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Copper(Il) complexes, [Cu(Hsal)(L)(ClO4)] (where Hsal = salicylaldehyde, 1: L = dpqC = dipyrido
[3,2-a:2",3'-¢](6,7,8,9-tetrahydro)phenazine and 2: L = dppz = dipyrido[3,2-a:2',3'-c]phenazine), were
synthesized and characterized using elemental analysis and spectroscopic methods. Single-crystal
XRD on 1 confirms the presence of square pyramidal geometry around Cu(Il). DNA interaction
studies were performed for both the complexes using UV—visible, fluorescence and circular dichro-
ism spectroscopic techniques, and viscosity. These complexes bind with DNA through partial inter-
calation. Molecular docking studies confirm our experimental findings of mode of binding of our
complexes with DNA.
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1. Introduction

Structure—activity relationships of compounds showing photochemotherapeutic activity
are important to enhance the biological activity of the molecules by modifying various
structural and/or functional parameters, viz. steric and electronic controls, lipo- and
hydrophilicity, and stability of molecules derived from the parent drug by suitable
modification of substituent(s) [1]. Cisplatin is a widely used metal-based anticancer drug
[2-4], but it is curative only in some selected tumors and due to side effects as well as
acquired cellular resistance, its use is limited. So, the development of more efficacious,
less toxic, and target-specific non-covalent DNA binding anticancer drugs has received
attention. Generally, anticancer agents approved for clinical use are molecules which
damage DNA, block DNA synthesis indirectly through inhibition of nucleic acid precur-
sor biosynthesis or disrupt hormonal stimulation of cell growth [5]. Considerable efforts
have been focused on the development of new anticancer drugs based on transition
metal complexes. Copper is a bioessential element, which plays a key role in biological
processes and its complexes are preferred molecules for anticancer inhibition [6]. It has
been demonstrated that copper accumulates in tumors due to selective permeability of
cancer cell membranes to copper compounds [7]. A number of copper(Il) complexes
have been screened for anticancer activity and some of them were active in vitro and
in vivo [8, 9]. Porphyrin-, phthalocyanine- and other macrocyclic-based photodynamic
therapy (PDT) agents have been designed to show strong correlations between the
hydrophobicity of the PDT agents and their therapeutic activity [10-16]. Among metal-
based PDT agents, rthodium, ruthenium, and iron complexes show strong dependence of
biological activity on their molecular structures [17-20]. Extended planar aromatic ring
in the ligands allows better intercalation with DNA [21].

We have synthesized two copper(Il) complexes, [Cu(Hsal)(L)(ClO)4] (where L = dpqC
and dppz). To study the structure—activity relationship of these complexes, we have
prepared copper(Il) complexes using modified phenanthroline ligands with increased
aromatic surface using dipyridophenazine (dppz) and reducing the aromatic surface area
by attaching a dearomatized cyclohexyl ring (dpqC). The characterizations of the
complexes were done using analytical and spectral (IR, UV—vis, EPR) methods. X-ray
diffraction studies were also carried out for 1 to determine the binding mode of the
ligand in the complexes and the geometry of the complex. Studies on DNA binding of
these complexes were performed using spectroscopic techniques and viscosity method.
To gain further insights into the nature of DNA binding of these complexes, molecular
docking calculations were performed and compared with experimental observations.

2. Experimental

2.1. Materials

Calf thymus DNA and copper(Il) perchlorate hexahydrate were obtained from Sigma-—
Aldrich, Germany. Salicylaldehyde and 1,10-phenanthroline were purchased from Merck,
India. dpqC and dppz are synthesized using literature methods [22, 23]. A solution of calf
thymus DNA in the buffer gave a ratio of UV absorbance at 260 and 280 nm of ~1.8-1.9:1,
indicating that the DNA was sufficiently free of protein. DNA binding experiments were
performed at 25.0 £0.2 °C. DNA concentration per nucleotide was determined using
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electronic absorption spectroscopy with the known molar extinction coefficient value of
6600 M~' cm™' for DNA [24]. All experiments involving the interaction of copper(Il) com-
plexes with DNA were carried out with double-distilled water in a buffer containing 5 mM
Tris—HCl/50 mM NaCl: ethanol (100:1 v/v) at pH 7.1.

2.2. Physical measurements

Microanalyses (carbon, hydrogen, and nitrogen) of samples were performed at
SAIF, Lucknow, India. Absorption spectra were recorded on a UV-vis—NIR Cary300
spectrophotometer using cuvettes of 1 cm path length, and emission spectra were recorded
on a JASCO FP 770 spectrofluorimeter. FT-IR spectra were recorded on a FT-IR JASCO
460 PLUS spectrophotometer with samples prepared as KBr pellets. EPR spectra were
recorded on a JEOL-FA200 EPR spectrometer in methanol at 77 K and in solid form at
room temperature. Conductivity studies were done in aqueous solutions of the complexes
with an Elico conductivity bridge type CM 82 and a dip-type cell with a cell constant of 1.0.

Absorption titration experiments of copper(Il) complexes in buffer (50 mM NaCl-5 mM
Tris—HCI, pH 7.1) were performed using a fixed complex concentration to which incre-
ments of the nucleic acid stock solutions were added. Copper(Il) complex—nucleic acid
solutions were allowed to incubate for 10 min before the absorption spectra were recorded.
Equal solution of nucleic acid was added to both complex solution and reference solution
to eliminate the absorbance of nucleic acid itself. For fluorescence quenching experiments,
nucleic acids were pretreated with ethidium bromide (EB) for 30 min. Copper(Il) complexes
were then added to this mixture and their effect on emission intensity was measured. Sam-
ples were excited at 450 nm and emission was observed between 500 and 700 nm. Circular
dichroic spectra were recorded at room temperature using the same Tris buffer. Viscosity
experiments were carried out using an Ubbelodhe viscometer maintained at 25.0 = 0.2 °C.
DNA solutions were prepared by sonicating in order to minimize complexities arising from
nucleic acid flexibility.

2.3. Synthesis of [Cu(Hsal)(L)(CIOy]

Copper(I) complexes were synthesized using the following general procedure: To a warm
ethanolic solution (10 mL) of salicylaldehyde (0.20 mM), an ethanolic solution (10 mL) of
Cu(Cl04),°6H,0 (0.20 mM) was added followed by an ethanolic solution of L (dpqC or
dppz) (0.20 mM) and stirred under reflux for 5-6 h. At the end of the reaction, the solution
was filtered, the filtrate was reduced to half its volume and then kept for slow evaporation
at room temperature whereby the complexes separated (scheme 1).

Complex 1 (L = dpqC): Yield: 73%; Anal. Calcd for CpsH;oCICuN,Og (570.43 g M™1):
C, 52.45; H, 3.70; N, 9.79; O, 16.77; Cu, 11.10%. Found: C, 52.59; H, 3.68; N, 9.78; O,
16.75; Cu, 11.09%. Selected IR data (KBr, cm™') 1518, 1332, 1265, 849, 726. UV-vis
(ethanol, Anax (¢ M 'cem™'))) 256 (42,740), 324 (11,250), 397 (1800), 696 (180).
Conductance: 15 S ecm* M ™",

EtOH

Hsal + L + Cu(Cl0,)y6H,0 —  [Cu(sal)(L)(CIOy)]
Reflux

(L =dpqC, dppz)

Scheme 1. Formation of complexes.
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Complex 2 (L=dppz): Yield: 70%; Anal. Calcd for C34H,6Cl,Cu,N4O;,
(565.01 gM™1): C, 53.01; H, 2.67; N, 9.89; O, 16.95; Cu, 11.22%. Found: C, 53.00; H,
2.64; N, 9.87; 0, 16.96; Cu, 11.19%. Selected IR data (KBr, cm™") 1517, 1331, 1268, 850,
727. UV-vis (ethanol, Amax (¢ M~ ecm™))): 255 (57,630), 322 (15,160), 391 (2410), 699
(240). Conductance: 17 S cm®* M.

2.4. X-ray crystallography

Blue prismatic single crystals of [Cu(Hsal)(dpqC)(ClOy4)] (1) were grown by slow evapora-
tion of ethanol solution at room temperature. Data collection was carried out using a Bruker
AXS Kappa APEX 1I single-crystal X-ray diffractometer using monochromated Mo K,
radiation (1 =0.71073 A). Data were collected at 293 K. Absorption corrections were per-
formed using multi-scan method using SADABS [25]. Corrections were made for Lorentz
and polarization effects. Structures were solved using direct methods (SHELXS 97) and
refined using full-matrix least squares on F* using SHELXL 97 [26]. All non-hydrogen
atoms were refined anisotropically and the hydrogens in these structures were located from
the difference Fourier map and constrained to ideal positions in the refinement procedure.
Unit cell parameters were determined using the method of difference vectors using
reflections scanned from three different zones of the reciprocal lattice. Intensity data were
measured using @ and ¢ scan with a frame width of 0.5°. Frame integration and data
reduction were performed using the Bruker SAINT-Plus (Version 7.06a) software [27].
The crystallographic data of 1 are given in table 1 and selected bond lengths and angles
relevant to copper coordination sphere are collected in table 2.

Table 1. Crystal data and structure refinement for [Cu(Hsal)(dpqC)(C104)] (1).

Empirical formula C,5H,9CICuN,O¢
Formula weight 570.43

Temperature (K) 293(2) K

Radiation type MoKa

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P21/c

a (A) 16.3607(6)

b (A) 9.1570(3)

c(A) 17.6926(7)

a(°) 90.00

B 117.54

y (%) 90.00

Volume (A%) 2350.29(15)

V4 4

Calculated density (Mg m™>) 1.612

Absorption coefficient (mm ') 1.094

F(000) 1164

Crystal size (mm) 0.09 x 0.06 x 0.06

Theta range (°) 2.58-27.17

Limiting indices —20<h<20,-11<k<11,722<1<16
Reflections collected/unique 4074/14,581

Refinement method Full-matrix least squares on />
Data/restraints/parameters 14,581/0/334
Goodness-of-fit on F* 0.836

Final R indices [/ > 20(])] R, =0.0514, wR, = 0.1195
R indices (all data) R, =0.1150, wR, = 0.1375

Largest diff. peak and hole (¢ A™) 0.001 and 0.000
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Table 2.  Selected bond lengths (A) and angles (°) for 1.

Bond lengths (A) Bond angles (°)

Cul-O1 1.937(3) 01-Cul-02 95.19(16)

Cul-02 1.874(4) 01-Cul-03 89.58(14)

Cul-03 2.472(4) O1-Cul-Nl1 90.33(14)

Cul-N1 1.982(4) 0O1-Cul-N2 167.39(14)

Cul-N2 2.014(3) 02-Cul-03 95.24(16)
02-Cul-N1 172.20(17)
02-Cul-N2 91.27(16)
06-Cul-N1 90.30(13)
06-Cul-N2 100.62(13)
N1-Cul-N2 82.29(13)

Note: ESD in parenthesis.

2.5. Computational details

The geometries of both complexes were optimized at BALYP/LANL2DZ level using GO9OW
program [28]. Frequency analysis shows that they are minima in the potential energy sur-
face. Computed bond parameters were compared with available crystal structures and there
is excellent agreement between optimized geometry and its crystal structures. These opti-
mized structures were further considered for molecular docking analysis using HEX 6.3, an
interactive protein docking and molecular superposition program that is mainly used for fea-
sible docking of various ligands with proteins, enzymes, DNA, and also in protein—protein
docking [29]. Docking parameters were set to include ligand—DNA interactions and various
parameters for non-covalent interactions were used as implemented in the program. The
duplex DNA d(CGCGAATTCGCG), dodecamer was taken from the Protein Data Bank
(PDB ID: 355D) and used in docking studies. All possible docking poses were considered
and the docking was performed.

3. Results and discussion
3.1. Characterization

3.1.1. Description of the crystal structure of 1. Complex 1 crystallized in the mono-
clinic lattice with a space group P21/c. The ORTEP representation of 1 including the
atom numbering scheme is shown in figure 1. The crystallographic asymmetric unit of 1
contains square pyramidal geometry with a CuN,O; coordination sphere. The nitrogens
of dpqC and the carbonyl Ol and phenolate O2 of salicylaldehyde form the basal plane.
The Cu-N distances observed [Cul-N1, 1.982(4) A; Cul-N2, 2.014(3) A] fall within
the range of Cu—N imine distances observed for other diimine complexes [30-33]. The
Cu-N1 bond (trans to the Cu—O2 phenolate bond) is slightly shorter than the Cu—N2
bond. Also, the Cu—02 phenolate bond distance of 1.874(4) A is shorter than that of
Cu-O1 bond (1.937(3) A), as expected. Perchlorate oxygen occupies the axial position.
As shown in figure 2, intermolecular interaction between the perchlorate oxygen and
metal center results in the formation of a zigzag arrangement which is likely to
contribute to packing stabilization.
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Figure 1.

ORTEP diagram of [Cu(Hsal)(dpqC)(ClO4)] (1) with the atoms represented as 30% anisotropic ellipsoids.

Figure 2.

Fragment of the molecular packing and crystal packing diagram of 1 along the a axis.
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Cu(Il) has square pyramidal coordination formed using the two oxygens of salicylalde-
hyde (phenolate and carbonyl oxygens), the two diimine nitrogens of the dpqC, and a per-
chlorate ion. The 7 factor defined for five-membered coordination spheres [34, 35] is given
as = (f — a)/60, where £ and a correspond to two largest angles around the metal. If 7= 0
the coordination is an ideal square pyramid and if = 1 the coordination is an ideal trigonal
bipyramid. If the values listed in molecular geometry are employed, the = value for 1 is
0.08, indicating that Cu(Il) has a near-ideal square pyramidal geometry.

3.1.2. Spectral characterization of copper(I) complexes. All the complexes are non-
hygroscopic and air stable in solution and in the solid state at room temperature. They are
soluble in water producing intense blue solutions. None of the complexes is electrically
conductive in solution. In the IR spectra of the complexes, the vc_n of phenanthroline
(1558 em™") and vy ring frequency (852 and 735 cm™') was red shifted to ~1518, ~852
and ~727 cm ™, respectively, which indicates diimines (dppz and dpqC) are coordinated to
copper through nitrogen [36]. In FT-IR spectra, the disappearance of the vg_y band
(~3440 cm ™' for free Hsal) in the complexes indicates the deprotonation of the phenolic
proton prior to coordination. Also, the band due to carbonyl oxygen (~1625 cm™") shows a
modest decrease in the stretching frequency when compared to that of free Hsal
(1518 cm ™), indicating coordination of the carbonyl oxygen [37]. The UV—visible absorp-
tion spectra of all the complexes show two bands below 330 nm which are due to z#—z* and
n—r* transitions. The presence of the PhO— to Cu(Il) ligand-to-metal charge transfer
transition as an intense band at 391-397 nm in the complexes reveals involvement of the
phenolate oxygen in coordination in solution. The weak band at ~700 nm is due to d—d
transition of square pyramidal copper(Il) complexes. EPR spectra of both the complexes at
room temperature showed a single isotropic feature with gj, = 2.05 (for 1) and 2.07 (for 2)
and in frozen solution (77 K, in methanol) exhibited a typical four-line spectral pattern, with
a g of 2.230 (for 1), 2.234 (for 2) and g, of 2.03 (for 1), 2.05 (for 2). Considering the sim-
ilarities in the physical and spectral properties of both complexes, analogous molecular
structure is conjectured for both complexes.

3.2. UV-visible absorption spectral titrations

UV-visible spectral studies provide preliminary information regarding the binding behavior
between DNA and small molecules. The concentration of the complex was kept constant
and DNA was added to that solution in increasing amounts. Generally, when metal com-
plexes bind with DNA, if hypochromism with red shift in the absorption spectrum of the
complex is observed, it indicates an intercalative mode involving a strong stacking interac-
tion between the complex and the base pairs of DNA, whereas a non-intercalative mode of
interaction shows hyperchromism with blue shift [38]. In the presence of DNA, the spec-
trum of 1 and 2 shows hyperchromism and a slight red shift (figure 3). This indicates that
the complexes bind via partial intercalation. The extent of binding was calculated using the
equation [39] [DNA]J/(e, — &) = [DNAJ/(ep — &) + 1/Kp(ep — &), where [DNA] is the
concentration of DNA expressed in base pairs; &,, &, and ¢, are the extinction coefficients
of the apparent, free, and fully bound copper(Il) complex, respectively, and Kj, is the bind-
ing constant. A plot of [DNA]/(e, — &) versus [DNA] gives the binding constants, Kys, as
the ratio of slope to intercept. The Ky,s thus obtained are shown in table 3. These values
suggest that 2 binds with DNA more strongly than 1. The reason for a stronger binding
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Figure 3. Absorption spectra of 2 [cpx] = 25 uM at increasing concentrations, 0—75 M.

Table 3. Binding constant and quenching constant for 1
and 2 with DNA.

Complexes Ky, £0.01 M) Ky x 10°
1 242 x 10° 1.2
2 4.08 x 10* 25

constant of 2 is due to the extent of aromatic ring in 2 which is not present in 1. The K, of
the present complexes suggests that these complexes bind with DNA with an affinity less
than that of the classical intercalators [40, 41]. The K, value is lower than those reported
for typical classical intercalators (e.g. EB Ky ~10° M™") [42] and the partially intercalating
complexes like [Co(phen),(dppz)]>* (Ki =9.09 x 10° M~ ") [43] and [Ru(imp),(dppz)]**
(Kp=2.19 x 10’ M, where imp = imidazo[4,5-f][1,10]-phenanthroline) [44], which
implies that these complexes bind with DNA relatively less strongly than classical
intercalators and partial intercalators. Generally, salicylaldehyde metal complexes bind via
partial intercalators and are not expected to be classical intercalators [45, 46].

3.3. EB competitive binding studies

All the complexes are non-emissive. Therefore, EB fluorescence displacement experiments
were conducted. The fluorescence intensity of EB in Tris buffer is not high due to quench-
ing by solvent molecules. However, on addition of nucleic acid, the fluorescence intensity
of EB is enhanced due to intercalation with DNA [47, 48]. The addition of a second
molecule that binds with nucleic acid decreases the binding sites of DNA available for EB.
In competitive binding studies, EB-pretreated DNA was excited at 450 nm and the emission
was observed at 595 nm. On adding our complexes, there is a decrease in emission intensity
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of EB-pretreated DNA adduct at 595 nm due to the replacement of EB-bound DNA by the
complexes (figure 4). This decrease in the intensity at 595 nm shows semi-intercalation
(partial intercalation) binding between DNA and our complexes. The quenching behavior
can be analyzed through the Stern—Volmer equation, /y// = 1 + K,r, where I, and [ are the
fluorescence intensities in the absence and presence of complex, respectively, K, is the lin-
ear Stern—Volmer quenching constant, and 7 is the ratio of the total concentration of com-
plex to that of nucleic acid. A plot of Iy/I versus [complex]/[DNA] is drawn, Kgs are
obtained from the ratio of slope to intercept. The quenching constants (K,) were calculated.
These constants indicate that the quenching ability is 2 > 1.

3.4. Circular dichroism spectral studies

Circular dichroism spectral studies are sensitive to conformational changes in DNA [49].
Generally no significant changes in the CD spectrum were observed for electrostatic and
groove binders because these binding modes do not influence the secondary structure of
DNA. The intercalating or partial intercalating molecules influence the secondary structure
of DNA and the spectrum shows an increase in intensity with a blue or red shift [50, 51].
In our case, the CD spectrum of B-DNA shows a positive band at 273 nm and a negative
band at 245 nm due to base stacking and right-handed helicity. On adding copper(Il) com-
plexes, the CD intensity of both positive and negative bands is increased (figure 5). This
indicates that both the complexes bind with DNA through partial intercalation.

3.5. Viscosity experiments

Though spectroscopic techniques described above are widely used to study the binding
mode of metal complexes with DNA, they do not give sufficient clues to support a binding
model. Therefore, viscosity measurements were carried out to further clarify the nature of
interaction of complexes with DNA. The classical intercalating molecules damage the DNA

Intensity

T
500 600 700
Wave length(nm)

Figure 4. Emission spectra of EB-bound DNA ([EB] =2 puM, [DNA] = 20 uM) with increasing concentrations of
2, 049 uM.
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Figure 5. Circular dichroism spectra in the absence and presence of complexes, [DNA] =40 pM and [1 or 2]
=60 puM.

double helix and lead to lengthening of the DNA. Non-intercalating complexes kink the
DNA and reduce its viscosity [52]. In our case, DNA concentration was kept constant and
adding the complexes to the solution, the viscosity of the DNA solution increased steadily
(figure 6). Complex 2 shows almost equal viscosity similar to that of EB. This is due to the
extent of aromatic ring present in the dppz ligand which binds via partial intercalation with
DNA double helix, which was not present in 1.

3.6. Molecular docking analysis

Both complexes have maintained a square pyramidal geometry with two nitrogens of dpqC/
dppz and two oxygens of salicylaldehyde in the same plane. As expected, the axial Cu—O

—=—EB
—o—1
—A—2
= 1.02 |
'z
=3
2
S
)
2
g
)
=7
1.00
T T T T T
0.0 0.2 0.4 0.6 0.8

[cpx]/[DNA]

Figure 6. Effect of increasing amounts of EB, 1, and 2 on the relative viscosity of DNA at room temperature.
[Complex] = 45 uM.
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Figure 7. Molecular docking view of 1 and 2 with DNA.

(perchlorate) distances are longer, as a result of the Jahn—Teller distortion. Possible binding
modes of ligands with DNA can be identified using docking analysis. Therefore, molecular
docking studies were carried out with HEX 6.3 package and the energetically most probable
docked poses are given in figure 7. Both complexes bind with DNA in an intercalative
fashion near the minor groove. The perchlorate group has interactions with the backbone
phosphate. Due to steric clash, the dpqC part of 1 is pushed outside of the base pairs and
this leads to relatively poor binding as observed in experiments. At the same time, 2 shows
a higher binding ability toward DNA due to its perfect planar structure. The dppz part of
the complex perfectly fits into the available space between the strands and thereby leads to
strong binding. Docking analysis shows that 2 has binding energy of 19.2 cal M~' and
seems to have a better binding ability compared to 1 and the order of binding of the com-
plexes is 2 > 1 and well corroborated the experiments. In both cases, the metal complexes
bind between the two strands and allow their whole molecule to interact with the DNA
bases in intercalation. The planarity of the complex facilitates binding of these complexes
via partial intercalation with DNA. Thus, our molecular modeling studies throw light on the
binding modes through which these complexes interact with DNA and further support the
experimental observations.

4. Conclusion

Copper(Il) complexes containing ligands with extended aromatic rings and salicylalde-
hyde have been synthesized and characterized using spectroscopic and elemental
analysis. 1 was characterized using the X-ray crystallographic technique. Studies have
been done to know the binding of these complexes with DNA. Absorption and emission
studies show that the complex binds with DNA via partial intercalation. Circular dichro-
ism spectral studies suggest complexes with extended phenanthroline rings are involved
in this partial intercalation. Viscosity experiments also suggest that both the complexes
bind with DNA through partial intercalation. The binding strength of the complexes
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follows the order 2 >1. Molecular docking studies also revealed the complexes show
the same order of binding ability with DNA. Docking studies further indicate that both
complexes bind with DNA through partial intercalation as observed in the experiments.
The results show that the complexes bind with DNA and the ligand plays a key role in
the process of DNA binding, indicating the potential utility of these complexes in the
study of anticancer and antiviral drugs.
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