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The zinc (II) complexes, which contain oligopolyamide and bis(2-benzimidazolylmethyl)amine (IDB) con-
jugated by flexible linker, have been successfully synthesized, characterized, and evaluated as DNA cleav-
age agents. The cleavage activity of these complexes on DNA was studied by electrophoresis. The results
showed that the cleavage activity of zinc (II) complexes was enhanced comparing with those without oli-
gopolyamide. Specially, at a high reaction concentration (1.2 mM), Zn (II) complex can cleave the plasmid
DNA bearing some selectivity. Further, the spectroscopic data suggested that Zn (II) complexes with oli-
gopolyamide backbone possessed A-T (adenine and thymine) rich sequences preference.

© 2008 Elsevier Ltd. All rights reserved.

There is an increasing interest in the realization of small and ro-
bust artificial DNA hydrolytic agents for their potential applica-
tions not only in molecular biology but also in the development
of new drugs, recently.! Within these artificial nucleases, several
examples of synthetic systems, based on metal complexes, which
promote the hydrolysis of nucleic acids or of model phosphate es-
ters have been reported in the past few years.?"!> However, almost
all these systems employ metal ions different from those used by
the natural catalysts and, in particular, are often based on lantha-
nide ions®>~”'* or Cu (I1).8-!3 Although transition metal and lantha-
nide complexes are shown to be most active for degradation of
DNA or RNA, they are highly labile, and the precise coordination
number and geometry are difficult to determine.'”> Furthermore,
among the physiologically relevant metal ions, Zn (II) is probably
the best suited metal ion for the development of artificial metal-
lonucleases.'® However, its reactivity, especially mononuclear Zn
(II) complex, is somewhat lower than that of the other commonly
employed transition-metal ions,'® and this is probably why the
examples of Zn (II)-based artificial nucleases reported to date are
scarce.!”-22

As mentioned previously, we expect that the catalytic activity of
the small molecular mononuclear Zn (II) complexes is enhanced
through some modificators. Since the principal rules developed
by Dervan et al. are that antiparallel pairing of Py/Im (Py = N-meth-
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ylpyrrole, Im = N-methylimidazole) targets a C-G (cytosine and
guanine) base pair, Im/Py targets a G-C base pair; and Py/Py is
degenerate, recognizing either an A-T or T-A base pair,>>~2> this
makes polyamide system attractive candidate for developing selec-
tive and efficient artificial nuclease due to their ability to bind to
the minor groove of duplex DNA. Here, we report synthesis, char-
acterization and biological evaluation of a class of Zn (II) complexes
2 which contain oligopolyamide and bis(2-benzimidazolyl-
methyl)amine conjugated by flexible linker (Scheme 1). In a de-
tailed set of experiments, we found that the Zn (II) complexes
can bind to and cleave duplex DNA efficiently, bearing some selec-
tivity. The minimum of reaction concentration and time decrease
remarkably compared with the metal complexes without oligopo-
lyamide backbone.

Initially, we focused on the construction of oligopolyamide
backbone. The synthesis of these molecular contained 2-4 pyrrol-
ecarboxamide units should be achieved by the 1-hydroxybenzotri-
azole (HOBt) and N,N-dicyclohexylcarbodiimide (DCC) coupling
reaction. According to the reference,® we synthesized a series of
oligopolyamide backbone (compounds 3a-c). Subsequently, com-
pounds 3a-c were converted into their activated esters with HOBt
and DCC in DMF. And then, IDB was added to the above solution
with stirring in room temperature for overnight. Compounds 4a-
¢ were obtained in 78%, 75%, and 70% yields from their precursors,
respectively. These ligands were purified by a silica gel column
with CH30H/CHCl; (4:96, 4:96, 5:95, respectively) as eluent. In
the last step, the free ligands 4a-c were allowed to react with Zn
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Scheme 1. Reagents conditions and yields: (a) HOBt, DCC, DMF 8 h, rt, and then IDB
8 h (70%, 60% and 62% for 4a-c, respectively). (b) Zn (ClO4),-6H,0, CH50H, rt, 6 h
(78%, 75%, and 72% for 2a-c, respectively). (c) CH,CH,CH,COCl, CH3COCH3, 0 °C,
10 h (95%); (d) Zn (Cl04),-6H,0, CH30H, rt, 6 h (76%).

(Cl04)2-6H,0 in methanol. After stirring in room temperature for
6 h and filtration, the Zn (II) complexes 2a-c were obtained as yel-
low solid in 72-79% yields. The compounds 2a-c and 4a-c were
characterized by IR, ESI-MS, 'H NMR, and HRMS.?” In order to bet-
ter understand the important role of oligopolyamide backbone, the
control (compound 1) was synthesized. The route of synthesis was
shown in Scheme 1.

The DNA cleavage ability of Zn (II) complexes was initially stud-
ied by monitoring the conversion of circular supercoiled DNA
(Form 1), circular relaxed DNA (Form II) and linear DNA (Form
II). The pUC18 plasmid DNA was used as the reaction substrate.
We found optimal condition of cleavage reaction through a serious
of optimize experiment, including pH value, concentration, time,
and temperature. To demonstrate the superiority over the metal
complexes without oligopolyamide, contrast experiment was per-
formed under the same conditions which have been optimized.

Figure 1 suggested the effect of different cleavage agents under
the optimized conditions. Zn (II) complex 1 at the lower concentra-
tion did not result in any detectable cleavage. The plasmid DNA
was cleaved by 1 until the concentration up to 1.8 mM, but without
any selectivity. However, the efficient cleavage of plasmid DNA in
the presence of Zn (II) complex with oligopolyamide 2¢c was appar-
ent when the concentration was just at a lower level. The linear
DNA (Form III) was observed in agarose gel electrophoresis dia-
gram when 0.6 mM cleavage agent was added to the reaction sys-
tem, as shown in Figure 1b. The minimum of cleavage
concentration lowered apparently. Notably, the disappearance of
circular relaxed and linear DNA was accompanied by appearance
of the new band when the reaction concentration reached
1.2 mM. The molecular weight of this band was about 1000 bp. It
was a convincing argument that the oligopolyamide system played
an important role in cleavage activity and selectivity. The metal
complex with oligopolyamide and the result of cleavage reaction,
have not yet, to the best of our knowledge, been reported in the
literature.

Subsequently, our efforts focused on the minimum of reaction
time of complexes. The experiment was performed in a similar
way. The plasmid DNA was not cleaved by complex 1 in short time
(Fig. 2a). The efficient cleavage was observed when the reaction
time was reached about 8 h. However, in the event that the com-
plex with oligopolyamide 2c was added to the reaction at the same
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Figure 1. Agarose gel electrophoresis of cleavage reaction of pUC18 DNA (0.08 pg/l) by different concentrations and complexes (a: 1, b: 2¢) in a Tris-HCl buffer (40 mM, pH
8.92) for 6 h at 50 °C. Lane 1: DNA control; Lane 2-13: 0.05, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2 mM; Lane 14: 500 bp DNA ladder.



5768

1 2 3 4 5 6 7

C. Li et al./Bioorg. Med. Chem. Lett. 18 (2008) 5766-5770

§ 9 10 11 12 13 14

— — — — — —

Figure 2. Agarose gel electrophoresis of cleavage reaction of pUC18 DNA (0.08 pg/ul) by different time and complexes (a: 1, b: 2¢) (0.6 mM) in a Tris-HCl buffer (40 mM, pH
8.92) at 50 °C. Lane 1: DNA control; Lane 2-13: 0.5, 1, 2, 3,4, 5, 6, 7, 8,9, 10, 11 h; Lane 14: 500 bp DNA ladder.

condition, the linear DNA (Form III) was caught when the reaction
time was just 30 min (Fig. 2b). The result suggested that the min-
imum of reaction time lowered sharply in the presence of Zn (II)
complex with oligopolyamide.

Further, the influence of the length of the oligopolyamide back-
bone on the cleavage reaction was studied. As shown in Figure 3a,
the amount of linear DNA (Form II) observed in agarose gel electro-
phoresis diagram increased with increase of pyrrole unit in com-
plexes and compound 2c is the best catalyst for DNA cleavage.
The similar result was observed at high concentration (Fig. 3b).
The data suggested that the construction of the complexes, in par-
ticular the length of the oligopolyamide backbone appended with
IDB group, play an important role in cleavage reaction.

To demonstrate that the cleavage activity was not restricted to
plasmid DNA, a linear DNA (A-DNA) was also used as a substrate
for cleavage. As the methods of plasmid DNA, first we found opti-
mal condition of cleavage reaction through a serious of optimize
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experiment. As shown in Figure 4, linear DNA was gradually de-
graded into smears of progressively smaller fragments in the pres-
ence of compound 2c. The efficient cleavage was detected when
the concentration of 2¢ was just 140 pM.

The UV absorption spectra of the Zn (II) complexes of 2¢ and 1
changed significantly as a result of their binding to calf thymus
DNA. Monitoring such changes would be helpful in estimating
the binding constants. Comparative measurements were carried
out with complexes 2c and 1. In titration of the Zn (II) complexes
(each 50 uM) with ct-DNA (1: 0-62.5 uM and 2c: 0-7.87 uM) in
Tris-HCI buffer (40 mM, pH 8.0) at 25 °C. The absorption maxima
of 1 (Mmax=276 and Apmax=281nm), and 2c¢ (rAimax =276,
Aomax = 282 nm) decreased with increasing concentration of DNA
(hypochromicity) (Fig. 5a and b). Hypochromism was suggested
to be due to strong interactions between the electronic states of
the intercalating chromophore and that of the DNA base pairs.%®
However, no apparent isosbestic point was observed in the absorp-
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Figure 3. Agarose gel electrophoresis of cleavage reaction of pUC18 DNA (0.08 pg/1ul) by different complexes (a: 0.6 mM, b: 2.0 mM) in a Tris-HCl buffer (40 mM, pH 8.92) for

6 h at 50 °C. Lane 1: DNA control; Lane 2-4: 2a, 2b, 2c; Lane 5: 500 bp DNA ladder.
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Figure 4. Agarose gel electrophoresis of cleavage reaction of A-DNA cleaved by
complex 2c. Lane 1: control; Lane 2-10: incubated with 2c by different concen-
tration (20, 40, 60, 80, 100, 120, 140, 160, 180 uM, respectively) in Tris—HCl buffer
(40 mM, pH 8.11) for 6 h at 50 °C.

tion spectra of 2c. This result suggested that 2c bound to DNA by
multiple modes and not intercalation.?®

Furthermore, to study further the DNA sequences preference of
the Zn (II) complex, the titration experiment was performed in the
presence of synthetic double-stranded DNAs (Fig. 5c and d). Among
Figure 5b-d, calf thymus DNA and poly[(dA-dT),] gave similar
titration behaviors, except for poly[(dG-dC),]), where irregular
spectrophotometric titration was seen. The phenomenon occurred
on account of the different binding affinities to DNAs. In other
words, Zn (II) complex with oligopolyamide backbone possessed
A-T rich sequences preference. The conclusion was proved further
through the K,p,, value (see Table 1).

The smooth decreases in the maximum absorbances allowed us
to construct the half-reciprocal plots for [DNA] with matching [Zn
(II) complexes] according to the equation (1).3° The K., deter-
mined for the binding of the Zn (II) complexes (1 and 2c¢) and free
ligand (4c) to calf thymus DNA and synthetic DNAs are summa-
rized in Table 1. In view of the K,p;, values obtained, the complex
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1 was calculated to possess nearly the same binding affinities to
all the measured DNAs. Without oligopolyamide backbone, the
binding activities were very limited for any DNA (K,pp = 0.78 x 10*
for calf thymus DNA, 1.61 x 10 for poly[(dA-dT),], and 0.81 x 10*
for poly[(dG-dC),]). However, the binding affinities of complex 2¢c
to calf thymus DNA and poly[(dA-dT);,] were 16-fold and 20.7-fold
higher than those for complex 1, respectively. It showed that the
affinity of Zn (II) complex was enhanced on the account of modifi-
cation with oligopolyamide. The affinities between complex 2c and
all DNAs indicate that the K,,, value for poly[(dA-dT),] was
approximately 3-fold and 70-fold higher than those for calf thymus
DNA and poly[(dG-dC),]. The outstanding results further sup-
ported A-T rich sequences preference of Zn (II) complex in the
presence of oligopolyamide. Moreover, we also found that the me-
tal ion played an important role in binding affinity to DNA and the
conclusion was confirmed by contrasting data in Table 1. In conclu-
sion, experimental data indicated that introduction of oligopolya-
mide lead to increasing of binding affinities to A-T rich DNA
sequences. Further studies including physicochemical measure-
ments and other techniques will be done to confirm such
explanation.

In summary, we synthesized and characterized Zn (II) com-
plexes appended with oligopolyamide backbone. The preliminary
biological activity studies showed that the efficient cleavage of
plasmid DNA was observed at lower reaction concentration and
short time comparing with the complex without oligopolyamide.
Interestingly, at a high reaction concentration (1.2 mM), Zn (II)
complex converted the plasmid DNA to a new band. Additionally,
The UV spectral changes suggested that the strong interactions be-

Table 1
Apparent binding affinity of various complexes to DNA

DNA Apparent binding constant (Kspp) (M~') x 10~*
1 2c 4c

Calf thymus DNA 0.78 12.5 5.00

poly[(dA-dT),] 1.61 333 11.5

poly[(dG-dC),] 0.81 045 _a

@ Kapp value could not be determined due to irregular spectral changes, see text.
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Figure 5. UV spectrophotometric titrations: (a) and (b) for 1 and 2¢ (each 50 pM) with calf thymus DNA ((a) 0-62.5 uM and (b) 0-7.87 uM from top to bottom curves); (c)

and (d) for 2¢ (each 50 pM) with poly[(dA-dT),] and poly[(dC-dG),], respectively.
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tween DNA and complexes could be observed. Quantification of the
binding affinity K,pp, showed that Zn (II) complex with oligopolya-
mide backbone possessed A-T rich sequences preference
apparently.
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