the DNA-alkylating intercalator80–82

(+)-benzo[a]pyrene diol epoxide (+BPDE).76,78 In that case, changes in the mobility of
supercoiled plasmid DNA induced by intercalation of covalently bound +BPDE was
ascribed to the “removal of left-handed superhelical turns and the concomitant increase in
the overall hydrodynamic size and lower electrophoretic mobilities of the BPDE-DNA
molecules”, while at higher concentrations of agent “rewinding of the closed circular DNA
gives rise to positive superhelicity” that accounted for the renewed gel mobility.76 Overall,
our data suggested that alkylation of supercoiled plasmid DNA with activated leinamycin
caused changes in plasmid gel mobility arising from changes in the winding status of
supercoiled plasmid DNA.
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Treatment With Activated Leinamycin Causes Time- and Concentration-Dependent
Increases in the Viscosity of DNA-Containing Solutions

The unwinding results described above are consistent with an intercalative binding mode for
leinamycin; however, it is important to note that agents interacting with duplex DNA via
nonintercalative binding modes can also cause changes in DNA winding status.83–85 On the
other hand, hydrodynamic methods such as viscosity or sedimentation measurements can
provide rigorous evidence for intercalative DNA binding.61 The separation of base pairs that
accompanies intercalative binding to the DNA duplex causes an increase in the length and
stiffness of DNA fragments that, in turn, causes a characteristic increase in the viscosity of
DNA-containing solutions.73,86,87 Viscosity measurements represent the “gold standard” for
detecting DNA intercalation and, to the best of our knowledge, there are no reports
suggesting that other binding modes can generate a false positive in this assay. Therefore,
we set out to determine whether modification of duplex DNA by activated leinamycin
caused such changes in the hydrodynamic properties DNA-containing solutions.

We found that treatment of solutions containing short fragments of duplex DNA (1 mM in
base pair, 100–200 bp fragments) with leinamycin (120–500 μM) and thiol (2-
mercaptoethanol, 720 μM) caused time- and concentration-dependent increases in the
relative viscosity of the solutions (reported as η = (t – t0)/t0, where t is the flow time of the
DNA-containing solution and t0 is the flow time of buffer, Figure 6). At time zero activated
leinamycin does not induce change in viscosity of the DNA-containing solution.
Leinamycin, in the absence of thiol, does not induce similar changes in the viscosity of
DNA-containing solutions (Figure 6). This observation, alongside the time-dependent nature
of the viscosity increases observed in the incubation of activated leinamycin with DNA,
suggests that the natural product must become covalently bound to the DNA before viscosity
changes can be detected. Previous work has shown,88 that treatment with small, non-DNA-
binding alkylating agents causes decreases – not increases – in the viscosity of DNA-
containing solutions. Thus, the alkylation of DNA by leinamycin, in itself, is not likely to be
responsible for the increases in viscosity observed here. Rather, these results provide
evidence that the covalent leinamycin-DNA adduct is intercalated with duplex DNA.

Binding Orientation of Leinamycin: Reaction of Activated Leinamycin With Palindromic
DNA Duplexes Containing 5'-GC and 5'-CG Alkylation Sites

To gain insight regarding the regions of DNA contacted by activated leinamycin (2) during
the alkylation process, we examined the reaction of the natural product with two
palindromic DNA duplexes containing 5'-GC and 5'-CG alkylation sites. Our experiments
borrow the clever design employed by Harris, Stone, and coworkers to characterize DNA
intercalation by the DNA-alkylating agent aflatoxin B1 epoxide.89 This approach involves
measurement of the stoichiometry with which an agent modifies these two duplexes under
conditions of exhaustive DNA alkylation, and has the potential to reveal whether the
alkylating agent occupies either the 5'-side or the 3'-side of a target guanine residue. For
example, if the agent occupies the 3'-side of a target guanine during the alkylation process
and the resulting adduct resides on the 3'-side of the guanine, then duplex 9 will be alkylated
only one time because the first alkylation event blocks the noncovalent binding required for
the second alkylation event (Scheme 2). Conversely, duplex 10 may be alkylated at both
guanine residues if the agent occupies the 3'-side of target guanine residues (Scheme 2).

For this experiment, we first devised conditions that allowed nearly complete alkylation of
DNA duplexes by activated leinamycin. For example, treatment of duplexes 7 and 8 with
leinamycin (10 mM) and thiol (2-mercaptoethanol, 5 mM) for 24 h at 30 °C led to extensive
alkylation as revealed by Maxam-Gilbert workup and gel electrophoretic analysis. Under
these reaction conditions, duplexes 7 and 8 experienced 90 ± 1% and 83 ± 1% alkylation,
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respectively. Treatment of duplex 9 with activated leinamycin under these conditions
produces a 39 ± 1% yield of alkylation. In contrast, alkylation of duplex 10 produced a 75 ±
3% yield of alkylation (Figure 7). It is important to point out that, while the guanine residues
in duplexes 9 and 10 reside in different sequence contexts (5'-GC versus 5'-GA), these two
sequences are alkylated to a comparable extent by activated leinamycin under “single hit”
conditions,56 thus providing evidence that differences in alkylation yields observed in these
experiments stem from the anticipated “blocking” phenomena, rather than inherent sequence
preferences in the alkylation reaction. Overall, the findings suggest that the intercalated
leinamycinguanine adduct resides on the 3'-side of the alkylated base and that activated
leinamycin requires access to the 3'-side of a target guanine residue in order to carry out
efficient alkylation of the DNA duplex.

Interestingly the results of our experiment are distinct from those obtained by the Harris and
Stone teams, in which duplex 9 was almost completely alkylated and duplex 10 was only
partially alkylated.89 In their case, the result provided evidence that aflatoxin B1 epoxide
intercalates on the 5'-side of target guanine residues. The differing results between our study
and that of the Harris-Stone team provide additional confidence that the differences in
alkylation yields resulting from treatment of the palindromic duplexes with leinamycin or
aflatoxin are not artifacts arising from unusual guanine reactivity in these sequences, but
instead reflect the distinct DNA-binding orientations of these two agents.

Alkylation of Bulged DNA Duplexes by Activated Leinamycin
Intercalating agents selectively bind to bulged sits in duplex DNA.90–95 Therefore, we felt it
would be interesting to examine the alkylation of bulged DNA substrates by activated
leinamycin. We designed a series of 32P-labeled duplexes (11–15, Figure 8) in which a
bulged base was located in various positions relative to a potential 2'-deoxyguanosine
alkylation site. The bases flanking the potential dG alkylation site in all of the bulge-
containing duplexes were thymine residues and the reaction of leinamycin at these sites was
compared to that at a distal (non-bulged) 5'-TGT site located on the 5'-side of the bulge.

We found that alkylation at all the bulged sites was favored over that at the normally base
paired comparison site. Interestingly, introduction of the unpaired, bulged base on the 3'-side
of the target guanine residue – regardless whether the bulged base was on the same strand as
the target guanine or on the opposing strand – caused the largest increases in alkylation yield
(3.5 ± 0.1 and 2.9 ± 0.1-fold increases for duplexes 15 and 12, respectively; Figure 8).
Smaller effects were observed when the bulge was located on the 5'-side of the guanine
alkylation site (1.4 ± 0.1 and 1.3 ± 0.1-fold increases for duplexes 13 and 14, respectively).
When the target guanine was located in the bulge, as the unpaired base, an intermediate
increase in alkylation yield was seen (2.0 ± 0.1-fold increase for duplex 11).

Alkylation of 5-Methylcytosine-Containing Duplexes by Activated Leinamycin
The presence of 5-methylcytosine (5-MeC) residues can exert significant effects on
noncovalent DNA binding and covalent modification of DNA by small molecules.96 For
example, 5-MeC residues inhibit DNA damage by bleomycin97 and N-methyl-N-
nitrosourea,98,99 while cytosine methylation enhances DNA reactions with benzo[a]pyrene
diol epoxide,100,101 mitomycin C,102 and esperamicin A1.103 It is notoriously difficult to
draw conclusions regarding the structure of DNA-ligand complexes based upon the effects
elicited by the installation of 5-MeC residues near the binding and reaction sites.103

Nonetheless, we felt it would be interesting to examine the effects of opposing and flanking
5-MeC residues on the alkylation of DNA by leinamycin because 5'-CG sequences are
extensively methylated in mammalian cells.104
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We prepared a series of 32P-labeled duplexes (16–19, Figure 9) bearing 5-MeC residues
within a 5'-CGC alkylation site. Alkylation yields at the underlined guanine residue in
various methylated duplexes (17–19) were compared to that of the unmethylated duplex 16
(lane 4, Figure 9). The presence of a 5-MeC residue on the 5'-flanking side of the target
guanine residue had no significant effect on the alkylation yield (duplex 18). A slight
decrease (1.2 ± 0.1-fold) in alkylation yield was observed when a 5-MeC residue was placed
on the 3'-side of the alkylation site (duplex 17). A larger, 1.6 ± 0.3-fold, decrease in
alkylation yield was observed when the 5-MeC residue was placed opposing the guanine
alkylation site in duplex 19.

Discussion
The observation that leinamycin does not alkylate single-stranded DNA under conditions
where duplex DNA is efficiently alkylated suggested that noncovalent binding of activated
leinamycin positions the natural product for efficient alkylation of guanine residues in the
major groove of DNA. Because DNA alkylation occurs in competition with hydrolysis of
activated leinamycin noncovalent binding that increases the rate at which the natural product
reacts with guanine residues in the DNA duplex will increase the overall DNA alkylation
yields. A competition binding experiment that examined the effect of added daunomycin (6)
on the alkylation of DNA by activated leinamycin was used to estimate the noncovalent
binding affinity of activated leinamycin for duplex DNA. Analysis of the IC50 value for the
inhibition of DNA alkylation yielded an apparent binding constant for the association of
activated leinamycin with duplex DNA of 4.3 ± 0.4 × 103 M−1 (KD 2.3 × 10−4 M). This
apparent association constant may represent an aggregate of the noncovalent DNA-binding
properties of both the episulfonium (2) and epoxide forms (3) of activated leinamycin. The
estimated association constant measured for activated leinamycin is modest compared to
some well known DNA-binding agents such as ethidium bromide (KB = 9.5 × 106 M−1),105

distamycin A (KB = 2.5 × 107 M−1),106 or spermine (KB = 2.1 × 105 M−1, Figure 10).63 On
the other hand, the binding constant observed for activated leinamycin is comparable to that
reported for aflatoxin B1 (3.7 × 103 M−1) another natural product that intercalates into
duplex DNA and efficiently alkylates the N7-position of guanine residues in the major
groove.89,107,108 An elegant analysis by Johnson and Guengerich showed that this modest
binding constant was able to drive the reaction of aflatoxin B1 epoxide toward DNA, thus
avoiding unproductive hydrolysis.107 Furthermore, it has been suggested that large binding
constants (>106 M−1) may be disadvantageous for DNA-damaging agents requiring
bioactivation because binding to the double helix can sequester the agent and suppress
activation.109

Interestingly, leinamycin does not possess structural elements typically associated61 with
noncovalent DNA binding, such as a polycyclic aromatic intercalating unit,62,105 cationic
groups that bind electrostatically to the polyanionic DNA backbone,63 or a crescent shaped
groove-binding motif such as that seen in the natural products distamycin and netropsin
(Figure 10).64,65,106 Previous work showed that the Z,E-5-(thiazol-4-yl)-penta-2,4-dienone
fragment found in leinamycin presents a slightly twisted π–surface48 and that synthetic
agents containing this unit possess noncovalent DNA-binding properties.59 These
observations led us to suggest that this region of leinamycin might serve as an atypical
intercalator.48,56,59 Examples of atypical intercalators include the bithiazole unit of
bleomycin,13,110 other biaryl systems,111,112 esperamicin A1,113,114 amiloride,115 and 4',6-
diamidino-2-phenylindole (Figure 11).116

Association of intercalators with duplex DNA induces helix-unwinding61,71–73 and we
found that the incubation of activated leinamycin with plasmid DNA does indeed cause
concentration-dependent changes in gel mobility that are consistent with changes in the
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winding status of the DNA. Our results mirror those reported for other DNA-alkylating
intercalators.74–78 The observed changes in DNA-winding status are consistent with
intercalation, but other binding modes also can induce changes in the winding status of
duplex DNA.61,72,83–85 Fortunately, hydrodynamic methods provide unambiguous tools for
identifying DNA intercalators.61,72 Here, we observed time- and concentration-dependent
increases in the viscosity of DNA-containing solutions treated with activated leinamycin.
Together the results provide evidence that leinamycin is intercalated in its covalent complex
with DNA.

We gained further insight into the nature of non-covalent contacts between leinamycin and
DNA using the pair of palindromic duplexes shown in Scheme 2. Under conditions that
produce high alkylation yields by activated leinamycin at isolated G-residues in duplex
DNA, only partial alkylation of duplex 9 was obtained. In contrast, duplex 10 experienced
high levels of alkylation by activated leinamycin. These results simultaneously suggest two
things: (1) the intercalated covalent leinamycin-DNA adduct resides on the 3'-side of the
alkylated guanine residue and (2) activated leinamycin requires contacts on the 3'-side of a
target guanine residue during the alkylation reaction.

We also examined the alkylation of bulge-containing DNA duplexes by activated
leinamycin. While the structures of DNA bulges are diverse and complex,117–121 a
significant body of published work indicates that bulges are favored sites for
intercalation.90–95 Therefore, it was interesting to observe that activated leinamycin prefers
to alkylate guanine residues located at DNA bulges. Further, it may be significant that the
most favored alkylation sites are created when the unpaired, bulged base resides on the 3'-
side of the target guanine residue. This result is generally consistent with the notion that
leinamycin intercalates on the 3'-side of target guanine residues.

Overall, the findings presented here indicate that noncovalent binding is important for
efficient DNA alkylation by activated leinamycin and further provide evidence that the
leinamycin-guanine adduct is intercalated into the DNA duplex. It is important to note that
the viscosity experiments presented here did not provide evidence for reversible equilibrium
intercalative binding by either the parent compound leinamycin or activated leinamycin.
Intercalative binding is difficult to detect for agents with modest binding constants such as
those displayed by activated leinamycin and the parent natural product. Nonetheless, the
data presented here along with those published previously48,56,59 allow us to offer an
attractive, albeit speculative, model for the reaction of activated leinamycin with guanine
residues in duplex DNA. Molecular model building leads us to propose that the Z,E-5-
(thiazol-4-yl)-penta-2,4-dienone moiety of activated leinamycin is intercalated in the
precovalent leinamycin-DNA complex and in the transition state leading to DNA alkylation.
The macrocyclic ring system of leinamycin imparts a bent, rigid structure to the natural
product in which the electrophilic carbon is located on one rim of the concave face.
Intercalative binding via the major groove of duplex DNA, with the “interior” pi-surface of
leinamycin resting on the 3'-side of a target guanine residue can nest the electrophilic C6-
center of activated leinamycin against the nucleophilic N7-position of the nucleobase
(Figure 12). Activated leinamycin may form intercalation complexes at other sites that are
unproductive in terms of DNA alkylation. For example, intercalation on the 5'-side of a
guanine residue is not expected to position the electrophilic center for reaction with a DNA
nucleophile (Figure 13). Similarly, intercalation with the “exterior” pi-surface of leinamycin
on the 3'-side of a guanine residue appears unlikely to yield a productive pre-alkylation
complex (Figure 13).

The proposed model is consistent with the fact that activated leinamycin displays distinct
preferences for particular residues on the 3'-side of the target guanine residue (with 5'-GG
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and 5'-GT sequences favored), while showing no discernable preference for the identity of
the base pair on the 5'-side of the alkylation site.56 The preferred site for alkylation by
leinamycin is 5'-GG (in which the underlined guanine is alkylated). Indeed, GG steps may
be preferred sites for intercalative binding.122 Furthermore, the proposed binding model is
generally consistent with the effects exerted by MeC residues surrounding guanine alkylation
sites. Specifically, when MeC opposes a target guanine residue the C5-methyl substituent of
the nucleobase into the periphery of the leinamycin-DNA complex, leading to the observed
decrease in alkylation yield.

Finally, the model of the leinamycin-DNA complex may provide a foundation for
understanding an unusual property of the leinamycin-DNA adduct. The leinamycin-2'-
deoxyguanosine adduct in duplex DNA undergoes exceptionally rapid depurination (Scheme
3).79 Specifically, the leinamycin-guanine adduct depurinates with a half-life of only 3.5 h at
37 °C in neutral aqueous solution.79 By way of comparison, simple N7-alkylguanine
residues undergo depurination with half-lives of 150–200 h and the N7-dG adduct derived
from sulfur mustard depurinates with a half-life of 56 h (37 °C, pH 7).66,123,124 The rapid
generation of cellular abasic sites could contribute to the potent cell-killing properties of
leinamycin.42,125–127 The chemical basis for the rapid depurination of the leinamycin-
deoxyguanosine adduct is not currently known but the model for the leinamycin-DNA
complex presented here provides the basis for a speculative, but intriguing, hypotheses to
explain this process. Depurination occurs via rate-determining unimolecular generation of an
oxocarbenium ion (Scheme 3).66,128 Enzymes catalyze this type of reaction via electrostatic
stabilization of the incipient oxocarbenium ion intermediate.128,129 With this in mind, it may
be significant that our model of the leinamycin-DNA complex places the negative end of the
C9-carbonyl dipole near the C1' of the deoxyribose sugar residue that is transformed into an
oxocarbenium ion during the depurination reaction (Figure 14). Electrostatic stabilization of
the incipient oxocarbenium ion could serve to decrease the activation energy of the
depurination reaction. Validation of this hypothesis will require further study.

Overall, the work presented here provides a framework for understanding the efficient
alkylation of DNA by the natural product leinamycin. Our data suggests that activated
leinamycin intercalates into duplex DNA with a modest binding constant of about 4.3 × 103

M−1. However, it is important to recognize that the kinetic advantage afforded by
noncovalent binding of a reactive intermediate to duplex DNA is not solely determined by
the magnitude of the DNA association constant. Rather, rate enhancements must reflect the
interplay of noncovalent binding strength and proper positioning of the reaction partners in
the noncovalent complex. The results presented here yield a structural model suggesting that
intercalation of activated leinamycin on the 3'-side of a G-C base pair nests the electrophilic
C6-carbon of the episulfonium ion 2 against the nucleophilic N7-position of the target
guanine residue in the major groove of duplex DNA. In this manner, noncovalent binding
steers activated leinamycin toward reaction with guanine residues in cellular DNA and away
from reaction with bulk water.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Alkylation of single-stranded DNA and double-stranded DNA by activated leinamycin. The
5'-32P-labeled oligonucleotide 5'-TAT TTA TAA CGC ATT TAA TTT-3' was incubated
with leinamycin and 2-mercaptoethanol at 37 °C for 23.3 h followed by Maxam-Gilbert
workup and separation of the labeled fragments on a 20% denaturing polyacrylamide gel.
Labeled DNA was visualized by phosphorimager analysis. Reactions were conducted in
HEPES buffer (50 mM, pH 7.0) containing DETAPAC (1 mM). Lanes 1–5 employed
single-stranded DNA while lanes 6–10 employed double-stranded DNA. Lanes 1 and 6,
DNA treated with 2-mercaptoethanol (5 mM, no leinamycin); lanes 2 and 7, DNA treated
with leinamycin (200 μM) and 2-mercaptoethanol (200 μM); lanes 3 and 8, DNA treated
with leinamycin (500 μM) and 2-mercaptoethanol (500 μM); lanes 4 and 9, DNA treated
with leinamycin (1 mM) and 2-mercaptoethanol (1 mM); lanes 5 and 10, DNA treated with
leinamycin (5 mM) and 2-mercaptoethanol (5 mM).
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Figure 2.
Structure of daunomycin (6) and the daunomycin-DNA complex. The image was created
from pdb entry 1KCI using Pymol.
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Figure 3.
Inhibition of leinamycin DNA damage by using daunomycin intercalator. The 5'-32P-labeled
DNA duplex 5'-GTT CGT ATA TGGGAGGTC GCA TGT G-3' (underlined portion of the
sequence is double-stranded) was incubated with daunomycin, leinamycin and 2-
mercaptoethanol at 25 °C for 23.25 h followed by Maxam-Gilbert workup and separation of
the resulting fragments on a 20% denaturing polyacrylamide gel. Labeled fragments were
visualized by phosphorimager analysis. Reactions were conducted in TNE buffer, pH 7.0
(Tris-HCl, 50 mM; NaCl, 150 mM, and EDTA, 1 mM). Lane 1, DNA with leinamycin (50
μM) alone; lane 2, DNA with of 2-mercaptoethanol (0.5 mM); lane 3, DNA and
daunomycin (50 μM); lanes 4–16, all contained DNA, leinamycin (50 μM), and 2-
mercaptoethanol (0.5 mM). Lanes 4–16 contained 0, 0.1, 0.5, 1, 2, 4, 6, 8, 10, 20, 30, 40,
and 50 μM daunomycin respectively.
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Figure 4.
Effect of daunomycin on DNA alkylation by activated leinamycin. Mixtures of daunomycin,
leinamycin, and 2-mercaptoethanol were incubated with DNA as described in the Legend of
Figure 3. The plot shows the total yield of deoxyguanosine alkylation in each lane versus
Log daunomycin concentration.
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Figure 5.
Changes in the mobility of supercoiled plasmid DNA (PGL2BASIC) induced by increasing
concentrations of activated leinamycin. The assays contained sodium phosphate buffer (50
mM, pH 7), PGL2BASIC (3 μg; 0.12 μg/mL), 2-mercaptoethanol (2 mM) and varying
concentrations of leinamycin, as follows: lane 1: 0 mM, 2: 0.02 mM, 3: 0.04 mM, 4: 0.08
mM, 5: 0.1 mM, 6: 0.15 mM, 7: 0.2 mM, 8: 0.3 mM, 9: 0.4 mM, 10: 0.5 mM, 11: 0.6 mM,
12: 0.7 mM, 13: 0.8 mM, 14: 0.9 mM, 15: 1.0 mM, 16: 1.1 mM. Samples were gently
vortexed, incubated for 50 min at 4 °C, mixed with glycerol loading buffer containing 0.25%
bromophenol blue and 40% sucrose, loaded on a 2% agarose gel and electrophoresed at 40
V for approximately 16 h in a 4 °C cold room. DNA was then stained by soaking the gel in a
solution of ethidium bromide and visualized by UV transillumination.
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Figure 6.
Time-dependent changes in the relative viscosity a DNA-containing solution treated with
various concentrations of activated leinamycin or leinamycin alone. In a typical experiment
involving activated leinamycin the final concentrations were: 10 mM sodium phosphate
buffer, pH 7; 1 mM bp calf thymus DNA; 0.72 mM of 2-mercaptoethanol; 10% (v/v)
acetonitrile; in 1 mL final reaction volume. The upper (green) trace corresponds to 500 μM
activated leinamycin, the middle (red) trace 240 μM activated leinamycin, the next lowest
(blue) trace 120 μM activated leinamycin and the lowest (black) trace corresponds to 125
μM of the parent unactivated leinamycin. At various times the viscosity of the solutions
were measured using an Ostwald-type flow viscometer (2 mL capacity) at room
temperature. Relative viscosity of the solutions is reported as η = (t − t0)/t0, where t is the
flow time of the DNA-containing solution and t0 is the flow time of buffer.
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Figure 7.
Alkylation of palindromic DNA sequences by activated leinamycin. The palindromic
duplexes 5'-32P-TAT AAA TAT ATG CAT ATA TTT ATA (9) and 5'-32P-TAT AAA TAT
ATC GAT ATA TTT ATA (10) were incubated with leinamycin and 2-mercaptoethanol at
30 °C for 23 h in HEPES buffer (50 mM, pH 7) DETAPAC (5 mM), followed by Maxam-
Gilbert workup and separation of the resulting DNA fragments on a 20% denaturing
polyacrylamide gel. Reactions analyzed in lanes 1–5 contained duplex 9, while lanes 6–10
contained duplex 10. Reactions analyzed in lanes 1 and 6 contained DNA treated with 2-
mercaptoethanol (5 mM, no leinamycin); lanes 2 and 7, contained DNA treated with
leinamycin (10 μM) and 2-mercaptoethanol (5 μM); lanes 3 and 8, contained DNA treated
with leinamycin (100 μM) and 2-mercaptoethanol (50 μM); lanes 4 and 9, contained DNA
treated with leinamycin (1 mM) and 2-mercaptoethanol (0.5 mM); lanes 5 and 10 contained
DNA treated with leinamycin (10 mM) and 2-mercaptoethanol (5 mM).
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Figure 8.
Alkylation of guanine residues at DNA bulges. The 5'-32P-labeled 2'-deoxyoligonucleotide
duplexes 11–15 were treated with 1 (20 μM) and 2-mercaptoethanol (200 μM) in MOPS (50
mM, pH 7) containing 10% acetonitrile (v/v) at 37 °C for 2 h, followed by Maxam-Gilbert
workup. The resulting DNA fragments were resolved on a 20% denaturing polyacrylamide
gel and visualized by phosphorimager analysis. Lane 1, untreated duplex 11; lane 2, duplex
11 with Maxam-Gilbert workup; lane 3, duplex 11 treated with activated leinamycin; lane 4,
untreated duplex 12; lane 5, duplex 12 with Maxam-Gilbert workup; lane 6, duplex 12
treated with activated leinamycin; lane 7, untreated duplex 13; lane 8, duplex 13 with
Maxam-Gilbert workup; lane 9, duplex 13 treated with activated leinamycin; lane 10,
untreated duplex 14; lane 11, duplex 14 with Maxam-Gilbert workup; lane 12, duplex 14
treated with activated leinamycin; lane 13, untreated duplex 15; lane 14, duplex 15 with
Maxam-Gilbert workup; lane 15, duplex 15 treated with activated leinamycin.
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Figure 9.
Alkylation of 5-methylcytosine-containing duplexes by activated leinamycin. The 5'-32P-
labeled 2'-deoxyoligonucleotide duplexes 16–19 were treated with leinamycin and 2-
mercaptoethanol in HEPES (50 mM, pH 7), DETAPAC (5 mM) containing 37% acetonitrile
(v/v) at 37 °C for 23.6 h, followed by Maxam-Gilbert workup. The resulting DNA fragments
were resolved on a 20% denaturing polyacrylamide gel and visualized by phosphorimager
analysis. Lane 1, duplex 16 treated with 2-mercaptoethanol (5 mM and no leinamycin); lane
2, duplex 16 treated with leinamycin (0.2 mM) and 2-mercaptoethanol (0.2 mM); lane 3,
duplex 16 treated with leinamycin (0.5 mM) and 2-mercaptoethanol (0.5 mM); lane 4,
duplex 16 treated with leinamycin (1 mM) and 2-mercaptoethanol (1 mM); lane 5, duplex 16
treated with leinamycin (5 mM) and 2-mercaptoethanol (5 mM); lane 6, duplex 17 treated
with 2-mercaptoethanol (1 mM); lane 7, duplex 17 treated with leinamycin (1 mM) and 2-
mercaptoethanol (1 mM); lane 8, duplex 18 treated with 2-mercaptoethanol (1 mM); lane 9,
duplex 18 treated with leinamycin (1 mM) and 2-mercaptoethanol (1 mM); lane 10, duplex
19 treated with 2-mercaptoethanol (1 mM); lane 11, duplex 19 treated with leinamycin (1
mM) and 2-mercaptoethanol (1 mM).
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Figure 10.
Representative noncovalent DNA binding molecules. Ethidium bromide, an Intercalator,
distamycin A, a groove binder, and spermine a polycationic electrostatic binder.
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Figure 11.
Atypical DNA intercalating moieties.
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Figure 12.
A molecular model of the leinamycin-DNA adduct that is consistent with the data presented
in this work.
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Figure 13.
A schematic diagram showing how some leinamycin-DNA complexes may be unproductive,
in terms of DNA alkylation. Diagrams depict the leinamycin-DNA complex viewed from
the minor groove (similar to the lower left image of Figure 12). Upper image: intercalation
of the “interior” pi-surface of leinamycin the 3'-side of a guanine residue aligns the natural
product for reaction with N7-G. Lower image: intercalation of the “interior” pi-surface of
leinamycin on the 5'-side of a guanine residue is not expected to position the electrophilic
center for reaction with a DNA nucleophile. Similarly, intercalation with the “exterior” pi-
surface of leinamycin on the 3'-side of a guanine residue is not likely to yield a productive
pre-alkylation complex.
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Figure 14.
A molecular model highlighting the potential proximity of the C9-carbonyl and the C1'-
glycosidic carbon in the leinamycin-deoxyguanosine adduct.
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Scheme 1.
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Scheme 2.
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Scheme 3.
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