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The thermodynamic parameters for the intercalative interaction of structurally related well known intercalators,
9-aminoacridine (9AA) and proflavine (PF) were determined by means of fluorescence quenching study. The
fluorescence intensity of 9A A decreased upon intercalation to DNA, poly[d(A-T).] and poly[d(G-C).]. A van’t
Hoff plot was constructed from the temperature-dependence of slope of the ratio of the fluorophore in the
absence and presence of a quencher molecule with respect to the quencher concentration, which is known as a
Stern-Volmer plot. Consequently, the thermodynamic parameters, enthalpy and entropy change, for complex
formation was calculated from the slope and y-intercept of the van’t Hoff plot. The detailed thermodynamic
profile has been elucidated the exothermic nature of complex formation. The complex formation of 9AA with
DNA, poly[d(A-T).] and poly[d(G-C)] was energetically favorable with a similar negative Gibb’s free energy.
On the other hand, the entropy change appeared to be unfavorable for 9AA-poly[d(G-C):] complex formation,
which was in contrast to that observed with native DNA and poly[d(A-T):] cases. The equilibrium constant for
the intercalation of PF to poly[d(G-C),] was larger than that to DNA, and was the largest among sets tested
despite the most unfavorable entropy change, which was compensated for by the largest favorable enthalpy.
The favorable hydrogen bond contribution to the formation of the complexes was revealed from the analyzed
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thermodynamic data.
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Introduction

Lerman originally explained the intercalative binding mode,
in which an intercalating molecule is sandwiched between
two adjacent base pairs' and the molecular plane of inter-
calator is parallel with the base pairs of nucleic acid. Upon
intercalation, the DNA-helix elongates by 34 nm per mole-
cule corresponding to the van der Waals thickness of the
aromatic intercalator as a consequence the DNA helix un-
winding. Interestingly, the essential biological functions,
such as transcription, replication and DNA repair could be
disturbed by means of structural changes in DNA molecule.
This phenomenon is an important indicator of the bioactivity
of drugs (ligands). For these causes, intercalators can be
used as antiseptics and antitumor drugs.>* Intercalators for
duplex DNA, such as ethidium bromide (EB),** benzo(e)-
pyridoindole (BePI),® 9-aminoacridine (9AA, Fig. 1)* and
their derivatives, can stabilize the duplex. In order to under-
stand the nature of intercalators and intercalation process,
several theoretical and experimental studies have been carried
on the thermodynamic stability of intercalated complexes.” '
In general, the intercalation process is as follows: first, the
drug approaches DNA and binds the outside of DNA; and
second, the drug intercalates the DNA base pairs via a hydro-
phobic interaction and forms a stable intercalated complex.
The hydrophobic interaction is the major intermolecular
interaction in the intercalation. The stability of the inter-

calated complex is related to m-stacking interactions between
the intercalator and nucleobase pairs of DNA. Carbon and
hydrogen atoms in the intercalator have relatively high elec-
tron densities that will exhibit energetically favorable n-stack-
ing interactions with the DNA base pairs.'*'*!” Thermo-
dynamic parameters, specifically enthalpy, free energy and
entropy, reveal the forces that drive complex formation and
mechanism of action. 9-Aminoacridine and proflavine (denot-
ed as PF) (Fig. 1), which are polycyclic aromatic compounds
with a heterocyclic nitrogen atom, are a useful molecules
because of their potential as chemotherapeutic agents>'® and
probes in molecular biology."” These molecules are known
as intercalators and interact with double stranded DNA and
RNA via intercalation.’”?* Our aim is to scrutinize the
thermodynamic stability of 9AA and PF intercalated in
DNA base pairs. As shown in Figure 1, the molecular struc-
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Figure 1. Molecular structure of 9-aminoacridine (9AA) and pro-
flavine (PF).
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ture of 9AA and PF has a different number of amine groups
and located at the different places. The importance of the
number and position of amine groups in acridine moiety in
the stabilization of intercalated complexes would be firmly
explained as a result of thermodynamic investigation.

Materials and Methods

Materials. 9-AA and PF were purchased from Sigma
Aldrich and used as received. Calf thymus DNA (refer to
DNA), poly[d(G-C).] and poly[d(A-T),] (Sigma Aldrich)
were dissolved in a buffer containing 100 mM NaCl, 5 mM
cacodylate and 1 mM EDTA at pH 7 by constant stirring at 4
°C. The DNA solution was dialyzed five times at 5 h
intervals against the 5 mM cacodylic buffer with 100 mM
NaCl at 4 °C. The concentrations of the chemicals and DNA
were determined spectrophotometrically using the molar ex-
tinction coefficients: €25gam = 6,700 M~'cm™ for DNA, €254nm
= 8,400 M'em™! for poly[d(G-C)a], €2620m = 6,600 M'em™
for poly[d(A-T).], €400nm = 9,300 M'em™ for 9AA and
€444nm = 42,000 M 'cm™' for PF. The absorption spectra of
the samples were recorded on a Shimadzu UV-1601PC
spectrophotometer.

Fluorescence Quenching. Fluorescence quenching is a
process in which the fluorescence intensity of a given fluoro-
phore decreases after adding a quencher. It has been well
documented that there are two types of the quenching mech-
anism: static and collisional (or dynamic) quenching. In
general, fluorescence quenching occurs through one of the
two mechanisms or a combination of both. Both mechanisms
can be described using the Stern-Volmer equation.?

By 14 kg10 (1)

where F' and F, are the fluorescence intensities in the
presence and absence of a quencher, respectively, and [Q]
denotes the concentration of the quencher, i.e. DNA in this
study. In the above equation, Ky, is the Stern-Volmer con-
stant, which is the product of the collisional rate constant
and fluorescence life time of the quencher for the dynamic
quenching mechanism. For the static mechanism, where the
fluorophore loses its fluorescence by forming a non-fluore-
scent complex with the quencher, Ksy denotes the associa-
tion constant for the formation of a non-fluorescent complex
between the fluorophore and quencher. The fluorescence
spectra were measured using a Perkin-Elmer LSB50B spectro-
fluorometer. The emission spectrum of 9AA and PF were
measured using an excitation wavelength of 430 nm and 444
nm, respectively, with slit widths of 5/5 nm for both excita-
tion and emission. The temperature was maintained within
+ (.5 °C using a water circulating system.

Results and Discussions

Spectroscopic Characteristics of 9AA and PF Complexed
with DNA and Polynucleotide. Hypochromism and red
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shift are normally observed due to the strong interactions
between the aromatic chromospheres of the ligand and the
base pairs of the double strand DNA. A spectral change of
9AA and PF with addition of DNA and various polynucleo-
tides is shown in Figure 2. The absorption spectrum of
DNA, poly[d(G-C);] and poly[d(A-T):] were subtracted
from those of the corresponding complex for sake of easy
comparison. The 9AA showed an absorption spectrum in the
region of 350-450 nm with vibration structures at 363, 382,
401 and 422 nm. On addition of DNA, poly[d(G-C),] or
poly[d(A-T),], the absorption spectrum shows hypochro-
mism of ~50% with red shift of 7-8 nm in the maximal peak
at 401 nm, which is characteristic of the typical intercalative
binding mode. The extensive hypochromicity accompanied
by red shift in the absorption maxima revealed the strength
of an intercalative binding, as previously reported.?*** Alter-
natively, PF exhibited a featureless broad absorption band
centered at 444 nm and it was hypochromially shifted by ca.
11.2%, along with the larger red shift (16 nm in Amax, from
444 to 460 nm.) compared to 9AA upon binding to DNA.
Hence, the spectral feature of PF is comparable to the previ-
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Figure 2. Absorption spectra of 9AA (panel a) and PF (panel b) in
the absence and presence of DNA, poly[d(A-T),] and poly[d(G-
C),]. In panel b, the black curve denotes the absorption spectrum
of PF in the absence of DNA, and curves a (red), b(blue) and ¢
(green) represent the absorption spectrum of PF complexed with
DNA, poly[d(A-T),] and poly[d(G-C),], respectively. [DNA] = 1
mM, [9AA] = [PF] = 50 uM. Path length = 1 mm.
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ous reports.”>?* In the presence of the synthetic polynucleo-
tides, the identical red shift in the absorption maximum
occurred with apparently different hypochromism 7.9% and
17.8% for poly[d(A-T),] and poly[d(G-C).], respectively.
The spectral changes that we observed (hypochromicity and
red shif) for the 9AA and PF are differed only slightly from
each other, indicating that their interactions with DNA were
similar, and also it was likely that these compounds may
bind to the helix by intercalation.

Figure 3(a) and 3(b) represents the fluorescence emission
spectra of 9AA and PF in the absence and presence of
polynucleotides, respectively. The results showed that the
fluorescence intensity of 9AA decreased with the addition of
the DNA or synthetic polynucleotides, which indicated that
the 9AA could interact to DNA and polynucleotides in the
similar manner. The 9AA is located in a different environment
in the presence poly[d(A-T),] than DNA and poly[d(G-C),]
since smearing in the vibration bands was observed for the
9AA-poly[d(A-T).] complex. Under this experimental condi-
tions, the quantum yield of 9AA estimated from the area
under the emission spectrum decreased to 36.3%, 18.7% and
38.1% upon binding to DNA, poly[d(G-C),] and poly[d(A-
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Figure 3. Changes in the fluorescence emission spectra of (a) 9AA
and (b) PF in the presence of DNA and synthetic polynucleotides.
Curve a: DNA; curve b: poly[d(A-T),] and curve c: poly[d(G-C),].
The black curve denotes the emission spectrum in the absence of
DNA. The excitation wavelength was 400 nm and 444 nm for
9AA and PF, respectively. [9AA] = [PF] =2 uM, [DNA] = 50 uM.
The slit widths were 5/5nm for both excitation and emission.
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T),], respectively. Similarly, the addition of DNA and poly
[d(G-C):] in to PF led to a significant decrease of emission
intensity, while it increased upon formation of a complex
with poly[d(A-T):]. Although PF has been reported to inter-
calate between DNA base-pairs, and pattern of change in
absorption spectrum of PF bound to poly[d(A-T),] resembles
with those to DNA and poly[d(G-C)] (Fig. 2), difference in
emission spectrum suggested that environment surrounding
PF is different in a large extent in poly[d(G-C),] and poly
[d(A-T),]. Thus, the measurement of the equilibrium con-
stant using the fluorescence quenching was not applicable
for the PF-poly[d(A-T),] complex formation.

Fluorescence Quenching. In order to determine the fluore-
scence quenching mechanism, the fluorescence quenching
data at different temperatures (10-50 °C) were analyzed using
the classical Stern-Volmer equation. The Stern Volmer plots
of 9AA and PF at two representative temperatures (10 and
50 °C) are shown in Figures 4(a) and (b). The value of the
fluorescence quenching was linear over a wide concentration
range of DNA. Moreover, the similar straight lines obtained
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Figure 4. Stern-Volmer plot for complex formation of (a) 9AA and
(b) PF with DNA at two representative temperatures namely, 10
°C (blue squares) and 50 °C (red circles). The curves measured at
intermediate temperatures (20, 30 and 40 °C) were between these
two extremes. The fluorescence emission intensities were measur-
ed at 400 nm and 444 nm for 9AA and PF, respectively. [9AA] =
[PF]=2 uM.
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at temperatures between these two extremes and those are
positioned in between these two lines. A straight line in the
Stern-Volmer plot suggests that the mechanism behind
observed fluorescence quenching is either a simple static or
a dynamic-collisional quenching process.”> Dynamic and
static quenching can be distinguished by their differing depen-
dence on temperature and excited-state lifetime. Since the
dynamic quenching is due to the diffusion, the quenching
efficiency should be increased with increasing temperature.
On the contrary, increased temperature is likely to result in
decreased quenching efficiency in the static quenching pro-
cess if the complex formation is an exothermic process, which
is the case for most drug-DNA complex formation. As shown
in Figure 4 the quenching efficiencies of both 9AA and PF
decreased with increasing in temperature thereby indicating
the presence of static quenching. Therefore, as discussed in
the experimental section, the Stern-Volmer constant, Ky,
can be considered the equilibrium constant for complex for-
mation. It is not possible to compare the equilibrium con-
stant where the fluorescence intensity increases with the
formation of the complex. Therefore, the equilibrium con-
stant is not determined for PF-poly[d(A-T).] case and will
not be discussed anymore. Table 1 summarizes the calculated
equilibrium constants from Stern-Volmer plots at 20 °C. The
9AA-poly[d(G-C),], 9AA-poly[d(A-T).] and PF-poly[d(G-
C):] complexes exhibited also similar trend in the fluore-
scence quenching responses to that observed in 9AA- and
PF-DNA complexes.

Thermodynamics Parameters for Complex Formation.
Indeed, the thermodynamic parameters of DNA-drug complex
are crucial for a scrupulous understanding of the driving
forces prevailing the binding of drugs to DNA. The thermo-
dynamic parameters of the 9AA and PF with various DNA
can be attained from the following basic thermodynamic
equations by using equilibrium constants at various temper-
atures.

AH' | AS°
InK,, =21 4 A5 2
Ml == 777 @
AG’=-RT In Ky, (3)

where AH? is the standard change of enthalpy, AS° is the
standard change of entropy and AG® is the standard change
in Gibbs free energy for the formation of a drug-DNA com-
plex. R is the gas constant and 7 is the temperature in Kelvin.
Using Eq. (2), AH’ and AS° can be calculated from the slope
and y-intercept of the plot of In Ky vs. 1/T, which is known
as the van’t Hoff plot. Figure 5 shows the van’t Hoff plots
for 9AA and PF-DNA, in which the equilibrium constants
were obtained from the fluorescence quenching experiment.
On the whole, the hydrogen bonding between the bound
drugs and DNA, van der Waals stacking interaction, hydro-
phobic interaction force, arrangement of the hydration mole-
cules in the drugs and DNA spine and steric contacts are
plays an vital role to interpret the thermodynamic stability of
the complex formation. The calculated thermodynamic para-
meters including entropy and enthalpy change of complex
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Figure 5. Van’t Hoff plot for the complex formation of (a) 9AA
and (b) PF with poly[d(A-T).] (blue triangles), poly[d(G-C).] (red
circles) and DNA (black quares). In the PF case, addition of
poly[d(A-T).] did not result in the fluorescence quenching hence,
the quenching method described in this work was not applicable.

formation at 20 °C are summarized in Table 1. It is clearly
observed from the experimental results that the complex
formation for all the cases was spontaneous with similar
negative AG’ values. From the negative values of AG’, it has
been revealed that the complex formation is exothermically
driven process with a large negative value of the standard

Table 1. Thermodynamic parameters for the complex formation
between 9AA and PF with DNA and synthetic polynucleotides

AH AS° AG°
-1 s s s
LM kJ'mol™'  JK'mol™' kJmol™
9-Aminoacridine
DNA 4.10 x 10* -21.39 15.40 -25.90
Poly[d(G-C),]  5.00 x 10* -27.79 -4.86 -26.37
Poly[d(A-T),]  3.79 x 10* -18.46 2427 -25.57
Proflavine
DNA 3.34 x 10* -22.56 9.67 -25.40
Poly[d(G-C),] 12.9 x 10* -37.44 -30.36 -28.54

The equilibrium constant and the Gibb’s free energies represent those at
20 °C.
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change in enthalpy, which signifies the energy difference
between the product and reactant. In particular, a favorable
enthalpy change was noted in the case of PF-poly[d(G-C),]
complex formation. The standard change in entropy, which
means the change in the degree of disorder in the process of
complex formation, was either positive (favorable) or negative
(unfavorable). As per the thermodynamic data, the formation
of 9AA- and PF-poly[d(G-C),] complexes are entropy dis-
favored, indicating that the complex formed with poly[d(G-
C):] is more ordered than their dissociated state. It has been
established that the strong interaction between a DNA-
bound drug and stacking interaction between DNA bases
and the planar aromatic part of the drug as indicates by large
negative enthalpy changes. The negative enthalpy (AH) value
illustrates that hydrogen bonding forces most likely play an
essential role in the stabilization of the complex. These inter-
actions should be large enough to compensate for the inter-
actions between the solution and drug, and between the
solution and DNA. Stacking between the DNA bases and
intercalated drug as well as the formation of hydrogen bonds
result unfavorable entropy for complex formation. Conse-
quently, the entropy of the system will be decreased by
distortion of the DNA base pairs where drug insertion and
the release of the solvation shell originally surrounding the
drug and DNA. Thus, the observed effects in entropy and
enthalpy for the intercalation of 9AA and PF may perhaps
the combination of these interactions. It is noteworthy that
the complex formation of PF with poly[d(G-C)] far more
enthalpically favorable with an almost four times higher
equilibrium constant than formation PF-DNA complex. In
the case of PF complex, the observed favorable enthalpy was
compensated for by the large unfavorable entropy. This can
be explained by the formation of hydrogen bonds that
include the amine groups protruding in the minor grooves of
DNA. It should be noted that the 9AA also has observed
similar consequence on complex formation, but to a less
extent. Although the significantly higher favorable enthalpy
and negative AG® values obtained for 9AA and PF is quite
similar, decrease in entropy of 9AA complexes compensated
for the largely favorable enthalpy. The increase in negative
enthalpy and negative entropy were far more pronounced for
PF than 9AA-poly[d(G-C),] complexation. It clearly shows
formation of hydrogen bonds between PF and the GC base-
pairs may be more effective or the number of hydrogen bonds
for PF is larger compared to 9AA. Although the binding mode
of 9AA toward DNA and synthetic polynucleotides is
similar to that of PF, little dissimilarity has been observed for
their thermodynamic stability of the complex formation.

Conclusions

The intercalation of 9AA and PF to DNA, poly[d(G-C);]
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and poly[d(A-T).] are energetically favorable with a negative
Gibb’s free energy. The equilibrium constant for the inter-
calation of 9AA to poly[d(G-C),] was larger than that to
DNA and poly[d(A-T);]. PF also exhibited a larger equi-
librium constant when intercalated to poly[d(G-C),] com-
pared to DNA. These higher equilibrium constants might be
due to the formation of a larger number of hydrogen bonds.
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