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Abstract

The coordination geometry around copper(Il) in [Cu(imda)(phen)(H,0)] (1) (H;imda = iminodiacetic acid, phen = 1,10-phenanthro-
line) is described as distorted octahedral while those in [Cu(imda)(5,6-dmp)] (2) (5,6-dmp = 5,6-dimethyl-1,10-phenanthroline) and
[Cu(imda)(dpq)] (3) (dpq = dipyrido-[3,2-d:2,3’-f]-quinoxaline) as trigonal bipyramidal distorted square-based pyramidal with the imda
anion facially coordinated to copper(II). Absorption spectral (Ky: 1, 0.60 + 0.04 x 10% 2, 3.9 £ 0.3 x 10% 3, 1.7 £ 0.5x 10* M) and
thermal denaturation studies (AT,: 1, 5.70 £ 0.05; 2, 5.5 4+ 10; 3, 10.6 + 10 °C) and viscosity measurements indicate that 3 interacts with
calf thymus DNA more strongly than 1 and 2. The relative viscosities of DNA bound to 1 and 3 increase while that of DNA bound to 2
decreases indicating formation of kinks or bends and/or conversion of B to A conformation as revealed by the decrease in intensity of the
helicity band in the circular dichroism spectrum of DNA. While 1 and 3 are bound to DNA through partial intercalation, respectively, of
phen ring and the extended planar ring of dpq with DNA base stack, the complex 2 is involved in groove binding. All the complexes show
cleavage of pBR322 supercoiled DNA in the presence of ascorbic acid with the cleavage efficiency varying in the order 3> 1> 2. The
highest oxidative DNA cleavage of dpq complex is ascribed to its highest Cu(II)/Cu(I) redox potential. Oxidative cleavage studies using
distamycin reveal minor groove binding for the dpq complex but a major groove binding for the phen and 5,6-dmp complexes. Also, all
the complexes show hydrolytic DNA cleavage activity in the absence of light or a reducing agent with cleavage efficiency varying in the
order 1>3>2.
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1. Introduction nanotechnology [1-4]. The -characterization of DNA
recognition by small redox- or photoactive transition

A precise understanding of the DNA-binding metal complexes has been substantially aided by studying
properties of metal complexes are driven by numerous the DNA cleavage activity [5-8]. Double-strand breaks in
motivations, which include therapeutic approaches, study  duplex DNA are thought to be more significant sources
of nucleic acid conformations and new tools for  of cell lethality than are single strand breaks, as they
appear to be less readily repaired by DNA repair mech-

anisms [9-11]. A number of copper(Il) complexes have
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in solution [14-17]. Sigman and co-worker have shown
that copper complexes of 1,10-phenanthroline (phen)
act as effective chemical nuclease with a high preference
for double-stranded DNA in the presence of molecular
oxygen and a reducing agent [18]. A number of metal
complexes have been shown to hydrolyze phosphate ester
[19] as well as RNA with varying efficiencies [20];
however, they are unable to hydrolyze the phosphate
diester backbone of DNA. Burstyn and co-worker
reported that copper(Il)-macrocyclic triamine complexes
promote the hydrolytic cleavage of plasmid DNA [21].
In recent years, there has been substantial interest in
the design and study of Lewis acidic, potential redox
and spectroscopically active Cu(II/I) complexes of
synthetic and naturally occurring ligands as nuclease
mimics [22-25] and in fact, a few copper(Il) complexes
have been shown to be capable of mediating non-random
double-strand cleavage of plasmid DNA.

The present work stems from our continuous interest
in defining and evaluating the key DNA-binding interac-
tions of copper(Il) complexes of diimine ligands [26-29]
and also from our current efforts to explore the relation-
ship between structure and nuclease activity of copper(Il)
complexes [30,31]. In this report, we explore the DNA-
binding properties of a series of copper(Il) complexes
of the type [Cu(imda)(diimine)], where Hjyimda = imino-
diacetic acid and diimine = 1,10-phenanthroline (phen),
5,6-dimethyl-1,10-phenanthroline (5,6-dmp) and dipyr-
ido-[3,2-d:2',3'-f]-quinoxaline (dpq). The rationale behind
the design of the complexes is that the carboxylate
groups of Hrimda can interact with sugar hydroxyl
groups of DNA and supply the recognition elements like
amine and carboxylate groups of amino acids and
protein moieties thus leading to the selective control of
the metal chelate-nucleobase recognition process. In fact,
a variety of mixed ligand copper(Il) complexes having
imda anion and its derivatives serve as bioinorganic
model compounds to illustrate conformational changes
at the protein conformation for metal-protein centers
in the absence or presence of appropriate substrates
[32]. Also, the incorporation of methyl groups on the
5,6 positions of the phen ring would provide a
hydrophobic recognition element [33]. We propose to
assess the effect of varying the ring size and hydropho-
bicity of diimine co-ligands on the DNA-binding
structure and hydrolytic cleavage activity of the
complexes using a variety of approaches and also their
ability to effect DNA cleavage has been probed. The
X-ray crystal structures of all the present complexes have
been successfully determined to aid in understanding the
DNA-binding characteristics and hence the chemical
principles underlying site-specific DNA recognition in
biological systems. It is remarkable that the present com-
plexes are efficient in bringing about the oxidative as well
as the rare hydrolytic cleavage of DNA and that the dpq
complex alone has the potential to cleave DNA double
strand.

2. Experimental section
2.1. Materials

Copper acetate monohydrate (Sisco-Chem), 1,10-phe-
nanthroline (Merck), iminodiacetic acid, 5,6-dimethyl-
1,10-phenanthroline (Aldrich), calf-thymus (CT) DNA
(Sigma), pBR322 supercoiled plasmid DNA, agarose
(Genei). The ligand dipyrido-[3,2-d:2’,3’-f]-quinoxaline
was synthesized by Hambly et al. [34]. Ultrapure Milli Q
water (18.3 pQ) was used for all experiments. The commer-
cial solvents were distilled and then used for preparation of
complexes.

2.2. Synthesis of complexes

2.2.1. Synthesis of [Cu(imda)(phen)(H>0)] (1)

This complex was synthesized by adding to a metha-
nol:water (4:1) solution of 1,10-phenanthroline (0.198 g,
1 mmol) and iminodiacetic acid (0.133 g, 1 mmol) which
was deprotonated by NaOH (1 mmol equivalent), to a
solution of copper(II) acetate (0.199 g, 1 mmol) in aqueous
methanol solution and then stirred at 40 °C for 1 h. The
resulting solution was filtered and kept aside for crystalliza-
tion by slow evaporation at room temperature. The blue
hexagonal crystals suitable for X-ray diffraction were col-
lected by suction filtration. Anal. Calcd. for [Cu(phen)(im-
da)(H,0)]: C, 48.92; H, 3.85; N, 10.70. Found: C, 48.72; H,
3.80; N, 10.59%.

2.2.2. Synthesis of [Cu(imda)(5,6-dmp)] (2)

This complex was prepared by employing the procedure
for 1 and using 5,6-dimethyl-1,10-phenanthroline instead
of 1,10-phenanthroline. The blue colored crystals suitable
for X-ray diffraction were obtained on slow evaporation
of a concentrated solution of the complex. Anal. Calcd.
for [Cu(5,6-dmp)(imda)]: C, 53.66; H, 4.25; N, 10.43.
Found: C, 53.80; H, 4.10; N, 10.13%.

2.2.3. Synthesis of [Cu(imda)(dpq)] (3)

This complex was isolated employing the procedure
adopted for obtaining 1 and using dipyrido-[3,2-d:2",3'-f]-
quinoxaline instead of 1,10-phenanthroline. The blue col-
ored needle shaped crystals suitable for X-ray diffraction
were obtained on slow evaporation of a concentrated solu-
tion of the complex. Anal. Calcd. for [Cu(dpq)(imda)]: C,
50.65; H, 3.07; N, 16.41. Found: C, 50.53; H, 2.95; N,
16.47%.

2.3. Methods and instrumentation

Disodium salt of calf-thymus (CT) DNA was stored at
4 °C. Solutions of DNA in the buffer 50 mM NaCl/5 mM
Tris—HCI (pH 7.1) in water gave the ratio of UV absor-
bance at 260 and 280 nm, A¢y/A>50, of 1.9 [35] indicating
that the DNA was sufficiently free of protein. Concentrated
stock solutions of DNA (13.5 mM) were prepared in buffer



and sonicated for 25 cycles, where each cycle consisted of
30 s with 1 min intervals. The concentration of DNA mea-
sured by using its extinction coefficient at 260 nm
(6600 cm™') after 1:100 dilutions. Stock solutions were
stored 4 °C and used no more than 4 days. Supercoiled
plasmid pUC19 DNA was stored at —20 °C.

Concentrated stock solutions of metal complexes were
prepared by dissolving in methanol:water (4:1) of metal
complexes and diluted suitably with corresponding buffer
to required concentrations for all the experiments. For
absorption, emission, circular dichroic spectral experiments
the DNA solutions were pretreated with the solutions of
metal complexes to ensure no change in the concentration
of the metal complexes. The absorption spectra were
recorded on a Varian Cary 300 Bio UV-Vis spectropho-
tometer using cuvettes of 1 cm path length.

Infra-red spectra of the complexes were recorded as KBr
pellets on Perkin—Elmer FT-IR spectrometer. Electron
paramagnetic resonance (EPR) spectra of the mixed ligand
complexes were obtained on a Varian E 112 EPR spec-
trometer. The spectra were recorded for the solutions of
the compound in double-distilled methanol at room tem-
perature (RT) as well as at liquid nitrogen temperature
(LNT). DPPH was used as the field marker. Cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) were
performed using a three-electrode cell configuration. A
platinum sphere, a platinum plate and Ag(s)/AgNO; were
used as working, auxiliary and reference electrodes, respec-
tively. The supporting electrolyte used was NBuyClO,.
Platinum sphere electrode was sonicated for two minutes
in dilute nitric acid, dilute hydrazine hydrate and then in
double-distilled water to remove the impurities. The tem-
perature of the electrochemical cell was maintained at
25 + 0.2 °C by a cryocirculator (HAAKE D8 G). The solu-
tions were deoxygenated by bubbling research grade nitro-
gen and an atmosphere of nitrogen was maintained over
the solution during measurements. The E;,, values were
observed under identical conditions for various scan rates.
The instruments utilized included an EG&G PAR 273
Potentiostat/Galvanostat and an IBM PS2 computer along
with EG&G M270 software to carry out the experiments
and to acquire the data.

Absorption spectral titration experiments were per-
formed in Varian Cary 300 Bio UV-Vis spectrophotome-
ter. Maintaining a constant concentration of the complex
while varying the nucleic acid concentration. This was
achieved by dissolving an appropriate amount of the metal
complex and DNA stock solutions while maintaining the
total volume constant (1 ml). This result in a series of solu-
tions with varying concentrations of DNA but with a con-
stant concentration of the complex. The absorbance (A) of
the most red-shifted band of each investigated complex was
recorded after successive additions of CT DNA.

Emission intensity measurements were carried out using
Jasco F 6500 spectrofluorometer. The tris buffer was used
as a blank is make preliminary adjustments. The excitation
wavelength was fixed and the emission range was adjusted

before measurements. DNA was pretreated with ethidium
bromide in the ratio [NP/EthBr]=1 for 30 min at 27 °C.
The metal complexes were then added to this mixture
and their effect on the emission intensity was measured.

For viscosity measurements a Schott Gerate AVS 310
automated viscometer was thermostated at 25 °C in a con-
stant temperature bath. The concentration of DNA was
500 uM in NP and the flow times were noted from the dig-
ital timer attached with the viscometer (1/R=[Cu)/
[DNA]=0.5). Thermal denaturation studies were per-
formed by Varian Cary UV-Vis spectrophotometer.
DNA melting experiments were carried out by monitoring
the absorption (260 nm) of CT DNA (160 uM) at various
temperatures, in both the absence and presence of
(16 uM) each investigated complex. The melting tempera-
ture (7,,) and the curve width o7 (= temperature range
between which 10% to 90% of the absorption increase
occurred) were calculated.

Circular dichroic spectra of DNA were obtained by
using JASCO J-716 spectropolarimeter equipped with a
peltier temperature control device. All experiments were
done using a quartz cell of 1 or 0.2 cm path length. Each
CD spectrum was collected after averaging over at least 4
accumulations using a scan speed of 100 nm min~' and a
1 s response time. Machine plus cuvette baselines were sub-
tracted and the resultant spectrum zeroed 50 nm outside
the absorption bands.

The hydrolytic cleavage experiments were performed
using SC pBR322 DNA in 10 mM HEPES, pH 8.1. The
reactions were performed incubating DNA (12 uM base
pairs) at 37 °C in the presence/absence of metal complexes
(0.5 mM) for the indicated time. For anaerobic experi-
ments, deoxygenated water and anaerobic stock solutions
were prepared. In order to examine if hydroxyl radicals
were present, hydroxyl radical scavengers such as DMSO
(0.8 mM) were introduced. The oxidative cleavage experi-
ments were performed using supercoiled pBR322 plasmid
DNA (Form I, 2 pul, 10 pM ) in Tris—HCI buffer (50 mM)
with 50 mM NaCl (pH 7.1) was treated with the metal
complex (30 uM) and ascorbic acid (10 uM) followed by
dilution with the Tris—HCI buffer to a total volume of
20 pl. The samples were incubated for 0.5h at 37 °C. A
loading buffer containing 25% bromophenol blue, 0.25%
xylene cyanol, 30% glycerol (3 ul) was added and electro-
phoresis performed at 40 V for 3 h in Tris—Acetate-EDTA
(TAE) buffer using 1% agarose gel containing 1.0 pg/ml
ethidium bromide. The cleavage of DNA was monitored
using agarose gel electrophoresis. The gel was visualized
by photographing the fluorescence of intercalated ethidium
bromide under a UV illuminator. The cleavage efficiency
was measured by determining the ability of the complex
to convert the supercoiled DNA (SC) to nicked circular
form (NC) and linear form. After electrophoresis the pro-
portion of DNA in each fraction was estimated quantita-
tively from the intensities of the bands using UVP
Bioimaging — GDS-8000 Gel Documentation System using
the Labwork software. The fraction of the original



Table 1
Crystal data and structure refinement details for 1, 2 and 3
1 2 3
Empirical C16H18 CuC18H17N3 CUC18H16N506‘5CU
formula CUN3O6_5 04 . 55H20 C18H16N504 . 25(H20)
Formula 419.87 501.97 469.9
weight
Crystal system Triclinic Triclinic Triclinic
Space group P1 P3, Pl
a (A) 6.7653(5) 13.2103(5) 7.9465(7)
b (A) 10.6008(7)  13.2103(5) 15.3837(195)
¢ (A) 11.4385(9) 21.5182(10) 16.5664(15)
o (°) 95.736(6) 90 69.28(7)
B (°) 91.646(6) 90 79.52(7)
7 (°) 92.528(6) 120 78.755(7)
V (/3;3) 814.99(10)  3252.1(2) 1843.7(3)
V4 2 6 4
Mo Ko, 4 (A) 0.71073 0.71073 0.71073
Deate (gcm™) 1.711 1.538 1.693
Goodness-of-fit 1.064 0.953 0.926
on P
No. of reflections 1564 12807 7919
Measured
R? 0.0227 0.0418 0.0359
R 0.0590 0.055 0.0593

© R=YIF — [FI/SIF-
P R={T wl(F - F2)/ S wl(F2)" ]}/,

supercoiled DNA converted to the nicked and linear form
at the end of the reaction was calculated after correcting
for the low level of NC present in the original sample
and the low affinity of ethidium bromide binding to SC
compared to nicked and linear forms of DNA [36]. Inhibi-
tion reactions were carried out by prior incubation of the
SC pBR322 DNA (10 uM) with ethanol (1 M), sodium
azide (100 mM), superoxide dismutase (10 U) and distamy-
cin (100 uM).

2.4. Crystallographic data collection and structure analysis

Experimental details of the X-ray analysis are provided
in Table 1. Suitable crystals were obtained and intensity
data were collected at 153 K on a Stoe Image Plate
Diffraction System using Mo Ka graphite monochro-
mated radiation. The structure was solved by X-ray
crystallography-Direct method using the programme
SHELXS-97. The refinement and all further calculations
were carried out using SHELXS-97.

3. Results and discussion

3.1. Structures and spectral and redox properties of the
complexes

The mixed ligand copper(I1) complexes of iminodiacetic
acid (Hyimda) as the primary ligand and the diimines 1,10-
phenanthroline (phen), 5,6-dimethyl-1,10-phenanthroline
(5,6-dmp) and dipyridoquinoxaline (dpq) as the co-ligands
have been synthesized in aqueous methanol solution using
hydrated copper(II) acetate. All the complexes conform to

the general formula [Cu(imda)(diimine)(H-O),], where
n=20 (2,3), 1 (1), determined on the basis of elemental
analysis and confirmed by the X-ray crystal structures.
The infrared spectrum of Hrimda shows a medium inten-
sity band in the range 3096-3036 cm ™', which is assigned
to v(OH) of carboxylic acid group. On complex formation
with copper(1]) this band disappears indicating deprotona-
tion of the acid followed by its co-ordination through car-
boxylate oxygen atoms. This is further supported by the
shifts [37] in  v,(COO) (1700cm™") and v(COO)
(1400 cm ') bands of H,imda, respectively, to 1638-1625
and 1407-1385 cm ™! in the complexes. Further, the differ-
ence between these two bands Av [v,s(COO) — vy(COO)]
of 238-247 cm ™! is typical of unidentate mode of coordina-
tion of carboxylate to copper(Il) in all the complexes,
which is confirmed by the X-ray crystal structures of the
complexes. A strong band around 3440 cm™' observed
for 1 is assignable to v(OH) of coordinated water.

3.1.1. Description of the crystal structures

3.1.1.1. [Cu(imda)(phen)(H,0)] (1). An ORTEP repre-
sentation of the structure of 1 including atom numbering
scheme is shown in Fig. 1 and the selected bond lengths
and bond angles are listed in Table 2. The asymmetric unit
cell of the complex consists of two crystallographically
independent complex molecules. The Cu(ll) is located at

Fig. 1. ORTEP drawing of [Cu(imda)(phen)(H,0)] (1) showing the atom
numbering scheme and the thermal motion ellipsoids (50% probability
level) for the non-hydrogen atoms. Hydrogen atoms are omitted for
clarity.



Table 2 .
Selected interatomic distances (A) and angles (°) for complexes 1-3

Complex Bond lengths Bond angles

1 Cu(1)-03)  1.9733(9) O(3)-Cu(1)-N(1) 94.63(4)
Cu(l)-N(1)  2.0110(10) O@3)-Cu(1)-N(2)  173.91(4)
Cu(1)-N(2)  2.0372(11) N(1)-Cu(1)-N(2) 82.11(4)
Cu(1)-N(3)  2.0458(10) O(3)-Cu(1)-N(3) 85.49(4)
Cu(1)-O(1)  2.3132(10) N(1)-Cu(1)-N(3)  175.44(4)
Cu(1)-O(1W)  2.3746(10) N(2)-Cu(1)-N(3) 98.17(4)

0(3)-Cu(1)-O(1) 90.18(4)
N(1)-Cu(1)-O(1) 96.99(4)
N(2)-Cu(1)-0(1) 95.31(4)
N(3)-Cu(1)-0(1) 78.45(4)
0(3)-Cu(1)-O(1W)  87.20(4)
N(1)-Cu(1)-O(1W)  92.59(4)
N(Q2)-Cu(1)-0(1W)  7.81(4)
N(3)-Cu(1)-0(1W)  91.97(4)
O(1)-Cu(1)-O(1W)  170.25(4)

2 Cu(l)-O(1)  1.931(3)  O(1)-Cu(1)-N(1) 91.48(14)
Cu(l)-N(1)  1.998(4)  O(1)-Cu(1)-N(2)  166.00(16)
Cu(1)-N(2)  2.0454)  N(1)-Cu(1)-N(2) 81.90(14)
Cu(l)-N(3)  2.0454)  O(1)-Cu(1)-N(3) 85.69(14)
Cu(1)-0(3)  2254(4)  N(1)-Cu(1)-N(3)  177.12(16)

N(2)- Cu(l) NG3)  100.97(15)
Cu(2)-0(21)  1.933(3)  O(1)-Cu(1)-0O(3) 93.24(14)
Cu(2)- N21) 1.9904)  N(1)-Cu(1)-0(3)  101.64(15)
Cu(2)-N(22)  2.024(4)  N(2)-Cu(1)-O(3)  100.15(14)
Cu(2)-N(23)  2.0334)  N(3)-Cu(1)-O(3) 78.04(15)
Cu(2)-0(23)  2.222(4)

3 Cu(l)---O(4a) 2.889(2)  O(3)-Cu(l)- (3) 91.23(8)
Cu(1)-03)  1.9346(17) O@B3)-Cu(1)-N(2)  163.11(9)
Cu(1)-N(3)  1.9972)  N(3)-Cu(1)-N(2) 82.19(8)
Cu(1)-N(2)  2.022(2)  O(3)-Cu(1)-N(1) 85.57(8)
Cu(l)-N(1)  2.026(2)  N@3)-Cu(1)-N(1)  176.75(8)
Cu(l)-O(1)  22382)  N@2)-Cu(1)-N(1)  101.05(8)

0(3)-Cu(1)-0(1) 93.50(8)
Cu(2-0(7)  1.9299(18) (3)-Cu(1)-O(1) 98.48(8)
Cu(2)-N@8)  2.003(2)  (2)-Cu(1)-O(1) 102.82(8)
Cu(2-N(7)  2.031(2) 1)-Cu(1)-0(1) 81.16(8)
Cu(2)-N(6)  2.040(2)
Cu(2)-0(5)  2.140(2)

the center of a distorted octahedral coordination environ-
ment, which consists of secondary amine nitrogen (N3)
and two oxygen atoms (O1, O3) from the cis-facially coor-
dinated imda anion and two nitrogen atoms (N1, N2) from
phen. The nitrogen atoms N1, N2 and N3 and the oxygen
atom O1 occupy the corners of the square plane of the
coordination octahedron and the oxygen atoms O1W and
Ol occupy the axial positions at distances longer than
the equatorial one (O3), which is a consequence of Jahn—
Teller effect (two electrons in d» orbital). Further, the axial
Cu-Ol bond (2.313 A) is shorter than the axial Cu—O1W
bond (2.375 A), as Ol atom is a part of the chelated imda
anion. The Cu-N,ni,e bond [Cu-N3, 2.046 A] is longer
than the Cu-— Nphen bonds [Cu- Nl 2. 011 Cu-N2,
2.037 A] which is expected of the sp® and sp” hybridiza-
tions of the amine and imine nitrogen atoms. The Cu-
Nlphen bond is shorter than the Cu-N2,pe, bond, as it is
trans to the longer Cu—N3 bond (2.046 A). The bond angles
01-Cu-O1W (170.2°), N1-Cu-N3 (175.4°) and O3-Cu-—

N2 (170.3°) show marked deviation from the ideal angle
of 180° indicating that the coordination geometry is dis-
torted octahedral.

3.1.1.2. [Cu(imda)(5,6-dmp)] (2). The ORTEP represen-
tation of the structure of 2, including atom numbering
scheme, is shown in Fig. 2 and the selected bond lengths
and bond angles are listed in Table 2. The asymmetric unit
cell of 2 consists of two crystallographically independent
molecules of the complex. The copper atom in each mole-
cule is coordinated by two carboxylate oxygen (O1, O3)
and the tertiary amine nitrogen (N3) atoms of the cis-
facially coordinated imda anion and two 5,6-dmp nitrogen
atoms (N1, N2). The value of the structural index [38] 7 of
0.19 [t = (B — «)/60, where o = N1-Cul-N3 = 177.1° and
f = 01-Cul-03 = 166.0° for perfect square pyramidal
and trigonal bipyramidal geometries the 7 values are zero
and unity, respectively] reveals that the coordination geom-
etry around copper(II) is best described as trigonal bipyra-
midal distorted square-based pyramidal (TBDSBP) [39-41]
with the corners of the CuN;O square plane being occupied
by N1, N2 and N3 nitrogen and O1 oxygen atoms. The api-
cal position is occupied by O3 oxygen atom at a distance of
2.254 A, longer than the equatorial Ol atom (Cu-Ol,
1.931 A) as a consequence of the presence of two electrons
in d_ orbital. The Cu-Nypine bond (Cu-N3, 2.045 A) is
longer than the trans Cu—Nphen bond [ u-NI, 1998 A]
formed by phen, which is expected of sp® and sp> hybrid-
izations, respectively, of amine and imine nitrogen atoms.
Interestingly, the Cu—N1 ¢, bond (1.998 A) is shorter than

Fig. 2. ORTEP drawing of [Cu(imda)(5,6-dmp)] (2) showing the atom
numbering scheme and the thermal motion ellipsoids (50% probability
level) for the non-hydrogen atoms. Hydrogen atoms are omitted for
clarity.



the other Cu—Nype, bond (2.045 A), as it is trans to the
weaker Cu—N,ine bond.

3.1.1.3. [Cu(imda)(dpq)] (3). The ORTEP view of the
structure of 3 is shown in Fig. 3 and the selected bond
lengths and bond angles are presented in Table 2. The
asymmetric unit cell of the complex consists of two crystal-
lographically independent molecules of the complex. Both
the molecules have essentially identical coordination geom-
etries, but the corresponding bond lengths and bond angles
are slightly different. The geometry around copper(Il) in
each molecule is best described as trigonal bipyramidal dis-
torted square-based pyramidal (TBDSBP) as revealed by
the value of the structural index (t) of 0.23, the corners
of the CuN;O square plane being occupied by two nitrogen
atoms (N2, N3) of dpq, one of the carboxylate oxygen
atoms (O3) and the tertiary amine nitrogen (N1) atom of
the cis-facially coordinated imda anion. The axial position
is occupied by the oxygen atom (O1) of the other carboxyl-
ate group of imda anion at a distance of 2.238 A, longer
than the equatorial O3 atom (Cu-O3, 1.935 A) as a conse-
quence of the presence of two electrons in d.» orbital. The
Cu-Namine bond (Cu-NI, 2.026 A) is longer than the trans
Cu—Nypq bond [Cu-N3, 1.997 A] formed by dpq, which is
expected of sp® and sp® hybridizations, respectively, of
amine and imine nitrogen atoms. Interestingly, the Cu—
N24pq bond (2.002 A) is longer than the other Cu—Ngpq
bond (1.997 A), as it is trans to the stronger Cu—-O3 bond.
Also, one of the oxygen atoms (O4) of the carboxylate
group from the neighboring molecule is located at the sixth
position but at a distance of 2.889 A with appreciable axial
interaction with copper. Further, complex 3 displays a
coordination structure very similar to 2 but with a higher
7 value indicating that the coordination geometry of 3 is
distorted towards trigonal bipyramidal more than 2.

Fig. 3. ORTEP drawing of [Cu(imda)(dpq)] (3) showing the atom
numbering scheme and the thermal motion ellipsoids (50% probability
level) for the non-hydrogen atoms. Hydrogen atoms are omitted for
clarity.

It is interesting to note that in all the complexes imda
anion is involved in a cis-facial mode of coordination with
one of the carboxylate oxygens axially coordinated at dis-
tances depending upon the diimine co-ligand located in
the equatorial position: phen (2.313 A) > 5,6-dmp (2.254
A) >dpq (2.238 A). This is in contrast the meridional coor-
dination of the imda anion in [Cu(imda)(H,0),] [42]. The
possible rationale [38,43] for the observed preference for
the equatorial positioning the -COO™ groups in this com-
plex is the shortest (1.962 A) and hence the strongest bonds
formed by the -COO™ and secondary amines, defining the
equatorial xy-plane, rather than one of them defaulting to
a more weakly bound z-axial position as in the present
complexes 1-3. Thus, one of the strongly coordinating car-
boxylate oxygen atoms of imda anion in this complex is
displaced from the equatorial plane to occupy the axial
position because of the strong chelation of the diimines
in the equatorial plane. Also, this is in contrast to the
meridional coordination [44] of diethylenetriamine (dien)
with stronger primary amino nitrogen atoms in [Cu(dien)-
(phen)P*", which, interestingly, leads to axial coordination
of one of the phen ring nitrogen [Cu-Njpen(axial),
2.224 A, Cu-Nppen(equatorial), 2.058 A] and hence a
higher trigonal constraint (z, 0.31). Further, because of
the strongly n-delocalized dpq, all the heterocyclic nitrogen
atoms in 3 interact with copper(Il) more strongly than
those in 1, this is consistent with the stronger axial interac-
tion of the carboxylate oxygen atom of imda anion with
copper as well as the enhanced constraint at copper (7,
0.23) in 3.

3.1.2. Spectral properties

In methanol:water (1:4 v/v) solution, all the complexes
exhibit only one broadband in the visible region with very
low molar absorptivity (Table 3), which is consistent with
the square-based geometries in the solid-state structures
(cf. above) and EPR spectral data (see below). The intense
absorption band observed in the UV region (255-280 nm)
is attributed to the intraligand m — m* transitions of the
coordinated COO™ group and diimines. A low intense
band (345-368 nm), which is assignable to N(w) — Cu(II)
LMCT transition (&max, 300—-600 M ™! Cmfl), indicates the
involvement of the imine nitrogen atoms in coordination
even in solution. The frozen solution EPR spectra of the
complexes are axial with gj>g, >2.0 and G=[(g —2)/
(gL — 2)] = 3.6 suggesting that the nearly square-based
geometries observed in the solid state are retained in solu-
tion. Further, a square-based CuN, chromophore is
expected [45,46] to show a g| value of 2.200 and an A4 value
of 180-200 x 10~*cm ™! (Table 3) and the replacement of
nitrogen atom in this chromophore by an oxygen atom is
expected to increase the g value and decrease the 4| value.
On the other hand, incorporation of strong axial interac-
tion as in the present complexes would increase the g
and decrease the A values. So the observed values of g
(2.257) and A) (182 x 107*em™!) are consistent with the
presence of a square-based CulN;O chromophore involving



Table 3
Electronic?, IR and EPR spectral properties of Cu(II) complexes

Complex Jmax in nm (5, M~ em™Y) IR spectra EPR spectrald
Ligand field® Ligand based® CT transition Vas Vs Av (cm™h)
[Cu(imda)(phen)(H,0)] (1) 680 (50) 273 (27,000 345 (360) 1632 1385 247 gl 2.257
294 sh A 180
a 2.066
[Cu(imda)(5,6-dmp)] (2) 680 (52) 282 (26,350) 368 (463) 1634 1396 238 gl 2252
303 sh A 183
g1 2.067
[Cu(imda)(dpq)] (3) 683 (51) 258 (34,060) 354 (306) 1631 1388 243 gl 2.253
298 sh A 180
g1 2.076
# In methanol solution.
® Concentration 5x 1073 M.
© Concentration 2 x 107> M.
4 Methanol/acetone glass at 77 K, 4) in 10~*cem™ L
50
strong axial interaction, which is evident from the X-ray
crystal structures. 407
30}
3.1.3. Electrochemistry
In the cyclic voltammograms of all the three complexes 2207
in methanol solution obtained at 0.05 V s~! scan rate, two s 0
cathodic peaks are observed (£, —0.30 to —0.36; E,
—0.48 to —0.58 V, Table 4) and during the reverse scan ol
an oxidation peak (E,,, —0.064-0.20V) is observed
(Fig. 4). While the first reduction is due to Cu' — Cu' 10
reduction of [Cu'(imda)(phen)] species, the second reduc- 20 ) ) ) ) ) )
tion is due to the Cu'' — Cu' process of [Cu"(imda)] spe- 600 400 200 0 20  -400  -600  -800
cies (formed from the reaction of mixed-ligand Cu(II) E (mV)

species with mixed-ligand Cu(I) species, Scheme 1)
observed more or less at the same potentials for all the
present complexes and same as that observed for the reduc-
tion of [Cu"(imda)] complex studied separately. While the
Cu(Il) oxidation state in [Cu"(imda)] is stabilized by the
strongly o-bonding imda anion, the Cu(I) oxidation state
in [Cul(diimine),]" is stabilized by the mn-delocalized dii-
mines. The reoxidation waves are located around poten-
tials same as for [Cu(diimine)," complexes [47]. The
Cu"/Cu' redox potentials of 1-3 depend upon the diimine
co-ligand: dpq > phen > 5,6-dmp, reflecting the strong sta-
bilization of Cu(I) oxidation state in [Cu'(imda)(dpq)] by

Fig. 4. Cyclic voltammograms of the complex 1 (1 mM) in methanol at
25°C at 0.05 Vs~ scan rate.

E,.
[Cu'{(imda)(phen)] - [Cul(imda)(phen)]”
E,l
[Cu"(imda)(phen)]
[Cu(imda)]
[Cu'(phen),]* ~~<€&——— [Cu(phen),] + [Cu'((imda)] + imda®

‘pa

the extensive m-delocalization involving Cu(I) and dpq Scheme 1.

ligand more than phen and stabilization of Cu(Il) oxida-

Table 4

Electrochemical data® for the copper(II) complexes at 25.0 & 0.2 °C

Compound EL (V) ER (V) Epa (V) Eyp (V) D x 10° (cm?s™!)
DPV™® DpV" ppv™!

[Cu(imda)(phen)(H,0)] (1) ~0.336 —0.574 0.068 0.093 —0.287 ~0.565 2.5

[Cu(imda)(5,6-dmp)] (2) —0.354 —0.576 0.064 0.055 ~0.395 ~0.539 9.0

[Cu(imda)(dpq)] (3) —0.318 —0.486 0.200 0.175 —0.265 —0.495 1.7

2 Measured vs. non-aqueous Ag/Ag" reference electrode; add 544 mV [300 mV, Ag/Ag" to SCE + 244 mV, SCE to SHE] to convert to standard
hydrogen electrode (SHE); Fc/Fc' couple, E/, 0.039 V (CV); 0.042 (DPV), scan rate 50 mV s~!; Supporting electrolyte, Tetra-N-butylammonium

perchlorate (0.1 mol dm~%); Complex concentration, 1 mmol dm>.

® Differential pulse voltammetry, scan rate 2 mV s~

; pulse height 50 mV.



tion state by the electron-repelling methyl groups in 5,6-
dmp more than phen diimines.

3.2. DNA-binding studies

3.2.1. Absorption spectral studies

On the addition of CT DNA all the complexes show a
decrease in molar absorptivity (hypochromism, 40-60%,
Fig. 5A) of the 1 — n* absorption band indicating strong
binding of the complexes to DNA. These changes are typ-
ical of a complex bound to DNA through intercalation
involving insertion of the aromatic chromophore of the dii-
mine ligands in between the base pairs of DNA. As the
extent of hypochromism is commonly consistent with the
strength of intercalative interaction [48-50], the observed
trend in hypochromism, 3>2>1 reflects the trend in
DNA-binding affinities of the complexes. From the
observed spectral changes the value of the intrinsic equilib-
rium DNA-binding constant K}, was determined by regres-
sion analysis using Eq. (1) (Fig. 5B) [51,52], which includes
binding site size:

(6a — ) /(&0 — &r)
= (b— (b* — 2K3C,[DNA]/s)"*) /2K, C,, (1a)
b =1+ K,C, + Ky[DNA]/2s, (1b)

where ¢, is the extinction coefficient observed for the
MLCT absorption band at a given DNA concentration,
gr 1s the extinction coefficient of the complex free in solu-
tion, &, is the extinction coefficient of the complex when
fully bound to DNA, K, is the equilibrium binding con-
stant, C; is the total metal complex concentration, [DNA]
is the DNA concentration in nucleotides, and s is the bind-
ing site size in base pairs. Eq. (1) has been applied to
absorption and emission titration data assuming non-coop-
erative metallointercalator binding to calf-thymus (CT)
DNA [53]. The value of Kj obtained (Table 5) follows
the order 3>2>1, which is in conformity with the ob-
served trend in hypochromism. The K, value of the dpq
complex is much higher than the phen analogue, which is
expected of the extended aromatic ring of dpq inserted in
between the base stack of DNA more deeply than the phen
analogue [54]. Further, the introduction of methyl groups
on the phen ring at 5,6-positions may appear to hinder

Absorbance

B o
= [ ]
P
o8| =T e
”’ .
- (]
L ® y
-
s
—~ 08 .
w -
S (.4
w ’
[ i
= /
2 os A
L |-:
e %
/
/
r 7
/
/
g
ozr
/o
/
- 7
i/
f’
[
0 | 1 1
0 0-00005 0-0001 0-00015 0-0062
[DNA], M

Fig. 5. (A) Absorption spectra of [Cu(imda)(dpq)] (1.7x 107> M) in
SmM Tris-HCI buffer at pH 7.1, in the absence (R =0) and presence
(R=15,10, 14, 20, 25) of increasing amounts of DNA. (B) Plot of (¢, — &)/
(ep — &) vs. [DNA] for [Cu(imda)(dpq)]. The best fit line, superimposed on
the data, according to Egs. (1a) and (1b) yields K, =1.7x 10* M~" and
s=0.16.

the partial intercalation of the phen ring; however, a strong
hydrophobic interaction between 5,6-dmp ligand and the
hydrophobic interior accessible in DNA [55] is plausible.

Table 5
Absorption spectral properties of Cu(II) complexes bound® to CT DNA and difference in DNA melting temperatures on interactions with copper(Il)
complexes®
Complex Ligand-based

Junax (M) R Change in absorbance At (%) Redshift (nm) Ky x 10> (M7 s AT,, (°C)
[Cu(imda)(phen)(H,0)] (1) 273 25 Hypochromism 41 0 0.60 £+ 0.04 0.05 5.70 +0.05
[Cu(imda)(5,6-dmp)] (2) 282 25 Hypochromism 52 2 3.90 +0.30 0.09 5.50+1.0
[Cu(imda)(dpq)] (3) 258 25 Hypochromism 63 1 170 £ 5.0 0.16 10.6 £ 1.0

2 Measurements were made at R = 25, where R = [DNA]/[Cu complex], concentration of copper(IT) complex solutions = 2.8 x 107> M (1), 3.0x 107> M

(2) and 8 x 107 (3).
® Measurements were made at R value of 0.1.
¢ Binding site size in base pairs.



A similar observation has been made for [Ru(5,6-dmp)-
(NH;),F", which interacts more strongly than [Ru(phen)-
(NH;),F due to the strong hydrophobic interaction between
5,6-dmp ligand and the hydrophobic interior accessible in
DNA [55]. It is interesting that the present complexes, in
spite of their being neutral with no potential to engage
in electrostatic interaction, exhibit strong DNA-binding
affinities due to possible hydrogen bonding interactions
between coordinated -NH- and two carboxylate oxygens
with the functional groups positioned in the edge of the
DNA bases [55]. Similar hydrogen bonding interactions
have been proposed for [Co(NH;)¢'" bound to d(CG)s
[56] and [Ru(diimine)(NH3),*" [57] bound to CT DNA.

3.2.2. Viscosity and thermal denaturation studies

The values of relative specific viscosity (1/no), where n
and 79 are the specific viscosities of DNA in the presence
and absence of the complex, are plotted against 1/R
(= [Cu complex]/[NP]= 0.05-0.5) (Fig. 6). The significant
increase in viscosity of the dpq complex, which, however,
is less than that for the potential intercalator viz., ethidium
bromide [58], is obviously due to the partial insertion of the
dpq ligand in between the DNA base pairs (cf. above) lead-
ing to increase in separation of base pairs at intercalation
sites and hence an increase in overall DNA contour length
[59,60,30]. As expected, the phen complex involved in par-
tial intercalative DNA binding less strongly than the dpq
complex displays a lower increase in DNA viscosity. The
interesting decrease in viscosity observed for the 5,6-dmp
complex suggests that the hydrophobic interaction of the
5,6-dmp ligand with DNA surface, encouraged by the
stronger hydrogen bonding interactions, leads to bending
(kinking) of the DNA chain. In fact, we have observed a
similar bending of DNA on covalent binding of copper(II)
complexes of certain tridentate 3N ligands [30]. It is also
possible that the complex stabilizes the A form DNA helix
(cf. below), which is shorter and fatter than the B form
DNA. The DNA melting curves obtained in the presence
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Fig. 6. The effect of [[Cu(imda)(phen)(H,0)] (%), [Cu(imda)(dmp)] (#),
[Cu(imda)(dpq)] (@) on the viscosity of CT DNA; Relative specific
viscosity vs. 1/R; [CT DNA]= 500 uM.

of DNA reveal a monophasic and irreversible melting of
the DNA strands. The dpq complex 3 shows a ATy, value
of 10 +1°C (Table 5), which is typical of intercalating
metal complexes (10-14 £ 1 °C) [61]. The partial insertion
of the planar aromatic dpq ligand in between the DNA
base pairs causes stabilization of base stack and hence
raises the melting temperature of the double-stranded
DNA [62]. On the other hand, Complexes 1 and 2 show
lower ATy, values (5-6 £ 1 °C) indicative of their non-
intercalative DNA binding.

3.2.3. Circular dichroism

The observed CD spectrum of calf-thymus (CT) DNA
consists of a positive band at 275 nm (UV; A.x, 258 nm)
due to base stacking and a negative band at 245 nm due
to helicity, which are characteristic of DNA in right-
handed B form [63]. When the present complexes are
incubated with CT DNA at 1/R (= [Cu complex]/[DNA])
values of 1 and 3, the CD spectrum of DNA undergoes
changes in both positive and negative bands (Table 6 and
Fig. 7A and C) consistent with the partial intercalative
interaction of 1 and 3. Also, a high intensity band due to
induced CD (ICD) is located at 278, 290 and 268 nm
(which are the positions of the UV absorption bands of
the complexes) respectively for 1, 2 and 3 on the broad
positive band. The large decrease in intensity of the DNA
helicity band with a higher red-shift observed for 2
(Fig. 7B) indicates that the complex exhibits a mode of
DNA binding different from 1 and 3. It is possible that
upon interaction with 2 the B-DNA transforms into an
A-like conformation [64,65]. The shift in the positive ellipi-
ticity band from 274 to 290 nm supports this type of trans-
formation. It is proposed that the two 5,6-methyl groups of
2 act to effectively place the complex in the major groove
leading to the conversion of B to A DNA, which has a
major groove to accommodate complex. When the ionic
strength of the buffer is increased from 0.05 to 1 M [NaCl]
keeping the mixing ratio constant (1/R =2 for 1 and 2; 1
for 3), the ICD, interestingly, disappears for all the com-
plexes and the original CD spectrum corresponding to B
conformation is obtained at 1 M NaCl for 1 and 2 and at
a higher concentration for 3 (Figure S1). This reveals that
the binding of the complexes is reversible with Na™ ion
being effective in displacing the DNA-bound complexes.

Table 6
CD parameters for the interaction of calf-thymus DNA with copper(II)
complexes

Sample CD spectral band®
Wavelength (nm)

CT DNA 245 271

[Cu(imda)(phen)(H,0)] (1) 249 279

[Cu(imda)(5,6-dmp)] (2) 252 291

[Cu(imda)(dpq)] (3) 244 268

# Measurement made at 1/R value of 2 for complexes 1 and 2 and 1 for
complex 3, where 1/R =[Cu]/[NP], concentration of DNA solutions =
2.5% 107> M. Cell path length = 1 cm.
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Fig. 7. (A) Circular dichroism spectra of CT DNA in the absence (a) and
presence (b) of [Cu(imda)(phen)(H,0)] at 1/R value of 2. (B) Circular
dichroism spectra of CT DNA in the absence (a) and presence (b) of
[Cu(imda)(5,6-dmp)] at 1/R value of 2. (C) Circular dichroism spectra of
CT DNA in the absence (a) and presence (b) of [Cu(imda)(dpq)] at 1/R
value of 2; [CT DNA]=2x 10> M.

Thus, complex 2 is involved in groove binding while 1 and
3 are involved in partial intercalation with CT DNA.

3.2.4. Competitive DN A-binding studies

In competitive ethidium bromide (EthBr) binding stud-
ies, the complexes 1-3 were added to DNA pretreated with
EthBr ((DNAJ/[EthBr]=1) and then emission intensities
of DNA-induced EthBr [57] were measured (Fig. 8). Addi-
tion of a second DNA-binding molecule would quench the
EthBr emission by either replacing DNA-bound EthBr (if
it binds to DNA more strongly than EthBr) and/or by
accepting the excited state electron from EthBr. As the
present diimine complexes are not expected to efficiently
compete with the strong intercalator EthBr for the interca-
lative binding sites, the EthBr displacement mechanism is
ruled out. If the quenching occurs by photoelectron trans-
fer mechanism, then the ability of the complexes to quench
the EthBr emission intensity should vary as 3>1>2,
depending upon the reducibility of the copper(Il) com-
plexes (cf. above). However, the observed ability of the
imda complexes to hinder the DNA induced enhancement
in EthBr emission decreases in the order, 2 (73%) >3
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Fig. 8. Emission spectra of ethidium bromide in the absence (a) and
presence of CT DNA, (b) DNA + [Cu(imda)(phen)(H,0)], (c) DNA +
[Cu(imda)(dpq)], (d) DNA + [Cu(imda)(5,6-dmp)] and (e) [complex],
[EthBr], [DNA]=1x10"° M.

(60%) > 1 (49%). It is interesting that the 5,6-dmp complex,
which is shown by viscosity measurements not to involve in
intercalative interaction with DNA, hinders the enhance-
ment in emission of EthBr much better than the dpq com-
plex, in spite of its more negative Cu(Il)/Cu(I) redox
potential. Obviously, the more rigid and shorter A-like
conformation of DNA, stabilized by the 5,6-dmp complex
through hydrophobic interaction in DNA grooves, is either
not suitable for intercalative interaction by EthBr leading
to its displacement or destabilizes the excited state of
bound EthBr and hence the latter is displaced.

3.3. Nuclease activity of complexes and mechanistic
investigations

3.3.1. Oxidative cleavage of DNA

The ability of the complexes in effecting DNA cleavage
has been investigated by gel electrophoresis using super-
coiled pBR322 DNA in 5 mM Tris—-HCI1/50 mM NacCl buf-
fer solution (pH 7.1). For comparison cleavage reactions
were carried out also with [Cu(diimine)]” and [Cu(dii-
mine),*" complexes (diimine = phen, 5,6-dmp and dpq).
All the complexes are found to exhibit nuclease activity
(Fig. 9A and Table 7). Control experiments using only
ascorbic acid (H,A) do not show any apparent cleavage
of DNA (lane 1). The cleavage efficiency of 1-3 (lanes 2—
4) in the presence of ascorbic acid is close to those exhibited
by the corresponding mono- and bis-diimine complexes.
Based upon their ability to convert supercoiled form (Form
I, SC) to nicked circular (Form II, NC) and then to linear
open circular DNA (Form III, LC), the propensity of the
complexes to fully convert the SC to NC and then to LC
form varies as 3 (NC 70%, LC 30%, lane 5)>1 (NC
53%, lane 3)=2 (NC 51%, lane 4). In contrast to 3 the
bis-complex [Cu(dpq),]*" effects SC to NC (87%) and then
NC to only LC form (13%) thus revealing that 3 behaves as
an efficient chemical nuclease for double-strand cleavage of
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Fig. 9. (A) Cleavage of supercoiled pBR322 DNA (10 pM) by the copper(II) complexes in a buffer containing 50 mM Tris—HCI and 50 mM NaCl in the
presence of ascorbic acid (H,A, 10 uM) at 37 °C. Lane 1, DNA + H,A; lane 2, DNA + [Cu(imda)(phen)(H,0)] + H,A; lane 3, DNA + [Cu(imda)(5,6-
dmp)]+ H,A; lane 4, DNA + [Cu(imda)(dpq)] + H,A; lane 5, DNA + [Cu(phen)] + H,A; lane 6, DNA + [Cu(5,6-dmp)]+ H,A; lane 7, DNA +
[Cu(dpq)] + H,A; lane 8, DNA + [Cu(phen)," + H,A; lane 9, [Cu(5,6-dmp), " + H,A; DNA + [Cu(dpq),F" + H>A . Complex concentration is 30 pM
for lanes 2-10. Forms I, IT and III are supercoiled, nicked circular and linear forms of DNA, respectively. (B) Lane 1, DNA; lane 2, DNA + ethanol + H,A;
lane 3, DNA + [Cu(imda)(phen)(H,0)] + H»A + ethanol; lane 4, DNA + [Cu(imda)(5,6-dmp)] + H,A + ethanol; lane 5, DNA + [Cu(imda)(dpq)] +
H,A + ethanol. Complex, ethanol concentration is 30 pM and 1 M for lanes 2-5. (C) Lane 1, DNA + H,A + NaNj; lane 2, DNA + [Cu(imda)(phen)-
(H,O)]+ H,A + NaNGj; lane 3, DNA + [Cu(imda)(5,6-dmp)] + H,A + NaN3; lane 4, DNA + [Cu(imda)(dpq)] + H>A + NaN;. Complex, NaN3 concen-
tration is 30 uM and 100 mM for lanes 1-4. (D) Lane 1, DNA + H,A + distamycin, lane 2, DNA + [Cu(imda)(phen)(H,0)] + H,A + distamycin; lane 3,
DNA + [Cu(imda)(5,6-dmp)] + H,A + distamycin; lane 4, DNA + [Cu(imda)(dpq)] + H,A + distamycin. Complex, distamycin concentration is 30 pM and

3 4

100 uM for lanes 1-4.

Table 7
Comparison of the pBR322 DNA cleavage efficiency of complexes 1-3 along with six reference copper(II) complexes in the presence of ascorbic acid (H,A)
Serial no. Reaction condition Form (%)
SC NC LC

Fig. 8A

1 DNA + H,A 63 37

2 DNA + H,A + [Cu(phen)(imda)(H,0)] (1) 47 53

3 DNA + H,A + [Cu(5,6-dmp)(imda)] (2) 49 51

4 DNA + H,A + [Cu(dpq)(imda)] (3) 70 30

5 DNA + H,A + [Cu(phen)(H,0)ICL 49 51

6 DNA + H,A + [Cu(5,6-dmp)(H,0)]Cl, 47 53

7 DNA + H,A + [Cu(dpq)(H,0)]Cl, 32 68

8 DNA + H,A + [Cu(phen),(H,0)Cl,] 35 65

9 DNA + H,A + [Cu(5,6-dmp),(H,0)Cl,)] 57 43
10 DNA + H,A + [Cu(dpq)»(H,0)Cl] 87 13

DNA much better than both [Cu(dpq)" and [Cu
(dpq)»F". The intense nuclease activity of 3 is apparently
due to the enhanced stabilization of the Cu(I) species
[Cu(imda)(dpq)]~, as evidenced by its highest Cu(II)/
Cu(I) redox potential through increased m-delocalization
involving quinoxaline moiety of dpq and Cu(l). Further,
its ability to effect a second scission on the complementary
strand, within about 12 base pairs from the first one [11], to
generate the linear DNA form may be attributed to its abil-
ity to intercalate into the DNA helix and remain bound at
the nick site after nicking for reactivation and complemen-
tary strand cleavage [66]. The presence of the DNA-bound
complexes close to the deoxyl ribose rings [67] is possibly
supported by the hydrogen bonding interactions of imda
co-ligand through —-NH- and carboxylate oxygens, as
understood from spectral properties.

On adding ethanol (hydroxy radical scavenger) no inhi-
bition of DNA cleavage is observed indicating that hydro-
xyl radical is not involved in the cleavage process (Fig. 9B).
On the other hand, addition of sodium azide (singlet oxy-
gen scavenger) decreases the cleavage efficiencies but
slightly (Fig. 9C); this reveals that 'O, is not the activated
oxygen intermediate responsible for the cleavage. The
slight suppression of cleavage may be ascribed to the affin-
ity of sodium azide for transition metals [68]. Addition of
superoxide dismutase (superoxide scavenger) to the reac-
tion mixture show no significant quenching of the cleavage
reaction revealing that superoxide anion is not also the
active species (not shown) [68]. Thus no freely diffusible
oxygen intermediate or hydroxyl radical is involved in the
strand scission and hence a simple diffusible radical mech-
anism is ruled out. This led us to propose that the active



species is most possibly copper-oxene or a copper-coordi-
nated hydroxyl radical, which is directly responsible for ini-
tiating the cleavage reaction [69,70]. The reactive species
remains tightly coordinated to copper(ll), thus preventing
them from being deactivated by radical inhibitors. A ‘cop-
per-oxene’ or a resonance hybrid of a copper(II)-hydroxyl
radical and a putative copper(Ill)-oxo species, which gen-
erates a deoxyribose-centered radical by C-1 hydrogen
abstraction, is the species responsible for DNA cleavage
[69,70].

When pBR322 DNA was treated with distamycin, a
minor groove binder, the cleavage reaction mediated by 1
and 2 was not quenched. This clearly suggests that the
complexes prefer to bind to DNA major groove. However,
for 3 the extent of scission was up to NC, the LC form dis-
appear (Fig. 9D) and the slight quenching of cleavage reac-
tion reveals that the complex prefers to bind to the minor
groove [71] unlike the phen and 5,6-dmp analogues. Fur-
ther, on treating [Cu(dpq),** with ascorbic acid a diamag-
netic blue species of [Cu(dpq),]" was instantaneously
precipitated [47]. On the other hand, treatment of [Cu(dp-
q)(imda) " with ascorbic acid yielded no blue species sug-
gesting that [Cu(dpq)(imda)]* rather than the [Cu'(dpq),]"
species is the complex species involved in cleavage. Simi-
larly, complexes 1 and 2 show a trend in cleavage similar
to their 1:1 complexes [Cu(phen)" and [Cu(5,6-dmp)*".
It has been postulated earlier that [Cu(diimine)’" com-
plexes bind at the minor groove of B-DNA and generates
freely diffusible hydroxyl radical, which abstracts Cl1
hydrogen [72]. As hydroxyl radicals are found to be not
involved in the cleavage, the possibility of formation of
[Cu(diimine)]" is ruled out. Further, the efficiency of 3 to
cleave double-stranded DNA is higher than those for
[Cu(dpq)2F" and [Cu(dpg)F".

3.3.2. Hydrolytic cleavage of DNA

Interestingly, complexes 1-3 are found to hydrolytically
cleave DNA in the absence of any reducing agent or light
(Table 8). At a concentration of 0.5 mM and an incubation
time of 3 h, the phen and dpq complexes exhibit complete
cleavage while the 5,6-dmp complex cleaves only 60% of

Table 8
Hydrolytic cleavage of DNA (SC pBR322, 12 uM) by complexes 1-3
(0.5 mM) in the absence of any reducing agent for an incubation time 3 h

Serial no. Reaction conditions Form (%)
SC NC LC
Fig. 9A
1 DNA control 95 5
2 DNA +1 4 96
3 DNA +2 40 60
4 DNA +3 72 28
5 DNA + [Cu(imda)(H»0),] 80 20
6 DNA +1 10 90
7 DNA +2 32 68
8 DNA+3 78 22
9 DNA + DMSO + 3 85 15
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1 2 3 4 5 6 7 8

Fig. 10. (A) Gel electrophoresis diagram showing the hydrolytic cleavage
of supercoiled pBR322 DNA (12 uM) by complexes 1-3 (0.5 mM) under
aerobic for lanes 1-4 and anaerobic for lanes 5-8 and with an incubation
time of 3h in 10 mM HEPES buffer: lane 1, DNA control; lane 2,
DNA + 1; lane 3, DNA + 2; lane 4, DNA + 3; lane 5, DNA + [Cu(im-
da)(H,0),]; lane 6, DNA + 1; lane 7, DNA + 2; lane 8§, DNA + 3; lane 9,
DNA + DMSO + 3. (B) Time course of pBR322 DNA (12 uM) cleavage
by complex 1: 0.5 mM at pH 8.1 (10 mM HEPES) and 37 °C incubation
times are 0, 10, 30, 50, 60, 80, 100, 120 min for lanes 1-8. (C) Time course
of pBR322 DNA (12 uM) cleavage by complex 2: 0.5mM at pH 8.1
(10 mM HEPES) and 37 °C incubation times are 0, 10, 30, 50, 60, 80, 100,
120 min for lanes 1-8. (D) Time course of pPBR322 DNA (12 uM) cleavage
by complex 3: 0.5 mM at pH 8.1 (10 mM HEPES) and 37 °C incubation
times are 0, 10, 30, 50, 60, 80, 100, 120 min for lanes 1-8.

SC-DNA (Fig. 10A). Also, interestingly, the dpq complex
3 effects SC to NC (72%) and then NC to LC form (28%)
thus revealing that it behaves as an efficient chemical nucle-
ase for double-strand cleavage of DNA much better than
both 1 and 2. The complex [Cu(imda)(H,0O),] does not
show any significant cleavage activity under similar condi-
tions. The gel diagram showing the extent of DNA
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cleavage by the complexes 1-3 with reaction time is dis- are exponential as expected. The plots of log (% SC-
played in Fig. 10B, C and D. Both the decrease in form I =~ DNA) with time gave linear fits (Fig. 11) from which the
(SC) and formation of form II (NC) of DNA with time  hydrolytic pseudo-first-order rate constant (kopsq) are
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Fig. 11. (A) Hydrolytic cleavage of supercoiled pBR322 DNA (12 uM) showing the decrease in form I (SC-DNA) and the formation of form II (NC
DNA) with the incubation time using 0.5 mM concentration of 1; the plot shows of log (% SC-DNA) vs. time for complex 1 (0.5 mM) at 37 °C at pH 8.1
(10 mM HEPES) for an incubation period of 0-120 min. (B) Hydrolytic cleavage of supercoiled pBR322 DNA (12 pM) showing the decrease in form I (SC
DNA) and the formation of form II (NC DNA) with the incubation time using 0.5 mM concentration of 2; the plot shows log (% SC-DNA) vs. time for
complex 2 (0.5 mM) at 37 °C at pH 8.1 (10 mM HEPES) for an incubation period of 0-120 min. (C) Hydrolytic cleavage of supercoiled pBR322 DNA
(12 uM) showing the decrease in form I (SC-DNA) and the formation of form IT (NC DNA) with the incubation time using 0.5 mM concentration of 3; the
plot shows log (% SC-DNA) vs. time for complex 3 (0.5 mM) at 37 °C at pH 8.1 (10 mM HEPES) for an incubation period of 0-120 min.



obtained (1, 0.85, 2, 0.20, 3, or 0.60 hfl) using a complex
concentration of 0.5 mM. The rate of hydrolytic cleavage
by 1 is faster than 2 and 3 and is greater than that by cop-
per(II)-L-histidine complex (0.76 h™" at 1 mM conc. of the
complex) [73]. The cleavage reactions were observed even
in the presence of dinitrogen ruling out the possibility of
an oxidative cleavage pathway. The commonly accepted
mechanism of hydrolysis of deoxynucleotide phosphates
involves a nucleophilic attack of a water oxygen to the
phosphorus to give a five co-ordinate phosphate intermedi-
ate [21,74]. In the present complexes, the higher rate of
hydrolysis observed for the complex 1 may be traced to
the presence of axially coordinated water molecule, which
may be activated as a nucleophile for the hydrolytic cleav-
age [75,76]. Complexes 2 and 3 with no water of coordina-
tion in the solid state (due to stronger coordination of axial
carboxylate oxygen, see above) may become coordinated
but weaker than 3 in solution and hence have a lower
potential to activate coordinated water molecule as a nucle-
ophile. Interestingly, no significant cleavage was observed
for the complex [Cu(imda)(H,0),] with equatorial coordi-
nation of carboxylate oxygen of imda anion. So it is clear
that the axially coordinated carboxylate of imda anion pro-
motes and regulates the Lewis acid/base activity needed for
the hydrolytic cleavage. Further, the primary role of the
bidentate diimine ligand is to facilitate the axial coordina-
tion of the carboxylate oxygen of imda anion (cf above), in
addition to deciding groove selectivity [77].

4. Conclusions

Three new mixed ligand copper(Il) complexes of the
type [Cu(imda)(diimine)], where H,imda is iminodiacetic
acid and diimine is 1,10-phenanthroline or 5,6-dimethyl-
1,10-phenanthroline or dipyridoquinoxaline, have been iso-
lated and their X-ray crystal structures determined. While
[Cu(imda)(phen)(H,O)] possesses a distorted octahedral
coordination geometry, [Cu(imda)(5,6-dmp)] and [Cu(im-
da)(dpq)] possess trigonal bipyramidal distorted square-
pyramidal (TBDSBP) geometries. Interestingly, in all these
complexes the imda anions are cis-facially coordinated in
contrast to its meridional coordination in [Cu(im-
da)(H,0),]. The square-based geometries of the complexes
are preserved in aqueous buffer solution as diagnosed by
the ligand-field and axial EPR spectra. The DNA binding
of the complexes involve partial intercalation of phen and
dpq and the hydrophobic interaction of 5,6-dmp with
DNA. Viscosity and thermal denaturation studies reveal
that the dpq complex interacts through partial intercala-
tion of dpq through its extended aromatic chromophore
more strongly than the phen complex. The [Cu(5,6-
dmp)(imda)] complex shows a decrease in relative viscosity,
which is characteristic of bending or kinking of DNA and/
or stabilization of the shorter and compact A-like DNA
conformation. Also it facilitates the quenching of the
DNA-induced ethidium bromide emission much better
than other complexes by stabilizing the A form of DNA.
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The oxidative DNA cleavage studies show that the dpq
complex is bound in the DNA minor groove while the phen
and 5,6-dmp complexes are bound in the DNA major
groove. As the mixed ligand dpq complex shows a unique
ability to effect DNA double-strand scission in both the
oxidative and hydrolytic cleavage reactions, it is proposed
as a new and better DNA-binding and DNA-cleaving
agent and hence as an artificial restriction enzyme in
nucleic acid chemistry.

5. Abbreviations

CD circular dichroism

CT DNA calf-thymus DNA

DMSO dimethyl sulfoxide

DPPH diphenylpicrylhydrazyl

EDTA ethylenediamine-N,N,N’,N'-tetraacetate

EthBr ethidium bromide

HEPES 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

MLCT metal-to-ligand charge transfer

TAE tris acetate EDTA

Tris tris-(hydroxymethyl) aminomethane
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