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Abstract The effect of imidazo[4,5-d]phenazine (Pzn) at-
tached to the 5′-end of (dT)15 oligonucleotide via a flexible
linker on the thermal stability of poly(dA)·(dT)15 duplex
was studied in aqueous buffered solution containing 0.1 М
NaCl at the equimolar ratio of adenine and thymine bases
(100 μM each) using spectroscopic techniques. Duplex
formation was investigated by measuring UV absorption
and fluorescence melting curves for the Pzn-modified sys-
tem. Tethered phenazine derivative enhances the thermosta-
bility of poly(dA)·(dT)15 duplex increasing the helix–to–coil
transition temperature by 4.5 °С due to an intercalation of
the dye chromophore between AT-base pairs. The thermo-
dynamic parameters of the transition for non-modified and
modified systems were estimated using “all–or–none” mod-
el. The modification of the (dT)15 results in a decrease in the
transition enthalpy, however, the observed gain in the Gibbs
free energy of complex formation, ΔG, is provided with the
corresponding decrease in entropy change. The increase of
ΔG value at 37 °C in consequence of (dT)15 modification
was found to be equal to 1.3 kcal/mol per oligonucleotide
strand.
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Introduction

During the last three decades, an elaboration of highly selec-
tive therapeutic agents based on the synthetic oligonucleotides
showing anticancer, antiviral or antimicrobial activity has
attracted considerable interest [1, 2]. Three main classes of
such agents are known. The effect of antisense oligodeoxynu-
cleotides (AS ODN) is based on their sequence-specific
hybridization to mRNA target region and consequently
on targeted inhibition of the translation that leads to the
inhibition of the corresponding protein synthesis [3–6].
Reagents of the second class, triplex forming oligonu-
cleotides (TFO), form three-helical structures with target
region of double-helical DNA significantly affecting an
expression of the genetic code [7, 8]. Third class, aptamers,
can bind to selected proteins blocking them similarly to anti-
bodies [1, 9].

Both the computations and empirical estimations show
that the best specificity to target sequences is observed for
the antisense oligonucleotides of 15–21 nucleotides in
length [1]. To improve their therapeutic properties the anti-
sense oligonucleotides can be modified in several ways. One
of the most commonly used ways is the tethering of inter-
calative organic dye to the end of the oligonucleotide via a
flexible linker [10–13]. Alternative approach consists in the
direct insertion of a dye nucleoside analogue into the oligo-
nucleotide chain instead of “native” nucleotide [14]. In both
cases the conjugation of the oligonucleotide with the inter-
calator strengthens substantially the stability of its complex
with complementary target sequence, improves the oligonu-
cleotide transport into the cell, as well as increases its
resistance to nucleases [15]. A stabilizing effect induced
by the tethered dye is conditioned by the additional binding
energy provided by the interaction between π-systems of
nucleic bases and the chromophore itself resulting from their
stacking. The value of the effect strongly depends on the
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type of the intercalator, nucleotide sequence, the chemical
character and length of linker, and the site of tethering [16].
The most frequently used chromophores are acridine, phen-
azine, ethidium, anthracene, pyrene, porphyrin and cyanine
derivatives [12].

Imidazo[4,5-d]phenazine (Pzn) dye is known as the fluo-
rescent intercalative agent possessing a planar tetracyclic
chromophore with extended π-system [17], whose spectral
properties have been reported earlier [18, 19]. In our previous
works an effect of its nucleoside analogue, imidazo[4,5-d]
phenazine N1-β-D-ribofuranoside (PznRib), covalently at-
tached to the 3′-end of oligothymidylate on the thermostability
of the duplexes and triplexes formed with complementary
deoxyribooligo- and polynucleotides (dA)15·(dT)10PznRib,
(dA)15·2(dT)10PznRib, poly(dA)·poly(dT)·(dT)10PznRib
[20], as well as with mixed ribo/deoxyribonucleotide systems
poly(rA)·(dT)10Pzn [21] and poly(rA)·(dT)14Pzn [22] were
investigated. Substantial enhancement of complex thermosta-
bility was revealed depending on the length and the type of
constituent biopolymers.

In the present work the effects of imidazo[4,5-d]phena-
zine (Pzn) attached to (dT)15 in another way, via a flexible
linker based on hexamethylenediamine, on the thermal sta-
bility of poly(dA)·(dT)15 duplex and on the thermodynamic
parameters of helix-to-coil transition have been investigated
using spectroscopic techniques.

Materials and Methods

Materials

Sodium salt of poly(dA) from Sigma Chemical Co. was
used without additional purification. Synthesis of (dT)15
oligonucleotide was performed on Applied Biosystems
381A DNA synthesizer by a standard solid phase phosphor-
anidite method. 5′-Aminohexyl group was introduced by the
modified carbonyldiimidazole method [23]. After ammonia
treatment the crude oligomer was desalted by gel filtration
on PD-10 column (Pharmacia, Sweden) and used for the
coupling reaction without further purification. Amino-
modified (dT)15 was conjugated to N1-carboxyethyl imi-
dazo[4,5-d]phenazine [24] using BOP-HOBT coupling meth-
od [25]. The product was purified by standard electrophoresis
in 20 % denaturing polyacrylamide gel (isolated yield 25 %).
Molecular structure of the obtained pentadecathymidylate-
imidazophenazine conjugate, (dT)15Pzn, is presented in
Fig. 1. For all experiments 2.5 mM sodium cacodylate
buffer (pH 6.9) containing 0.5 mM EDTA and 0.1 M NaCl
was used as a solvent. It was prepared using deionized
redistilled water.

Oligonucleotide and polynucleotide concentrations
were determined by UV spectrophotometry using the

following extinction coefficients (per mole of nucleotides):
ε25708600M

−1 cm−1 for poly(dA) [26], ε26608600M
−1 cm−1

for (dT)15 [27] at 20–23 °C. The strand concentration of
(dT)15Pzn conjugate was calculated from long-wave absor-
bance of the dye moiety using ε385016300 M−1cm−1 [19].
Formation of the double-helical structure by (dT)15 or
(dT)15Pzn with complementary poly(dA) strand was studied
in the mixture of constituent polymers under 1:1 ratio of
adenine and thymine bases, 100 μM each.

UV–Vis Spectroscopy and Fluorescence Experiments

Electronic absorption spectra were measured in quartz
cells on SPECORD UV/VIS spectrophotometer (Carl
Zeiss, Jena, Germany). Fluorescent measurements were
carried out on laboratory spectrofluorimeter by the meth-
od of photon counting [28]. The fluorescence was excited
by the stabilized linearly polarized radiation of a halogen
lamp, at λex0450 nm. The emission was observed at an
angle of 90° from the excitation beam. The polarization
degree of fluorescence, p, has been determined from the
equation [29]:

p ¼ III � I?
III þ I?

ð1Þ

where III and I⊥ are intensities of the emitted light, which
are polarized parallel and perpendicular to the polariza-
tion direction of exciting light, respectively. The spectro-
scopic experiments were carried out at room temperature
from 20 to 22 °C.

Melting Experiments

Absorption melting profiles were obtained by monitoring
the thermally induced changes in absorbance at 260 nm
and 387 nm. The cell was inserted into a copper holder
which temperature was varied using the computer-
operated Peltier element, the rate of heating/ cooling was
0.5 °C/min. Fluorescence melting profiles were recorded
by registering the fluorescence intensity versus the tem-
perature at 546 nm corresponding the emission maximum
for the free (dT)15Pzn, using the same cell inserted into
the spectrofluorimeter. The melting curves were repro-
duced in repeated experiments with maximal temperature
shift of ±0.2 °C.

Fig. 1 Molecular structure of imidazophenazine-pentadecathymidilate
conjugate
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Results and Discussion

UV–Vis Absorption and Fluorescence Spectroscopic
Studies

Figure 2 shows UV–vis electronic absorption and fluores-
cence spectra of free (dT)15Pzn conjugate and poly(dA)-
bound one. As can be seen from the figure, the absorption
spectrum of the conjugate consists of intense UV-band cen-
tered at 265 nm, less intense visible band located near
387 nm and longwave broad shoulder extending to
500 nm. It should be noted that the UV-band is a superpo-
sition of the two bands belonging to imidazophenazine
(maximum at 262 nm) and oligothymidilate (maximum at
266 nm) moieties, whereas visible absorption spectrum is
originated from the phenazine moiety alone [19]. The fluo-
rescence spectrum of (dT)15Pzn represents a broad struc-
tureless band centered at 546 nm. The fluorescence
polarization degree, p, measured at the emission band max-
imum, was found to be equal to ~0.02. The tethering of the
imidazophenazine to the end of the oligonucleotide results
in the 16 nm shift of its fluorescent band maximum towards
shorter wavelengths in comparison with that for the free
dye, whereas corresponding red shifts of the absorption
bands are only 2.5–3 nm (Table 1). These spectral changes
are obviously caused by the π-π stacking interaction be-
tween aromatic systems of imidazophenazine and thymine
bases [21, 30].

The binding of the conjugate to poly(dA) is accompanied
by substantial absorption hypochromism (nearly 30 % for
UV absorption band and 9 % for visible one), 2.5-fold
fluorescence quenching and substantial increase in the fluo-
rescence polarization degree. The small opposite shifts of
the dye longwave absorption and fluorescence bands were
observed. So, poly(dA)·(dT)15Pzn visible absorption band
turned out to be 3 nm red shifted in comparison with that for

the conjugate alone, whereas the fluorescence band was
4 nm blue shifted under the complex formation (Table 1).
These spectral changes result from Pzn moiety intercalation
between dA·dT base pairs upon complex formation.

UVAbsorption Melting Studies

Figure 3 represents UV absorption melting profiles for the
constituent biopolymers (dT)15 oligomer, (dT)15Pzn conju-
gate and poly(dA) polynucleotide. To compare the relative
changes in their absorbencies under the heating up to the
temperature where the complete dissociation of the investi-
gated duplex structures into single strands has reached, the
data points were normalized by their own absorbance values
at 65 °C. The independence of (dT)15 absorption on the
temperature evidences its totally disordered structure. While
2.5 % absorption increase observed during the (dT)15Pzn
melting (Fig. 3) can be conditioned by the behavior of
phenazine moiety, namely by the violation of the stacking
between the dye chromophore and adjacent thymine base.
As for poly(dA) polynucleotide, it is well known that in
neutral aqueous solutions this molecule takes the single
stranded helix conformation where the base stacking occurs.
Just a disruption of its secondary structure under the heating
induces the absorption increase (Fig. 3). Presented depen-
dencies have been used subsequently under the construction
of upper baselines to calculate the helix-to-coil transition
curve from absorption data.

Figure 4 shows melting profiles for poly(dA)·(dT)15Pzn
registered in UV and visible ranges, namely, near the poly-
nucleotide moiety absorption maximum at 260 mn and near
the dye one at 387 nm. From this figure the value of
absorption hypochromism caused by the duplex formation
can be clearly determined. They are 30 % for UVabsorption
band maximum near 260 nm and 9 % for visible band near
387 nm.

Figure 5 shows a comparison of absorption melting pro-
files for poly(dA) (dT)15Pzn and poly(dA) (dT)15 recorded
under the same experimental conditions at 260 nm and
converted to fraction absorbance change defined as
(AT-ALT)/(AHT-ALT), where AT is the absorbance at some
temperature, ALT is the absorbance at the low temperature
extreme investigated, and AHT at the high temperature ex-
treme investigated [31]. No a significant hysteresis was
observed upon the heating and cooling of the samples (not
shown). Melting curves were reproduced in repeated experi-
ments with maximal temperature shift of ±0.2 °C. Also the
normalized temperature dependence of calculated sum of
absorbencies for separate constituent polymers, poly(dA)
with (dT)15 and with (dT)15Pzn, is presented in Fig. 5. The
data has been used further as upper baselines for the data
processing. As can be seen from the figure, the attachment
of the phenazine dye to the 5′-end of (dT)15 oligonucleotide

Fig. 2 Normalized absorption (left) and fluorescence (right) spectra of
(dT)15Pzn conjugate (——) and poly(dA) (dT)15Pzn duplex (∙∙∙∙∙∙∙∙)
measured in 2.5 mM cacodylate buffer (pH 6.9) with 0.5 mM EDTA
in the presence of 0.1М NaCl. The polymer concentration is 16 μM (in
the strands). The wavelength of fluorescence excitation is λexc0450 nm
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strengthens the corresponding duplex increasing its melting
temperature by 4.5 °C. Such effect is caused by the anchor-
age of the duplex by planar imidazophenazine chromophore
intercalated between AT base pairs.

Fluorescent Melting Studies

Figure 6 shows fluorescence melting curves recorded for
(dT)15Pzn alone and poly(dA)+(dT)15Pzn mixture. From the
figure it is clearly seen that an increase of the temperature from
20 till 80 °C is accompanied by more than 2-fold monotonic
decrease of (dT)15Pzn fluorescence intensity. The fluorescence
quenching observed for the conjugate is supposed to be con-
ditioned by the collisions between the chromophore and thy-
mine residues. At the same time, themelting curve recorded for
poly(dA)+(dT)15Pzn mixture have qualitatively different
shape. Under the temperature below 25 °C the system exists
mainly in the duplex form. Observed smooth decrease in the
fluorescence intensity can be explained by the temperature
induced enhancement of intraduplex chromophore collisions.
It can be noted that a level of the fluorescence intensity
observed for poly(dA) (dT)15Pzn duplex within this tempera-
ture range is substantially lower than that for (dT)15Pzn. So,
2.5-fold difference in their fluorescence levels was registered at
room temperature. Such quenching of Pzn fluorescence is
conditioned by the π-π interaction of this chromophore

embedded into the duplex with adenines under which the
photoinduced electron transfer from the adenine bases in the
ground state on the dye molecule in the first excited singlet
state occurs [32]. Similar phenomenonwas observed earlier for
(dA)15+(dT)10PznRib [20], poly(rA)+(dT)10PznRib [21] and
poly(rA)+(dT)14PznRib [22] systems. In the higher tempera-
ture range corresponding properly to helix-to-coil transition a
rise of the temperature is accompanied by an enhancement of
the sample fluorescence due to the chromophore release. After
the end of the transition a temperature dependent fluorescence
quenching was observed again. In this part the melting curves
recorded for poly(dA)+(dT)15Pzn and for the (dT)15Pzn con-
jugate alone are practically coincident, that evidences the com-
plete duplex dissociation.

Thermodynamics of the Double Helix-to-Coil Transitions

To estimate the effect of the oligonucleotide modification on
its hybridization properties a change in the thermodynamic
parameters was evaluated. For that double helix-to-coil tran-
sition curves for poly(dA)·(dT)15 and poly(dA)·(dT)15Pzn
systems were plotted (Fig. 7) from the absorption melting
data (Fig. 5) using the standard procedure [33]. Here the
fraction of paired dA·dT bases, Θ, was calculated using the
equation

ΘðtÞ ¼ As � A

As � Ad
ð2Þ

Table 1 Spectral properties of
Pzn and (dT)15 alone, (dT)15Pzn
conjugate and poly(dA)·(dT)15Pzn
duplex measured in 2.5 mM
cacodylate buffer pH 6.9
containing 0.5 mM EDTA and
0.1 М NaCl. Fluorescence
excitation wavelength was
450 nm

Compound UV absorption
band maximum (nm)

Visible absorption
band maximum (nm)

Fluorescence band
maximum (nm)

Fluorescence
polarization
degree

Pzn 262 385 562 0.015

(dT)15 265 – – –

(dT)15Pzn 265 387.6 546 0.02

poly(dA)·(dT)15Pzn 260 390.6 542 0.1

Fig. 3 Temperature dependence of absorbance at 260 mn for (dT)15
(+), (dT)15Pzn (●) and poly(dA) (Δ). Fifth-order polynomial fit to poly
(dA) absorption melting curve is represented by the solid line. The data
points of each curve were normalized to their own values at 65 °C

Fig. 4 Temperature dependence of poly(dA)·(dT)15Pzn absorbance
registered (A) at 260 mn (○) and (B) at 387 nm (+). Path length is 1 cm
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where As is the absorption of totally denatured complex
which corresponds to relative absorbance upper baseline
defined by five-order polynomial fit (Fig. 5); Ad – ab-
sorption of the sample, where all constituent strands form
the double helix, defined as lower steady-state levels of
the relative absorption, A – the relative absorption current
value.

Additionally the transition curve was plotted for poly
(dA)·(dT)15Pzn system using the fluorescence melting data.
In this case the fraction of (dT)15Pzn conjugate in the bound

state, Θ(t), can be calculated from the equation for total
fluorescence intensity of the sample [21]:

F ¼ Ff 1�Θð Þ þ FdΘ ð3Þ
In such a way:

ΘðtÞ ¼ Ff � F

Ff � Fd
¼

1� F
Ff

1� Fd
Ff

ð4Þ

where Ff and Fd are fluorescence intensities of (dT)15Pzn
in the free state and bond to poly(dA) correspondingly
(Fig. 6). Values of the temperature dependent Ff were
taken from third order polynomial fit to the experimen-
tally obtained fluorescent melting profile for the free
(dT)15Pzn.

As seen in Fig. 7, the transition curve constructed
from poly(dA)·(dT)15Pzn fluorescence melting data is
somewhat shifted toward the higher temperatures rela-
tively to the absorption one. Helix-to-coil transition
midpoint temperature determined from fluorescent data
is 0.8 °C higher than that obtained from absorption
ones. This shift can be explained by the fact that
absorption and fluorescence melting curves monitors
the different processes occurring in the sample: the
first one reflects the separation of dA·dT-base pairs,
whereas the second one corresponds to the chromo-
phore release. Since intercalation sites are the most
stable, they presumably melt after the AT-pairs separa-
tions. In such a way, the fluorescent melting curve
describes the completion of the duplex dissociation.
Thus, it is more correct to determine the thermodynam-
ic parameters of helix-to-coil transition from absorption
melting data.

To evaluate the thermodynamic parameters of these tran-
sitions, the experimental transition curves were fitted to the

Fig. 5 Melting profiles for the poly(dA) (dT)15 (●) and poly(dA)
(dT)15Pzn (○) duplexes recorded under 260 nm and converted to
fraction absorbance change defined as AT-ALT/AHT-ALT, where AT is
the absorbance at some temperature, ALT is the absorbance at the low
temperature extreme investigated, and AHT at the high temperature
extreme investigated [31]. Measurements were carried out in 2.5 mM
cacodylate buffer (pH 6.9) with 0.5 mM EDTA in the presence of
0.1М NaCl. Adenine-to-thymine ratio was 1:1 in the both samples; the
poly(dA) concentration was 100 μM in the nucleic bases. Calculated
sums of absorbencies for separate constituent polymers, poly(dA) and
(dT)15 or (dT)15Pzn, vs temperature normalized to their own values at
72 °C are shown by solid lines

Fig. 6 Temperature dependencies of the (dT)15Pzn (+) and poly(dA)
(dT)15Pzn (●) fluorescence intensity normalized by their own values at
65 °C. Third order polynomial fit to the (dT)15Pzn fluorescent melting
curve is represented by the solid line. Fluorescence was registered
under 545 nm, λexc0450 nm. Other conditions are as in the legend to
Fig. 5

Fig. 7 Helix-to-coil transitions of poly(dA)·(dT)15 (●) and poly
(dA)·(dT)15Pzn (+, ○) duplexes in the presence of 0.1 M NaCl. Sym-
bols (+) correspond to the absorption data, (○) – to the fluorescence
data. Solid lines represent the best fits to the experimental data
obtained using Eq. 5 of two-state model
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equation based on all-or-none binding model [33] (solid
lines in Fig. 7):

ln
Θ

1�Θð Þ2C ¼ $S

R
� $H

RT
ð5Þ

where C is the total molar concentration of (dT)15 or
(dT)15Pzn strands. Taking into a consideration the possibil-
ity of triplex formation [34], this procedure was performed
in such a way that achieved the best fits of the high-
temperature part of transition data. The obtained changes
in the standard enthalpy, entropy, and Gibbs free energy at
37 °C are summarized in Table 2 along with the transition
midpoint temperatures. As it is known [35], a binding of
both a short unmodified oligothymidylate and its conjugate
with intercalative dye to long complementary polynucleotide
chain has cooperative character. Consequently, the determined
thermodynamic parameters represent a combination of those
for proper oligonucleotide binding to an isolated complemen-
tary site and those corresponding to the interaction between
neighboring oligonucleotides [36].

Discussion

As expected, an attachment of phenazine derivative to the
5′-end of pentadecathymidilate strengthens the binding af-
finity of the (dT)15Pzn conjugate for poly(dA) in compari-
son with unmodified oligonucleotide. Concomitant Pzn-
induced increase in the helix-to-coil transition midpoint
temperature, ΔTm, of about 4.5 °C was registered. This
value is comparable with that reported for acridine-linked
oligonucleotide of the similar length. For example, upon the
binding of d(TTTAA)3 oligonucleotide 3′-end modified by
acridine derivative to complementary sequence (AAAUU)3
the increase of duplex melting temperature, ΔTm04.0 °C,
was found [37]. Supposed mechanism of the binding en-
hancement by Pzn consists in the intercalation of planar
imidazophenazine molecule into the duplex structure formed
by the conjugate with the complementary poly(dA) strand. In
this case π-stacking of the chromophore with adenine bases
occurs. The 2.5-fold quenching of Pzn fluorescence, spectral

shifts of the absorption and fluorescence bands, and the 9 %
hypochromism in the visible absorption band argue in support
of this point of view.

Estimation of the thermodynamic parameters of duplex
formation using simple two-state model (Table 2) shows that
the negative changes in transition enthalpy, ΔH, and entropy,
ΔS, for unmodified poly(dA)·(dT)15 calculated per oligonu-
cleotide strand are equal to 99 kcal/mol and 295.3 cal/mol·K
correspondingly, that gives the change in standard Gibbs free
energy, ΔG, calculated at 37 °C of about −7.4 kcal/mol. A
value of the duplex formation enthalpy, −6.6 kcal/mol per
base pairs, calculated in our study is in good agreement
with −6.8 kcal/mol per base pairs obtained in [34] for poly
(dA)·(dT)8 under similar ionic condition by the concentra-
tion variation method. The Tm value for poly(dA)·(dT)15
duplex obtained in our study is 4.5 °C lower then that
reported in [27] for the same system (36 and 40.5 °C,
respectively). The difference can be explained by higher
ionic strength of the buffered solutions used in [27], where
the experimental study was performed in 0.015 M triso-
dium citrate buffer with 0.15 M NaCl, as well as by the
difference in polymer concentration (unfortunately, it was
not clearly indicated in that work). Taking into account
that the polynucleotide duplex melting temperature is line-
arly dependent on lgI, where I is the monovalent ion
concentration in the buffered solution (in our case – sodi-
um ions), as well as the linearly dependencies of 1/Tm on
lgC and 1/m [27, 33, 38], where C is oligomer concentra-
tion, m – oligonucleotide length, we can conclude that our
data is in good agreement with the values reported in [27].

As it is seen from the Table 2, the end-modification of
(dT)15 oligonucleotide by the intercalative phenazine deriv-
ative results in less negative changes in both transition
enthalpy (by 6 kcal/mol) and entropy (by 23.5 cal/mol·K) upon
the duplex formation with deoxypolynucleotide poly(dA).
Such effect is opposite to that usually observed for the similar
complexes formed between a dye-modified oligothymidilate
and ribopolynucleotide poly(rA) [11, 21], where more
negative values of ΔH and ΔS are realized in compari-
son with those obtained for the unmodified counterpart.
However in spite of the less change in ΔH value

Table 2 Thermodynamic parameters of the duplex formation for
(dT)15 and (dT)15Pzn with poly(dA) in 2.5 mM cacodylate buffer
(pH 6.9) with 0.5 mM EDTA in the presence of 0.1 М NaCl.

Adenine-to-thymine ratio was 1:1 in the samples; the poly(dA) con-
centration was 100 μM in the nucleic bases

Compound Method Tm -ΔH -ΔS -ΔGa Keq
a

(°C) (kcal/mol) (cal/mol∙K) (kcal/mol) (M−1)

poly(dA)∙(dT)15 Abs. melt. 36.0 99 295.3 7.4 1.64·105

poly(dA)∙(dT)15Pzn Abs. melt. 40.2 93 271.8 8.7 1.35·106

poly(dA)∙(dT)15Pzn Flu. melt. 41.0 – – – –

a Calculated at t037 °C using equation ΔG ¼ ΔH� TΔS
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obtained for poly(dA)·(dT)15 under Pzn attachment a
thermostability of the duplex is not reduced as a results
of the entropy compensation effect. Entropy contribution
to the binding free energy turns out to be larger than
enthalpy one that gives the stabilizing increment in ΔG
of 1.3 kcal/mol per oligonucleotide strand or 0.087 kcal/
mole per AT-pair. Such ΔH and ΔS behavior obtained
for helix-to-coil transition in poly(dA)·(dT)15 Pzn system
can be explained by “aberrant” thermodynamics of dyes
binding to the poly(dA)·poly(dT) found in the work [39]
where it was shown that the dye complexation is strong-
ly driven by a large positive entropy change despite of a
weak enthalpy of binding. The additional favorable con-
tribution to the binding free energy corresponds to more
than 8-fold rise of the equilibrium binding constant cal-
culated under the physiological temperature of 37 °C

using formula:
K2
K1

¼ e�
ΔG2�ΔG1

RT , where K1 and K2 are

the binding constants for poly(dA)·(dT)15 and
poly(dA)·(dT)15Pzn duplexes accordingly. It should be
noted that the value of the ΔG increment obtained in
the present study for poly(dA)·(dT)15Pzn system where
Pzn was tethered to the 5′-end of pentadecathymidylate
via flexible linker (1.3 kcal/mol) is somewhat lower than
those obtained earlier under similar experimental condi-
tions for (dA)15·(dT)10PznRib (1.5 kcal/mol) [20] and
poly(rA)·(dT)14PznRib (1.4 kcal/mol) [22] duplexes
where Pzn nucleoside analogue was introduced directly
at the 3′-end of oligonucleotide. It can be explained both by
the difference in the chromophore mobility observed in these
two cases and by the typically greater stabilizing effect ob-
served for 3′-end modification in comparison with 5′-end ones
[40] (see below). So, a Pzn chromophore attached to the
oligonucleotide end via the flexible linker has much more
degree of freedom in comparison with the quite rigid nucleo-
side analogue that leads to worse overlapping between the
π-electronic systems and displays a lesser fluorescence
quenching. The attachment of Pzn nucleoside guarantees a
predetermined position of the chromophore in duplex and
provides greater stabilization effect than that of a flexibly
linked dye. But a multi-step procedure of its chemical synthe-
sis is much more difficult. The method of post-synthetic
oligonucleotide end modification with various molecules
via suitable linkers is widely used, in part because of
relatively simple synthetic procedure. The length and the
chemical structure of the linker strongly influence the bind-
ing cooperativity of the intercalators conjugated to oligonu-
cleotide end [41]. It was demonstrated that a more
favorable linker consists of 5–6 carbon atoms. Hexamethy-
lene linker was chosen in our study for the dye attachment.

Unfortunately, the available thermodynamic data related
to the binding of synthetic oligonucleotides modified by

intercalative dye are very limited and correspond to the
oligonucleotides of different length and base composition.
A direct comparison and an analysis are also complicated
because in most cases an effect of the intercalator tethered to
the oligonucleotide on the stability of its complex with
complementary target is evaluated by comparing the
corresponding melting temperatures for modified and un-
modified systems. The data on the changes in the thermo-
dynamic parameters like enthalpy, entropy, Gibbs free
energy was considered only in rare cases. However, Tm

value depends not only on the intercalator properties but
also on the oligonucleotide base composition and length,
type and length of complementary biopolymer, oligonucle-
otide concentration, concentration of counterions in the
solution, type and length of the linker, place of the dye
attachment to the oligomer etc. Since an additional favor-
able contribution to the total binding energy caused by the
oligonucleotide modification decreases with the increase of
oligonucleotide length, then the relative effect of the inter-
calator attachment on the duplex formation is more pro-
nounced for shorter oligonucleotide that induces stronger
increase in corresponding Tm value. For example, the melt-
ing temperature increment measured under similar experi-
mental condition for duplex poly(rA)·(dT)n and conditioned
by the covalent attachment of acridine dye to 3′-end of the
oligonucleotide via pentamethylene linker is amounted to
more than 29 °C for n04; 23.2 °C for n08 and 13.8 °C for
n012 [35]. Also, for the complexes formed by the (dT)n–
intercalator conjugates of the same length with complemen-
tary oligo- or polyribonucleotide a stabilization effect is
more pronounced than in the case of complementary deox-
yribopolymers. Such behavior can be explained if we take
into account well-known fact that dA·dT base pairs are more
stable than rA·dT ones, thus equal additional energy contri-
bution due to oligonucleotide modification will induce more
considerable changes in the less stable system. For example,
for duplexes formed by Acr-(dT)8 conjugate with poly(dA)
and poly(rA) the Tm changes resulted from the acridine dye
attachment are 16.4 and 20.3 °C correspondingly in the case
of 3′-end modification, whereas for 5′-end modification the
values of 8.3 and 12.4 °C were registered [40]. From above
data it is also seen that 3′-end modification turned out to be
more efficient in terms of stabilization as compared to 5′-
conjugation. Thus a comparison between only Tm changes
induced by intercalators is appropriate in the case of the
systems where base composition and length of oligonucleo-
tides, their concentration in the solution as well as ionic
conditions are the same, while the chromophore type, linker
length or conjugation site undergoes some changes. In the
same time, a comparison between the corresponding
changes in the thermodynamic characteristics of unmodified
and modified systems, e.g. in change of Gibbs free energy
calculated under physiological temperature of 37 °C, can
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characterize just a contribution of the intercalator to the
complex stability, putting aside the abovementioned intrinsic
parameters of the system studied.

Conclusions

The attachment of the imidazophenazine derivative to the 5′-
terminus of pentadecathymidylate via flexible linker enhances
the stability of its duplex formed with poly(dA) increasing the
helix-to-coil transition midpoint temperature by 4.5 °C, and
gives 1.3 kcal/mol increment in standard Gibbs free energy at
37 °C per oligonucleotide strand. The stabilizing effect pro-
duced by the neutral imidazophenazine is comparable with that
known for cationic intercalating dyes (for example, acridine
derivatives) conjugated to oligonucleotide by the similar chem-
istry. The data obtained can be included in the thermodynamic
database for normal and modified nucleic acids (NTDB)
(http://ntdb.chem.cuhk.edu.hk).
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