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The reaction of phenanthrene-9,10-dione with N-phenylbenzene-1,2-diamine in methanol in the presence
of anhydrous CuCl, and HCl affords a 9-phenyldibenzo[a,clphenazin-9-ium cation, [1]*, as in [1][CuCl,], in
good yields. The reaction of [1][CuCl;] in methanol with excess iodide salt affords [1][I]. The formations of
[1][CuCl;] and [1][I] have been confirmed by elemental analyses, mass, IR, UV-vis and "H NMR spectra
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Introduction

Small planar heteroaromatic cations are useful and important
intercalators with DNA (deoxyribonucleic acid). Strategically,
such intercalation prevents information retrieval from DNA,
leading to the arrest of cell division including abnormal cell
proliferation in cancer.' The relevance and importance of this
kind of organic® and inorganic complex’ molecules intensified
extensive research in drug discovery, including cancer che-
motherapy. The syntheses of nitrogen containing planar
heteroaromatic cations have been stressed specifically and
studies on the intercalation with DNA and small molecules
have been conducted over the last five decades in order to
indicate not only DNA directed cancer chemotherapy but also
diagnostically probe the DNA structure.>* Ethidium bromide,
a poly condensate benzophenanthridine (3,8-di-amide sub-
stituted), has been well documented as a DNA intercalator and
used as a probe to identify new intercalators by displacement
studies® (Chart 1). In this context, we have been persuaded to
isolate new DNA intercalators. In this work, a 9-phenyldiben-
zo[a,c]phenazin-9-ium cation, [1]’, as shown in Chart 1, as the
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(ITC), UV optical melting and gel electrophoresis experiments have substantiated that [1], like ethidium
bromide, is a strong DNA intercalator.

[1][CuCl,] salt has been successfully isolated using cupric ions
as an oxidizing agent.

The reaction of [1][CuCl,] with excess iodide salt affords
[1][1]. The molecular geometry of [1]' has been authenticated
by the single crystal X-ray structure determination of
[1][CuCl,]. In this article, UV-vis absorption spectra, an
ethidium bromide displacement reaction, circular dichroism,
viscosity, gel electrophoresis, hydrodynamic, isothermal titra-
tion calorimetric and UV optical melting studies with
[1][CuCl,] elucidate the structure and behaviour of the [1]'
cation, which is a strong DNA intercalator.

Experimental section

Materials and physical measurements

Reagents or analytical grade materials were obtained from
Sigma-Aldrich Corporation and used without further purifica-
tion. Spectroscopic grade solvents were used for spectroscopic
measurements. The C, H, N contents of the compounds were

Chart 1 9-Phenyldibenzola,clphenazin-9-ium [1]* and ethidium bromide.
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obtained from a Perkin-Elmer 2400 series II elemental analyzer.
Infrared spectra of the samples were measured from 4000 to
400 cm ™" as KBr pellets at room temperature on a Perkin-Elmer
FT-IR-Spectrophotometer Spectrum RX1. 'H NMR spectral
measurements were carried out on a Bruker DPX-300 MHz
spectrometer with tetramethylsilane (TMS) as an internal
reference. ESI mass spectra were recorded on a micro mass Q-
TOF mass spectrometer. Electronic absorption spectra in
solution at 25 °C were measured on a Perkin-Elmer Lambda
25 spectrophotometer in the range 200-1100 nm. Fluorescence
quenching studies were recorded on a Perkin-Elmer LS 55
fluorescence spectrophotometer. A Cannon-Manning semi micro
size 75 capillary viscometer (Cannon Instrument Company,
State College, PA, USA) was used for measuring the viscosity.
Circular dichroism (CD) spectra were recorded on a jasco J 815
spectropolarimeter (Jasco International Co., Hachioji, Japan)
interfaced to a PC and equipped with a thermoelectrically
controlled cell holder in rectangular quartz cuvettes of 1 cm
path length. The temperature was controlled by a Jasco
temperature controller. Isothermal titration calorimetric
(ITC) experiments were performed at 20 °C using a MicroCal
VP-ITC unit (MicroCal Inc.; Northampton, MA, USA). Thermal
melting curves of DNA-drug complexes were measured on a
Shimadzu Pharmaspec uv-1700 unit equipped with a Peltier-
controlled TMSPC-8 model accessory (Shimadzu Corporation,
Kyoto, Japan). Gel documentation was performed by a BIO-RAD
Gel Electrophoresis and Documentation System (BIO-RAD Pacific
Ltd., Hong Kong). Origin 7.0 software (Origin Lab.
Corporation, Northampton, MA, USA) was used for data
acquisition and analysis.

Syntheses

[1][CuCl,]. To phenanthrene-9,10-dione (100 mg, 0.5 mmol)
in hot methanol (30 mL), N-phenylbenzene-1,2-diamine (90
mg, 0.5 mmol) and two drops of concentrated HCI were added
successively and the reaction mixture was refluxed for 30 min
(at 65 °C). The solution mixture was cooled at room
temperature and filtered. To this solution, anhydrous CuCl,
(70 mg, 0.5 mmol) in methanol (10 mL) was added carefully
and the reaction mixture was allowed to evaporate slowly at
room temperature (25 °C). After a few days, dark coloured
crystals of [1][CuCl,] separated out, which were collected upon
filtration and dried in air. Yield: 225 mg (~90% with respect
to copper). Single crystals for X-ray structure determination
were picked up from this crop. ESI (positive ion)-MS in CH3;CN;
m/z: 357.84 ([1][CuCl,] — CuCl,)". Anal. caled for
Cy6H1,CLCUN,: C, 63.49; H, 3.48; N, 5.70; found: C, 63.45;
H, 3.44; N, 5.65. 'H NMR (DMSO-dg, 300 MHz, 22 °C) J (ppm) =
9.45 (d, 1H), 8.78 (d, 1H), 8.67 (d, 1H), 8.56 (d, 1H), 8.27 (t, 1H),
8.19 (t, 1H), 7.92 (m, 8H), 7.75 (q, 1H), 7.57 (t, 2H). IR (KBr,
Vmadem): = 3424(m), 3041(m), 1602(s), 1448(m), 1362(vs),
1271(s), 1155(s), 1105(vs), 755(vs), 716(s), 704(s), 579(s).

[1][1]. To [1][CuCl,] (100 mg, 0.2 mmol), methanol (50 mL)
was added, stirred (~45 min) and filtered. To the filtrate
methanolic solution (10 mL), KI (200 mg, 1.2 mmol) was added
and the reaction mixture was stirred for 1 h at room
temperature (25 °C). A white precipitate of Cul separated
out. The mixture was filtered and the filtrate was allowed to
evaporate slowly at room temperature. After a few days, a black
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crystalline solid separated out, which was collected upon
filtration. The crystalline residue of [1][I] was dried in air.
Yield: 80 mg (~80%). ESI (positive ion)-MS in CH;CN; m/z:
357.84 ([1]"). Anal. caled for C,6H;,IN,: C, 64.48; H, 3.54; N,
5.78; found: C, 64.05; H, 3.34; N, 5.62. "H NMR (DMSO-dg, 300
MHz, 22 °C) 6 (ppm) = 9.45 (d, 1H), 8.78 (d, 1H), 8.67 (d, 1H),
8.56 (d, 1H), 8.27 (t, 1H), 8.19 (t, 1H), 7.92 (m, 8H), 7.75 (q, 1H),
7.57(t, 2H). IR (KB, vma/em ™ '): = 3428(m), 3017(m), 2362(m),
1601(s), 1448(m), 1445(m), 1365(vs), 1272(s), 1156(s), 1106(vs),
761(vs), 717(s), 708(m), 581(m).

X-ray crystallographic data collection and refinement of
[1][CuCl,]

A dark brown shining crystal of [1][CuCl,] was picked up with a
nylon loop and was mounted on an Oxford Diffraction
X-Calibur System equipped with a graphite monochromator
(Mo-Ka, / = 0.71073 A). Final cell constants were obtained
from the least squares fits of all measured reflections. The
intensities of the data were corrected for absorption using the
intensities of redundant reflections. The structures were
readily solved by direct methods and subsequent difference
Fourier techniques. The crystallographic data are listed in
Table 1. A ShelXTL97° software package was used for solution
of the structure. ShelXL97° was used for the refinement. All
non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were placed at the calculated positions and refined as
riding atoms with isotropic displacement parameters.

DNA binding studies

Calf thymus DNA (CT-DNA, type I, 42% GC content) and
analytical grade ethidium bromide (EB) [3,8-di-amino-5-ethyl-
6-phenylphenanthridium] were used without further purifica-
tion. The buffer used throughout the study was prepared as 10
mM potassium phosphate (KP buffer), pH 7.0 + 0.2, with 50
mM NaCl. After dissolving the salts in deionised double
distilled water they were sterilised in a microwave oven
(heating 2 min) and filtered with a 0.45 pum pore size
membrane to remove any particulate matter. Both CT-DNA
and EB were made into a solution in the fresh buffer and the
concentration was determined by taking the molar extinction

Table 1 Crystallographic data of [1][CuCl;]

Formula C,6H;,Cl,CuN, T/K 150(2)
Fw 491.86 pelg cm™? 1.558
Crystal colour Black Unigq. reflections 10605
Crystal system Monoclinic Reflections 5655
Space group P24/n 20 max 58.60
alA 7.5536(4) F(000) 1000
b/A 18.6217(6) R[> 20(D)] 0.0322
c/A 14.9419(13) R," (all data) 0.0606
BI2 93.727(6) GoF 0.856
V/A® 2097.3(2) WR,S [I > 20(1)] 0.0789
zZ 4 Param./restr. 280/0

A/ ymm™'  0.71073/1.313  Residual density/eA > 0.420/-0.329

Observation criterion: I > 26(I).” R1 = X||Fo| — |Fe||/Z|F,|. * GoF =
{Z[w(F,” — F)2)/(n — p)}' © wR2 = {Z[w(F” — Fe )l Zw(Es")]}".
Where w = 1/[¢*(F,*) + (aP)* + bP], P = (F,> + 2F.%)/3.
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coefficient (¢); 6600 M~ ' cm™" and 5680 M~ cm ™" for CT-
DNA and EB, respectively. The ratio of absorption of the CT-
DNA solution at 260/280 nm was about 1.8, indicating that the
CT-DNA was free from contaminating protein. The absorption
maxima (Amnax) of CT-DNA and EB were considered to be 260
nm and 480 nm, respectively, to estimate the concentration of
their solutions using their respective molar extinction coeffi-
cients (&o).

The planar heteroaromatic complex [1][CuCl,] was soluble
in dimethyl sulfoxide (DMSO) and its concentration was
determined spectrophotometrically, taking its absorption
maximum (4,.x) and molar extinction coefficient (&) as 440
nm and 21 600 M~ " ecm™ ', respectively. The DMSO dissolved
[1][CuCl,] solution was serially diluted to an appropriate
concentration so that when it was added to a 1 cm path length
cuvette there was a total reaction volume of 2.5 mL and the
DMSO content was less than 7.5% (v/v). Under these
conditions, the planar organic cation [1]" was stable and
interacted efficiently with DNA. Preliminary spectroscopic
binding experiments with [1][I] are similar to [1][CuCl,] and
lead us to study with the more soluble [1][CuCl,].

UV-vis spectroscopy

The absorption spectral measurements were done in matching
quartz cuvettes of 1 cm path length. A constant amount of
DNA (15.2 pM) was placed in the buffer, both in the sample
and reference cuvettes maintained at 20 °C, and then titrated
with an increasing concentration of [1][CuCl,] solution with
constant stirring. Briefly, on each addition of the aliquot of
[1][CuCl,] solution to the DNA and allowing an equilibrium
time of about 5 min, the absorbance was recorded. The
isosbestic point at 465 nm for [1][CuCl,] was determined and
the concentration of the total bound [1][CuCl,] was calculated
(Fig. 1). The absorbances at the isosbestic point (465 nm) (4;s,)
and the maximum wavelength (Amay) of the complex [1][CuCl,]
were determined after each addition. The extinction coeffi-
cient of [1][CuCl,] at the isosbestic point (&;s,) was determined
and the extinction coefficient of bound [1][CuCl,] (eg) was

0.34
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Fig. 1 Plot of absorbance against wavelength showing the spectra of [1][CuCl,]
(violet) and CT-DNA bound [1][CuCl,] (pink). The inset shows the Scatchard plot
of the binding.
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obtained by addition of a known quantity of [1][CuCl,] to a
large excess of DNA, corresponding to the saturation point: (eg)
= Amax/IC; where [ is the path length and C, is the total
[1][CuCl,] concentration present, which was calculated as (Cy)
= Jisol€iso- The values of Aax, disoy &iso, anNd &g Were determined
and these are used to calculate the expected absorbance at the
wavelength maxima, lexp = [Ciémax, Where emax is the molar
extinction coefficient at the wavelength maxima. The differ-
ence in /ey, and the observed absorbance was used to calculate
the amount of bound [1][CuCl,]. Then the concentrations of
the free (C¢), bound (Cp) and total (C) amounts of [1][CuCl,]
were determined.”

The binding data were used to construct Scatchard plots of
r/C¢ vs. r, where r is the number of moles of [1][CuCl,] bound
per mole of DNA base pairs and Cy is the molar concentration
of free [1][CuCl,]. The binding isotherms were analysed
according to the excluded site model of McGhee and von
Hippel for a nonlinear, non-cooperative ligand binding system
using the equation:®

o =Ki(l—nr)[{1 (1 =nr) Jo=n

Cr —(n—1)r}
where K; is the intrinsic binding constant to an isolated site and n
is the number of base pairs excluded by the binding of a single
[1][CuCl,] molecule. The binding data were analysed using Origin
software to determine the best fit parameters of K; and n.’

Fluorescence emission spectral study

A 1 cm path length quartz cuvette was filled with buffer up to
2.5 mL volume and examined for fluorescence emission after
the inclusion of ethidium bromide (EB) or [1][CuCl,] or DNA.
No emission spectra were observed with any of these alone,
but the addition of EB (10.02 uM) to CT-DNA (7.95 uM) and
excitation at 525 nm yielded a strong emission spectrum in the
range 600-650 nm. The cation [1][CuCl,] concentration to
quench the fluorescence of the EB-CT-DNA complex more
than 50% was determined by titration.

Circular dichroism spectroscopy

Circular dichroism (CD) spectral measurements of CT-DNA
and CT-DNA-[1][CuCl,] cation complexes were performed in
rectangular stain free quartz cuvettes of 1 cm path length at 20
+ 1 °C. The spectra were signal averaged over at least four
scans. The scans were accumulated and automatically aver-
aged with scan rate 50 nm min~', band width 1.0 nm and
sensitivity 100 m deg. The molar elipticity values [0] were
calculated from the equation [0] = 0,,s/10cl, where ¢ is the
concentration of DNA/[1]" and [ is the path length of the
cuvette. The molar elipticity [0] (deg em® dmol ™) values are
expressed in terms of base pairs in the region 200-400 nm or
per bound [1][CuCl,] in the range 300-500 nm.

Hydrodynamic studies

The viscosity of the DNA-[1][CuCl,] complex was estimated by
measuring the time of flow in a viscometer mounted vertically
in a constant temperature bath maintained at 20 + 1 °C. The
flow times of DNA alone (sonicated to 2-2.5 x 10> Daltons)
and with different ratios of [1][CuCl,] were measured in
triplicate by an electronic stopwatch with an accuracy of +
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0.01 s. Viscosity experiments were carried out with ~350 pM
CT-DNA. The flow times Zcontroly tcomplex and £, were determined
for CT-DNA, the CT-DNA-[1][CuCl,] complex and the buffer
alone by averaging six readings for each. The relative viscosity
of various sets was calculated from the relation, n's,/1sp =
{(tcomplex - tO)/tO}/{(tcontrol - to)/tO}i where 77,Sp and Nsp are the
specific viscosity of the CT-DNA-[1][CuCl,] complex and CT-
DNA alone, respectively.'

Gel electrophoresis

The interaction between [1][CuCl,] and [1][I], stated as drugs,
with DNA (250 ng), was studied by agarose gel electrophoresis.
Here, pUC19 DNA isolated from E. coli DH5o by an alkaline
lysis method was incubated with various concentrations of the
drugs [1][CuCl,] (2.56, 1.92, 1.28 and 0.64 mM) and [1][T] (4, 3.2
and 2.56 mM) for 2.5 h at 37 °C. Then the samples were loaded
in 1% agarose gel in TAE buffer (pH = 8) at a current of 2 V
em™ ' for 4 h.

Isothermal titration calorimetric (ITC) experiments

In a typical experiment, 7 pL aliquots of a 300 pM DNA
solution were injected from a 250 pL rotating syringe (290
rpm) into the isothermal sample chamber containing 1.4235
mL [1][CuCl,] solution (5 uM). Corresponding control experi-
ments to determine the heat of dilution of DNA to the buffer
were performed. Before use, all the solutions were degassed
under vacuum (140 mbar, 8 min) on the thermovac to
eliminate air bubble formation during titration. The duration
of each injection was 10 s and the delay time between each
injection was 300 s. The initial delay before the first injection
was 60 s. Each injection generated a heat burst curve (micro
calories per second vs. time). The area under each peak was
determined by integration using the Origin software to give a
measurement of the heat associated with the injection. The
heat associated with each DNA-buffer titration was subtracted
from the corresponding heat associated with each DNA-[1]"
injection to give the heat of binding for that injection.

UV optical melting study

In a typical experiment, the DNA was mixed with varying
concentrations of [1][CuCl,] in degassed buffer in micro-
optical cuvettes of 1 cm path length and the temperature of the
cuvette accessory was raised at a heating rate of 0.5 °C min™ ",
in the range 20-110 °C, continuously monitoring the absor-
bance change at 260 nm. Melting curves allowed an estimation
of the melting temperature T, the midpoint temperature of
the [1][CuCl,] bound CT-DNA unfolding process obtained from
the maxima of the first derivative plots. The Ty, value is

reproducible to within + 1 °C.

Results and discussion

Syntheses and characterization

The dark coloured crystalline parent compound [1][CuCl,] was
isolated in good yield from a reaction of phenanthrene-9,10-
dione, N-phenylbenzene-1,2-diamine and anhydrous CuCl, in
the presence of a catalytic amount of concentrated HCI in
methanol (Scheme 1). In this reaction, cupric ions act as an
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Scheme 1 Syntheses of [1][CuCl,] and [1][I]

oxidising agent and are themselves reduced to [CuCl,] . [1][I]
was synthesized by reacting [1][CuCl,] with excess KI in
methanol solution. The molecular compositions of [1][CuCl,]
and [1][I] were confirmed by elemental (C, H and N) analyses
and ESI (+ve) mass spectra. IR spectra have confirmed the
absence of NH bonds in [1][CuCl,] and [1][I].

The UV-vis absorption spectral features of [1][CuCl,] and
[1][1] in dichloromethane are similar, as shown in Fig. 2. The
absorption data are summarized in Table 2. Both [1][CuCl,]
and [1][1] are non-luminescent in solid or in solution.

Molecular structure of [1][CuCl,]

Single crystal X-ray structure determination of [1][CuCl,] has
confirmed the molecular geometry of [1][CuCl,] in crystals.
[1][CuCl,] crystallizes in the P2,/n space group. The molecular
geometry is illustrated in Fig. 3 and selected bond parameters
are listed in Table 3. The phenanthrene fragment including
the condensed N-phenylbenzene-1,2-diamine unit makes a
plane with a mean of 0.2 A. The pendant phenyl ring is at 71°
with the mean plane of the cation. The CuCl, ™ anion is linear.
The two Cu-Cl bond distances are approximately the same
(Table 3) and are consistent with the Cu’~Cl lengths reported
in other copper(1) species.™

8

£ 6
‘_U
=

Qe 44
&

24

0

300 400 500 600
Alnm

Fig. 2 Electronic spectra of [1][CuCl,] (blue) and [1][I] (red) in CH,Cl, at 25 °C.
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Table 2 Electronic spectral data of [1][CuCl;] and [1][I] in CH,Cl; at 25 °C

Table 3 Selected bond lengths (A) of [1][CuCl5]

Compound Jmax/m (&/10° M~ em™ 1)

[1][Cucl,] 452(3.54), 330(3.58), 316(3.06),
303(3.17), 273(7.53), 261(9.04)

[1]1] 452(2.88), 330(3.26), 316(3.07),
301(3.84), 273(6.49), 261(7.64)

DNA intercalation and spectral features
UV-vis spectra

A series of experiments were performed to determine the
propensity of this compound to bind to DNA. The cationic
[1][CuCl,] complex has an absorption maximum around 440
nm that is convenient to monitor the interaction with DNA.
Addition of DNA to the cation resulted in hypochromatic and
bathochromic effects, indicating a strong intermolecular
association (Fig. 1) involving the = electron cloud of the
interacting cation and the base pair of DNA, presumably due
to intercalation. The presence of a distinct isosbestic point at
465 nm suggests that two states, the bound and free form of
the cationic species, occur in the reaction mixture at any
wavelength. The A, of free and CT-DNA bound [1][CuCl,]
were 440 and 445 nm, respectively, while its /s, is at 465 nm, &
=21,380 M~ ' em™" (at 440 nm), &g = 14,407 M~ " cm ™' (at 440
nm), &g = 74,250 M ' em” ' (at 465 nm) etc. Titration of a
constant concentration of [1][CuCl,] with DNA using several
inputs of DNA was carried out and the data were utilized to
construct a Scatchard plot of r/C¢ vs. r, where r is the number of
moles of the [1][CuCl,] complex per mole base pairs. The
Scatchard plot, depicted in the inset of Fig. 1, clearly reveals
that at low values of r there is a negative slope, indicating non-
cooperative binding. This enables fitting of the curves to a
theoretical curve drawn according to the excluded site model
of McGhee and von Hippel® for a non-cooperative binding
system to derive the best-fit parameters of the intrinsic
binding constant (K; = 1.01 + 0.1 x 10> M~ ') to an isolated
binding site and the number of base pairs (n = 8) excluded by
the binding of a single [1][CuCl,] complex.

Fig. 3 An ORTEP plot of [1]" in the crystals of [1][CuCl,] (linear CuCl, ™~ is omitted
for clarity).
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Cul-Cli 2.106(6) C14-N2 1.358(2)
Cul-Cl2 2.110(6) C1-C14 1.434(3)
C1-N1 1.326(2) C1-C2 1.461(3)
C15-N1 1.350(2) C15-C20 1.409(3)
C20-N2 1.385(2) C13-C14 1.472(2)

Fluorescence spectra

To further substantiate the presumably intercalative DNA
binding mode of the [1][CuCl,] complex we studied its ability
to displace DNA bound ethidium bromide.’® The relative
fluorescence intensity decrease of the CT-DNA-ethidium
bromide complex of upon addition of [1][CuCl,] is shown in
Fig. 4. The results showed clearly that with an increase of the
added concentration of [1][CuCl,] the fluorescence intensity
decreased steadily. Thus, the cationic [1][CuCl,] complex is a
very effective intercalator of DNA.
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Fig. 4 Fluorescence titration data on the displacement of CT-DNA bound
ethidium bromide by [1][CuCl,].

6000

w
[=]
=3
(=]

[6] (deg. cm® dmol™)
o

-3000 [

-6000

400 ] 500
Wavelength (nm)

A
300

Fig. 5 CD spectra resulting from the interaction of [1][CuCl,] with CT-DNA.
Curves 1—8 denote the interaction of CT-DNA (60 uM) treated with 0, 3.2, 6.3,
8.5, 12.5, 18.3, 25.0 and 30.2 uM [1][CuCl,].
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CD spectra

[1][CuCl,] is an optically inactive molecule and hence we used
circular dichroism to further understand the interaction
phenomenon. The CD spectrum of CT-DNA showed character-
istic positive and negative bands around 270-280 and 243 nm,
respectively, of the B-form structure, as given in Fig. 5. These
CD bands of the DNA are caused due to stacking interactions
between the bases and the helical structure, which provide an
asymmetric environment for the bases.® Both the bands were
perturbed in the presence of increasing concentrations of
[1][CuCl,], resulting in a decrease of the 275 nm band elipticity
with a small blue shift and a concomitant decrease of the 248
nm band intensity. Changes in the CD spectra of the DNA on
binding reflect an effective coupling of the transition moments
of the bound [1][CuCl,] with that of the base pairs and
resulting from the intercalative binding record the [1][CuCl,]
induced changes in the CT-DNA conformation, the CD spectral
changes on addition of various amounts of [1][CuCl,],
resulting in an increasing D/P ratio, were recorded in the
region 210-400 nm. The observed decrease in the positive
dichromic signal of DNA may be due to a transition from the
extended nucleic acid double helix to the more compact
form."?

The binding also induced optical activity in the [1]" cations,
as manifested by an induced CD spectrum resulting from the
asymmetric environment of duplex DNA. The induced CD
showed a negative maximum at 293 nm and a positive one in
the range 252-286 nm with a peak at 278 nm. This may be due
to an excitation splitting mechanism arising out of effective
transition moments of the intercalation of [1]" with base pairs
of DNA. The increase in concentration of the cation [1]'
resulted in D/P value enhancement, the molar elipticity was
lowered on either side of the nucleic acid absorption
maximum and the magnitude of the induced CD spectra was
higher and higher. This is clearly indicative of the more
penetrative nature of the intercalator [1][CuCl,].

Gel-electrophoresis studies

The result of gel electrophoresis on the interaction of DNA
(pUC 19) with [1][CuCl,] and [1][I] complexes are shown in
Fig. 6. Lane 1 of Fig. 6A and 6B highlights two bands of pUC19
DNA [upper band - nicked circular (NC), lower band -
supercoiled (SC)]. Comparison of the DNA band intensity
and position after making a complex with the cation [1]'
containing complex clearly shows an interaction of the
cationic complex with DNA. Binding to DNA resulted in a
change in the band density with respect to the highlighted
bands for pUC19 as a control, shown in lane 1 of both Fig. 6A
and 6B. It is evident from the figure that the interaction of
higher concentrations of cation [1]" resulted in shifting from
SC to NC. In the case of the NC state there is a nick and that
leads to linearization of the DNA molecule and hence the band
position is retarded due to the size increase. It is clearly shown
that the compounds [1][CuCl,] and [1][I] are strong inter-
calators, which is supported by the CD spectral change after
DNA binding with the compound (Fig. 5). In the case of [1][I], a
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Fig. 6 Changes in the agarose gel electrophoretic pattern of pUC19 DNA
induced by the [1]* cation complexes [1][CuCl,] and [1][I] (the upper panel
indicates the band positions, while the lower panel shows band intensity). Lane
1 in the upper panel of both figures contains control pUC19 DNA,; lanes 2, 3, 4
and 5 of panel A: [1][CuCl,], 2.56, 1.92, 1.28 and 0.64 mM respectively. Lane 2, 3
and 4 of panel B: [1][I], 4, 3.2 and 2.56 mM respectively.

concentration higher than that of [1][CuCl,] was necessary to
bring a similar change in the band pattern of DNA; this was
possibly due to the lower solubility of the former complex. The
overall pattern of the change in DNA band shift apparently
suggests that the interaction is due to the cationic species of
the complexes. If we compare the concentration of the
complexes [1][CuCl,] and [1][1] in lane 2 of Fig. 6A and lane
4 of Fig. 6B they are the same, but due to the much lower
solubility of the iodide complex the effective concentration of
cation [1]" is much lower in the case of [1][1], hence the band
intensity change is not identical.

15
£
°1_4_ r
© u
) - a
813} s
o =
5 -a
2 R " &
812 i~
g = @
14 = -
2 s
%10{ N
m L 1 1

20 40 60 80 100
Temperature (°C)

Fig. 7 Thermal melting profiles of CT-DNA (40 pM) (M) treated with [1][CuCl;]
at a drug-base pair molar ratio of 0.35 (@) and 0.65 (A).
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Fig. 8 Plot of change in relative viscosity of CT-DNA with increasing concen-
trations of [1][CuCl,].

Optical melting and hydrodynamic studies

The binding of [1][CuCl,] to the DNA was also evaluated from
optical thermal melting studies.”” Double stranded calf
thymus DNA under the conditions of the experiment melted
with a T, value of 75 °C (Fig. 7). The melting temperature of
the DNA was enhanced on binding of [1][CuCl,], and at
saturation, a ATy, of about 7 °C was observed. Such a large
stabilization of the DNA helix appears to be due to the strong
binding of [1][CuCl,] to the duplex DNA.

To confirm intercalation, we also exploited the changes in
length and stiffening of the rod like structure of DNA, which is
a diagnostic test in establishing the binding mode to DNA.'®**
The hydrodynamic behaviour of the DNA as measured by the
viscosity change of the complex is explored for this purpose.
The results of viscosity increase with increasing doses of the
[1][CuCl,] complex are given in Fig. 8 and they clearly
demonstrate that there is a sharp rise in viscosity, which
attained a plateau indicating a maximum enhancement of the
frictional resistance or change in the shape of CT-DNA on
binding due to the intercalation of the [1][CuCl,] complex
between the base pairs of DNA.

Thermodynamic characterization

Finally, thermodynamical characterization of the DNA binding
of [1][CuCl,] was performed by highly sensitive isothermal
titration calorimetry. ITC is a technique that can provide
detailed information about the Gibbs energy, enthalpy of
binding, the entropy contribution along with the binding
constant and stoichiometry."® Fig. 9A shows the representative
raw heat profile resulting from a typical ITC experiment in
which DNA was titrated from the syringe into the [1][CuCl,]
solution in the calorimetric cell. The titration resulted in a
single exothermic binding event, enabling the data to be fitted
to a single set of identical binding sites model (Fig. 9B).

To extract the binding and thermodynamic parameters of
the interaction, the thermogram was fitted to a single site
model and the thermodynamic parameters were estimated
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Fig. 9 ITC profile for the titration of CT-DNA into a solution of [1][CuCl,] in
phosphate buffer, pH 7.0 at 20 °C. Each heat burst curve in panel (A) is the result
of a 7 pL injection from a 300 uM solution of DNA into the solution of [1][CuCl;]
(5 pM). The upper panel shows the heat burst for the injection of DNA into the
same buffer as the control (curves offset for clarity). Panel (B) represents the
corresponding normalized heat signals versus the molar ratio. The data points
reflect the experimental injection heat while the solid line represents the
calculated fit of the data.

from the best fit to the observed heat release. The data were
analyzed with several different initial guesses and the resulting
fits gave consistent values of the parameters, K, = 2.08 + 0.26
x 10°M ', AH° = —14.05 + 1.40 kcal mol ?, a TAS® of 0.162
kecal mol™' and a binding site size of ~5 base pairs. The
binding affinity obtained from ITC was in reasonable agree-
ment with that obtained from the McGhee-von Hippel
analysis of the absorbance data. The binding Gibbs energy
change (AG®) was —7.175 kcal mol™". The small entropy term
suggested the binding of [1][CuCl,] to CT-DNA to be
predominantly enthalpically driven. The nucleic acid binding
of several intercalators and groove binders has been shown to
be very largely enthalpically driven.'® It is likely that the
intercalation of [1][CuCl,] may involve a variety of non-covalent
interactions including the strong stacking interactions from
intercalation binding, all of which may contribute to the large
negative enthalpy.

Conclusions

In summary, we present the syntheses and strong intercalative
DNA binding properties of the novel 9-phenyldibenzo [a,c]phe-
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nazin-9-ium [1]" cation and its complex. The structural data
that proved the intercalative binding has been complemented
with a gel electrophoresis pattern and energetics of the
binding process, which was exothermically and enthalpically
driven. The findings point to its potential usefulness as a DNA
targeted therapeutic agent.
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