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Two acridine groups were successfully introduced into di-iron(III) complex. DNA cleavage experiments
indicated that complex conjugating bisacridine groups can enhance 300-fold for the cleavage efficiency
compared with complex lacking of acridine conjugation. Further ligation assay of DNA segments provided
the evidence for hydrolytic mechanism of DNA cleavage.
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Oxidative and hydrolytic artificial nucleases have been attract-
ing increasing attention in the field of genomics and biotechnolo-
gies due to their potential applications in molecular biology and
therapy.1 Oxidative cleavage requires co-reactants to initiate cleav-
age, and the cleavage is mediated by reactive oxygen species (ROS)
that cause other severe cytotoxic effects.2 As a consequence, path-
ways that result in DNA cleavage by a hydrolysis mechanism are
preferable. However, the phosphodiester bonds of DNA are excep-
tionally resistant to hydrolysis. Natural nucleases such as restric-
tion endonucleases and topoisomerases can efficiently catalyze
DNA hydrolysis, which attribute to the active metallic center.1a In
recent years, various complexes including mono-, di-, and polynu-
clear have been reported as DNA hydrolytic cleavage agents.3 Di- or
polynuclear complexes are typically more reactive than the corre-
sponding monometallic complexes.4 Nevertheless, their activities
are still much lower than that of the natural nucleases.

The reactivity of DNA cleaving systems can be enhanced by con-
jugating with high DNA-affinity group. But surprisingly, examples
of metal complexes appended to intercalating groups as hydrolytic
agents are rare.3c,5 In 2004, Tecilla et al. synthesized a series of
Zn(II) complex-anthraquinone intercalator conjugates, and the
reactivity studies showed that the length of the spacer which teth-
ers the intercalating unit to the catalytic group was a key element
for the cleavage activity. In the case of flexible spacer, the introduc-
tion of anthraquinone group can lead to a 15-fold increase of the
cleavage efficiency of DNA.3c Our group reported previously a diir-
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on(III) system bearing single-acridinium group, and DNA cleavage
experiment showed that the conjugation of the diiron(III) complex
with single-acridinium group can lead to a 14-fold increase the
hydrolytic cleavage efficiency when compared with the complex
lacking the intercalating moiety.5e In addition, in the previous liter-
atures, bisintercalators showed more excellent abilities in DNA
binding and sequence specificity than the corresponding com-
pound with single intercalator,6 but no study upon introducing bis-
intercalator to dinuclear metal complex as DNA hydrolytic agent
was reported so far.

Fe(III) ion most frequently occurs in natural nucleases, but un-
like Fe(II) and Zn(II), it has been scarcely employed for artificial
nucleases, and only very few Fe(III) complexes with hydrolytic
activity in DNA cleavage are reported in the literature so far.3f,g,5e

2,6-Bis[((2-hydroxybenzyl)(2-pyridylmethyl)amino)methyl]-4-
methylphenol (La), which provides a N4O3-donor coordination
sphere, can bond two Fe(III) or Zn(II) ions to form corresponding
dinuclear complexes.7 In this Letter, we reported a new dinucleat-
ing complex Fe2Lb, whose structure bearing bisacridine-containing
arms (Scheme 1). We expect the combination of diferric centers
and bisacridine moieties can further enhance DNA cleavage activ-
ity. The long alkyl chain between intercalator and dinuclear moiety
was arranged since too short spacer is likely to disturb the reactiv-
ity of dinuclear complex.

Lb was synthesized according to the reaction sequence depicted
in Scheme 2. 5-(Acridin-9-yl)pentanoic acid, N,N0-dicyclohexylcar-
bodiimide (DCC) and N-hydroxysuccinimide (NHS) were mixed
and stirred for 6 h at room temperature. After purifying by flash col-
umn chromatography, the resulting activated ester 2 was made to
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Scheme 1. Molecular structures of complexes used.
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Scheme 2. The synthesis of Lb.
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react with 3 (2,20-(2-hydroxy-5-methyl-1,3-phenylene)bis(methy-
lene)bis((pyrid-in-2-ylmethyl)azanediyl)bis(methylene)bis(4-
(amino methyl)phenol))8 in CH2Cl2 for two days to give Lb in 31%
yield. Stock solutions (1 mM) of complexes (Fe2La and Fe2Lb) used
for DNA binding and cleavage experiments were prepared by incu-
bating ligands with 2 equiv FeCl3�6H2O in water (for Fe2La) or H2O/
CH3OH (90:10) (for Fe2Lb) at 50 �C for 1 h. Through HRMS spectra,
the binuclear structures of complexes were supported by the mea-
sured isotopic distributions which are in agreement with those cal-
culated (Figs. S1 and S2). For Fe2Lb, the observed species at m/z
(z = 3) = 422.4721 (calcd 422.4748) corresponds to the trivalent cat-
ionic diiron species [Fe(III)2(Lb–3H)(H2O)]3+: The six positive
charges due to the two Fe3+ ions and the three negative charges
due to three phenolates (Lb–3H) result in a three positively charged
species (Fig. 1). Similarly, other peaks can also be attributed to the
species with diiron(III) core (Fig. S2).

In the absence of any external agent, incubation of pBR322 plas-
mid DNA (31 lM bp) with the complexes Fe2La and Fe2Lb at pH 7.0
and 37 �C for 1 h result in a different extent of DNA cleavage
depending on the nature and concentration of the complex
(Fig. 2). Complex Fe2La, lacking the acridine subunit, shows a far
less cleavage activity. After incubation of DNA in the presence of
10 lM of Fe2La, only about 27% of form I was nicked (lane 2). In
contrast, for Fe2Lb, nearly complete transform from the supercoiled
form I to nicked form II was found at the same concentration (lane
6). This observation provided a clear evidence for the key role of
acridine group in promoting the cleavage reaction rate of diiron(III)
catalyst. Figure 3 showed the effect of metal concentration on the
cleavage activities. Only when the amount of Fe3+ increased twice
that of Lb, the activity of system reached maximum. The role of
diiron(III) center in Fe2Lb for DNA cleavage efficiency was sup-
ported by the result.

To better define the behavior of catalyst, we carried out kinetic
measurements of the DNA cleavage reaction in the presence of
Fe2La and Fe2Lb, respectively. The fitting of the kinetic data with
first-order decay model show the plasmid DNA was cleaved by
10 lM Fe2Lb with the rate constant of 6.6 � 10�3 s�1 (Fig. S3). At
the same concentration, the rate constants of supercoiled form I
cleavage by Fe2La was 2.3 � 10�5 s�1 (Fig. S4). Therefore, a 300-fold
acceleration in the reaction rate was achieved by introducing
bisacridine subunits.

On the other hand, the ligation experiment of cleaved pUC19
DNA also provided the evidence for hydrolytic mechanism
(Fig. 4). Incubating pUC19 DNA (123 lM bp) with Fe2Lb (30 lM)



Figure 1. High-resolution ESI-MS spectrum of Fe2Lb: [Fe(III)Fe(III)(Lb–3H)(H2O)]3+ 422.4721 (calcd: 422.4748); insert: the calculated isotopic distribution (upper) versus the
measured isotopic distribution (lower).

Figure 2. Agarose gel electrophoresis of pBR322 plasmid DNA treated with Fe2La

(lanes 2–4) and Fe2Lb (lanes 5–8) for 1 h in HEPES buffer (20 mM, pH 7.0) at 37 �C.
Key: lane 1, control DNA; lane 2, Fe2La 10 lM; lane 3, Fe2La 20 lM; lane 4, Fe2La

50 lM; lane 5, Fe2Lb 5 lM; lane 6, Fe2Lb 10 lM; lane 7, Fe2Lb 20 lM; lane 8, Fe2Lb

50 lM.

Figure 3. Top: agarose gel electrophoresis of pBR322 plasmid DNA treated with
fixed concentration of Lb (10 lM) in the presence of increasing aliquots of Fe3+ for
1 h in HEPES buffer (20 mM, pH 7.0) at 37 �C. Key: lane 1, control DNA; lane 2, Fe3+

0 lM; lane 3, Fe3+ 5 lM; lane 4, Fe3+ 10 lM; lane 5, Fe3+ 15 lM; lane 6, Fe3+ 20 lM;
lane 7, Fe3+ 25 lM; lane 8, Fe3+ 30 lM; lane 9, Fe3+ 40 lM. Bottom: percentage of
nicked DNA with fixed concentration of Lb and increasing amount of Fe3+.

Figure 4. Agarose gel electrophoresis of cleaved pUC19 plasmid DNA by Fe2Lb

following T4 ligase treatment. Key: lane 1, control DNA; lane 2, cleaved pUC19
plasmid DNA by Fe2Lb; lane 3, cleaved pUC19 plasmid DNA by Fe2Lb following T4
ligase treatment; lane 4, D 2000 markers.
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for 20 h at 37 �C, the cleaved DNA fragments were mostly distrib-
uted over the range of 100 bp to 400 bp (lane 2), which means
cleavage with sequence selectivity against DNA to some extent,
otherwise, the cleaved DNA fraction should be observed as smears
in electrophoretic gel. After recycled and incubated with T4 ligase
for 16 h at 16 �C, most of DNA segments were re-ligated success-
fully and formed longer DNA molecules. (Fig. 4, lane 3). The results
clearly exhibit DNA was cleaved by Fe2Lb via hydrolytic pathway,
also suggested that the cleavage generated the segments with 50-
phosphate and 30-hydroxyl termini.

The binding of intercalative complex Fe2Lb to DNA has been
characterized classically through absorption spectral titration by
following the change in absorbance intensity and wavelength. Fig-
ure 5 showed the change in the absorption spectra of Fe2Lb with
increasing DNA concentration. The addition of CT DNA to a solution
of complex results in decrease in the molar absorptivity (hypochro-
mism) as well as slight red shift, indicating the binding between
acridine groups and DNA. The intrinsic binding constant Kb has
been determined from the spectral titration data using the equa-
tion9: CDNA/(ea � ef) = CDNA/(eb � ef) + 1/Kb(eb � ef), and Kb was as
given 7.6 � 105 M�1 by the ratio of slope to intercept.

In summary, bisacridine groups were introduced into diiro-
n(III) system successfully. Absorbance titration results exhibited
the new system has high DNA-affinity with the binding con-
stant of 7.6 � 105 M�1. DNA cleavage studies showed the intro-
duction of two armed intercalator can lead to a 300-fold
enhancement of activity comparing with acridine-lacking com-
plex Fe2La. Furthermore, ligation experiment provided the evi-
dence for hydrolytic cleavage of DNA by Fe2Lb. The activity
versus [Fe3+]/[Lb] revealed the di-Fe(III) center played key role
for DNA cleavage.



Figure 5. Top: absorption spectra of Fe2Lb (1.67 � 10�5 M) in the presence of
increasing amounts of CT DNA at room temperature. Bottom: the plot of CDNA/
(ea � ef) versus CDNA. (Kb = 7.6 � 105 M�1).
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