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ABSTRACT: Recent studies involving DNAs bound
strongly by bleomycins have documented that such
DNAs are degraded by the antitumor antibiotic with
characteristics different from those observed when study-
ing the cleavage of randomly chosen DNAs in the presence
of excess Fe·BLM. In the present study, surface plasmon
resonance has been used to characterize the dynamics of
BLM B2 binding to a strongly bound hairpin DNA, to
define the effects of Fe3+, salt, and temperature on BLM−
DNA interaction. One strong primary DNA binding site,
and at least one much weaker site, were documented. In
contrast, more than one strong cleavage site was found, an
observation also made for two other hairpin DNAs.
Evidence is presented for BLM equilibration between the
stronger and weaker binding sites in a way that renders
BLM unavailable to other, less strongly bound DNAs.
Thus, enhanced binding to a given site does not
necessarily result in increased DNA degradation at that
site; i.e., for strongly bound DNAs, the facility of DNA
cleavage must involve other parameters in addition to the
intrinsic rate of C-4′ H atom abstraction from DNA
sugars.

The bleomycins (BLMs, Figure 1) are a family of antitumor
antibiotics, members of which are used clinically for the

treatment of squamous cell carcinomas and other malignan-
cies.1 While they are well established clinically as part of
multidrug regimens,2 new strategies for bleomycin admin-
istration hold the promise of additional clinical applications as a
single agent.3 The antitumor activity of bleomycin is believed to
derive from its ability to degrade DNA,4 and possibly also
RNA.4d,5 DNA cleavage has been especially well characterized,
and the mechanism of degradation and derived products have
been described in some detail.6

Until recently, virtually all studies of BLM-mediated DNA
degradation were carried out using a large excess of a
metalloBLM. However, since the clinical dose of bleomycin is
atypically low (∼5 μmol), it seemed logical to inquire whether
the large excess of DNA relative to bleomycin in a clinical
setting might result in the preferential binding of the drug to
DNA sequences whose cleavage might differ from what has
been observed in the presence of excess BLM. In fact, the
isolation of (hairpin) DNAs strongly bound to immobilized

BLM from a large library of DNAs having randomized
sequences afforded DNA sequences not at all typical of those
identified from studies of DNA cleavage in the presence of
excess metalloBLMs.7 BLM-mediated cleavage of the strongly
bound DNAs gave unusual cleavage patterns, variable efficiency
of cleavage, and enhanced amounts of a previously observed
alkali labile product.7b,c

A serious limitation of these, and all earlier studies, has been
the lack of a quantitative method for assessing nucleic acid
binding by BLM. Fluorescence quenching of the bithiazole
moiety of BLM accompanies binding to B-form DNA,8 and
such quenching has been shown to have both ionic and
nonionic components.8b The measurement of DNA binding by
fluorescence quenching has not been validated quantitatively by
an independent method and does not seem to reliably predict
binding affinities for RNAs, or non-B-form DNAs.9 More
recently, we have employed a competition assay, measuring the
ability of a selected hairpin DNA to inhibit the (binding and)
cleavage of a second profluorescent hairpin DNA present in
equimolar concentration.7a,b While this assay is promising, its
interpretation involves a few key assumptions, the validity of
which have not been established. Even if the relative
equilibrium binding constants inferred from such studies
prove accurate, it would not exclude the possibility that BLM
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Figure 1. Structures of bleomycin A5, bleomycin B2, and
deglycobleomycin A5.
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binding to two DNAs with comparable affinities might involve
significantly different on- and off-rates. Since the rate-limiting
step for B-DNA cleavage has been shown to involve abstraction
of H• from the C-4′ H of DNA sugars,6h variations in the
dynamics of BLM binding to different DNAs could afford
altered efficiencies of cleavage.
In order to assess the dynamics of BLM binding to hairpin

DNAs selected for strong BLM binding,7 we employed surface
plasmon resonance (SPR), which has been used to assess the
interaction of other ligands with DNA.10 The main focus of the
current study was hairpin DNA 2 (Figure 2), which was shown

in an earlier study to bind BLM A5 more strongly than most of
the other hairpin DNAs studied.7a,b The 5′-32P end-labeled
DNA 2 underwent cleavage at several sites when treated with
Fe(II)·BLM A5 and Fe(II)·deglycoBLM A5; the sites of
cleavage for the two BLM congeners were quite similar,7b,c

but Fe(II)·BLM A5 was more potent as a DNA cleaving agent.7c

Shown in Figure 2 is a summary of the sites of cleavage of the
same hairpin DNA, radiolabeled alternately at the 3′- and 5′-
ends, with Fe(II)·BLM A5. The 5′-32P end-labeled DNA 2
underwent cleavage at T10, T13, A15, and C18 as noted
previously,7b,c and the bands at T13 and C18 were the strongest,
consistent with our earlier report, although the weak band
detected previously at G14

7c was not observed in the present
experiment. Treatment of the 5′-32P end-labeled DNA 2 with
Fe(II)·BLM B2 gave quite similar results as well, with an
intensity of cleavage similar to that of Fe(II)·BLM A5 (Figure
S1, Supporting Information). As shown in Figure S2, cleavage
of 5′-32P end-labeled DNA 2 with Fe(II)·BLM B2 was
minimally affected by the addition of NaCl at concentrations
up to 150 mM.

Also shown in Figure 2 (panel B) is the result of cleavage of
the same 3′-32P end-labeled DNA 2 with Fe(II)·BLM A5. Four
cleavage bands were noted, at T46, C48, T50 and A55, the last of
which was somewhat weaker than the other three. Thus this
hairpin DNA is cleaved at multiple sites, which seem not to
vary dramatically from one BLM congener to another, or in
response to changes in ionic strength.
The hairpin DNA 2 was attached to a BIAcore sensor chip

via a biotin moiety, that was connected to the hairpin DNA
through a tether at the 5′-end.11 Initially, the KA values for the
Fe(III) chelates of BLM B2, deglycoBLM A5, and BLM A5 were
measured in order to assess relative affinities for metalloBLMs
incapable of DNA cleavage. For all the BLM samples one
strong binding site was noted and one, or probably more, sites
that were significantly weaker. When measured at 25 °C and 10
mM NaCl, the KA values under these conditions were found to
be approximately 3.2 × 106, 3.0 × 106, and 1.5 × 106 M−1,
respectively. Thus the relative affinities of these metalloBLMs
for hairpin DNA 2 (BLM B2 ≈ deglycoBLM A5 > BLM A5) was
not in the same order as the relative potencies of cleavage of the
same DNA by the Fe(II) derivatives (BLM B2 ≈ BLM A5 >
deglycoBLM A5), although the actual sites of cleavage were
quite similar for all three BLM congeners. The lack of
correlation is illustrated in Figure S3, which shows the
significantly greater affinity of deglycoBLM A5 at the strong
and weaker binding sites, in comparison with the much weaker
reported cleavage of DNA 2 by deglycoBLM A5.

7c These
experiments establish that the relative efficiency of cleavage of a
strongly bound DNA by a given metalloBLM is not controlled
simply by BLM−DNA affinity. The same conclusion can be
reached from the finding that there was a single strong binding
site for Fe(III)·BLM B2 but multiple sites of cleavage, two of
which involved strong cleavage.
BLM B2 (Figure 1) has been shown to cleave chromosomal

DNA quite efficiently in cultured mammalian cells relative to
the other BLM congeners tested.12 Accordingly, the above
results encouraged us to characterize the interaction of this
congener with DNA 2 more carefully. Shown in Figure 3 (left
panel) is an SPR sensorgram of the binding of Fe(III)·BLM B2
to immobilized DNA 2 at 25 °C in the presence of 25 mM
NaCl, where the concentrations of metalloBLM employed were
50−500 nM. The KA value determined for this interaction was

Figure 2. (A) Sequence-selective cleavage of 5′-32P end-labeled 64-nt
hairpin DNA 2 by BLM A5: lane 1, radiolabeled 2 alone; lane 2, 20 μM
Fe2+; lane 3, 20 μM BLM A5; lane 4, 5 μM Fe(II)·BLM A5; lane 5, 10
μM Fe(II)·BLM A5; lane 6, 20 μM Fe(II)·BLM A5; lane 7, G+A lane.
(B) Sequence-selective cleavage of 3′-32P end-labeled 64-nt hairpin
DNA 2 by BLM A5: lane 1, radiolabeled 2 alone; lane 2, 10 μM Fe2+;
lane 3, 10 μM BLM A5; lane 4, 1 μM Fe(II)·BLM A5; lane 5, 5 μM
Fe(II)·BLM A5; lane 6, 10 μM Fe(II)·BLM A5; lane 7, G+A lane.

Figure 3. SPR sensorgrams for the interaction of Fe(III)·BLM B2 with
DNA 2 at 25 mM (left panel) and 10 mM (right panel) NaCl
concentrations and 25 °C. The individual sensorgrams (colored)
represent responses at BLM B2 concentrations of 50, 75, 100, 150,
200, 250, 300, 400, and 500 nM (bottom to top). Global kinetic fit
(black solid lines) with a 1:1 model was performed using Biacore T200
Evaluation Software to obtain kinetic association and dissociation rate
constants.
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3.9 × 106 M−1. The on-rate ka was determined as 2.9 × 105 M−1

s−1, while the off-rate kd was found to be 0.074 s−1. The
sensorgram for the same DNA measured at 25 °C in the
presence of 10 mM NaCl is shown in the right panel of Figure
3.
A summary of the data determined at two salt concentrations

and two temperatures is shown in Table 1. As is clear from
these data, quite similar results for the on-rates were obtained at
15 and 25 °C, while the off-rates increased 2.5−3-fold at the
higher temperature. Accordingly, KA was about 3 times larger at
15 °C due to the change in off-rate. Small but consistent
changes in all measured parameters resulted from the change in
salt concentration. The structural factors in the hairpin DNA 2
or Fe(III)·BLM B2 that cause these changes in affinity and
dynamics of interaction are not presently clear but should be
amenable to analysis by systematic alterations of the structures
of hairpin DNAs and BLM congeners. In this regard, one
unanticipated result not yet investigated in detail was the
dramatically lower affinity of metal-free BLM B2 for DNA 2 (KA
= 2.2 × 104 M−1 at 10 mM NaCl and 25 °C), a result in good
qualitative agreement with an earlier study that employed
fluorescence quenching of the bithiazole moiety of BLM as an
end point for measuring DNA binding in the presence of Fe(II)
or Cu(II).8b

As is clear from Figure 2, the Fe(II)·BLMs studied each
cleaved the hairpin DNA substrate at multiple sites, albeit with
somewhat different efficiencies. Since the cleavages observed in
Figure 2 were carried out under conditions of single hit kinetics,
it is logical to conclude that it must be possible for
metalloBLMs to bind to the hairpin DNAs in multiple binding
modes, each of which affords a different DNA cleavage pattern.
To determine whether it is possible to detect more than one
binding mode by SPR, the data in the sensorgrams were
subjected to steady-state analysis, using additional concen-
trations of Fe(III)·BLM B2 up to 1 μM.
The SPR equilibrium binding plots for Fe(III)·BLM B2 and

immobilized DNA 2 at the two salt concentrations (25 °C) are
shown in Figure 4. The steady-state analysis employed the same
experimental data as above, but up to a higher (1 μM)
concentration. The agreement of the strong binding constant
with the kinetic binding constant was good (3.4 × 106 vs 3.9 ×
106 at 25 mM NaCl and 3.1 × 106 vs 3.2 × 106 at 10 mM NaCl,
cf. Table 1).
Using the steady-state method, it was also possible to

estimate a value for the second binding mode that was found to
have quite fast kinetics. The second binding was at least 10−20
times weaker than the primary binding and could be
determined only with a large (∼40%) error. The approximate
values of the steady-state binding constants for Fe(III)·BLM B2

and immobilized DNA 2 at 10 mM NaCl and 15 °C were 9.4 ×
106 and 0.20 × 106 M−1 for the strong and weak binding sites,
respectively. When measured at 25 mM NaCl and 15 °C, the
comparable values were 9.3 × 106 and 0.38 × 106 M−1. Given
the observation of multiple Fe·BLM cleavage sites on this DNA
(Figure 2), there are probably multiple weaker binding sites on
this DNA for Fe(III)·BLM B2, but they cannot be
distinguished, as it is difficult to achieve saturation and
definitive maximum stoichiometry.
The existence of one strong and one or more much weaker

binding sites for Fe(III)·BLM B2 was not limited to DNA 2. As
shown in Figure S4, previously reported7a,b DNAs 4 and 5
exhibited the same characteristics, with one strong binding site
and one or more weaker binding sites. These DNAs,
particularly DNA 5, had numerous strong BLM cleavage sites
in spite of the presence of only a single strong binding site.
In an earlier study,7b it was shown that a 16-nucleotide

hairpin DNA cleaved efficiently by 1 equiv of Fe(II)·BLM failed
to undergo significant cleavage in the additional presence of 1
equiv of any strongly bound 64-nt DNA. This implies that
association of BLM with a strongly bound DNA effectively
precludes binding to other species. In an effort to gain insights
into the mechanism of DNA cleavage of hairpin DNA 2, we
carried out competition experiments in which 32P-radiolabeled
samples of DNA 2 or the 16-nt hairpin DNA of comparable
specific activity were treated with Fe(II)·BLM in the presence
of unlabeled competitor DNA. As shown in Figure S5, the
Fe(II)·BLM B2-mediated cleavage of DNA 2 was little affected

Table 1. Binding of Fe(III)·BLM B2 to DNA 2a

[NaCl] ka (×10
5 M−1 s−1) kd (×10

−2 s−1) KA(ka/kd) (×10
6 M−1) KD(kd/ka) (×10

−9 M) KA (steady-state) (K1; K2 ×10
6 M−1)

At 15 °C
10 mM 1.8 ± 0.23 1.7 ± 0.22 10.5 ± 1.3 95 ± 12 9.4 ± 0.38; 0.20 ± 0.08
25 mM 3.5 ± 0.41 2.3 ± 0.28 15.2 ± 1.8 66 ± 7.9 9.3 ± 0.36; 0.38 ± 0.14
At 25 °C
10 mM 1.4 ± 0.16 4.2 ± 0.50 3.2 ± 0.38 312 ± 37 3.1 ± 0.20
25 mM 2.9 ± 0.17 7.4 ± 0.44 3.9 ± 0.23 256 ± 15 3.4 ± 0.29

a50, 75, 100, 150, 200, and 250 nM concentrations of Fe(III)·BLM B2 were used to determine the kinetic rate constants. Quite similar results were
obtained when higher (300−500 nM) concentrations were employed. Based on reproducibility of results, the errors in the strong binding constants
and kinetics constants are ±15% and close to 40% for the weaker binding constants. The weaker binding constant (K2) could not be determined
accurately at higher temperature.

Figure 4. SPR equilibrium binding plots of Fe(III)·BLM B2 with DNA
2 at 10 mM and 25 mM NaCl concentrations and 25 °C. The steady-
state response values were fitted as a function of free ligand
concentration to a single-site interaction model. The binding affinities
are listed in the inset and in Table 1.
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by 8 equiv of the unlabeled 16-nt DNA. In contrast, the
presence of just 1 equiv of DNA 2 precluded cleavage of the
radiolabeled 16-nt DNA. This suggests that, even when not
bound to the strong binding site of DNA 2, Fe·BLM remains in
proximity to this DNA, resulting in significant cleavage at
weakly bound sites in the same DNA in preference to efficient
cleavage sites in another DNA.
In conclusion, we have characterized the binding and

cleavage by Fe·BLM of a hairpin DNA selected for strong
binding to BLM. The hairpin DNA undergoes cleavage on both
arms by three different BLM congeners with similar sequence
selectivity but different efficiencies. The relative efficiencies of
cleavage do not correlate in a simple way with relative binding
affinities, indicating that affinity is only one factor defining
cleavage efficiency. SPR analysis of BLM binding to the hairpin
DNA has permitted the dynamics of binding to be defined. The
on-rate ka values did not change significantly from 25 to 15 °C,
while the off-rate kd values decreased about 3-fold at both salt
concentrations studied. The kinetic and steady-state binding
constants were in good agreement; steady-state analysis
permitted the detection of at least one weaker binding mode
for Fe(III)·BLM B2 to hairpin DNA 2. While the mode of BLM
binding to DNA has been studied previously,13 the dynamics
have not. The present analysis significantly advances our
understanding of the quantitative parameters and dynamics of
DNA binding by BLM and the relationship between DNA
binding and cleavage by Fe·BLM.
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