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of 20 µM. All measurements were performed at 24°C in the range of 
325-500 nm.

Fluorescence measurements

Fluorescence measurements of free ligands were made on a Varian 
Cary Eclipse spectrofluorimeter with a  slit width of 10 nm for the 
excitation and emission beams at a concentration of 20 µM in a 2.5 
ml 0.01 M Tris buffer (pH 7.4). Emission spectra were recorded in the 
range of 400-600 nm. All measurements were performed at 24°C. 

Tm measurements

Thermal denaturation studies were conducted on a Varian Cary 100 
UV-vis spectrophotometer equipped with a  thermostatic cell holder. 
The measurements were taken in a 2 ml 0.01 M BPE buffer (pH 7.0). 
The absorbance at 260 nm was monitored for either ctDNA (80 µM), or 
a mixture of DNA with compounds (1)-(5) (55 µM) in the BPE buffer, 
with an increasing heating rate of 1°C/min. The melting temperatures 
were determined as the maximum of the first derivative plots of the 
melting curves.

CD spectroscopy

CD spectra of ctDNA (0.76 mM) and DNA with ligands (1)-(5) (0.3 
mM) were recorded on a Jasco J-810 in 1 mm cuvette. All measurements 
were performed in 0.01 M Tris buffer (pH 7.4) at 24°C.

Equilibrium binding titration

The binding affinities were calculated from absorbance spectra 
according to the method outlined by McGhee and von Hippel [22], 
using data points from a Scatchard plot [23].

Inhibitory activity of topoisomerase I

In order to determine topoisomerase I inhibition activity, calf 
thymus topoisomerase I (Takara, Japan) and pUC19 DNA (1.4 µg) were 
used as the substrate in the reaction buffer (20 µl), containing 0.1% 
bovine serum albumin (BSA). An appropriate inhibitor was added and 
the reaction was initiated with the addition of 3 units of topoisomerase 
I. The reactions were carried out at 37°C for 5 h. Gel electrophoresis was 
performed at 7 V/cm for 2 h in a TBE (Tris+boric acid+EDTA) buffer 
on a 0.8% agarose gel. The gel was stained with ethidium bromide (1 
mg/ml) and photographed under UV light.

DNA binding experiments

The ctDNA was dissolved in a Tris-EDTA buffer (pH 7.4), and the 
purity was determined by measuring absorption at 260 and 280 nm. 
The A260/A280 ratio of 1.82 indicated that the ctDNA was sufficiently free 
of protein. The concentration of ctDNA was determined via extinction 
coefficient of 6 600 M-1 cm-1 at 260 nm.

Preparation of proflavine derivatives

Hemisulfate of 3,6-diaminoacridine (Proflavine), commercially 
available, was dissolved in hot water and NH4OH (25%) was added and 
stirred into the liquid until a pH level of 8 was reached. The solution was 
then cooled and filtered, washed with water and the resulting product 
dried in order to yield 3,6-diaminoacridine. This neutral proflavine 
was used in subsequent reactions with related aliphatic anhydrides. 
Products (1)-(3) were synthesized and purified in accordance with 
procedures which have been published previously [24], but derivatives 
(4) and (5) were newly synthesized compounds. Preparative column 
chromatography was conducted using a Kiesegel Merck 60 column, 
type 9385 (grain size 250 nm). 1H (400 MHz), and 13C (100 MHz) NMR 

spectra were measured on a Varian Mercury Plus NMR spectrometer 
at room temperature in DMSO-d6 (Merck), using TMS as an internal 
standard (0 ppm for both nuclei). Melting points were determined on 
a Boetius hot-stage apparatus, and are uncorrected. Elemental analyses 
were performed on a Perkin-Elmer analyzer CHN 2400.

N-[6-(Pentanoylamino)-3-acridinyl]pentanamide (4): Proflavine 
(0.1 g, 4.8 mmol) was dissolved in pentanoic anhydride (1 ml, 51 mmol), 
and the resulting mixture was warmed at 140°C for 2 h. The obtained 
product was poured into water, filtered, and a solution of ammonium 
hydroxide (25%) was added. The precipitate thus obtained was filtrated 
off and purified using column chromatography on silica gel with 
acetone as mobile phase yielded pure (5) as orange crystalline powder. 
Yield 35%. M.p. 220-222°C. NMR 1H NMR (400 MHz, Methanol-d4) δ 
8.64 (s, H-9, 1H), 8.45-8.37 (m, H-4,5, 2H), 7.87 (d, J=9.0 Hz, H-1,8, 
2H), 7.61 (d, J=9.0, H-2,7, 2H), 2.45 (t, J=7.7 Hz, 2xCO-CH2, 4H), 1.78-
1.65 (m, 2×CH2, 4H), 1.48-1.39 (m, 2×CH2, 4H), 0.98 (t, J=7.3, 2×CH3, 
6H). 13C NMR (101 MHz, Methanol-d4) δ 175.14, 150.68, 142.43, 
137.65, 130.25, 124.50, 121.54, 115.01, 37.94, 28.96, 23.47, 14.19. Anal. 
Calc. for C23H27N3O2 (377.49): C, 73.18; H, 7.21; N, 11.13. Found: C, 
72.80; H, 6.85; N, 11.35.

N-[6-(Hexanoylamino)-3-acridinyl]hexanamide (5): Proflavine 
(0.1 g, 4.8 mmol) was dissolved in hexanoic anhydride (1 ml, 44 mmol). 
The mixture was warmed at 140°C for 2 h. Crude product was purified 
by column chromatography on silica gel, with acetone as mobile phase 
yielded pure product as orange crystalline powder. Yield 30%. M.p. 
243-245°C. NMR 1H NMR (400 MHz, Methanol-d4) δ 8.72 (s, H-9, 
1H), 8.46-8.40 (m, H-4,5, 2H), 7.93 (d, J=9.0, H-2,7, 2H), 7.64 (d, J=9.0, 
H-2,7, 2H), 2.45 (t, J=7.7 Hz, 2×CO-CH2, 4H), 1.80-1.70 (m, 2×CH2, 
4H), 1.43-1.35 (m, 4×CH2, 8H), 0.94 (t, J=7.3, 2×CH3, 6H). 13C NMR 
(100 MHz, Methanol-d4) δ 175.25, 150.50, 142.60, 137.97, 130.35, 
124.52, 121.63, 114.81, 38.17, 32.60, 26.53, 23.50, 14.32. Anal. Calc. for 
C25H31N3O2 (405.53): C, 74.04; H, 7.70; N, 10.36. Found: C, 73.71; H, 
7.35; N, 10.15.

Results and Discussion
Synthesis

The preparation of derivatives (1)-(5) was performed using 
3,6-diaminoacridine, which was acylated by related aliphatic anhydrides 
yielding the corresponding amides as reported in Figure 1. 

First, 3,6-diaminoacridine was allowed to react with different 
anhydrides leading to the corresponding acetamides (1)-
(5). Subsequently, the crude products (1) N-[6-(acetylamino)
acridin-3-yl]acetamide, (2) N-[6-(propionylamino)acridin-3-yl]
propanamide, (3) N-[6-(butyrylamino)acridin-3-yl]butanamide, 
(4) N-[6-(pentanoylamino)acridin-3-yl]pentanamide, (5) N-[6-
(hexanoylamino)acridin-3-yl]hexanamide were isolated using column 
chromatography.

DNA binding properties

Absorption titrations in aqueous solutions were used in order 
to determine quantitatively the binding process in the interaction 
of ligands (1)-(5) with ctDNA. The UV–vis spectral measurements 
showed a significant absorption in the range of 350-450 nm for studied 
compounds. These bands are typical for transitions between π-electron 
energy levels of acridine rings [25]. 

The absorption spectra were consequently recorded as a series with 
increasing concentrations of ctDNA. The data revealed a  decrease in 
peak intensities at about 380 nm, with a reduction in absorbance from 
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25% to 48% of its initial value (Table 1). In addition to a significant 
hypochromism and a partial loss of the fine structure of the absorption 
bands, the absorption maxima of all complexes with DNA exhibited 
bathochromic shifts relative to those of free ligands. The hypochromism, 
which is due to the strong interaction between the electronic states of 
the intercalating chromophore and those of the DNA bases, is similar to 
that reported in other studies [26], suggesting the close proximity of the 
proflavine chromophore and DNA. Representative titration is shown 
in Figure 2.

The addition of ctDNA to the solution of (1)-(5) was typical of 
one isosbestic point in the spectrum which indicates spectroscopically 
distinct chromophores, namely free and bound species. Spectral 
properties such as these are generally suggest that intercalation is the 
favored binding mode [27], but it is also conceivable that side alkyl 
chains may enter into the DNA grooves during this process. 

The intrinsic binding constant K for the ctDNA-ligand interaction 
was determined using the McGhee and von Hippel equation [22,23]. The 
binding parameters from spectrophotometric analysis are summarized 
in Table 2. Calculated binding constants K (from 2.10×105 to 0.68×105 
M-1), and neighbor exclusion parameters, n (from 1.4 to 2.1), clearly 
indicate a direct correlation between intercalation capability and the 
resulting structural changes. The values of the binding constants observed 
for (1)-(5) are indicative of the high affinity of proflavine chromophore 
to the DNA-base pairs. Additional evidence for intercalation into 
DNA was obtained using thermal denaturation studies. The binding of 
a small molecule to DNA is assumed to stabilize the helix and protect 
it against thermal denaturation and the typical sign of stabilization is 
an increase in transition temperature, Tm, for the double- to single-
stranded form morphing of DNA. Due to the difference between the 
extinction coefficients of DNA bases in the double-stranded form and 
the single-stranded form at 260 nm, the absorbance increases sharply 
at Tm as the DNA strands begin to separate. The helix denaturation of 
DNA was thus monitored as a  function of temperature by recording 
absorbance at 260 nm. The DNA melting experiment reveals that Tm 
of ctDNA was 68°C, and increased from 72°C to 76°C in the presence of 
investigated drugs (Table 2), thus confirming a rise in helix stability, as a result of intercalation of the proflavine derivatives into DNA; ligand 

(3) was most effective in stabilizing the ctDNA structure. 

The fluorescence spectra of proflavine derivatives (1)-(5), which 
exhibited a broad emission band in the range 400-600 nm, were 
monitored at a fixed concentration of 20 µM. Titration with increasing 
concentrations of ctDNA continued, until no further changes in the 
spectra of the drug-DNA complexes were observed (Figure 3). 

The binding of the proflavine derivatives to the DNA helix was 
found to reduce the fluorescence of the complex, thus independently 
proving the interaction of our compounds with DNA. The relative 
fluorescence intensities are summarized in Table 1.

CD spectroscopy

Circular dichroism method was used in order to monitor 
conformational changes in ctDNA, following the addition of ligands 
(1)-(5). The B-form conformation of DNA shows two conservative 
CD bands in the UV region, a positive band at 275 nm caused by base 
stacking and a negative band at 247 nm due to polynucleotide helicity 
[28]. 

After the addition of a classical intercalator to B-DNA, an increase 
in molar elipticity of the positive band was observed at 275 nm, and a 
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Figure 1: Preparation of derivatives (1)-(5).

Compound R
λmax [nm]

Hypochromism [%] aF/F0Free Bound

(1) CH3 380 386 25 0.76

(2) C2H5 382 384 28 1.00

(3) C3H7 381 382 48 0.64

(4) C4H9 388 390 40 0.37

(5) C5H11 390 392 32 0.39

aRelative fluorescence intensities (1)-(5) were calculated using drug (2) as a 
standard.

Table 1: Spectral characteristics of compounds (1)-(5).
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Figure 2: UV-Vis absorption spectra of compound (1) (20 µM) in a 0.01 M 
Tris buffer (pH 7.4, 24°C) with increasing concentrations of ctDNA (from top to 
bottom, 0-120 µM bp, step 10 µM).

Compound (1) (2) (3) (4) (5)

K×105 [M-1] 2.10 1.80 0.93 0.72 0.68

n 1.4 1.5 1.7 1.9 2.1

aTm [°C] 72 74 76 74 73

b∆G [kJ.mol-1] -30.3 -29.9 -28.3 -27.5 -27.1

clogP 1.98 3.38 4.27 5.16 6.05

dPSA 71.09 71.09 71.09 71.09 71.09

eMSA 402.50 467.18 528.43 589.66 654.11

aThe transition temperature of ctDNA was 68°C. bThe standard Gibb´s free energy 
change (∆G0=-RT ln K), clogP: Partition coefficient; dPSA: Polar surface area; 
eMSA: Van der Waals molecular surface area.

Table 2: DNA binding parameters compounds (1)-(5).

kJ.mol
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reduction in ellipticity was recorded at 247 nm [29]. The addition of 
substances (1) and (2) to calf thymus DNA induced a slight increase in 
the CD signal centered at 275 nm, and a slight decrease of the negative 
peak at 247 nm (Figure 4). These observations suggest that intercalation 
is the dominant binding mode.

The CD spectra of (3), (4) and (5) show an increase in the positive 
signal, and a  moderate increase of the negative band, indicating that 
these ligands bind with DNA not only through intercalation, but that 
their side alkyl chains which are attached to proflavine can be integrated 
into DNA grooves [30]. This fact might be explained by increasing of 
non-polar surface area closely connected with the elongation of alkyl 
chains (Table 2). Hydrophobic alkyl chains try to avoid interaction with 
water that surrounds DNA by binding into its lipophilic grooves, what 
in general might turn a mode of DNA binding. This suggestion might be 
directly link with decrease of binding constants, as result of entropy lost 
upon flexible alkyl chains binding. The linear correlation between the 
binding constants of (1)-(5) and partition coefficient (logP) is apparent.

Topoisomerase I relaxation assay

The planar polycyclic structure of acridines allows them to 
intercalate easily into double-stranded DNA, and this intercalation can 
interfere with DNA regulatory enzymes such as  topoisomerases [31]. 
Topoisomerases are enzymes involved in the supercoiling of DNA, 
and they play important roles in many aspects of DNA processing. 
As a result, these molecular targets are being studied for use in the 
development of a new generation of inhibitory agents [30].

In order to study the effect of our ligands on DNA relaxation, 
supercoiled plasmid pUC19 was incubated with topoisomerase I in the 
presence of the studied drugs in concentrations of 5 µM, 15 µM and 30 
µM (Figure 5). 

The resulting products were analyzed with electrophoretic mobility 
and developed in ethidium bromide in the presence of UV light. As is 
shown in Figure 5, supercoiled DNA was fully relaxed by the enzyme 
in the absence of substances (line 16). Compounds (2)-(5) exhibited 
topoisomerase I inhibitory activity at the test of 30 μM (lane 3, 6, 9, 12, 
15). Result showed that only derivative (1) caused TOPO I inhibition at 
15 µM drug concentration (lane 2). 

Conclusion
In this paper, the  interaction of bis-3,6-alkylamidoacridines with 

calf thymus DNA and their inhibitory effect on topoisomerase I were 
investigated. The DNA-binding of these compounds to ctDNA was 
examined with UV-Vis, fluorescence and CD spectroscopy. The results 
of CD measurements demonstrate that compounds (1), (2) and (3) 
directly interact with ctDNA through intercalation between base-pairs, 
and that drugs (4) and (5) presumably bind with ctDNA not only by 
intercalation, but also by through groove binding. The DNA melting 
experiments revealed that the transition temperature, Tm, of ctDNA 
showed an increase in the presence of (1)-(5), a finding which indicates 
that the molecules have bound to ctDNA, and have therefore, stabilized 
the DNA duplex. The electrophoretic separation proved that ligands 
(1)-(5) inhibited topoisomerase I at a concentration of 15 µM. The 
results of this study can contribute towards a better understanding of 
the interaction mechanism of proflavine derivatives with nucleic acids.
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Figure 3: Spectrofluorimetric titration of derivative (2) (20 µM) in 0.01 M Tris 
buffer (pH 7.4, 24°C) by increasing the concentration of ctDNA (from top to 
bottom, 0-170 µM, step 10 µM), λex=382 nm.
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Figure 4: Circular dichroism spectra of the ctDNA (0.76 mM bp) in the absence 
(black line), and the presence (red line) of compound (2) (0.3 mM) in 0.01 M Tris 
buffer (pH 7.4).

Ligand (1)        Ligand (2)          Ligand (3)          Ligand (4)         Ligand (5)

1      2       3      4       5     6       7       8      9     10    11   12     13    14    15    16     17

Figure 5: Inhibition of topoisomerase I-induced DNA relaxation by ligand (1): 
lane 1-3, ligand (2): lane 4-6, ligand (3): lane 7-9, ligand (4): lane 10-12, ligand 
(5): lane 13-15. Native supercoiled pUC 19 (1.4 µg, lane 17) was incubated for 
5 h at 37°C with 3 units of topoisomerase I in the absence (lane 16), or presence 
of ligands (lane 1, 4, 7, 10, 13-5 μM, lane 2, 5, 8, 11, 14-15 μM, lane 3, 6, 9, 12, 
15-30 µM). The DNA samples were run on an agarose gel followed by ethidium 
bromide staining.
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