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Many DNA cleaving agents use metal ions angt® cause
oxidative damage to DNAThe most prominent of these is the
iron complex of the glycopeptide bleomycin (Fe(BLM)yhich
can cause double-strand breaks in DNA and is clinically used in
cancer treatmeritBleomycin combines a metal binding moiety
and a DNA recognition element; the latter increases the drug’s
affinity for DNA, thereby enhancing the efficacy of the metal
binding unit to cleave DNA. Several synthetic DNA cleaving
agents use this principfeAn important example is Fe(MPE),
where MPE consists of an EDTA metal binding domain covalently
attached to an intercalating methidium group via a short spacer.
Fe(MPE) has successfully been used in DNA footprinting studies
because of its ability to afford nonselective DNA cleavageMt
concentration§.However, Fe(MPE) requires the use of either
H,0, or O, with a large excess of reductant to carry out DNA
cleavage. In the course of our efforts to model the iron site of
bleomycin, we have characterized [(N4Py)Fe4CN)](ClO,), (1),
where N4Py is a pentadentate N5 ligand like bleomy®ince
1 forms a transient low-spin Fe(lll)-OOH species that has
properties resembling those of “activated bleomycdifiye have
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was carried out in the absence of®4 or excess reductant, unlike

in the case with Fe(EDTA). Following the design principles of
bleomycin and the synthetic footprinting agent MPE, we sought
to increase the affinity of N4Py for DNA by attaching the DNA
intercalating agent acridine onto the ligand via a five-atom tether.
The new ligand, L1, was synthesized according to Scheme 1.
Metalation of L1 was carried out in G®H/CH;CN in the
presence of 1 equiv of HCIQo protonate the basic aminoacridine
moiety, and [Fe(H-L1)(CHs;CN)](ClOy)s (2, Figure 1) was
obtained as red crystals from @EN/ethyl acetate. It8H NMR
showed?2 to be a diamagnetic low-spin Fe(ll) complex like
while the formulation of2 as a trication tris(perchlorate) was
established by elemental analysimd ESI-MS, which exhibited
signals atm/z 899 and 400, corresponding to the i@ —L2)-
Fe](ClOy),} * and{[(H—L2)Fe](CIOy)}?*, respectively. The com-
plex of L2, the precursor to L1, could be prepared similarly and
was formulated as [(HL2)Fe(CHCN)](ClOy); (3), on the basis

of its 'H NMR, ESI-MS spectra and elemental analysidue to
their high K, values!® the appended moieties of bothand 3
would be expected to be protonated at pH 8, which should increase
the affinity of the complexes for DNA.

Figure la compares the cleavage of supercoiled Litmus29
plasmid DNA (0.1ug/ul) by 1, 2, 3, Fe(MPE), and Fe(BLM) at
1 uM concentration under alsut with no added reductant$he
reactions were initiated by adding the metal complex to a buffered
solution of DNA and quenched within 20 s by adding 10 of
the solution to a solution of number Il difeand freezing with
liquid nitrogen (Figure 2, Table 1). While less than 2% cleavage
was observed forl, 3, and Fe(MPE) (lanes 2, 4, and 5,
respectively), significant DNA cleavage $0%) was observed
immediately after addition fo2 (lane 3) and Fe(BLM) (lane 6).
While Fe(BLM) afforded both nicked and linear DN2 produced
only nicked DNA, typical for a single-strand cleavage agént.

investigated its DNA cleavjng p(operties and appended an acridinelts cleavage activity was retained in the pH range from 5.7 to
tether to the complex. With this strategy, we have developed a 9.2. We attribute the enhanced cleavage activit cflative to

new biomimetic DNA cleaving agent that is effective without
added reductant. We detail our results below.

Treatment of Litmus29 supercoiled plasmid (@.d/uL)with
10uM 1in the presence of air at pH 8 and 3 resulted in the
nearly immediate formation of nicked DNA (23%). We found

1to an increase in DNA affinity arising from the introduction of
the DNA-intercalating acridine moiety and, to a lesser extent, a
positively charged grouf.

As indicated in Table 12 remains active after the initial burst
of activity, albeit at a much slower rate. The amount of cleavage

this to be a remarkable observation, since the cleavage chemistryincreased from 60 to 75% after 1 h. This result suggests that the
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complex must undergo a rate-limiting re-reduction to the active
iron(ll) form after the very rapid initial turnover.
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Scheme 1. Synthetic Route to Ligands L1 and 2
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aj, 2-pyridinecarboxaldehyde, 91 %; ii, NaBHVeOH, 89 %; iii,
methyl 6-(chloromethyl)nicotinatelPrEtN, CHCN, 84 %; iv, 1,3-
diaminopropane, NaCN, MeOH, 81 %; v, 9-chloroacridine, phenol, 99%.
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Figure 1. Structure of [Fe(H-L1)(CHsCN)]3* (cation of2), based on
the X-ray structure ofl.”
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Figure 2. Cleavage of Litmus29 plasmid DNA with AM reagent,
cleavage at = 0 h. Reactions performed in Tris buffer (10 mM, pH 8.0)
at 37°C. Lane 1, DNA control; lane 21; lane 3,2; lane 4,3; lane 5,
Fe(MPE); lane 6, Fe(BLM).

Table 1. Cleavage of the Litmus29 Plasmid (Qf/uL)?

reagent time (h) formPl  form Il form Il
control 0 1.00 0 0
1 0 0.99 0.01 0
1 0.63 0.37 0

2 0 0.40 0.59 0.01

1 0.25 0.74 0.01

2/DTTe 0 0 0.85 0.15
2/DTTed 0 0.62 0.38 0
3 0 0.98 0.02 0

1 0.38 0.61 0.01
Fe(MPE) 0 0.99 0.01 0

Fe(MPE)/DTT 0 0.07 0.92 0.01

Fe(BLM) 0 0.45 0.39 0.16

@ Reactions were carried out withy@ complex in Tris buffer (10
mM, pH 8.0) at 37°C. Forms |, II, and Il were analyzed with agarose
gel electrophoresis and quantified by ethidium bromide staining and
densitometry® Results for form | are not corrected for reduced ethidium
bromide uptake capability.Using 1 mM DTT concentratiorf Using
0.1 «M complex concentration.
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Figure 3. High-resolution denaturing PAGE gel of cleavage products
of a 5-32P-end-labeled 172-bp restriction fragment afteh reaction.
Cleavage reactions performed in Tris buffer (10 mM, pH 8.0) atG7

in the presence of 1 mM DTT. P denotéspBiosphate, PG denotes 3
phosphoglycolate, and OH denotesCH. Lane 1, control; lane 2,
DNasel; lane 3, Fe(BLM) (1@2M); lane 4, Fe(MPE) (1@&M); lane 5,2

(10 uM); lane 6,2 (1 uM); lane 7, C & T; lane 8, G.

match well with the 3phosphate and '$hosphoglycolate
products in the Fe(BLM) and Fe(MPE) lanes but do not match
at all with the 3-OH products in the DNase | lane. The distinction
among these products is most evident in the bottom section of
the gel. The observed-8nd products are typical of cleavage by
a complex that generates reduced oxygen sp&oidsich strongly
suggests the involvement of,OThese results show that DNA
cleavage by? is oxidative in nature and not hydrolytic.

The novel feature of is that it can oxidatively cleave DNA
instantaneously without added reductant, unlike Fe(MPE). The
latter has a carboxylate-rich environment, which stabilizes the
high-spin Fe(lll) state, and thus requires reductive activation. In
contrast, 2 is an air-stable low-spin Fe(ll) complex. Upon
dissolution, we propose that the coordinated;CN is labilized
and can be displaced by solvent water or the phosphodiester of
the DNA, thereby converting the low-spin Fe(ll) center to a high-
spin form that is capable of binding;@nd activating it for DNA
cleavage. This notion is supported by NMR studied ahd?2 in
D,O which showed the appearance of paramagnetically shifted
peaks with relatively sharp signals in the 8 ppm range, typical
for a high-spin F& complexg®

In conclusion, we have synthesized at (RelPy) complex that
is covalently attached via a spacer to an acridine unit. Like
bleomycin, this complex instantaneously cleaves DNA usipg O
without the necessity of adding external reducing agents. Efforts
toward increasing sequence selectivity by replacing the acridine

The nature of the termini of the DNA fragments was analyzed PY @ selective DNA binder are in progress.
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in a sequence-neutral fashiBrThe reaction o with DNA yields
two distinguishable DNA products (Figure 3a, lane 6), which

(14) Under these condition? is still more efficient than Fe-MPE
immediately after addition. However, it appears that Fe-MPE gives higher
yields of cleavage products afté h compared t@, based on the increased
degradation of 5°?P-end-labeled DNA.

L2, and complexe® and3, Figure S1 (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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