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A Trinuclear Copper(ll) Complex of
2,4,6-Tris(di-2-pyridylamine)-1,3,5-triazine Shows Prominent DNA
Cleavage Activity
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A highly water soluble 3:2 complex of copper(ll) and 2,4,6-tris(di-2-pyridylamine)-1,3,5-triazine (TDAT) has been
synthesized and structurally characterized. The complex crystallized in a triclinic P1 space group with a molecular
formula of [Cus(TDAT),Cl3]Cl3+2H,0 (1), where each copper ion is coordinated by four pyridine nitrogen atoms and
an apical chloride. The trinuclear complex is stable at physiological relevant conditions. It can bind to DNA through
electrostatic attraction and cleave efficiently the supercoiled pBR322 DNA into its nicked and linear forms at micromolar
concentrations. Active oxygen intermediates such as hydroxyl radicals and singlet oxygen generated in the presence
of 1 may act as active species for the DNA scission.

Introduction essential to generate reactive oxygen species (ROS) for DNA

cleavagé?®’Moreover, the smaller size of synthetic nucleases
as compared with natural ones facilitates their reach to
sterically hindered regions of DN®Copper complexes have
been extensively studied and documented because of their
%iologically accessible redox potential and relatively high
affinity for nucleobase®*"-°For example, bis(1,10-phenan-
throline)-copper(ll) complex was proved to have high
nucleolytic efficiency and has been widely used as a
*To whom correspondence should be addressed. E-mail: zguo@ fOOtPriming reagent of nucleic acids and_ proteihRecent
njuT.eScigignkeTetzgg;(s);s%?égg%i ﬁﬁotmgghii?s%?“l\?gﬁ:in Universit studies demonstrgt_ed that some multinuclear copper(ll)
*Yanchen)é i 3’f Technology. y, Nanjing Y: c_omplexg; can eff|C|er}tIy promote DNA cleavage by selec-
Un?vsetri,ti?y Key Laboratory of Pharmaceutical Biotechnology, Nanjing tively oxidizing deoxyribose or nucleobase moietie3he
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There is a huge scope in the designs of DNA cleavage
reagents that have many potential applications in molecular
biology, biotechnology, and medicife? Since the discovery
of the first chemical nucleasesonsiderable efforts have been
made to design metal complexes as nuclease mimics becaus
of their advantages in electronical and structural diversities.
The redox properties of the metal center(s) in complexes are
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DNA Cleavage by Copper Complex

design of ligand plays an important role in achieving the Chart 1. Chemical Structure of the Cation of Trinuclear Copper(ll)
selectivity® Polypyridylamine-derived ligands have received C°MP1ex

particular interest for their ability to coordinate metal ions,

and an array of multinuclear complexes of these ligands has

been developed. Many of them displayed versatile DNA

cleavage properties in the absence or presence of a redox

agent39911.12|n some multinuclear copper complexes, the
copper centers were found to act synergistically in DNA
cleavage to realize higher efficiency or selectivity2>:13
Derivatives of 1,3,5-triazine have exhibited promising
potential as antitumor ageritsenzyme inhibitors® and other
bioactive agent& However, their metal complexes received
little attention for biological applications partly due to their
poor solubility in both water and common organic solvéts.
Recently, trinuclear copper(ll) complexes of 2,4,6-tris(di-2-
pyridylamine)-1,3,5-triazine (TDAT) were used as building
blocks for metallo-supramolecular assembliequt the

biological properties of these compounds remain unknown.

We previously reported a polypyridyl-based trinuclear cop-
per(ll) complex that displayed an efficient oxidative ability
in DNA cleavage in the presence of ascorbdtelowever,
poor water solubility of the complex impedes its further
biological investigations. More recently, we synthesized bi-
and trinuclear copper complexes of bis(2-pyridylmethyl)-
amine linked bym- andp-xylene and mesitylene, which are

shows significant DNA cleavage activity in the presence of
different redox agents.

Experimental Section

Materials and Measurements.Plasmid pBR322 was purchased
from MBI Fermentas and purified before use according to the
published methodkc The disodium salt of calf thymus DNA (CT-
DNA), tris(hydroxymethyl)aminomethane (Tris), ethidium bromide
(EB), methyl green, and #-diamidino-2-phenylindole (DAPI) were
purchased from Sigma. The purity of DAPI was checked!y
NMR, and its concentration was measured by-tiNé spectroscopy
(€3402.7 x 10* M~1 cm~1).21 Other chemicals and solvents such as
methanol, dichloromethane, and anhydrous diethyl ether were of

water §0|Ub|e and show structurally dppendent DNA cleayage analytical or chromatographical grade and were used without further
activities?® As a part of these studies, we report herein a purification. Double distilled water was used to prepare solutions

TDAT-based trinuclear copper(ll) complex (Chart 1) that
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for DNA measurement and scission experiment. The concentration
of nucleotide and the purity of CT-DNA were determined by tV
vis spectroscopy?23

Infrared spectra were recorded on a Bruker VECTOR22 spec-
trometer in KBr pellets over a range of 468000 cnt. Elemental
analyses were performed on a Perkin-Elmer 240C analytic instru-
ment. Electrospray mass spectra were recorded using an LCQ
electron spray mass spectrometer (ESMS, Finnigan). The isotopic
distribution patterns for the complex were simulated using the Isopro
3.0 progran®* UV —vis spectra were recorded on a Perkin-Elmer
Lambda 35 spectrometer. Circular dichroism (CD) spectra were
recorded on a Jasco J-810 spectropolarimetari cmpath length
cylindrical quartz cell at room temperature. Fluorescence spectra
were recorded using an AMINCO Bowman series 2 luminescence
spectrometer. Electronic paramagnetic resonance (EPR) spectra
were taken at the X- and Q-band frequencies at room temperature
with a Bruker ELEXSYS spectrometer. The pH measurements were
carried out on a PHS-3C pH meter equipped with a Phonix Ag
AgCl reference electrode that was calibrated with standard pH buffer
solutions. The gel imaging was assessed using Labworks Imaging
and Analysis Software (UVP, Inc., Upland, CA).

Syntheses.The ligand TDAT was prepared according to the
procedure described in the literatdfeThe trinuclear copper
complex was prepared as follows: A solution of Cu@H,0 (174
mg, 1.02 mmol) in methanol (15 mL) was added dropwise to a
stirred solution of TDAT (200 mg, 0.34 mmol) in dichloromethane
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(25 mL) at room temperature. Dark blue crystalline solid was
formed after one week, which was filtered and washed with cold
methanol/diethyl ether (yield: 302.6 mg, 55%). This solid was
recrystallized in water/methanol (v/v, 5:2), resulting in dark blue
crystals suitable for X-ray crystallographic analysis. ES-MSz
(CalCd.), 497.3 (49746), [Q(,C33H24N12)2C|6 — 3CI~ + H20]3+;
754.7 (754.9), [Cy(Cs3H24N12)Cls — 2CI7]%F; 1545.3 (1545.2),
[Cus(C33H24N12)2Cls — CI7]*. Elemental analysis; Found (Anal.
Calcd) for Q6H52C|6CU(>,N2402 (1): C, 48.83 (4903), H, 3.18 (3.24);
N, 20.47 (20.79). FT-IR spectra,(cmm1): 3447.9 (br, s), 1606.5
(m), 1552.9 (m), 1481.9 (m), 1467.8 (m), 1486.4 (s), 1301.5 (w),
773.1 (w).

Crystal Structure Determination. The single crystal ol was
mounted on glass fibers, and the X-ray diffraction intensity data

were measured at 293 K on a Bruker Smart Apex CCD area detector

fitted with graphite-monochromated Mookradiation (0.71073 A)

by a 4w scan. The collected data were reduced using the SAINT
program, and an empirical absorption correction was carried out
using the SADABS program. The structure was solved by direct
methods using the SHELXTL-XS program. Refinement was
conducted with the full-matrix least-squares methodF8rusing

the SHELXTL-XL program for all data with anisotropic thermal
parameters for non-hydrogen atoms and isotropic parameters for
hydrogen atom3?

Crystallographic data fat have been deposited at the Cambridge
Crystallographic Data Center, CCDC No. 259834. Any inquiries
relating to the data can be e-mailed to deposit@ccdc.cam.ac.uk.

Interaction of Complex 1 with DNA. CT-DNA was dissolved
in buffer solution (5 mM Tris/40 mM NaCl, pH 7.40) as stock
solution, which was stored at 4 and used within 4 days. The
solution gave a UV absorbance ratip{y/Azg0) of ca 1.8, indicating
that CT-DNA was sufficiently protein-fre& The concentration of
CT-DNA solution was determined by UV absorbance at 260 nm
after proper dilution with water, taking 6600 M cm as the
extinction coefficient ¢,¢0).22 Complex1 was resolved in the above
buffer solution (2.71x 1075 M) and titrated with CT-DNA aqueous
solution (2.5x 1073 M). The changes in absorbance at 285.5 nm
for 1 with increasing amounts of CT-DNA were recorded, and the
intrinsic binding constanti(,) for the reaction was determined by
the following equatior¥”

[DNA]/(€, — €) = [DNA]/( €, — €) + LK (e, — €)

The CD spectra were recorded in the range of-2200 nm with
increasing molar ratio af/CT-DNA (0—0.14, [CT-DNA]= 1.033

Chen et al.

Figure 1. ORTEP plot (30%) for the cationic core of compléx The
carbon atom labelings and hydrogen atoms are omitted for clarity.

then quenched by addition of sodium diethyldithiocarbamate
trihnydrate and loading buffer (0.25% bromphenol blue, 50%
glycerol). The solution was then subjected to electrophoresis on
0.7% agarose gel in TAE buffer (40 mM Tris acetate/1 mM EDTA)
at 100 V. The electrophoresis bands were visualized by EB staining
under UV light. In all cases, the background fluorescence was
subtracted. A correction factor of 1.47 was used for supercoiled
DNA (Form ) assessment since the intercalation between EB and
Form | DNA is relatively weak compared with that of nicked (Form
II) and linear DNA (Form lIl)% All results are the average of
triplicate experiments. The dioxygen-dependent DNA scission was
conducted as described above except that solutions were degassed
by bubbling with prepurified nitrogen for 15 min before mixing.
The mixture was kept under nitrogen throughout the DNA scission
process.

DNA Cleavage in the Presence of Radical Scavenge3cav-
enging agent DMSO (gL, 20 mM), tert-butyl alcohol (10uL, 20
mM), potassium iodide (1QL, 20 mM), or sodium azide (10L,

20 mM) was added respectively to the solution of supercoiled DNA
(1 uL, 100 ngkL) prior to the addition ofl (4 uL, 20 uM) and
H,0; (3 uL, 2.65 mM) in the buffer (5 mM Tris-HCI/40 mM NacCl,
pH 7.40). The mixture was diluted with the buffer to a total volume
of 20 uL. The reaction was initiated, quenched, and analyzed
according to the procedures described above.

Results and Discussion

x 1074 M). The average of three independent scans was taken as Crystal Structure of Complex 1. The trinuclear copper

the final CD spectrum of each sample after the buffer background
was subtracted.

The fluorescence spectra were recorded at room temperatur
(Aex =526 nm,Aem = 600 Nm). The experiment was carried out by
titrating complext (2.68 x 10-3 M, 5 mM Tris-HCI/40 mM NacCl,
pH 7.40) into EB-CT-DNA (1:1, 2.68x 107> M, 3 mL) aqueous
solution.

DNA Cleavage by Complex 1A typical cleavage assay was
carried out as follows: pBR322 DNA (&L, 100 ngkL), buffer
(8 uL, 5 mM Tris-HCI/40 mM NacCl, pH 7.40), and (8 uL, 10
uM) in the same buffer were mixed with, 8, (3 uL, 2.65 mM).

The sample was incubated at 310 K for an appropriate time and

(26) (a) SMART version 5.625; Bruker AXS, Inc.: Madison, WI, 2000.
(b) SAINT, version 6.01; Bruker AXS, Inc.: Madison, WI, 2000. (c)
SHELXTL, version 6.10; Bruker AXS, Inc.: Madison, WI, 2000. (d)
SADABSyersion 2.03; Bruker AXS, Inc.: Madison, WI, 2000.

(27) Wolfe, A.; Shimer, G. H., Jr.; Meehan, Biochemistry1987, 26,
6392-6396.
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complex of TDAT was prepared by mixing copper(ll)
chloride with TDAT in 3:1 molar ratio in methanol/
dichloromethane at room temperature. The structural analysis
revealed thal crystallizes in a triclinid®1 space group with
a molecular formula of [C4TDAT).Cl3]Cl3-2H,0. An
ellipsoid plot for the crystal structure of the cationic core in
1 is shown in Figure 1. The detailed crystal data and
refinement parameters are listed in the Supporting Informa-
tion, Table S1. The selected bond lengths and angles of the
complex are given in the Supporting Information, Table S2.
In the core ofL, two TDAT ligands are stacked in parallel
and linked together by three Cu(ll) ions, and two triazine
centroids are rotated by ca. 3@ith respect to each other.
The arrangement dfis somewhat different from the perfect
face-to-face mode in its analogue KCTDAT),Cl3][CuCl,]-
Cl reported previously® The distance between the two



DNA Cleavage by Copper Complex

Figure 2. Electrospray mass spectra and the isotope distribution patterns
for complexl. Attributions: 497.3, [Ce(CssH24N12)2Cls — 3CI~ + H,0]3t;
754.7, [CQ(C33H24N12)2C|5 - 2C|7]2+; 1545.3, [C@(C33H24N12)2C|6 -

CI 1.

triazine planes il is 3.67 A, which is larger than that found
for aromatic stacking (3.5 A) but smaller than that in
[Cus(TDAT),Cls][CuCl4]CI (3.78 A)18aEach Cu(ll) center
is coordinated by an apical chloride and four pyridine
nitrogen atoms from two ligands, taking on a square-
pyramidal geometry. Additionally, each asymmetrical unit
cell of 1 contains two disordered water molecules that occupy
five different positions with occupancies of 0.38466, 0.40558,
0.42187, 0.38754, and 0.40031, respectively. The EPR
spectrum and magnetic susceptibility of complexXSup-
porting Information, Figures S2 and S3) are in accordance
with the crystallographic structure characteristics.

Solution Properties of Complex 1.Complex1 exhibits
a high solubility in water; in contrast, most metal-TDAT
analogues have poor solubility in common solvént§he
water solubility may facilitate the investigations afin
aqueous solutions. As shown in Supporting Information,
Figure S1, there are two intense— z* or charge-transfer
transitions at 285.5 nme(= 6.28 x 10* dm® mol~ cm™)
and 242 nm¢ = 3.65 x 10° dm® mol~* cm™) in the UV—
vis spectra of complet in buffer solution (1.72< 1075 M,
5 mM Tris-HCI/40 mM NacCl, pH 7.40). These characteristic

bands and their absorption intensities remain unchanged for
8 h, which may suggest that the complex is stable in aqueous

solution. The stability ofl in aqueous solution was also

supported by the ES-MS results (Figure 2), where three Cu-

(I and two TDAT species existed as a whole entity.
Interaction between DNA and Complex 1.UV —vis and

Figure 3. Variations of UV~vis absorption fod (2.71 x 105 M) in the
absence (dashed line) and presence (solid line) of CT-DNA 283
M, 10 uL per scan) in buffer (5 mM Tris-HCI/40 mM NacCl, pH 7.40) at
room temperature.

Figure 4. CD spectra of CT-DNA (1.033< 104 M) in the absence
(dashed line) and presence (solid lineld0—1.4 x 10°5 M) in buffer (5
mM Tris-HCI/40 mM NaCl, pH 7.40) at room temperature.

105 M and remained unchanged within 8 h. The intrinsic
binding constantK) for 1 to CT-DNA was calculated to
be 7.8x 10° M™%, a value significantly lower than those
obtained for typical intercalators (e.g., EBNA, ~10°
M~1),282%indicating the affinity of1 for DNA is relatively
low. Judging by the changing tendency of the UV spectra
and the binding constant, the intercalative binding mode
appears unlikely.
Ligand TDAT or Cu(ll) ion alone did not show any sign
of binding to CT-DNA in the U\~vis spectra under the same
conditions.

In the CD spectra, the addition &fto the solution of CT-
DNA induced an increase in intensity for both positive and
negative ellipticity bands (Figure 4), suggesting that the

CD spectroscopy were employed to S‘qu t_he interaction stacking mode and the orientation of base pairs in DNA were
betweerl and CT-DNA. As demonstrated in Figure 3, upon disturbec?”3 However, the B-form character of CT-DNA

addition of CT-DNA (0-3.34 x 10°° M) to the aqueous was still maintained and, hence, the disturbance is mild.

) . o
solution of1 (2.71x 10" M), a moderate hyperchromicity  again intercalative interaction with DNA is unlikely because
was observed in the UV spectra, which is similar to that ;s 1inding mode would cause a characteristic decrease in

observed in other trinuclear copper(ll) complexes interacting
with DNA.1° The hyperchromicity implies that some interac-
tion other than intercalation occurred betweeand DNA,
because intercalation would lead to hypochromism and
bathochromism in UV absorption spectfalhe absorption
plateaued when the concentration of DNA reached %34

(28) Baldini, M.; Belicchi-Ferrari, M.; Bisceglie, F.; Dall’Aglio, P. P;
Pelosi, G.; Pinelli, S.; Tarasconi, fhorg. Chem.2004 43, 7170~
7179.

both positive and negative bants.

An EB replacement assay was carried out to further
exclude the possibility of the intercalative binding mode. EB
is an intercalator that gives a significant increase in fluo-
rescence emission when bound to DNA, and its displacement

(29) Le Pecq, J. B.; Paoletti, Q. Mol. Biol. 1967, 27, 87—106.

(30) Ivanov, V. I.; Minchenkova, L. E.; Poletayer, ABiopolymersl973
12, 89-110.

(31) McMillin, D. R.; McNett, K. M. Chem. Re. 1998 98, 1201-1220.
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Figure 5. Fluorescence emission spectra of the-#BI-DNA system (1:
1, 2.68x 1075 M) in the absence (dashed line) and presence (solid line) of
complex1 (2.68 x 1073 M, 10 uL per scan).

from DNA results in a decrease in fluorescence interity.
As shown in Figure 5, the addition dfto the EB-DNA

Chen et al.

Figure 6. The cleavage patterns of the agarose gel electrophoresis and
the corresponding cleavage extent (%) for pPBR322 plasmid DNA (100 ng)
by 1 in buffer (5 mM Tris-HCI/40 mM NaCl, pH 7.40) at 310 K after 30
min of incubation. Lane 1, DNA control; lane 2, DNA& 0.4 mM H,Oy;

lanes 3-6 represent the DNA cleavage status at 2, 4, 6, an®f 1in

system did not induce notable fluorescence changes at 605he presence of 100-fold excess ofG4, respectively.

nm, which indicated that EB molecules could not have been
replaced by complext, and therefore, the intercalative
binding mode can be ruled out.

Many properties of metal complexes, such as size, charge
shape, and chirality could influence the binding mode and
modification extent to DNA2 Taking the above UV-vis,

CD, and fluorescence spectroscopic data together, a covalent

binding to DNA appears unlikely fol. In fact, cationic
complexes involving ligands with extended hydrophobic
regions or surfaces usually bind to DNA noncovaleAtl$#
External static electronic effects, intercalation, and groove
binding are three major noncovalent binding modes for small
molecules interacting with DNA12¢ The cationic core of
1 could exert a strong electrostatic attraction to the anionic
phosphate backbone of DNA, thus, the electrostatic binding
mode is highly possible. This inference will be further
demonstrated in the following section.

DNA Cleavage by Complex 1The DNA cleavage ability
of 1 was studied by agarose gel electrophoresis using
supercoiled pBR322 plasmid DNA as a substrate. The
activity of 1 was assessed by the conversion of DNA from
Form | to Form Il or Form Ill. A concentration-dependent
DNA cleavage byl was first performed. Briefly, pBR322
DNA was mixed with different concentrations df in
aqueous buffer solution (5 mM Tris-HCI/40 mM NacCl, pH
7.40) using HO, as an activator, and the mixture was
incubated at 310 K for 30 min. With the increase of
concentration ol, DNA was converted from Form | to Form
Il and then to Form lll. Direct double-strand DNA
cleavage was not observed in this case. The concentration
dependent cleavage activity dfis shown in Figure 6. The
amounts of Form | DNA decreased whereas those of Form
Il increased with the increase of concentration (lanes 3 and

(32) Kumar, C. V,; Barton, J. K.; Turro, N. J. Am. Chem. Sod. 985
107, 5518-5523.

(33) (a) Barton, J. K. IBioinorganic ChemistryBertini, |., Gray, H. B.,
Lippard, S. J., Valentine, J. S., Eds.; University Press: Mill Valley,
CA, 1994; pp 455503. (b) Pyle, A. M.; Barton, J. KProg. Inorg.
Chem.199Q 38, 413-475.

(34) Nucleic Acids in Chemistry and Biologgnd ed.; Blackburn, G. M.,
Gait, M. J., Eds.; Oxford University Press: New York, 1996; pp-329
374.
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Figure 7. Time-dependent agarose gel electrophoresis patterns and
histogram representation for the pBR322 plasmid DNA (100 ng) cleavage
by 1 (4 uM) over a period of 30 min in the presence of®3 (0.4 mM) at

310 K (5 mM Tris-HCI/40 mM NaCl; pH 7.40). Lane 1, DNA control;
lanes 2-6, DNA + 1 + H;0O,. Incubation times of lanes-26 equal 5, 10,

15, 20, and 30 min, respectively.

4). The conversion of DNA from Form | to Form Il was
almost completed (ca. 100%) atM, and Form Il (ca.
60%) appeared at@M (lane 5). When the concentration of
1reached &M, Form | was totally degraded into undetect-
able minor fragments (lane 6). Compléxor H,O, alone
did not exhibit DNA scission activity in the control experi-
ments.

A time-dependent cleavage of DNA ly(4 uM) was also
observed under similar conditions. As shown in Figure 7,
the amounts of Form | DNA decreased and those of Form
Il DNA increased gradually with time until Form | DNA
almost disappeared after incubation for 30 min.

The nuclease efficiency of copper(ll) complexes is usually
dependent on activatofs.3” Thus, besides $D,, other

(35) Mazumder, A.; Sutton, C. L.; Sigman, D. |8org. Chem.1993 32,
3516—-3560.

(36) Detmer, C. A, lll; Pamatong, F. V.; Bocarsly, J. Rorg. Chem.
1996 35, 6292-6298.

(37) Detmer, C. A., lll; Pamatong, F. V.; Bocarsly, J. Rorg. Chem.
1997, 36, 3676-3682.



DNA Cleavage by Copper Complex

activators such as ascorbate (Asc), 3-mercaptopropionic acid
(MPA), and glutathione (GSH) were also used to investigate
the DNA cleavage activity of complet. As shown in
Supporting Information, Figure S4, the cleavage activity of
1 was significantly enhanced by these activators. Their
activating efficacy follows the order of Ase MPA > GSH,
which is similar to the observations on the nuclease activity

of bis(o-phenanthroline)copper(Iff.In a word, complext
exhibited a remarkable DNA cleavage activity with different
activators.

Minor groove binding agent DAP1 and major groove
binding agent methyl greéhwere used to probe the potential
interacting site of complek with supercoiled plasmid DNA.
The supercoiled DNA was treated with DAPI or methyl
green prior to the addition of. The patterns presented

in the Supporting Information, Figure S5, demonstrated

that neither DAPI nor methyl green affected the DNA
cleavage activity ofl, suggesting that neither major nor

minor grooves are the preferred reacting sites for the

complex. In these circumstances, complexnay interact
directly with exterior phosphates of DNA via electrostatic

Figure 8. Agarose gel electrophoresis patterns and histogram representa-
tion for the cleavage of pBR322 plasmid DNA (100 ng)bf4 uM) in the
presence of standard radical scavenger DMSO (6 mM) in 5 mM Tris-HCI/
40 mM NacCl buffer (pH 7.40) at 310 K after incubation for 30 min. Lane

1, DNA control; Lane 2, DNA+ 0.4 mM H,Oy; Lane 3, DNA+ 0.4 mM

H20, + DMSO; lane 4, DNA+ 4 uM 1 + 0.4 mM H,O5; lane 5, DNA+

4uM 1+ 0.4 mM H0, + DMSO.

attraction. This assumption is in accord with the above was reduced dramatically upon addition of DMSO in the

proposed binding mode for compléxo DNA. The cationic
core of 1 in aqueous solution could bind to the anionic

presence of dioxygen (lane 5), indicating th@H may be
involved in the cleavage process.

phosphate backbone of DNA by electrostatic attraction. Such Reactions in the absence of dioxygen and/or hydrogen

general affinity would enhance local concentration lof

peroxide were performed simultaneously. DNA was scarcely

around DNA??and consequently enhance the DNA cleavage cleaved byl under such conditions (Supporting Information,

activity.
Reactive Oxygen Species Responsible for DNA Cleav-

Figure S6, lane 2, 3). The results indicated dioxygen is an
indispensable cofactor for DNA scission and a hydrolytic

age.ROS generated during the interaction between coppercleavage mode is not involved.
complexes and dioxygen or redox reagents are believed to Other hydroxyl radical scavengers such tast-butyl

be a major cause of DNA damagf?3*4041To probe the

alcohol, potassium iodide, and singlet oxygen scavenger

potential mechanism of DNA cleavage mediated by complex sodium azide were also used to capture the active oxygen
1, some standard radical scavengers were used prior to thespecies involved in the cleavage process. In all these cases,

addition of 1 to DNA solution. The involvement of ROS
was investigated using dimethyl sulfoxide (DMS®}ert-
butyl alcohol?® potassium iodid¥ as a hydroxyl radical
scavenger, and azitkeas a singlet oxygen scavenger.
Diffusible hydroxyl radicals {OH) are the most common

the DNA cleavage activity of complek was significantly
inhibited (Supporting Information, Figure S7). The results
further demonstrated tha®H is the active oxygen species
involved in the cleavage process and singlet oxygen or some
singlet oxygen-like entities may also be the active oxygen

reactive species that induce DNA cleavage by copper intermediates responsible for the activity.

complexes. To examine whethe®H is the key factor

On the basis of the above observations, the mechanism of

responsible for DNA cleavage in this case, experiments with DNA cleavage mediated by complédxmay be similar to

DMSO were first carried out in detail under conditions
similar to those described in the caption of Figure 7. As
demonstrated in Figure 8, the DNA cleavage activitylof

(38) Trotta, E.; Del Grosso, N.; Erba, M.; Paci, Biochemistry200Q 39,
6799-6808.

(39) Wittung, P.; Nielsen, P.; Norden, B. Am. Chem. Sod 996 118
7049-7054.

(40) Perrin, D. M.; Mazumder, A.; Sigman, D. S. Rrogress in Nucleic
Acid Chemistry and Molecular BiologZohn, W., Moldave, K., Eds.;
Academic Press: New York and Orlando, 1996; Vol 52, pp-123
151.

(41) Morrow, J. R.; Iranzo, OCurr. Opin. Chem. Biol2004 8, 192—
200.

(42) Aruoma, O. |.; Halliwell, B.; Dizdaroglu, MJ. Biol. Chem.1989
264, 13024-13028.

(43) Melvin, M. S.; Calcutt, M. W.; Noftle, R. E.; Manderville, R. £&hem.
Res. Toxicol2002 15, 742-748.

(44) Marshall, L. E.; Graham, D. R.; Reich, K. A;; Sigman, D. S.
Biochemistry1981, 20, 244—250.

(45) Burrows, C. J.; Muller, J. @Chem. Re. 1998 98, 1109-1152.

that proposed for other multinuclear copper complexés.

In the mechanism, Cu(ll) centers are initially reduced to Cu-
() species and subsequently react with dioxygen to form a
peroxodicopper(ll) derivative, which could generate active
oxygen species needed for cleavage.

Conclusion

The trinuclear copper(ll) complex derived from 1,3,5-
triazine exhibits an effective DNA cleavage activity near
physiologically relevant conditions in the presence of dif-
ferent activators. Synergistic effects of three copper(ll)
centers of compleg may contribute to the significant DNA
cleavage activity. The cationic property of the complex in
aqueous solution may be another factor that contributes to
the high activity. Active oxygen intermediates such as
hydroxyl radicals and singlet oxygen may play an important
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