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Abstract In this paper, we reported the syntheses and
investigation of the modes of binding to DNA of the
two new ethidium derivatives containing benzoyl and
phenylacetyl groups of both amines at 3-and 8-
positions. The interactions between calf thymus DNA
(ct-DNA) and the two derivatives, 3,8-dibenzoylamino-5-
ethyl-6-phenylphenantridinium cloride (E2) and 3,8-
diphenylacetylamino-5-ethyl-6-phenylphenantridinium
chloride (E3), were investigated by fluorescence quenching
spectra and UV-vis absorption spectra. The Stern-Volmer
quenching constants, binding constants, binding sites and the
corresponding thermodynamic parameters AH, AS and AG
were calculated at different temperatures. The results
indicated the formation of E2 and E3-DNA complexes and
van der Waals interactions as the predominant intermolecular
forces in stabilizing for each complex. In addition, increasing
nucleophilicity of the functional groups at 3- and 8- positions
exhibited the respectable increment the DNA binding
affinities of derivatives. The results of absorption, ionic
strength and iodide ion quenching suggested that the
interaction mode of £2 and E3 with c~-DNA was intercala-
tive binding. The limit of detection (LOD) of c-DNA were
7.49x10°% (n=4) and 4.18x10 *mol/l (n=7) in presence of
E2 and E3, respectively.
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Introduction

The interaction studies between fluorescent dyes and
DNA are significant for the desing new probes and the
quantitative detection of nucleic acids. Many fluores-
cence assays have been reported for DNA measurement
by using of fluorescent dyes [1-3], metal ions and metal
complexes [4, 5] that exhibit fluorescence quenching [6,
7] or enhancement in the presence of DNA. The possible
interaction models between these small molecules and
DNA generally include the electrostatic or surface, the
groove and the intercalation binding. Ethidium bromide
(EB) is used as major intercelation agent for DNA in many
years [8—10]. It has been widely utilized in biochemical
and biophysical applications as a fluorescent stain. In
literature, novel ethidium derivatives have been proposed
as DNA probes and compared their DNA affinity and
toxicity with EB. They have been synthesized via amines
at 3- and 8-positions or 6-position of phenyl ring [11, 12].
5-substitued ethidium derivatives have also been synthe-
sized recently [13].

In the present work, the two new ethidium derivatives,
E2 and E3, were synthesized by binding benzoyl and
phenylacetyl groups to the both amines at the 3- and 8-
positions of EB (Scheme 1). They were characterized by
IR, UV, MS, 'H-NMR and elemental analysis. The
interactions of c-DNA with E2 and E3 were investigated
by fluorescence quenching method. The probable fluores-
cence quenching mechanisms of E2 and E3 by ct-DNA
were studied by means of Stern-Volmer modeling. This
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Scheme 1 Syntheses of £2 and
E3 from EB

study also focused on effect of differences of functional
groups at 3- and 8- positions on ct-DNA binding affinities
of derivatives. The experimental results showed that both
derivatives occured complex formation with c-DNA. In
addition, the binding properties of ct-DNA-derivative
complexes were investigated based UV-vis absorption
spectra, ionic strength, iodide ion quenching and thermo-
dynamic parameters.

Experimental
Syntheses and characterizations of £2 and E3

3,8-dibenzoylamino-5-ethyl-6-phenylphenantridinium
cloride, (E2)

EB (197 mg, 0.5 mmol) was dissolved in mixture of
absolute ethanol (30 ml) and piperidine (5 ml). The solution
was cooled in salt/ice bath and followed by dropwise
addition of benzoyl chloride (PhCOCI, 5 mmol, 0.4 ml) in
5 ml ethanol under constant stirring. The reaction mixture
was heated at reflux on a steam bath for 1 h. and then
stirred at room temperature for 4 h. The residue was
filtered, washed with water and then ether. The pure
product was obtained on crystallization from ethanol gave
as a yellow solid. Yield: 237 mg (91 %), m.p: 306-308°C.
Rf: 0.61 (40% Methanol/Ethyl acetate). 'H NMR
(400 MHz, DMSO, 5): 11.11 (b, -N5H), 10.85 (b, -NgH),
9.22 (m, 2H), 9.18 (d, 1H), 8.70 (dd, 1H), 8.55 (dd, 1H),
8.20 (s, 1H), 8.09 (d, 2H), 7.91 (d, 2H), 7.83 (m, 5H), 7.68
(d, 1H), 7.60 (m, 3H), 7.50 (m, 2H), 4.70 (2H, q, -N-CH,-
CH3), 1.58 (3H, t, -N-CH,-CH3). IR (KBr, cm ') 3408
(-NH), 3052 (aromatic C-H), 2951 (aliphatic C-H), 1657
(C=0, amide), 1599 (C=N), 1543 (C=C). MS (m/z, 100 ev):
522.2 (100.0 %) (M-35.5)"; Anal. Calcd. for
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C3sHogN30,ClL: C, 75.25; H, 5.01; N, 7.52. Found: C,
75.16; H, 4.98; N, 7.61.

3,8-diphenylacetylamino-5-ethyl-6-phenylphenantridinium
chloride, (E3)

EB (197 mg, 0.5 mmol) was dissolved in mixture of
absolute ethanol (30 ml) and piperidine (5 ml). The solution
was cooled in salt/ice bath and followed by dropwise
addition of phenylacetyl chloride (5 mmol, 0.5 ml) in 5 ml
ethanol under constant stirring. The reaction mixture was
heated at reflux on a steam bath for 1 h. and then stirred at
room temperature 3 h. The residue was filtered, washed
with water and then ether. The pure product was obtained
on crystallization from ethanol gave as a yellow solid.
Yield: 266 mg (87 %), m.p: 276-278°C. Rf: 0.57 (40%
Methanol/Ethyl acetate). 'H NMR (400 MHz, DMSO, §):
11.20 (b, -N3H), 10.80 (b, -NgH), 9.13 (d, 1H), 9.10 (d,
1H), 9.06 (d, 1H), 8.42 (dd, 1H), 8.20 (dd, 1H), 8.0 (m,
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Fig. 1 Fluorescence emission spectra of 5.0x10°M E2 in the
presence of ct-DNA. Conditions: A.x=313 nm, the concentration of
ct-DNA from highest curve to lowest is 0, 1.5, 3.0, 4.5, 6.0, 7.5, 9.0,
10.5, 12, 13, 16.5, 19.5 (x10~7) mol/l
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Fig. 2 The Stern-Volmer curves for the interaction of £2 and ct-DNA
at 20°C, 30°C, 37°C (from high to low). [E2]=5.0% 10 °mol/l. Aex /
Aem=313/519 nm

1H), 7.78 (m, 5H), 7.40-7.30 (m, 10H) 4.60 (2H, q, -N-
CH,-CH3), 3.83 (s, 2H), 3.64 (s, 2H), 1.50 (3H, t, -N-CH,-
CH,). IR (KBr, cm ') 3454 (-NH), 3032 (aromatic C-H),
2949 (aliphatic C-H), 1676 (C=0, amide), 1627 (C=N),
1599 (C=C). MS (m/z, 100 ev) 550.2 (100.0 %) (M-35.5)";
Anal. Calcd. for C5;H3,N30,Cl: C, 75.74; H, 5.46; N, 7.17.
Found: C, 75.62; H, 5.52; N, 7.07.

Reagents

Ethidium bromide (3,8-diamino-5-ethyl-6-phenylphenan-
tridinium bromide) was purchased from Sigma. The stock
solutions of £2 and E3 were prepared in DMSO as 2.0x
10> mol/l. The stock solution of calf thymus deoxyribo-
nucleic acid (c#-DNA, double stranded, type I, sodium
salt, Sigma) were prepared in Tris-HCI buffer solution at
pH 8.3 and stored in refrigerator at 4°C until used. DNA
concentrations were determined by absorption spectroscopy
using the molar coefficient (M 'ecm™') of 6,600 at the
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Fig. 3 The Stern-Volmer curves for the interaction of £3 and ct-DNA
at 20 and 37°C (from high to low). [E3]=5.0% 107 %mol/l. Aoy e =
304/517 nm

Table 1 Stern-Volmer data for E2-DNA system

T (°C) Linear regression equation Ky (V/mol) R?

20 F,/F =0.9802+1.082 x 10°[Q] 1.082x10° 0.9905
30 F,/F =1.005 + 8.380 x 10°[Q] 8.380x10°  0.9934
37 F,/F =1.045 4 6.520 x 10°[Q] 6.520x10°  0.9934

wavelength of 260 nm. Purity of DNA was checked by
monitoring the ratio of the absorbance at 260 to that at
280 nm. The solution gave a ratio of A,ep/drgo > 1.8,
indicating that DNA was sufficiently free from protein. The
all aqueous solutions used in the experiments were prepared
daily from the stock solutions by appropriate dilution in
doubly distilled water.

Apparatus

Fluorescence measurements were carried out on a Hitachi F-
4500 spectrofluorimeter equipped with a 150 W xenon lamp
source and quartz cells of 1 cm path length. The slit widhs
were 2.5 nm/2.5 nm, PMT voltage was kept at 700 V and scan
speed was 20 nms ', All absorption spectra were performed
on a Shimadzu UVI1700 (PharmaSpec) UV-Vis spectropho-
tometer equipped with quartz cells. IR spectra were recorded
with Mattson 1000 FTIR spectrometer with KBr. Proton
NMR spectra were obtained with Bruker 400 MHz Ultra
Shielded NMR spectrometer. Mass spectra were recorded
with Agilent 1100 MSD instrument. Elements analyses were
recorded on Elementar Analysensysteme GmbH (varioMI-
CRO CHNS). pH measurements were carried out a NeoMet
(pH-220 L) pHmeter.

Procedure

Fluorescence spectra and intensities of £2 and E3 were
measured at Aey/Aer=313/519 nm and Ae/Aer,=304/517 nm
in Tris HCI buffer at pH 8.3, respectively. Fluorescence
titrations were performed in a 1 cm quartz cuvette by
successive addition c-DNA (1.5-20x10"mol/l) to solu-
tions of 5.0x107°M E2 and E3 in buffer. Their fluores-
cence intensities decreased regularly with increase of
concentration of ct-DNA. The titration data analyzed
according to Stern-Volmer equation and investigated of
interaction types of cz~-DNA with the two derivatives.

Table 2 Stern-Volmer data for E3-DNA system

T (°C) Linear regression equation K., (Umol) R?
20 FO/F = 0.4568 + 8.440 x 10° [Q] 8.440x10° 0.9935
37 F,/F =0.8025+4.590 x 10°[Q] 4.590x10° 0.9902
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Table 3 Binding constant K

and the number of binding sites T (°C) Double logarithm equation K (I/mol) n R?

n for E2-DNA
20 log(Fg — F)/F = 10g6.6936 + 1.1112 log [Q] 4.939x10° 1.1112 0.9938
30 log(Fy — F)/F = 10og6.0329 + 1.0193 log [Q] 1.079x10° 1.0193 0.9660
37 log(Fo — F)/F = log5.3225 + 0.9134log [Q] 2.101x10° 0.9134 0.9919

Results and discussion

To characterize the interaction types of the two deriva-
tives with DNA, the fluorescence spectra of E2 and E3
with the presence and absence of ct-DNA had been
studied at given conditions (see Fig. 1 for E2). In the
interaction of E3 with c¢-DNA (its figure was not given),
almost same effect was observed with E2. The results
showed that the fluorescence of derivatives could be
quenched by c-DNA, and increasing the concentration of
ct-DNA resulted in a gradual decrease in fluorescence
intensities of £2 and E3.

Stern-Volmer quenching and binding parameters
investigation

According to the Stern-Volmer equation, the quenching nature
between DNA and the two derivatives can be analyzed [14]

Fo/F =1+ K[Q]

where, Fy and F are the steady-state fluorescence intensities
of E2 and E3 before and after the addition of ct-DNA,
respectively, [Q] concentration of cz~-DNA as quencher. K, is
the Stern-Volmer dynamic quenching constant. Linear Stern-
Volmer plots were obtained from the fluorescence titrations
under three different temperatures for £2 (Fig. 2) and two
different temperatures for £3 (Fig. 3). Ksv for the interaction
with £2 and E3 and c-DNA were found from slopes of these
graphs. The results showed that Ksv decreased with
increased temperature, suggesting that the probable quenching
mechanism of fluorescence of two derivatives by DNA was
static quenching procedure. The corresponding Stern-Volmer
quenching constants are shown in Tables 1 and 2.

The binding constants have been calculated by using the
double logarithm regression curve of log(Fy—F) / F versus
log[Q] based on the following equation [15],

log(Fy — F)/F = logK + nlog|[Q]

where K is the binding constant and site number n can be
determined by the slope of double logarithm regression

curve based on the equation. Tables 3 and 4 give the
calculated K and n for £2 and £3-DNA. It was found that
the binding constants decreased with the increasing of
temperature, resulting in a reduction of the stabilities of £2
and E3-DNA complexes. But comparing the binding
constants and binding site numbers of two groups, E£3 has
more DNA binding affinity than £2. It can be seen that this
property increases with increasing of the nucleophilic
characters of functional groups.

Interaction mechanism of E2 and E3 with c--DNA

We proposed a series of following studies that charac-
terize and distinguish interactions of E£2 and E3 with ct-
DNA in terms of surface binding, intercalation and groove
binding. Steady-state queching experiments using iodide
ion as quencher may provide further information about the
binding of probe molecule with DNA. The groove binders
are influenced from the solvent surrounding of helix much
more than intercalators. In the presence of anionic
quencher, base pairs below and above the intercalator
would hinder the accessibility of fluorescent probe to
quencher. In addition electrostatic repelling between DNA
phosphate backbone and anionic quenchers will support
the protection of intercalated species [16]. When KI
solution was added in the presence of c-DNA particular
quenching was observed in E2-DNA system (Fig. 4). But
increasing KI concentration didn’t change the quenching
amount. The quenching by the addition KI at the
beginning was thought as quenching effect of KI on free
probe. E3-DNA system showed the same behavior. These
are consistent with intercalation rather than groove
binding into the DNA helix.

The effect of the ionic strength on the binding modes
between the two derivatives and c#~-DNA was also studied
with different concentrations of NaCl ranged from 0.063 to
10 mM. The addition of NaCl, in the presence of DNA, had
no effect on the fluorescence of the both derivatives. These
results can be explained by the protection of fluorescent
probes from solvent surrounding, and indicate that the

Table 4 Binding constant K

and the number of binding sites T (°C) Double logarithm equation K (I/mol) n R?

n for E3-DNA
20 log(Fy — F)/F = log11.228 + 1.6732log [Q] 1.690x 10" 1.6732 0.9943
37 log(Fo — F)/F = log 8.7197 + 1.3267 log [Q] 5.240x10° 1.3267 0.9940
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Fig. 4 Fluorescence emission spectra of E2-DNA system in the
presence of KI. a E2 (black line), b E2 in the presence of 1 mM KI
(blue line), ¢ E2-DNA system (red line), d E2-DNA system in the
presence of 0.0125-1 mM KI

interaction between derivatives and ct-DNA was not
surface-binding mode [17].

Figure 5 shows the absorption spectra of £2 and E3 in
the presence of increasing amounts of c--DNA to decrease
in the peak intensities. Intercalation binding commonly
results in hypochromic and bathochromic effect of the
transition of the intercalated chromophore; generally
external groove binding causes a spectral shift an a
hyperchromic effect [18]. It can be seen from Fig. 5 that
on addition of c¢~-DNA to E2 and E3 a hypochromicity
was observed without any band shift. Therefore, the
results indicated that it could be the indication of
intercalative binding of the two derivatives between the
base pairs of DNA.

0,350
2 0475}
=L
0,000
230,00 365,00 500,00
Wavelength, nm

Aps.

Thermodynamic parameters and nature of the binding
forces

The interaction between a small molecule and biomole-
cule may involve hydrogen bond, van der Waals force,
electro static force, hydrofobic interaction force, and so
on. The thermodynamic parameters (AG, AH and AS)
are very important for confirming binding modes of
them. The log K (binding constant) values obtained at
three different temperatures (20, 30 and 37°C) for E2-
DNA system are plotted against the reciprocal of temper-
ature (Fig. 6) according to the van’t Hoff Eq. 1.

log K = — AH/2.303RT + AS/2.303R (1)

The values of AH and AS were obtained from the slope
and interscept of linear van’t Hoff plot. The following
formulas (2, 3) were used for E3-DNA system at two
different temperatures (20°C and 37°C).

In K5/Ky = AH/R[1/T,—1/T] (2)

AG = AH — TAS = —RTInK (3)

K; and K, are binding constants at 20°C and 37°C,
respectively. Thermodynamic parameters for the interac-
tions of E2 and E3 with DNA are calculated and listed in
Table 5. The neative values of AG reveal that the
interaction processes are spontaneous.

The distinct variations in binding enthalpies are
evident for the functional groups at 3- and 8- positions

0,300 T T T T

0,150

0,000
230,00 385,00

Wavelength, nm

500,00

Fig. 5 Absorption spectra of a 1.2x10 >mol/l DNA, b 5.0x 10 ®mol/l E2 (leff) and E3 (right) ¢ addition 6.0x 10 "mol/l DNA d addition 30 x

10~"mol/l DNA
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77 Table 6 The analytical results of c¢~-DNA determination in presence
E2 and E3
6,5 1
E2 E3
X
2 6 Dynamic range of 1.50 —16.5 x 107 7.50 —33.0 x 1078
- DNA (mol/l)
5,5 - Sb standard deviation  0.027 0.118
of the intercept
Limit of detection 7.49%10°% 4.18x10°°
5 ' ' ' ' ' ! (LOD) (mol/l)
0,00315 0,0032 0,00325 0,0033 0,00335 0,0034 0,00345 Limit of quantification  2.50x 1077 1.39x1077

1T

Fig. 6 log K versus 1/T for E2-DNA system

of ethidium compounds are playing major role in the
DNA binding interactions of ethidium derivatives. Mod-
ification of ethidium bromide from 3- and 8- amino
positions changes the characteristic behaviour of EB
against to DNA from enhancement to quenching. In our
study we also examined the effect of similar functional
groups on binding affinity of ethidium compounds. We
observed that the using phenylacetyl instead of benzoyl
as functional group largely increased the affinity of
compound to DNA. One can be concluded that being far
away of aromatic ring from carbonyl group may increase
the contribution of delocalized electrons of aromatic ring
system to affinity of DNA. Negative values of AH and
AS mark the van der Waals interactions and hydrogen
bonds in the binding mechanism of molecules to DNA
[19]. Because of the incapability of forming hydrogen
bonds of aromatic ring systems, we eliminate the contri-
bution of hydrogen bonds to negative values of AH and
AS in these ethidium derivatives. We proposed the van der
Waals interactions as only interaction type of the our
derivatives with DNA.

Calibration graphs and determination of DNA

The fluorescence quenching of E2 and E3 had a good
relationship with the concentration of DNA. The calibration
graphs were used for the determination of DNA in the
presence of E2 and E3 under the experimental conditions
above described. Calibration graphs were plotted by the
changes in emission intensities against c-DNA concentra-

Table 5 The thermodynamic parameters of the binding E2 and £3 to
DNA

Derivatives AH (kJ/mol) AG (kJ/mol) TAS (kJ/mol)
E2 -131.3 -36.54 -93.22
E3 —256.8 —62.98 —193.95

Values were calculated from data at 20°C

@ Springer

(LOQ) (mol/l)

tions. The linear equations were FO/F = 0.9802 +
1.082 x 10°[Q] with R?=0.9905 (n=4) for E2 and
Fo/F = 0.4568 + 8.440 x 10°(Q] with R’=0.9935 (n=7)
for £3 at 20°C. The detection and quantification limits of
DNA were calculated as 3Sb/m and 10Sb/m. Sb is the
standard deviation of the intercept and m is the slope of the
calibration graph [20]. The analytical results are given in
Table 6. From the dynamic range and detection limit for cz-
DNA, it can be seen that £E3 has more sensitive for this
method.

Conclusion

In this paper, the interactions of the two new ethidium
derivatives, £2 and E3 with c-DNA were studied by
fluorescence and UV-vis absorption spectroscopies. Their
fluorescence intensities quenched by ct-DNA with static
quenching mechanism through formation of £2 and E3- ct-
DNA complexes. Also influences of binding similar
functional groups to the both amines of ethidium at 3-
and 8- positions on DNA binding affinities of derivatives
were investigated and considerable increment was observed
it by increasing of the nucleophilic character of functional
groups. The binding constants, the number of binding sites
and basic thermodynamic parameters were calculated at
different temperatures. The results indicated that van der
Waals interactions were the predominant intermolecular
forces in stabilizing for each complex. The results of
absorption, ionic strength and iodide ion quenching sug-
gested that the interaction mode of £2 and E3 with c-DNA
was intercalative binding. The limit of detection (LOD) of
ct-DNA were 7.49x10 % (n=4) and 4.18 x 10 ®mol/l (n=7)
in presence of E2 and E3, respectively. Hence, the study
had a great significance to explain biological activities and
nucleic acid binding properties of £2 and E3.
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