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ABSTRACT DNA superhelical tension, an important fea-
ture of genomic organization, is known to affect the interac-
tions of intercalating molecules with DNA. However, the effect
of torsional tension on nonintercalative DNA-binding chem-
icals has received less attention. We demonstrate here that the
enediyne calicheamicin g1

I, a strand-breaking agent specific
to the minor groove, causes '50% more damage in negatively
supercoiled plasmid DNA than in DNA with positive super-
helicity. Furthermore, we show that the decrease in damage in
positively supercoiled DNA is controlled at the level of thiol
activation of the drug. Our results suggest that supercoiling
may affect both the activity of nonintercalating genotoxins in
vivo and the accessibility of glutathione and other small
physiologic molecules to DNA-bound chemicals or reactions
occurring in the grooves of DNA.

Superhelical tension plays a role in many aspects of DNA
physiology including transcription (1), replication (1), and
repair (2). The genome of Escherichia coli has a net super-
helical density (s) of '20.05 (supercoils per helical turn),
while there appears to be no net superhelical tension in the
genomes of Drosophila melanogaster and humans (3). How-
ever, as a consequence of the loop organization of the genome
in higher eukaryotes (4), transcriptionally active DNA con-
tains high levels of localized torsional tension—negative in the
59-ends and positive in the 39-ends (5–11)—that is consistent
with the twin-domain model of Liu and Wang (5) for tran-
scriptionally induced DNA supercoiling. Though superhelical
tension has well-defined effects on the interactions of proteins
and small DNA intercalators, its effects on other molecules
that interact with DNA have not been fully explored.

The effects of torsional tension on small molecule-DNA
interactions are a direct consequence of changes in DNA
structure and dynamics. Negative and positive superhelical
tension occur when the helix is unwound or over wound,
respectively (12), and it has been estimated that as much as
30% of torsional tension is expressed in alterations of twist
(helical repeat) with the remaining 70% expressed as writhing
of the helix (13–15). Torsional tension has several conse-
quences for DNA secondary structure, including formation of
Z-DNA, cruciforms, and single-stranded regions (12, 16–19).
In the case of negatively supercoiled DNA, the under wound
state of the helix favors binding of intercalating molecules
because they induce local unwinding that is dissipated as global
overwinding of the helix (9, 20).

By analogy to intercalators, the DNA interactions of other
molecules that are sensitive to twisting and writhing of the helix

should also be affected by superhelical tension. We have tested
this hypothesis with the enediyne antibiotic calicheamicin g
(Fig. 1). The enediyne family is a structurally diverse group of
DNA-damaging molecules that are cytotoxic at picomolar to
femtomolar concentrations (21–23). This lethality is likely due
to the production of high levels (.95%) of double strand DNA
damage (24) following reductive activation, presumably by
glutathione in vivo, to form a diradical intermediate that binds
in the minor groove and abstracts hydrogen atoms from
deoxyribose (Fig. 1; reviewed in refs. 22, 25–27). In the present
studies, we have employed an analog of calicheamicin g,
calicheamicin Ø, in which the methyl trisulfide trigger has been
replaced by a thioacetate group that undergoes hydrolysis in
the absence of thiols (Fig. 1). The resulting diradical interme-
diate is identical in structure to that arising from calicheamicin
g (23), as are the sequence-selectivity (23), the chemistry, and
the bistranded nature of the DNA lesions produced by the two
drugs (P.C.D., unpublished observations).

By using highly positively supercoiled DNA produced by a
recently developed technique (28), we have investigated the
effect of superhelical tension on calicheamicin-DNA interac-
tions. We found that calicheamicin preferentially damages
negatively supercoiled DNA and that this difference is due to
accessibility of glutathione to DNA-bound drug. Our results
suggest that DNA supercoiling may have significant effects on
small molecule-DNA interactions and on chemical reactions
that occur in proximity to DNA.

MATERIALS AND METHODS

Reagents. Calicheamicin g1
I was provided by George Elles-

tad (Wyeth-Ayerst Research). Calicheamicin u1
I was synthe-

sized as described elsewhere (23).
Positive supercoiling of plasmid pUC19 was achieved by

using a recombinant archaeal histone HMf (rHMf) synthesized
in E. coli from the cloned hmfB gene from Methanothermus
fervidus as described elsewhere (28). Negatively supercoiled
pUC19, isolated from DH5a E. coli by standard techniques,
was subjected to the same treatment as the positively super-
coiled DNA except for the addition of topoisomerase-
containing chicken blood extract. Sham reactions were instead
performed with the dilution and storage buffer used with the
chicken blood extract (28). Both plasmid substrates were
quantitated by using the Hoechst dye 33258 (Sigma) fluores-
cence quantitation assay (29).

In both DNA substrates, care was taken to remove contam-
inants that could interfere with the drug-induced DNA dam-
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age. To remove trace quantities of nonspecifically bound
positively charged peptides, the DNA was adjusted to 2M NaCl
and incubated at room temperature for 2 hr. The DNA was
then dialyzed at 4°C against Chelex-treated phosphate buffer
(50 mM, pH 7.4) containing the metal chelating agent, dieth-
ylenetriaminepentaacetic acid, and finally dialyzed against
phosphate buffer alone to remove the chelator.

Calicheamicin g-Induced Changes in DNA Supercoiling.
The effect of calicheamicin g and esperamicin C on the
topology of negatively supercoiled pUC19 was determined by
sucrose density gradient centrifugation as described elsewhere
(30). Briefly, a mixture of [3H]-labeled, nicked plasmid, and
[14C]-labeled negatively supercoiled plasmid was layered on a
5–20% sucrose density gradient (10 mM Hepesy1 mM EDTAy
10% dimethylformamide, pH 7) containing various concen-
trations of calicheamicin g. The gradients were centrifuged at
248,000 3 g for 1.5 hr at 4°C. Fractions were collected from the
top of the tube and [3H] and [14C] were quantitated by
scintillation counting. The peak radioactive fraction for each
isotope was used to calculate the sedimentation of the form I
DNA relative to the form II DNA. Calicheamicin g and
esperamicin C were found to be soluble and chemically stable
for up to 10 hr in the sucrose buffer, and there was no
detectable nicking of the plasmid DNA (data not shown).

Treatment of Supercoiled pUC19 with DNA-Damaging
Agents. Damage reactions were performed in 25 ml reaction
volumes (10 mM Hepesy1 mM EDTAy8% MeOH, pH 7.0)
containing 30 mgyml of either positively or negatively super-
coiled pUC19 DNA. Calicheamicin g was added to each
sample and allowed to incubate at ambient temperature for 5
min. The drug was then activated by the addition of either
glutathione to 10 mM or methyl thioglycolate to 1 mM and the
reaction carried out for 30 min at ambient temperature; in one
experiment, the reaction was allowed to proceed for up to 24
hr. Calicheamicin u reactions were performed in a similar
manner except that thiols were omitted and the damage

reaction was allowed to proceed for 16 hr at 37°C. In both
cases, putrescine was added to each sample to 100 mM and the
samples were incubated at 37°C for 30 minutes to express
abasic sites as strand breaks (24). Following treatment, DNA
samples were purified by passage over G-50 Sephadex spin
columns. The DNA was then relaxed with chicken blood
extract (28), to remove any superhelical dependent biases in
subsequent electrophoresis or probing; this treatment did not
affect the number of strand breaks in the DNA substrates (data
not shown). Finally, the DNA was purified by proteinase K
digestion (100 mgyml; 1% SDS; 2 hr at 37°C) followed by
phenolychloroform and chloroformyisoamyl alcohol extrac-
tions and ethanol precipitation.

DNA Damage Analysis. DNA from each sample was re-
solved on a 1.5% agarose gel (Tris-borate-EDTA) containing
60 mM chloroquine (Sigma). The gels were washed extensively
in water to remove the chloroquine and then stained with 0.5
mgyml ethidium bromide for UV photography. Following
exposure to 254 nm light for 5 min to ensure nicking of the
plasmid DNA, the gels were dried on a conventional gel dryer
for 45 min at ambient temperature and 45 min at 60°C. DNA
topoisomers were then quantified by in situ hybridization in the
dried agarose gel with a pUC19 random primer probe accord-
ing to the protocol of Lueders and Fewell (31). The relative
intensities of the plasmid forms were determined on a Phos-
phorImager (Molecular Dynamics) and the quantity of strand
breaks was calculated from the proportion of supercoiled
(form I) DNA converted to nicked (form II) DNA and linear
(form III). Drug concentrations were selected so that the
number of strand breaks would not exceed ‘‘single-hit’’ con-
ditions according to a Poisson distribution, which corresponds
to no more than '30% of the supercoiled DNA molecules
sustaining damage (24).

In all experiments, we have compared the ratios of damage
in the two supercoiled forms rather than comparing the
absolute levels of damage. This was necessitated by moderate
experiment-to-experiment variability in the absolute quantity
of damage. However, within a single experiment, the absolute
levels of DNA damage are comparable between samples.

Determination of Relative Binding Affinities of Calicheami-
cin g with Positively and Negatively Supercoiled pUC19. The
relative affinity of calicheamicin g for positively and negatively
supercoiled pUC19 was determined by a competitive DNA
damage assay. Calicheamicin-induced DNA damage in a [32P]-
labeled DNA fragment was measured in the presence of
varying concentrations of unlabeled, supercoiled pUC19,
which competed with the labeled DNA for drug binding. The
relative reduction in damage to the labeled strand is directly
correlated with the overall binding constant for calicheamicin
with the supercoiled DNA competitor. While this assay cannot
be used to determine absolute binding constants, the relative
binding affinity can be defined for the two supercoiled DNA
substrates. The 215-bp HindIIIyPvuII fragment of pUC19 was
59-[32P] end-labeled at the HindIII site as described elsewhere
(24). The labeled fragment was mixed with calf thymus DNA
(final 0.3 mgyml) and 0.3 nM calicheamicin g in 10 mM Hepes,
1 mM EDTA, pH 7. This mixture was then divided into 8 ml
aliquots and 1 ml of supercoiled DNA was added to each
aliquot. After 5 min of equilibration, 1 ml of 100 mM gluta-
thione (pH 7) or 10 mM methyl thioglycolate was added and
the damage reaction was allowed to proceed for 30 min at
ambient temperature; the drug reaction was complete within
this time (data not shown). Abasic sites were converted to
strand breaks by treatment with putrescine (100 mM) for 30
min at 37°C (24). Following addition of glycerol-based loading
buffer, the entire sample was resolved on a 10% nondenaturing
polyacrylamide gel. Radioactivity in a DNA fragment pro-
duced by cleavage at an AGGA site in the labeled DNA was
quantified relative to total radioactivity in the lane by Phos-
phorImager analysis. The ratio of binding constants for the

FIG. 1. Structures of enediynes and thiols, and the mechanism of
thiol activation of calicheamicin g. Hydrolysis of the thioacetate group
of calicheamicin Ø leads to the formation of the same diradical
intermediate as formed with calicheamicin g.
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supercoiled DNA substrates is proportional to the concentra-
tion of supercoiled DNA necessary to produce equivalent
amounts of damage in the radiolabeled marker DNA.

RESULTS

In the Presence of Glutathione, Calicheamicin g Produces
More Damage in Negatively Supercoiled DNA than in Posi-
tively Supercoiled DNA. We investigated the effect of super-
helical tension on the damage produced by calicheamicin g in
highly positively and negatively supercoiled pUC19. The pos-
itively supercoiled pUC19 was prepared by using a recently
developed technique that employs HMf proteins (28) and the
DNA had an average s '10.04, with a maximal DLk of 117.
The negatively supercoiled plasmid was estimated to have s '
20.05 (DLk ' 214) by two-dimensional gel electrophoresis
(data not shown).

As shown in Fig. 2, calicheamicin g activated by glutathione
produced 50% more damage in the negatively supercoiled
substrate than in positively supercoiled DNA. The reaction was
assumed to be complete after 30 min because no further
changes were noted with incubations up to 24 hr (data not
shown). As observed in previous studies (24), calicheamicin
caused only bistranded DNA lesions, as indicated by the fact
that only linear, form III DNA was produced in the damage
reaction (data not shown).

Calicheamicin g Induces Negative Writhing of Plasmid
DNA. To define the basis for the supercoiling-dependent
difference in calicheamicin damage, we studied the effect of
calicheamicin binding on DNA topology. As shown in Fig. 3,
binding of calicheamicin g increased the sedimentation of
negatively supercoiled plasmid DNA relative to nicked-open
circular DNA. This is consistent with drug-induced negative
writhing of the plasmid DNA. As noted previously (30), no
change in supercoiling is observed for esperamicin C, an
analog of calicheamicin g missing the terminal sugar-aromatic
ring (Fig. 1). This serves as a negative control for the effects

of calicheamicin and demonstrates the importance of the
carbohydrate side chain in calicheamicin-DNA interactions.

The calicheamicin-dependent increase in negative writhing
could be a response to changes in DNA twist, a direct response
to drug-induced changes in helical writhing, or a combination
of these two extremes. We have previously demonstrated that
calicheamicin «, the aromatized form of calicheamicin g1

I,
binds to flexible DNA sequences and bends the DNA upon
binding (refs. 32 and 33; A. Salzberg and P.C.D., unpublished
observations). Such DNA bending can, in theory, alter the net
writhing of the closed-circular plasmid DNA. On the other
hand, the drug-induced increase in negative writhing is con-
sistent with circular dichroism evidence for helical overwind-
ing caused by binding of calicheamicin g (34). This contrasts
with the behavior of intercalating agents, such as the enediyne
esperamicin A1 (30), that characteristically unwind the DNA
helix upon binding (35, 36) and cause positive writhing.
However, the degree to which helical winding contributes to
the changes in DNA topology cannot be determined from
plasmid sedimentation studies. Furthermore, a predominance
of drug-induced overwinding of the helix would require that
calicheamicin bind to the over wound helix of positively
supercoiled DNA with higher affinity than to negatively
supercoiled DNA. The following experiment demonstrates
that this is not the case.

Calicheamicin g Has Equal Binding Affinities for Negative
and Positive Superhelical DNA. To test the hypothesis that
calicheamicin g binds preferentially to positively supercoiled
DNA, we determined relative binding affinities of the drug in
the two supercoiled DNA substrates. This experiment was
performed by comparing the level of DNA damage in a
[32P]-labeled DNA fragment in the presence of either posi-
tively or negatively supercoiled pUC19; preferential binding of
calicheamicin to one of the supercoiled substrates would cause
a decrease in the damage in the labeled fragment.

As shown in Fig. 4, both negatively and positively super-
coiled plasmid DNA compete to the same extent in the damage
assay. This is illustrated by the expected 50% reduction in
damage in the labeled DNA fragment when 0.3 mgyml of either
supercoiled substrate is added to 0.3 mgyml of the carrier DNA
(average from two experiments; the labeled DNA fragment is

FIG. 2. Calicheamicin g produces 50% more damage in negatively
supercoiled DNA than in positively supercoiled DNA when activated
by glutathione. Samples of negatively and positively supercoiled
pUC19 were treated with calicheamicin g and 10 mM glutathione as
described in Materials and Methods and gel-resolved plasmid topoiso-
mers were quantified by PhosphorImager analysis of probed gels;
representative experimental results are shown in the graph. The
average ratio of double-strand breaks in negatively supercoiled DNA
to double-strand breaks in positively supercoiled DNA is 1.5 6 0.1 (n 5
5).

FIG. 3. Calicheamicin g causes negative writhing of plasmid DNA.
The effect of binding of calicheamicin g (F) and esperamicin C (E) on
the topology of negatively supercoiled pUC19 was determined by
sucrose gradient centrifugation as described in Materials and Methods.
The sedimentation of supercoiled pUC19 DNA was determined
relative to nicked, open-circular pUC19.
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present in trace quantities). Thus, there is no major difference
in the affinity of calicheamicin g for these two supercoiled
plasmid molecules. It should be noted that similar results were
obtained with both methyl thioglycolate and glutathione as
drug activators.

Calicheamicin Ø Produces Equivalent Amounts of Damage
in Both Supercoiled Substrates. The observed supercoiling-
dependent bias in drug-induced damage in spite of similar
binding affinities raised the possibility that supercoiling af-
fected the drug activation step rather than the actual damage
events. To test this hypothesis, we examined the effect of
supercoiling on damage produced by calicheamicin Ø, an
analog of calicheamicin g with a thioacetate trigger that
undergoes hydrolysis in the absence of thiols (Fig. 1).

The results of these studies are shown in Fig. 5. Calicheami-
cin Ø alone produced equal numbers of double-strand breaks
in both plasmid substrates. This is consistent with a model in
which glutathione has a reduced accessibility to drug that is
bound to positively supercoiled DNA.

In the Presence of Methyl Thioglycolate, Calicheamicin g
Shows No Supercoiling Bias. To test the hypothesis that the
supercoiling-dependence of glutathione activation is due to
the size andyor negative charge of the thiol, we studied the
damage produced in supercoiled DNA when calicheamicin g
was activated by methyl thioglycolate, a small, uncharged thiol
(Fig. 1). The results shown in Fig. 6 reveal that activation of
calicheamicin g by methyl thioglycolate causes the enediyne to
produce equal amounts of DNA damage in both supercoiled
substrates. Methyl thioglycolate does not affect the binding of
the activated drug because both methyl thioglycolate and
glutathione result in the same sequence-selectivity and double-
strand character of calicheamicin-induced DNA damage (data
not shown). It is also apparent in Fig. 6 that methyl thiogly-
colate and glutathione cause calicheamicin to produce equal
amounts of damage in the negatively supercoiled substrate.

This indicates that the supercoiling bias observed with gluta-
thione is due to a reduction in damage in positively supercoiled
DNA.

FIG. 4. Calicheamicin g binds with equal affinity to negatively and
positively supercoiled pUC19. The relative affinity of calicheamicin g
for negatively (E) and positively (F) supercoiled pUC19 was deter-
mined by a competitive DNA damage assay, as described in Materials
and Methods. Calicheamicin g-induced DNA damage in a [32P]-labeled
DNA fragment was measured in the presence of varying concentra-
tions of unlabeled, supercoiled pUC19. The reduction of damage in the
labeled DNA correlates directly with the overall binding constant for
calicheamicin with the supercoiled DNA competitor. Representative
experimental results are shown in the graph; the average ratio of
damage in the presence of negatively supercoiled DNA to that with
positively supercoiled DNA is 1.0 6 0.1 (n 5 8).

FIG. 5. Calicheamicin Ø is not affected by DNA supercoiling.
Samples of negatively (E) and positively (F) supercoiled pUC19 were
treated with calicheamicin Ø as described in Materials and Methods and
gel-resolved plasmid topoisomers were quantified by PhosphorImager
analysis of probed gels; representative experimental results are shown
in the graph. The average ratio of double-strand breaks in negatively
supercoiled DNA to double-strand breaks in positively supercoiled
DNA is 0.95 6 0.08 (n 5 5).

FIG. 6. Activation of calicheamicin g by methyl thioglycolate
abolishes supercoiling-dependent biases in DNA damage observed
with glutathione. Samples of negatively (filled symbols) and positively
(open symbols) supercoiled pUC19 were treated with calicheamicin g
and 1 mM methyl thioglycolate (squares) or 10 mM glutathione
(circles) as described in Materials and Methods and gel-resolved
plasmid topoisomers were quantified by PhosphorImager analysis of
probed gels; representative experimental results are shown in the
graph. The average ratio of double-strand breaks in negatively super-
coiled DNA to double-strand breaks in positively supercoiled DNA for
methyl thioglycolate is 0.97 6 0.08 (n 5 5); the average ratio for
glutathione is 1.5 6 0.1 (Fig. 2).
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DISCUSSION

By using DNA substrates with high levels of positive and
negative supercoiling, we have demonstrated that the damage
produced by calicheamicin g, an equilibrium-binding, minor
groove-specific DNA-damaging agent, is sensitive to DNA
supercoiling. The mechanistic model most consistent with our
data is differential accessibility of glutathione to calicheamicin
bound to DNA in different states of superhelical tension.
Given the presence of high levels of both positive and negative
supercoiling in transcriptionally active genes, these results have
significant implications for other physiologically relevant
small-molecule DNA interactions.

There are several models that account for the effect of
supercoiling on the damage produced by calicheamicin g. First,
the preference for damaging negatively supercoiled DNA
could reflect a higher affinity of the drug for DNA with
negative torsion. Alternatively, calicheamicin may bind with
higher affinity to positively supercoiled DNA and paradoxi-
cally experience less activation to produce DNA damage. This
inverse relationship between binding affinity and activation
has been observed by Myers et al. with dynemicin analogs (37).
A third model involves calicheamicin binding to the super-
coiled DNA substrates with similar affinities but in different
orientations. This model requires a nonproductive binding
orientation in positively supercoiled DNA. The recent studies
of Epstein et al. (38) suggest a fourth model in which super-
coiling affects the ability of glutathione to repair drug-induced
DNA lesions. Finally, the drug may bind in similar affinity to
both DNA substrates with the supercoiling effects due to
differences in the ability of glutathione to activate the drug.
Considering the present experimental results, only the last
model is acceptable.

The lack of effect of supercoiling on the results of the
competitive drug binding assay appears to rule out the first two
models, which depend on supercoiling-dependent differences
in drug binding. This result also suggests that the main
determinant of drug-induced alterations in plasmid topology is
not helical over winding. If drug-induced helical over winding
were solely responsible for the observed negative plasmid
writhing (Fig. 3), then calicheamicin should have bound with
higher affinity to positively supercoiled DNA. However, we did
not detect any significant difference in the affinity of cali-
cheamicin for either state of DNA supercoiling. Assuming that
damage occurs in proportion to the level of bound drug and
that calicheamicin binds to pUC19 with a micromolar binding
constant (refs. 39 and 40; L.Y. and P.C.D., unpublished
observations), a 50% difference in the quantity of damage
would require that binding constants differ by '100-fold. The
competitive binding assay would have detected this difference
in binding affinity.

Though supercoiling may not affect the DNA binding
affinity of the parent form of the drug, a parallel argument
could be made for differences in the binding of the dihydro-
thiophene intermediate of reduced calicheamicin (Fig. 1).
However, the lack of supercoiling effect observed with cali-
cheamicin Ø and with calicheamicin g activated by methyl
thioglycolate rules out this scheme.

The third model, similar binding affinities but different
binding orientations, is also inadequate to explain the results.
Calicheamicin g produces only bistranded DNA lesions and
has the same sequence selectivity in both positively and
negatively supercoiled DNA. Grossly different orientations of
the bound drug, or reaction intermediates, would be expected
to affect these features of drug-induced damage. Furthermore,
the reactive intermediates for calicheamicins g and Ø are
identical, which rules out different binding orientations as the
cause of the supercoiling-dependent differences.

The model that best explains the preference of calicheamicin
for damaging negatively supercoiled DNA involves thiol ac-

cessibility. Two pieces of evidence support this conclusion.
First, the thiol-independent calicheamicin Ø produced equal
amounts of DNA damage in both supercoiled substrates.
Second, activation of calicheamicin by the neutral methyl
thioglycolate also produced equivalent results in both forms of
supercoiled DNA. This latter result suggests that glutathione
is limited in its accessibility to DNA-bound calicheamicin g by
either its negative charge or its steric bulk.

This argument is similar in nature to a model in which
supercoiling differentially affects the ability of glutathione to
‘‘repair’’ the calicheamicin-induced damage by hydrogen trans-
fer from the thiol to the carbon-centered radicals in deoxyri-
bose. This phenomenon has been proposed by Epstein et al. to
occur with DNA damage produced by the enediynes esperam-
icins A1 and C (38). According to their model, the negative
charge of glutathione reduces its accessibility to drug-induced
deoxyribose radicals compared with the smaller, neutrally
charged methyl thioglycolate. While such repair may have
occurred to some extent in the experiments, our observation
of biased DNA damage cannot be explained by supercoiling-
dependent differences in thiol-mediated DNA repair. If the
repair phenomenon were the primary determinant of the
observed effects, then we would not expect methyl thioglyco-
late to cause an increase—relative to glutathione—in cali-
cheamicin-induced damage in positively supercoiled DNA
(Fig. 6). Methyl thioglycolate is proposed to be more efficient
at quenching drug-induced deoxyribose radicals than gluta-
thione (38), and we would expect methyl thioglycolate to
further reduce the damage in positively supercoiled DNA
relative to glutathione.

All of the evidence thus points to a model in which super-
coiling influences the accessibility of glutathione to DNA-
bound calicheamicin. Any mechanistic proposal to explain this
phenomenon must take into account two observations: (i)
within 30 min, all of the drug appears to be rendered inactive
toward production of DNA damage; and (ii) there appears to
be no major difference in the affinity of calicheamicin for
binding to supercoiled DNA of either sign. A general scheme
consistent with these observations centers on a side reaction—
predominantly in positively supercoiled DNA—that results in
nondamaging activation of the drug by thiol or inactivation of
some intermediate form of the drug. While the exact spatial
relationships of drug, DNA and thiol that lead to productive
activation are unknown, it is possible that positive supercoiling
causes a portion of bound drug, but not ‘‘unbound’’ or freely
solvated drug, to be inaccessible to glutathione, thus shifting
the balance to nonproductive activation of calicheamicin. For
example, positive supercoiling could alter the charge density
around a narrowed minor groove, which could limit the
accessibility of the negatively charged glutathione to drug
positioned in the groove. Such changes in DNA conformation
are likely given the significant portion of superhelical tension
that is translated into changes in DNA twist (13–15). Another
possibility lies in the handedness of the writhing of DNA
helices in plectonemic supercoiling (for example, see ref. 13).
Positive supercoiling causes the helices to cross one another in
a left-handed superhelix with the walls of the major and minor
grooves running approximately parallel to each other. In
negatively supercoiled DNA, however, the walls of the grooves
adopt an orthogonal orientation. Parallel placement of the
grooves would create a hydrophobic ‘‘tunnel’’ that might
protect calicheamicin from glutathione activation. Further
study is necessary to identify the mechanism(s) responsible for
the supercoiling-dependent differences in calicheamicin g-
induced DNA damage.

Our observation that the preference of calicheamicin for
damaging negatively supercoiled DNA is controlled at the
level of thiol activation has implications for other small
molecule-DNA interactions. Glutathione is believed to be
involved in many oxidative damage processes (42). A super-
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coiling-dependent exclusion of glutathione from the major or
minor grooves of DNA may affect the chemistry of oxidative
DNA damage in transcriptionally active genes that are sub-
jected to high levels of both positive and negative supercoiling
(5, 9). Furthermore, the effect of supercoiling on glutathione-
DNA interactions may extend to other small genotoxic mol-
ecules such as the negatively charged superoxide. We have
observed that DNA damage produced by Cu(II)yH2O2 is
sensitive to DNA supercoiling (43). Because glutathione ap-
pears to be capable of mediating Cu(II)-induced Fenton
chemistry (44), the location, quantity, and chemistry of Cu-
induced DNA damage could thus be further complicated by
differential accessibility of glutathione to sites of bound Cu or
DNA damage produced by Cu.

To summarize, we have shown that calicheamicin g, a
nonintercalating DNA-damaging agent, exhibits a supercoiling
bias, causing more damage in negatively supercoiled plasmid
DNA than in DNA with positive superhelical tension. Fur-
thermore we have shown that this supercoiling-induced dif-
ference is controlled at the level of glutathione activation of
the drug. Our findings suggest a general effect of supercoiling
on the accessibility of glutathione and other small molecules to
DNA.
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