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The DNA cleavage activities of two new coordination polymers of Robson-type macrocycles,
{[Cu,L(bipy)]-(Cl04),-CH3;CN} o (1) and {[Cu,L(bipy)]-(Cl04),-H>0} o (2), have been studied.
The interactions of the complexes with calf thymus-DNA were studied by UV—vis and CD spectro-
scopic techniques. The complexes exhibit good DNA cleavage activity. The results show that the
substituent on the benzene ring plays an important role in DNA cleavage and the cleavage process
occurs via oxidative cleavage.

The DNA cleavage activities of two coordination polymers of Robson-type macrocycles,
{[CusL'(4,4"-bipy),](Cl04)s H0 oo (1) and {[CuyL(4,4"-bipy)s](Cl04)s-2CH;CN-2H,0} 0 (2)
(where H,L' and H,L? are the [2 + 2] condensation products of 1,3-diaminopropane with 2,6-di-
formyl-4-methylphenol and 2,6-diformyl-4-fluorophenol, respectively), have been studied. The
interactions of the complexes with calf thymus-DNA were investigated by UV—vis spectroscopy, CD
spectroscopy, and gel electrophoresis. The binding constants of 1 and 2 are 7.2 x 10* and
2.1 x 10° M, respectively. The complexes exhibit DNA cleavage activity, with the cleavage
process involving oxidative cleavage of DNA.

Keywords: Dinuclear copper coordination polymers; DNA cleavage; Mechanism

1. Introduction

Schiff bases have been widely studied in coordination chemistry [1-3]. Transition metal
complexes of Schiff bases have attracted attention due to their remarkable biological
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activities, including antifungal, antibacterial, and antitumor activities [4—-6]. Some macro-
cyclic binuclear transitional metal complexes have been observed to exhibit enhanced DNA
binding and cleavage activities [7-10]. These complexes interact with DNA in many
modes, such as electrostatic interaction, intercalative binding, and groove binding. A diverse
range of factors, including ring size, redox potential, ligand donor strength, and conforma-
tional flexibility of macrocyclic complexes, have significant effects on the DNA cleavage
abilities of complexes [11, 12]. Our group has synthesized a series of Robson-type Schiff
base macrocyclic complexes and studied their magnetic and electrochemical properties, their
DNA cleavage properties, and their SOD mimetic activities [13-20]. We recently reported
macrocyclic dimers connected by 4,4'-bipyridine moieties [21, 22]. Huang et al. reported
the self assembly of dinuclear Robson-type macrocyclic complexes, but the properties of
the coordination polymers have not yet been studied [23-25].

Although much work has been done on Robson-type macrocyclic complexes incorporating
methyl-, chloro-, and bromo-substituents, only a few complexes incorporating fluoro sub-
stituents have been reported [21, 26-28]. The fluoro substituent on the phenyl group can
influence the properties of Robson-type macrocyclic complexes. As part of ongoing studies
on the structures and biological activities of Schiff base complexes, we report the DNA cleav-
age activity of the 1-D coordination polymers 1 and 2, which incorporate a 4,4'-bipy bridging
the two macrocyclic units. The general structure of the polymers is shown in figure 1. The
substituent at the 4-position of the phenyl ring is methyl for 1 and fluoro for 2. The structures
of the polymers have been previously described [29]. The influence of the phenyl substituent
on the DNA cleavage activities of the complexes has now been investigated.

2. Experimental

2.1. Materials and measurements

All solvents and chemicals were of analytical grade and used as received, except ethanol
which was purified to absolute by general method. IR spectra were recorded on a Vector 22
FT-IR spectrophotometer using KBr disks. Elemental analyses were performed on a
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Figure 1. The general structure of the 1-D coordination polymer (the substituent at the 4-position of the phenyl
ring is methyl for 1 and fluoro for 2). Hydrogens have been omitted for clarity (ellipticity 30%).
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Perkin-Elmer 240 analyzer. UV—vis spectra were recorded on a Shimadzu UV-2450 spec-
trophotometer. CD spectra of DNA were obtained using a Jasco J-810 spectropolarimeter.

2.2. X-ray data collection and refinement

X-ray structural data were recorded using a Bruker AXS SMART diffractometer (Mo K,
radiation). Data reduction and cell refinement were performed using SMART and SAINT
programs [30]. The structures were solved by direct methods (Bruker SHELXTL) and
refined on F* by full-matrix least squares (Bruker SHELXTL) using all unique data [31].
The non-H atoms in the structure were treated as anisotropic. Hydrogens were located
geometrically and refined in riding mode.

2.3. DNA-binding and cleavage experiments

Electronic spectra of the complexes were monitored both in the absence and presence of
CT DNA. Absorption titration experiments were performed by maintaining the metal com-
plex concentration constant (10 pM) and varying the nucleic acid concentration (0-75 pM).
An equal amount of CT DNA was added to both the complex solution and the reference
solution to eliminate the absorbance of CT DNA itself. From the absorption titration data,
the binding constant was determined using the following equation [32]:

[DNA]/Eyp = [DNAJ/E + 1/(KoE) (1)

E., =€, — e E = &, — &g where &, & and &, correspond to 4,,s4/[Cu], the extinction coefficient
for the free complex, and the extinction coefficient for the complex in the fully bound form,
respectively. The concentration of CT DNA was determined from its absorption intensity at
260 nm using a molar extinction coefficient of 6600 M~' cm ™' [33]. A plot of [DNAJ/(e. — &)
versus [DNA] gives the binding constant Kj, as the ratio of the slope to intercept [34].

The cleavage of plasmid DNA was monitored using agarose gel electrophoresis. The reac-
tion was carried out by mixing 2 pL of PBR322 DNA (0.25 pug pL™") with 4 uL of the com-
plex solution (final concentrations were 12.5, 25, 50, 100, 200, and 400 uM) and diluting
with Tris—HCI buffer (pH 7.2) containing 20 mmol NaCl to yield a total volume of 20 uL.
The sample was incubated at 37 °C, followed by the addition of the loading buffer containing
0.25% bromphenol blue, 50% glycerol, and 1% Tris, and the solution was finally loaded on
1% agarose gel containing 0.1 ug mL™" ethidium bromide. Electrophoresis was carried out
for 1.5 h at 90 V in TAE buffer (40 mmol Tris, 20 mmol acetic acid, 1 mmol EDTA, and pH
7.4). Bands were visualized by UV light and photographed. The solutions for the anaerobic
DNA cleavage experiments were prepared in an argon-filled glove box and the reagents incu-
bated for 3 h. All other conditions and procedures were the same as those used for the aerobic
experiments. Bands were visualized by UV light and photographed. The intensity of the
DNA bands was estimated using a gel documentation system.

3. Results and discussion
3.1. Preparation of complexes

3.1.1. {[Cu4L'(4,4"-bipy),](C104)4-H;0}0o (1). To the mixture of acetonitrile-ethanol
(1:1, 40mL) containing 2,6-diformyl-4-methylphenol (0.082 g, 0.5 mmol) and
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Cu(Cl0Oy4), 6H,0 (0.186 g, 0.5 mmol), four drops of triethylamine was added. Then 1,3-di-
aminopropane (0.037 g, 0.5 mmol) in acetonitrile-ethanol (1 : 1, 10 mL) was slowly added.
The mixture was stirred for 4 h, then 4,4’-bipy (0.312 g, 2 mmol) in acetonitrile-ethanol
(1:1, 10 mL) was introduced. The mixture was refluxed for 1 h, then cooled to room tem-
perature and filtered. Green crystals of 1 were obtained by vapor diffusion of diethyl ether
into solution of the complex in acetonitrile—ethanol. Yield: 0.26 g, 63%. Anal. Calcd for
C34H34Cu,CLLNgOq3: C, 43.78; H, 3.67; N, 9.01. Found: C, 44.58; H, 3.37; N, 8.73. IR
(KBr, viem™): 1638(ve-n), 1101(vgi04), 639 (9gi04)-

3.1.2. {[CuL*(4,4"-bipy)4](C104)4-2CH;CN-2H,0} 0, (2). Complex 2 was obtained using
the same procedure as used for 1, except that 2,6-diformyl-4-fluorophenol was used. Yield:
0.136 g, 29%. Anal. Calcd for CggHgrCly,CusF4N;30,,: C, 47.70; H, 3.73; N, 11.38. Found:
C, 44.62; H, 3.79; N, 11.43. IR (KBr, v/em™'): 3055, 2918 (C-H), 1638 (vcn), 1079
(Veio4), 631 (Ocio4)-

3.2. Absorption spectroscopic studies

UV-vis spectroscopy was used to monitor the interaction of 1 and 2 with CT DNA.
Typically a complex incorporating an aromatic ligand intercalates with DNA leading to
hypochromism and a red shift of the absorption band(s) due to a strong 7 stacking interac-
tion between the aromatic ligand of the complex and the DNA base pairs [35-39]. As
shown in figures 2 and 3, bands centered at ~370 nm exhibit hypochromism accompanied
by a red shift for both complexes. With increasing CT-DNA concentration for 1, the
decrease in intensity of the 362 nm band is 54%, with a red shift of 3.2 nm at a ratio of
[DNA]J/[Cu] of 7.5. The band at 358 nm in 2 decreases by 36%, and a red shift of 4.5 nm
occurs under the same experimental conditions. These spectral characteristics suggest that
the complexes interact with DNA via z stacking of the aromatic ligand of the complex with
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Figure 2. Absorption spectra of 1 (10 uM) in Tris—HCI buffer upon addition of calf thymus DNA (0-75 uM).

The arrow shows the decrease in absorbance with increasing DNA concentration. Inset: Plots of [DNA]/(e, — &)
versus [DNA] for CT-DNA with 1.
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Figure 3. Absorption spectra of 2 (10 uM) in Tris—HCI buffer upon addition of calf thymus DNA(0-75 pM). The
arrow shows the decrease in absorbance with increasing DNA concentration. Inset: Plots of [DNA]/(e, — &) versus
[DNA] for CT-DNA with 2.

the base pairs of DNA [40]. To compare the binding strength of the complexes with CT
DNA, the intrinsic binding constants K}, were determined using equation (1). A plot of
[DNA)/(e, — &) versus [DNA] gave K, values of 7.2 (£0.04) x 10* M™" for 1 and 2.1
(£0.07) x 10° M™" for 2, respectively. The K, values are much smaller than those reported
for the classical intercalator ethidium bromide (~10° M™') [41], but are similar to those
reported for [Cus(oxbe),(bpy),](Cl04),2H,0 (Ky = 1.47 x 10° M~ ") [42], [Cuy(heap)
(H,0),](pic)2H,0 (K, =2.67 x 10°M™")  [43]),  [Cu,L(phen)(H,0)3(CIO4)](CIO,)s
(Kp =3.02 x 10° M™") [44], and [Cu,L(H,0),](phen),(Cl0,), [45], and larger than those
reported  for  [CuLr(H,0)leo  (Kp=4.91x10°M™"),  {[Cu,L,(H,0)]'H,0} o
(Kp = 8.75 x 10° M) [46].

3.3. CD spectroscopy studies

Figure 4 shows CD spectra for CT DNA treated with 1 and 2 with the ratio of 0.4 : 1
complex: DNA. Both the positive (~275 nm) and negative (~245 nm) bands decreased in
intensity with the addition of the complex, which is a clear indication that non-classical
intercalation occurs between the complex and DNA. This suggests that the complexes can
unwind the DNA helix leading to a loss of helicity [47]. The largest decrease in the CD
band intensity was observed for 2, suggesting that 2 is more effective than 1 in perturbing
the secondary structure of DNA at the same concentration. From the results of CD spec-
troscopy studies, one can conclude that 2 binds to CT DNA more effectively than 1, which
is consistent with the UV—vis spectroscopy results.

The spectroscopic results provide support for the phenyl rings playing an important role
in DNA cleavage, given that 1 and 2 differ only in the phenyl ring substituent (methyl for 1
and fluoro for 2). The spatial requirement of fluorine is less than that of methyl, so the
former may enhance the 7 stacking interaction between the aromatic ring of the complex
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Figure 4. CD spectra of CT DNA (1.0 x 107 M) in the absence (a) and presence of 1 (b) and 2 (c) with a
[complex] : [DNA] ratio of 0.4 : 1.

and the DNA base pairs. This result is in agreement with previous results from our group
[20, 48].

3.4. Interaction between the complexes and plasmid DNA (pBR 322)

The DNA cleaving ability of 1 and 2 has been investigated for a range of complex concen-
trations at various incubation times. Figures 5—7 show the results of gel electrophoresis
experiments carried out with supercoiled DNA in the absence and presence of 1 and 2.
Lane 1 in the figures shows a DNA control in the absence of either complex. In the absence
of the complex, DNA remains in the supercoiled form, while incubation of DNA with the
complex leads to conversion from form I to form II. The amount of form II formed is
dependent on the concentration of complexes; however, increasing the incubation time has
no effect on the cleavage activity. Upon increasing the concentration of the complexes, the
intensity of the circular supercoiled DNA band decreases, while that of the nicked band
increases. Data quantifying the percentage of plasmid relaxation (the % of form II) relative
to plasmid DNA per lane is given in the supplementary material (figure S1 [see online sup-
plemental material at http://dx.doi.org/10.1080/00958972.2015.1032272] for 1 and figure
S2 for 2, respectively). The mechanism of cleavage has been probed using different
reagents. For 1, the addition of NaNj3 does not inhibit cleavage (57% Form II), suggesting
that the reactive oxygen species (ROS) singlet oxygen is not responsible for cleavage [49].
Addition of KI and DMSO, however, inhibit DNA cleavage (31 and 29% form II, respec-
tively). This suggests a mechanistic pathway involving formation of *OH and H,O, [50].
For 2, addition of DMSO shows a significant reduction in cleavage (no observable form II),
suggesting that *OH is the ROS responsible for DNA cleavage [51]. As shown in figure 7,
there is no DNA cleavage activity for 1 and 2 under anaerobic conditions. This implies that
DNA cleavage by 1 and 2 occurs via oxidation.
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Form I

Form I

Form I

Form I

Form I

Form I

Figure 5. Electrophoresis gels showing cleavage of pBR322 DNA (0.25 pg uL™") by 1 at varying conditions in
50 mmol Tris—HCI/NaCl buffer (pH 7.2) at 37 °C. (a) Lane 1, DNA control; Lanes 2-5, DNA + 1 (25, 50, 100, and
200 puM), respectively; (b) Lane 1, DNA control; Lanes 2-5, DNA + 1 (100 uM) for 1, 2, 3, and 4 h; (c) Lane 1,
DNA control; Lane 2, DNA + 1 (200 pM); Lanes 3—5, DNA + 1 (200 pM) + 5 mmol NaNj3;, KI, or DMSO.

(a) 1 2 3 4 3 6.
Form II
Form I
(b)
Form II
Form I
Form Il
Form 1

Figure 6. Electrophoresis gels showing cleavage of pBR322 DNA (0.25 pg uL™") by 2 at varying conditions in
50 mmol Tris—HCI/NaCl buffer (pH 7.2) at 37 °C. (a) Lane 1, DNA control; Lanes 2-5, DNA + 2 (25, 50, 100,
and 200 pM), respectively; (b) Lane 1, DNA control; Lanes 2-4, DNA + 2 (100 pM) for 1, 2, and 3 h; (c) Lane 1,
DNA control; Lane 2, DNA + 2 (200 uM); Lanes 3—5, DNA + 2 (200 uM) + 5 mmol NaN3, KI, or DMSO.
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(b) 1 2 3

Figure 7. pBR322 DNA (0.25 ug pL™") incubated for 3 h in the presence of complexes under anaerobic condi-
tions at pH 7.2 and 20 °C. (a) Lane 1, DNA control; Lanes 2 and 3, DNA +1 (100 and 200 uM); (b) Lane 1,
DNA control; Lanes 2 and 3, DNA + 2 (100 and 200 puM).

4. Conclusion

Two 1-D macrocyclic dinuclear coordination polymers featuring 4,4'-bipy bridging the two
macrocyclic units were prepared and structurally characterized. UV—vis and CD spec-
troscopy experiments showed that the complexes bind DNA in a non-classical intercalative
mode. The DNA cleavage activity of the complex is dependent on the phenyl substituent
(CHj; or F) of the macrocyclic ligand. The complex incorporating a fluoro substituent has
increased DNA cleavage activity compared with the complex with the methyl substituent.
The mechanism for DNA cleavage by 1 and 2 involves oxidation.

Supplementary material

CCDC 837666 and CCDC 837665 contain the supplementary crystallographic data for 1
and 2. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/re
trieving.html, or from the Cambridge Crystallographic Data Center, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: (+44) 1223-336-033; or E-mail: deposit@ccdc.cam.ac.uk.
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