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Abstract In the present work, the interaction of Isoxsu-
prine (ISX) with Calf thymus DNA (ct-DNA) under physi-
ological conditions (Tris—HCI buffer of pH 7.4) was inves-
tigated by using electronic absorption, circular dichroism,
viscosity, electrochemical studies, fluorescence techniques,
salt effect studies and computational studies. Competitive
fluorimetric studies with Hoechst 33258 have shown that
ISX exhibit the ability to displace the DNA-bound Hoechst
33258, indicating that it binds to ct-DNA in strong compe-
tition with Hoechst 33258 for the minor groove binding.
Furthermore, the resulting data showed that ISX cannot dis-
place methylene blue or acridine orange, which are the com-
mon intercalator molecules. The viscosity of ct-DNA solu-
tion was almost unchanged on addition of ISX and circular
dichroism (CD) spectra of ct-DNA showed small changes in
the presence of ISX which is in agreement with groove bind-
ing mode of interaction. Thus all above studies showed that
the ISX drug binds to ct-DNA in a groove binding mode.
The salt-effect studies showed the non-electrostatic nature
of binding of ISX to ct-DNA. Moreover, molecular docking
results support the above experimental data and suggest that
ISX prefers to bind on the minor groove of ct-DNA.
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Introduction

Recent years have seen a rejuvenation of interest in stud-
ies on the interaction mechanism of deoxyribonucleic acid
(DNA) with small molecules, especially in interaction with
drugs [1-5], chemical composition of plant extracts [6] and
coordination compounds [7]. The dominant binding class
of small molecules with DNA can be classified as (i) cova-
lent binding and (ii) non-covalent binding (electrostatic
binding, groove binding or intercalation). Study on binding
modes and binding properties of drugs to DNA can help us
to rationally design new drugs [8—10].

Isoxsuprine (ISX), 4-hydroxy-a-[1-[(1-methyl-2-
phenoxyethyl) amino] ethyl] benzenemethanol (Fig. 1), has
been used in the cure of cerebral and peripheral vascular
disease, and arresting the premature labor [11].

Herein, we want to study the mode of the interaction
between ISX and DNA. Obviously, such studies will help
us to know more about the mechanism of damaging DNA
in the presence of latter drug. In order to investigate the
binding properties of ISX with ct-DNA we used multiple
spectroscopic techniques such as electronic absorption
spectroscopy, fluorescence techniques and circular dichro-
ism spectroscopy. Salt effect studies, electrochemical stud-
ies, and dynamic viscosity measurements were also used. In
addition, molecular docking simulations were performed.

Experimental Details
Materials and Methods
The highly polymerized ct-DNA, ISX, Methylene blue

(MB), Acridine orange (AO), Hoechst 33258, and
Tris—HCI were purchased from Sigma company. Tris—HCI
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Fig. 1 The chemical struc-
ture of ISX (a) and optimized
structures of ISX (b) and its
protonated from (c) at BP86/
def2-tzvp level of theory

OH

OH

buffer solution having a pH of 7.4 was prepared from
Tris—(hydroxymethyl)-amino-methane-hydrogen chloride.
Stock solution of ct-DNA was prepared by dissolving about
1-2 mg of ct-DNA fibers in Tris—HCI buffer (2 ml, 10 mM)
and stored for 24 h at 4 °C. The concentration of ct-DNA in
stock solution (1 x 1073M) was expressed in monomer units,
as determined by UV absorption at 260 nm using a molar
absorption coefficient (ep) of 6600 M~ 'cm™ . ct-DNA solu-
tions were used after no more than 4 days. For Tris-buffer
solution of ct-DNA the ratio of UV absorbance at 260 and
280 nm was about 1.8, indicating that the ct-DNA is ade-
quately free from protein contamination. ISX stock solution
(1x 1073 M) was prepared by dissolving a required amount
of Isoxsuprine hydrochloride (ISX-HCl) in Tris—HCI buffer.

Instrumentation

Absorbance spectra were recorded on an Analytik Jena
Specord 210 spectrophotometer using a quartz cell with
1.0 cm path length. The absorbance measurements were
performed by keeping the concentration of ISX con-
stant (5x 107°M) while varying that of ct-DNA from 0
to 6.5x 107> M. Absorbance of DNA blank used as con-
trol for all of measurements. The samples were incubated
for 30 min, and the spectra were recorded in the range of
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200-320 nm. CD measurements were recorded on a JASCO
(J-810) spectropolarimeter, using a quartz cell with 1.0 cm
path length and by keeping the concentration of ct-DNA
constant (8 x 107> M) while varying the ISX concentra-
tion (0.0-1.5x10~* M).Viscosity measurements were
made with a SCHOT AVS 450 viscosimeter maintained
at 25 °C+0.5 °C. The ct-DNA concentration was fixed
at 5x 107> M, the flow time was measured with a digital
stopwatch and the viscosity 1 of the samples was evaluated
from the mean value of three measurements. The values of
relative specific viscosity (n/no)” 3, where N and n are the
specific viscosity contributions of ct-DNA in the absence
and in the presence of the ISX, respectively, were plotted
against 1/R (R=[ISX]/[DNA]=0.0 to 2.9).

Fluorescence measurements were carried out by using
a JASCO FP 6200 spectrofluorometer. Binding location of
ISX in DNA was studied in the presence of three probes
(Hoechst 33258, MB and AO) using the fluorescence titra-
tion method. The concentration of probe and DNA were
fixed, and ISX-HCI was gradually added to the mixtures
([ISX]=0.0-17.7x 10~ M). The fluorescence spectra of
different mixtures were recorded over a wavelength range of
370-515 nm (A, =340 nm), 640-750 nm (A, =620 nm) and
470-650 nm (A, =464 nm) in the cases of Hoechst 33258,
MB and AO, respectively.



J Fluoresc (2018) 28:195-206

197

The cyclic voltammetric measurements were performed
using an Autolab model PGSTAT 302n potentiostat/galva-
nostat. The working electrode used in above measurements
was a glassy carbon disk (1.8 mm? area) where a platinum
wire was used as a counter electrode. The working electrode
potentials were measured versus Ag/AgCl electrode (from
AZAR electrode and Metrohm) as reference electrode and a
Pt wire as counter electrode. Electrochemical experiments
were performed in a 25-mL voltammetric cell at room tem-
perature. All potentials are referred to the Ag/AgCl refer-
ence. The surfaces of all working electrodes were freshly
polished with 0.05 mm alumina prior to each experiment
and were rinsed between each polishing step. The supporting
electrolyte was 0.01 M of Tris—HCI buffer solution (pH 7.4).
The current—potential curves and experimental data were
recorded on software GPES.

Computational Details

The structure of ISX and its protonated form were optimized
using the BP86 functional [12, 13]. The def2-TZVP [14]
basis set was employed for all atoms and structures were
optimized without symmetry restrictions. All calculations
were performed using the Gaussian 03 set of programs [15].

The optimized structure of ISX and its protonated form
were used for the molecular docking calculations Fig. 1. The
crystal structures of 1BNA used in molecular docking were
extracted from Protein Data Bank (http://www.rcsb.org/pdb/
home/home.do).

The binding interactions of ISX and its protonated form
with 1BNA were simulated by molecular docking method
using AutoDock 4.0 program [16]. The polar hydrogen
atoms were added to 1BNA and the rotatable bonds of ISX
and its protonated form were set to using Autodock Tools

Fig. 2 Absorption spectra of 0.14
ISX in the presence of ct-DNA
at different concentrations. Con- 0.12 -

ditions: c(ISX)=5x 10" mol
L' ¢(DNA)(x 107> mol L™'):
0.0,0.5, 1.0, 1.5, 2.0, 2.5, 3.0
and pH=7.4

Absorption

[17, 18]. The grid maps of dimensions 60 X 60 X 60 A with
a grid-point spacing of 0.375 A were created for IBNA to
ensure that there is an appropriate space for ISX and its
protonated form. Other miscellaneous parameters were
assigned the default values given by the Autodock program.
The dominating configuration of the binding complexes of
ISX and its protonated form with NDA having the minimum
binding free energy (AG) were finally obtained.

Results and Discussion
Electronic Absorption Spectroscopy

Electronic absorption spectroscopy is an effective technique
to study the interaction between drug molecules and ct-DNA
by monitoring possible changes in absorption intensity and
position of the bands. The absorption spectra were recorded
with the fixed-concentration of ISX (5x 10~ M) and differ-
ent concentrations of ct-DNA (0-3.0 x 107°M) and result-
ing spectra are displayed in Fig. 2. The absorption intensity
of ISX decreased slightly with consecutive additions of ct-
DNA solution, indicating that there is an attractive interac-
tion between ISX and ct-DNA which is not consistent with
the intercalation binding mode. From the absorption inten-
sity data, the intrinsic binding constant K, was calculated
using the Eq. (1) [19].

[DNA]

[DNA] N 1
(Ea - 5f)

) (en—¢r)  Kpler—¢) )

Where, [DNA] is the concentration of ct-DNA and ¢, &
and g, correspond to the apparent molar absorption coeffi-
cient, the molar absorption coefficient for the free drug and its
entirely ct-DNA-bound combination, respectively. The binding

+[DNA]

-==a ISX

T T T
260 270 280
Wavelenght (nm)
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Fig. 3 Plots of [DNA]/e,-€; vs.
[DNA] for the binding of ISX
and ct-DNA
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Fig. 4 Fluorescence spec-

tra of ISX in the presence of
ct-DNA at different concentra-
tions (pH=7.4, T=298 K,

£, =242 nm), c(ISX)=5x107°
mol L™!, ¢(ct-DNA)=0.0,
1.9,39,5.9,7.8,9.8, 11.8,
13.7,15.7,17.7,19.7, 21.6 and
23.6x 1073 mol L™ for curves
lel2, respectively

Flourercence intensity

T T T T T 1
0.00005 0.0001 0.00015 0.0002 0.00025 0.0003
[DNA]

50270

constant (K) was obtained by the ratio of the slope to intercept
in the plots of [DNA] / (e,—¢;) versus [DNA] (Fig. 3), which
was estimated to be 4.5x 10° M~ ! for ISX.

Fluorescence Quenching Studies

ISX demonstrated a strong fluorescence emission band cen-
tered at 301 nm when excited at 242 nm. The fluorescence
emission spectra of ISX in the absence and presence of dif-
ferent concentrations of ct-DNA are shown in Fig. 4. As can
be seen, a regular decrease in fluorescence intensity of ISX is
observed with addition of different concentrations of ct-DNA,
indicating that ct-DNA quenches the intrinsic fluorescence of
ISX.

The quenching rate constant (kq) for the excited states of
ISX was determined according to Stern—Volmer equation:

F
70 =1+ K,7[0] = 1 + K5y [0] @
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Table 1 The quenching constants of ISX by ct-DNA at different tem-
peratures

T (K) R? Kgy (Lmol™H)x10° K, (L
mol™ ) x 10"
283 0.99 2.18 2.18
288 0.97 1.96 1.96
298 0.98 1.79 1.79
310 0.98 1.51 1.51

In Eq. (2) F, and F are the fluorescence intensities in
the absence and presence of different concentrations of ct-
DNA. Kgy is the Stern—Volmer quenching constant, [Q] is
the concentration of ct-DNA and 7 is the average fluores-
cence lifetime (~ 1078 s) [20]. Generally, quenching data are
usually presented as plots of Fy/F versus [Q] and the values
of K, and K, at different temperatures are given in Table 1.
The values of Kq were significantly higher than that of the
maximum scattering collision quenching constant (2.0x 10
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Fig. S The Plots of 1.2 y=1.3267x-4.4424
log(F,—F)/F versus log[Q] for R2=0.9913
the binding of ISX with ct-DNA e
at different temperatures 1 y=1.0812x-3.6727
R?2=0.98
0.8
=
.
& 06
)
=
0.4 -
0.2 - ¢ T=283
WmT=288
0 ‘ ‘
3.78 3.88 3.98 4.08 4.18 T=298
logQ ®T1=310

Table 2 Binding constants (K;) and number of binding sites (n) of

Table 3 Thermodynamic parameters for the binding of ISX to ct-

the DNA-ISX system DNA

T (K) n Log K; K; x 10° R? T (K) AG (kJ mol-1) AH (kJ mol™") AS (J mol™ 'k~ 1)
283 0.82 2.9067 0.8 0.96 283 —15.74

288 0.88 3.0241 1.0 0.98 288 —16.67

298 1.08 3.6727 47 0.98 298 —-19.89 —98.72 402.55

310 1.32 4.4424 27.6 0.99 310 —26.36

L mol™!) for dynamic quencher, suggesting that the inter-
action between ct-DNA and ISX happens through a static
quenching mechanism [21, 22].

The apparent binding constant (K;) and the binding
stoichiometry (n) of DNA-ISX complex can be computed
through the equation below [23]:

F. -
log< 0

In above equation, n is the number of binding sites of
ct-DNA per each ISX molecule and F; and F are the fluores-
cence intensities of the fluorophore in the absence and pres-
ence of different concentrations of the ct-DNA, respectively.
From fluorescence experiments, the plots of log(F,— F)/F
against log[Q] were recorded at 283, 298, 310 K (Fig. 5)
and the values of K; and n at these temperatures are shown
in Table 2.

F
> = log K; + nlog[Q] 3)

Thermodynamic Parameters and Binding Force

The interaction forces among drug molecules and double
helix of deoxyribonucleic acid (DNA) mainly consist of
hydrophobic interactions, van der Waals force, hydrogen
bonds and electrostatic force. To corroborate the bind-
ing force between ISX and ct-DNA, the thermodynamic

parameters at different temperatures (283, 298, 310 K)
were analyzed. The binding model of drug molecules with
ct-DNA can be estimated from the thermodynamic data:
(I) AH<O0 and AS > 0, the major stabilizing forces are
hydrogen bonds and hydrophobic interactions; (2) AH <0
and AS <0, the principal forces are hydrogen bonds and
van der Waals forces; and (3) AH>0 and AS >0, hydro-
phobic interactions are the main forces [24-26]. The val-
ues of AH, AS and AG of the interaction between ISX
and ct-DNA were determined using the Eqgs. (4) and (5)
shown below [27]:

AH AS
InK=-22 422
n =t % @)
AG = AH — TAS (5)

where K is the binding constant at different temperatures
(283, 298, 310 K) and R is gas constant (8.314 J mol ™!
K™1). The values of AH and AS were gained from the slope
and intercept of the linear plot (Eq. (4)) between InK versus
1/T. The AH, AS and AG values of interaction between ISX
and ct-DNA are listed in Table 3. The negative value of AG
disclose that the interaction process is spontaneous, while
the negative value of AH and a positive AS value, indicate
that hydrogen bonding and hydrophobic interactions have
the main role in binding of drug (ISX) to ct-DNA [22].
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Competitive Binding Studies

In present study on ISX-DNA interaction, the competitive
fluorescence procedure was utilized. Hoechst 33258 was
used as competing agent for minor groove. Also, MB and
AO were used as competing agent for intercalation. Before
and after addition of ISX to a mixture of ct-DNA and probe
the fluorescence spectra were recorded.

As is known, Hoechst 33258 binds strongly to the minor
grooves of ct-DNA with preference for adenine-thymine-
rich sequences [28]. Figure 6 illustrates the fluorescence
emission spectra of the fluorescence spectrum of Hoechst
33258 in Tris-HCI buffer solution. The fluorescence inten-
sity was increased upon the addition of ct-DNA to above
solution, due to binding of Hoechst 33258 to the minor
grooves of DNA [29]. Remarkable quenching of fluo-
rescence intensity was observed by addition of different
amounts of ISX to the above mixture (Fig. 6), which shows
the release of Hoechst to the solvent. In order to evaluate
the possible interaction of ISX and Hoechst 33258, the
ISX was added to the Hoechst solution and no significant

Fig. 6 Fluorescence intensity 500
of Hoechst-DNA complex in 450 -
the absence and the presence
of ISX. The concentration of
ct-DNA and Hoechst were
9.9% 1073 and 5x 1076 mol
L respectively, and the
concentrations of ISX were
0.0,0.49,0.99, 1.47, 1.96, 2.43
and 2.91x 107 mol L™! and

Fluorescence intensity
N
w
o
|

changes in the fluorescence spectrum were observed. Also,
in order to verify the eventual intercalating of ISX between
base pairs of DNA, methylene blue (MB) and acridine
orange (AO) were used as a proper fluorophore. MB is a
phenothiazinium dye that interacs with ct-DNA mainly by
intercalation binding mode. Negligible changes in fluores-
cence intensity were observed after addition of ISX to the
DNA-MB mixture (Fig. 7, Ref. [30]). These results indi-
cate that the MB molecules are not released from ct-DNA
double helix after addition of ISX. Thus the data show that
the ISX is either a non-intercalator or a weaker intercalator
than MB. On the other hand, insignificant changes were
observed after addition of ISX to the DNA-AO mixture
(Fig. 8). We note that AO is a cationic dye and can insert
between two adjacent base pairs in a DNA helix [31]. The
fluorescence emission spectra of AO with and without ct-
DNA and the effect of ISX addition to AO bounded to ct-
DNA are shown in Fig. 8. As can be seen, the fluorescence
spectra indicate that there is no significant displacement
of AO by ISX. Thus the results confirm the absence of an
intercalative mode of binding.

+H[ISX
[ oo * Hoechst+DNA

..... * Hoechst alone

410 430 450 470

‘Wavelenght (nm)

150
pH=7.4 1004
50
0 -
390
Fig. 7 Fluorescence intensity 400
of MB-DNA complex in the
absence and the presence of 350
ISX. The concentrations of ct- >
DNA and MB were 12.5x107° % 3007
and 5x 107 mol L1, respec- Ea 250 -
tively, and the concentrations of 5
ISX were 0.0, 0.49, 0.99, 1.47, b 200 -
1.96,2.43 and 2.91 x 10~ and g
pH=74 g 150
ot
E
E 100 -
504
0 -
630
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» AO alone

= AO+DNA

[ISX]+[AO-DNA}—> No change

Fig. 8 Fluorescence intensity 400
of AO-DNA complex in the
absence and the presence of 350 4
ISX. The concentrations of ct- >
DNA and AO were 7.2x 1073 % 300 -
and 5% 10 °mol L™, respec- §
tively, and the concentrations of = 250 -
ISX were 0.0, 0.49, 0.99, 1.47, 8
1,96, 2.43 and 2.91x 10~%and g 2007
— <
pH=74 2 150 -
13
E
= 100
50 -
0 =2
470

Circular Dichroism Spectroscopy

Circular dichroism spectroscopy (CD) is widely used to ana-
lyze the structural asymmetry of small molecules. Chirality
of ct-DNA can be recognized using CD spectral measure-
ments [32].

Generally, DNA double Helix have different conforma-
tions, namely A, B, Z, etc. recognizable by its CD spectrum.
The CD spectrum of ct-DNA contains a positive band at
275 nm, because of base stacking interactions and a negative
band at 245 nm, due to its right-handed helicity [33]. The
above bands are sensitive to binding of any drug molecules,
therefore the observed changes in CD signals of ct-DNA
upon on interaction with drugs may often be assigned to the
corresponding changes in ct-DNA structure [34].

However, groove binder molecules commonly do not lead
to significant unwinding of the ct-DNA base pairs [35]. The
CD spectra of free ct-DNA and ct-DNA-ISX complexes are
shown in Fig. 9. In the presence of ISX, the intensity of the

T T 1
570 620 670

wavelenght (nm)

negative band at 245 nm and positive band at 275 nm is
decreased and increased, respectively. The above observa-
tion confrims a conformational change from B to A [35],
and generally happens when there is a groove binding mode
of interaction [36].

Viscosity Measurements

Viscosity of deoxyribonucleic acid is susceptible to changes
in the length of the DNA double helix. Accordingly the vis-
cosity measurement is considered as one of the most critical
tests for the binding mode of a drug molecule and deoxyri-
bonucleic acid. The viscosity of the deoxyribonucleic acid
solution has low changes when drug molecules bind to ct-
DNA through an electrostatic or groove binding mode. How-
ever, a classical intercalator will push the affected base pairs
of deoxyribonucleic acid away from each other, resulting in
elongation of the double helix of ct-DNA and also increas-
ing the relative viscosity of the solution [37-39]. If drug

Fig. 9 CD-spectra of the ct- 4 - y
DNA in the presence of differ- (DNA)
ent concentrations of ISX Con- 3
ditions: ¢(DNA)=8x 10~ mol ‘ ri=0.9
L' c(I1SX) (1.0x 10~* mol 2 4 ri=1.5
L'):0.0,0.5,09, 1.5 and / \
= / N
pH=74 o 1 / N\
=
g 0 ‘:‘ T T T =
8 220 1230 240 250 260 270 280 290 300
-1 7 :f“\
2 - /
-3
-4

wavelength (nm)
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molecules partly intercalate into the stacked base pairs of ct-
DNA, the reduction of the viscosity of the ct-DNA solution
will be observed [40, 41]. The relative viscosity of ct-DNA
solution upon the addition of ISX is shown in Fig. 10. As
can be seen there is a slight change in the viscosity value of
ct-DNA with increasing the ISX concentration, indicating
that ISX mainly interacts with ct-DNA through groove mode
of binding or surface binding and not intercalation mode of
binding.

Effect of the Ionic Strength

Investigating the efficacy of the ionic strength on drug-
DNA interactions is an efficient way to distinguish the
binding modes between drug molecules and ct-DNA. The
fluorescence intensity of ct-DNA—-ISX solutions was moni-
tored when NaCl solutions with different concentrations
(0 to 1.3x 1073 mol L™ ") were added to the solutions (see
Fig. 11). We note that NaCl salt is used to control the ionic
strength of the DNA-ISX solutions. As we know, Na* ions

Fig. 10 Effect of ISX on the
viscosity of ct-DNA. Condi-
tions: c(DNA)=5.0x 10~ mol 27
L% ri=[ISX]/ [DNA]=0.0,

0.2,0.4,0.6,0.8,1,1.2,1.4, 1.6,
1.7,1.9,2,2.2,2.3,2.4,2.6,2.7, 15
29 and pH=74

0.5 -
0-
0
Fig. 11 Effect of ionic strength 300
on the fluorescence inten-
sity of ISX -DNA complex. 250 -
Concentrations of ct-DNA and
ISX were 3.0x 107> M and
5.0x 1073 M, respectively 200

100

Fluorescence Intensity

50

0
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exhibit a propensity to bind to the phosphate groups of ct-
DNA via electrostatic interactions. As shown in Fig. 11, the
increasing in molarity of NaCl solution has not changed
significantly the emission value of ct-DNA-ISX system.
Thus, we can conclude that the increasing ionic strength
of solution has no significant effect on the binding between
ISX and ct-DNA. The above result indicates that, at our
experiment conditions, the type of ISX binding to ct-DNA
is non-electrostatic.

Electrochemical Studies

Electrochemical methods can be used for studying binding
interactions of electrochemically active drug molecules with
deoxyribonucleic acid. The electrochemical methods enable
us to appraise and auspicate DNA interactions and dam-
age of DNA strand caused by binding of drug molecules
to DNA.

As a means for further illustrating of the binding inter-
action between ISX and ct-DNA the differential pulse

(/mp)*?

1/R

150 @ ' +——o—4 ¢ >--0-0-4

T T T T 1

0.0004 0.0006 0.0008 0.001 0.0012 0.0014
[NaCl]



J Fluoresc (2018) 28:195-206

203

voltammograms (DPV) were studied in Tris—HCI buffer
(pH 7.4). Figure 12 displays the differential pulse voltam-
mograms of the ISX at the absence and presence of different
concentrations of ct-DNA. According to Eq. (6) the positive
shift of peak potential confirm interaction between ISX and
ct-DNA [42] and apparent reduction in the peak currents of
ISX upon the addition of ct-DNA to the solution was attrib-
uted to the diffusion of the ISX bound to the large slowly
diffusing ct-DNA molecule [41].

EOO/RY = EOO/R + % log Kygy, ©)

Where E°qry is the standard oxidation potential of ISX
interacted with ct-DNA, E°qzis the standard oxidation
potential of ISX, n is the number of involved electron in the
oxidation, K is the binding constant, R, T, and F have their
usual meanings.

The binding constant, K, of the interaction of ISX with
ct-DNA was determined according to the Eq. (7) shown
below [43]:

1 IFree
1 —— | =log(K)+1 _
o8 < [DNA] ) Og( ) " o8 <1Free - IBand > (7)

In above equation, K is the apparent binding constant
and I, and Iy, 4 represent the peak current of the free
guest and the adduct, respectively. According to Eq. (7), the
plot of log(1/[DNA]) versus log(Ig.ee/ (Ipree_Igong)) (Fig. 13)
becomes linear with the intercept of log(K). Binding con-
stants of ISX and ct-DNA were calculated to be 3.9 x 10°
mol~! L using DPV data (Eq. 7).

Molecular Docking Studies

Molecular docking is a most important method in computer
drug design [44]. The focus of molecular docking is to
simulate the molecular identity process between drug mol-
ecules and DNA. Molecular docking is a helpful technique
to achieve an optimized conformation for DNA and drug
molecule with relative orientation between them.

Fig. 12 Differential pulse 0.2 -
voltammogram of ISX in pres- '
ence of ct-DNA at different 0.18 -
concentrations. Conditions:
c(ISX)=5.0x10"> mol L™! 0.16 -
c(DNA)(x 107> mol L™1): 0.0,
0.19,0.58,0.97, 1.3, 1.7, 2.2, 0.14 -
2.8,3.7and pH=7.4 <
2 012
0.1+
0.08 -
0.06
o—
0.04 + T i
0.35 0.45 0.55 0.65
E (V) vs. Ag/AgCl
Fig. 13 Plots of log(1/[DNA]) 5+
agaiHSt log(IFree/ (IFree_IBond)) 4.8
of ISX, in the absence and ’
presence of different amounts of 4.6
ct-DNA - 4.4
<
z 4.2
Q 4 _
=
Eﬂ 3.8 1
- 3.6
3.4 4
3.2 1
3 T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

lOg(I}'ree / I}'ree— IBont‘l )
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Fig. 14 Molecular docked
model of ISX (a) and its
protonated from (b) with DNA
duplex

We note that the hydrochloride salt of ISX is used in
this work and in all above discussions we have assumed
that the neutral ISX have interaction with ct-DNA. Obvi-
ously, the amines and their protonated form are in equi-
librium in solution. However, this is quite reliable to
assume that at a buffer solution with pH of 7.4 the neu-
tral form of amine is the dominant species. Anyway, we
were interested to know if the molecular docking studies
support our above logical assumption. Thus the results of
spectroscopic studies were complemented with molecular
docking experiments in which the ISX and its protonated
form were docked to crystal structure of DNA (PDB ID:
1BNA).

The structures of the ISX and its protonated form were
made flexible to attain different conformations in order to
predict the best fit orientation and the best energy docked
structure were analyzed. Anyway, the results show that
the protonated form of ISX fits snugly into the curved
contour of the targeted DNA in the major groove and not
in the minor groove (Fig. 14). On the other hand, in the
final docked conformation the ISX molecule occurs in
a crescent shape, which is complementary to the natu-
ral curvature of the minor groove of DNA (Fig. 14). We
remember that the competitive fluorimetric studies with
Hoechst 33258 showed that the ISX drug exhibit the abil-
ity to displace the DNA-bound Hoechst 33258, indicat-
ing that it binds to the minor groove of ct-DNA. Thus,
the molecular docking studies clearly support our spec-
troscopic studies and also this assumption that mainly
the neutral ISX, and not its protonated form, binds to
ct-DNA.

@ Springer

Conclusions

In this work, the interaction of ISX with ct-DNA was inves-
tigated using electronic absorption spectroscopy, circular
dichroism (CD), fluorescence spectroscopy, viscosity meas-
urement and molecular docking. Fluorescence quenching
shows the binding between ISX and ct-DNA occurs through
static quenching mechanism. Thermodynamic parameters
(enthalpy and entropy) suggested that hydrogen bonds and
hydrophobic interactions play an important role in binding
process. The molecular docking of the ISX with the DNA
duplex demonstrates that ISX prefers to bind in the AT-rich
minor grooves of ct-DNA. The data show that the ISX has
induced some slight changes in the CD spectrum of ct-DNA
and has a little effect on the viscosity of ct-DNA.
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