
DNA Cleavage by Fe(II)‚Bleomycin Conjugated to a
Solid Support
Anil T. Abraham, Xiang Zhou, and Sidney M. Hecht*

Departments of Chemistry and Biology
UniVersity of Virginia

CharlottesVille, Virginia 22901

ReceiVed October 29, 1998

The bleomycins (BLMs) are glycopeptide-derived antitumor
antibiotics.1 BLM mediates its effects at the level of nucleic acid
modification.2 In the presence of a redox-active metal ion and
oxygen, bleomycin effects sequence-selective DNA strand scis-
sion, primarily involving 5′-GC-3′ and 5′-GT-3′ sequences.2 RNA
cleavage is also highly selective and exhibits a related pattern.2d

BLM has three functional domains (Scheme 1). The metal
binding domain is required for DNA binding, metal complexation,
and oxygen binding and activation.3 The carbohydrate moiety is
involved in metal binding4 and possibly cell permeability and
selective tumor recognition.2c,eThe C-terminus, encompassing the
bithiazole moiety, as well as the cationic C-substituent, is
important for DNA binding.2

BLM-DNA interaction has been studied for several metal-
lobleomycins using a variety of physicochemical techniques. Good
evidence exists for groove binding, intercalation and partial
intercalation.2b,c,5,6Recently,1H NMR measurements and molec-
ular dynamics calculations have been used to study the binding
of Zn(II)5 and Co(III)6 bleomycin congeners to specific DNA
oligonucleotides. The data for all of the cobalt complexes have
indicated a classically threading intercalated structure in which
the bithiazole moiety is (partially) intercalated between DNA base
pairs, and the C-terminal substituent has been threaded through
the helix to the major groove. The zinc complexes, on the other
hand, were found to involve predominantly minor groove binding
with the bithiazole and C-terminal substituent in the minor groove
of DNA.

All studies of BLM reported to date agree that the metal binding
domain of metallobleomycins resides in the minor groove of
DNA, consistent with the initiation of DNA damage in the minor
groove. Therefore, if a metallobleomycin binds to DNA by
threading intercalation, with the C-terminal substituent in the
major groove,6 the binding mechanism must necessarily involve
the passage of some portion of BLM through the double helix.
Since all modeling studies indicate that the metal binding domain
is at least as large as the DNA duplex minor groove5,6 and since
separation of DNA

strands in relaxed DNA is unfavorable energetically,7 energetic
considerations dictate that the much smaller C-terminal substituent
must pass through the helix to effect intercalative binding. To
test the consequences of increasing the size of the C-terminal
substituent, we have conjugated BLM-A5 to a C-terminal sub-
stituent that is far too large to permit passage through the DNA
helix. Critically, we observe that the modified BLM still cleaves
DNA with good efficiency and with sequence selectivity unaltered
from that of free BLM-A5.

Presently we report (i) the conjugation of BLM to a controlled
pore glass (CPG) bead, creating a BLM congener having a
C-terminal substituent approximately 105 times larger than the
remainder of the BLM molecule, (ii) the ability of the BLM
conjugate to effect plasmid DNA relaxation and sequence-
selective DNA cleavage, and (iii) the occurrence of DNA cleavage
in a system that minimizes the opportunity for DNA strand
separation to facilitate intercalation. The BLM conjugate cleaves
DNA with the same sequence selectivity as free BLM and with
only moderately decreased efficiency.

Cu(II)‚BLM-A 5 was attached through the C-terminal spermi-
dine moiety to a CPG bead functionalized with a glycolic acid
linker (Scheme 1).8 Cleavage of supercoiled pUC18 DNA was
observed at a concentration as low as 0.2µM Fe(II)‚BLM-A 5-
CPG (Figure 1).9 At 1.0 µM concentration, Fe(II)‚BLM-A 5-CPG
afforded predominantly nicked (form II) DNA. Upon comparison
with free Fe(II)‚BLM-A 5, Fe(II)‚BLM-A 5-CPG was found to be
severalfold less potent as a DNA cleaving agent (Figure 1, cf
lanes 5 and 9 and lanes 3 and 8).10
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(9) The concentration of Fe(II)‚BLM-A 5 employed as a CPG conjugate is
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BLM activation via bimolecular collision.2

Scheme 1.Synthetic Scheme Employed for Conjugation of
BLM-A 5 to Solid Supporta

a (a) Dioxane,N-hydroxysuccinimide,N,N-dicyclohexylcarbodiimide;
(b) 0.1 M sodium acetate, pH 6.5, Cu(II)‚BLM-A 5; (c) 15% aq EDTA.
The functional domains of BLM are indicated.
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Fe(II)‚BLM-A 5-CPG also cleaved a linear duplex at the same
sites as free Fe(II)‚BLM-A 5 (Figure 2). Chemical sequence analy-
sis indicated that the strongest bands occurred at 5′-G82T83-3′ and
5′-G84T85-3′, the same as those for free Fe(II)‚BLM-A 5. The
conjugated Fe(II)‚BLM-A 5 was about 5-fold less efficient than
free Fe(II)‚BLM-A 5.10,11

To minimize the chances that the observed cleavage could have
involved extensive denaturation of the DNA substrate to form
single-stranded DNA, which then rehydribized around the con-
jugated BLM-A5, the sequence-selective DNA cleavage studies
were repeated using relaxed pBR322 DNA as a substrate. Fol-
lowing Fe(II)‚BLM-A 5-CPG-mediated cleavage to afford an
average of less than one nick per plasmid, the DNA was treated
with restriction endonucleasesHindIII and EcoRV and the
resulting 158-bp DNA duplex was 5′-32P end-labeled and used
for sequence analysis in direct comparison with the same
restriction fragment that had been excised from the plasmid prior
to treatment with Fe(II)‚BLM-A 5-CPG. Cleavage of the relaxed
plasmid within the fragment analyzed occurred at the major site
of damage apparent in the excised duplex. Since the relaxed
plasmid DNA contained neither ends nor negative supercoiling
to facilitate strand separation,7 it seems implausible that the
observed cleavage by Fe(II)‚BLM-A 5-CPG could involve a
threading intercalative mechanism.

Studies that support an intercalative mechanism of DNA
binding by BLM include measurements of DNA unwinding12 and
helix elongation.13 Recent NMR studies of Co(III)‚BLM conge-
ners6 also provide convincing evidence that this metalloBLM
binds to DNA oligonucleotides by intercalation. In comparison,
the present results demonstrate that attachment of BLM to a solid
support in a fashion that must preclude threading intercalation
has no effect on the sequence selectivity of DNA cleavage by
Fe(II)‚BLM-A 5 and only a modest effect on cleavage efficiency.10

In a mechanistically related study, we have shown that analogues
of deglycoBLM-A2 in which the bithiazole moiety contained one
or two chlorine atoms gave normal sequence-selective cleavage
of DNA in the presence of Fe2+ but gave photoinduced damage
(involving C-Cl bond homolysis) that clearly indicated a minor
groove orientation of the bithiazole moiety.14 We have also shown
that deglycoBLM analogues lacking one of the two thiazoles failed
to give sequence-selective DNA cleavage,15 suggesting that the
conjugated BLM must utilize its bithiazole moiety to effect
selective DNA cleavage. The accumulated data argue strongly
that, while intercalation may increase the binding affinity of BLM
for DNA, threading intercalation is not required for sequence
selective DNA cleavage. The present results are thus in agreement
with previous findings for Zn(II)‚BLM5 and phleomycin,16 neither
of which would seem to bind to DNA by intercalation.
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glass beads (whose concentration in the reaction mixture was about 1012-fold
lower than that of the conjugated BLM-A5). Control experiments established
that cleavage was not due to free BLM released from the CPG.

(11) Fe(II)‚BLM-A 5 conjugated to CPG through a longer linker, or to a
Sepharose resin, gave similar results. Green Co(III)‚BLM-A 5-CPG was also
prepared and gave results quite similar to those for Fe(II)‚BLM-A 5 following
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Figure 1. Cleavage of supercoiled pUC18 DNA by Fe(II)‚BLM-A 5-
CPG. Ten-µL reaction mixtures contained 200 ng (0.11 pmol) of plasmid
DNA in 6.7 mM Na cacodylate, pH 7, at 0°C. After 30 min, the reaction
mixtures were analyzed on a 1.2% agarose gel. Lane 1, DNA alone; lane
2, 2.2µM Fe2+; lane 3, 0.1µM Fe(II)‚ BLM-A 5; lane 4, 0.4µM Fe(II)‚
BLM-A 5; lane 5, 0.8µM Fe(II)‚BLM-A 5; lane 6, 0.2µM Fe(II)‚BLM-
A5-CPG; lane 7, 0.4µM Fe(II)‚BLM-A 5-CPG; lane 8, 1.0µM Fe(II)‚
BLM-A 5-CPG; lane 9, 2.2µM Fe(II)‚BLM-A 5-CPG.

Figure 2. Cleavage of linear DNA duplex by tethered Fe(II)‚BLM-A 5.
A 5′-32P end-labeled 158-bp DNA restriction fragment was incubated
with 10µM tethered Fe(II)‚BLM-A 5 at 4°C for 15 min and then analyzed
on a 14% denaturing polyacrylamide gel. Lane 1, DNA alone; lane 2, 10
µM Fe2+; lane 3, 10µM BLM-A 5; lane 4, 1µM Fe(II)‚BLM-A 5; lane 5,
10 µM Fe(II)‚BLM-A 5; lane 6, 10µM BLM-A 5-CPG; lane 7, 10µM
Fe(II)‚BLM-A 5-CPG; lane 8, G lane; lane 9, C lane.
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