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Abstract Binding of a novel cationic porphyrin—
imidazophenazine conjugate, TMPyP**—ImPzn, to four-
stranded poly(G) was investigated in aqueous solutions of
neutral pH under near physiological ionic conditions using
absorption, polarized fluorescent spectroscopy and fluores-
cence titration techniques. In absence of the polymer the con-
jugate folds into stable internal heterodimer with stacking be-
tween the porphyrin and phenazine chromophores. Binding of
TMPyP*"—ImPzn to poly(G) is realized by two competing
ways. At low polymer-to-dye ratio (P/D<6) outside electro-
static binding of the cationic porphyrin moieties of the conju-
gate to anionic polynucleotide backbone with their self-
stacking is predominant. It is accompanied by heterodimer
dissociation and distancing of phenazine moieties from the
polymer. This binding mode is characterized by strong
quenching of the conjugate fluorescence. Increase of P/D re-
sults in the disintegration of the porphyrin stacks and redistri-
bution of the bound conjugate molecules along the polymer
chain. At P/D>10 another binding mode becomes dominant,
embedding of TMPyP?"—ImPzn heterodimers into poly(G)
groove as a whole is occurred.
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Introduction

During last two decades porphyrin derivatives attracted a con-
siderable scientific interest, especially water-soluble cationic
meso-substituted porphyrins with extended heteroaromatic
system. A number of porphyrins of this group, e.g., extensive-
ly studied for years 5,10,15,20-tetra-(N-methyl-4-
pyridyl)porphine (TMPyP4), were found to be efficient
DNA binders [1, 2], photonucleases [3] and agents for photo-
dynamic therapy [4, 5]. Complexes of TMPyP4 and other
cationic porphyrins with some Red-Ox-active transition
metals (Mn®", Fe*", Cu®", etc.) are able to perform oxidative
DNA cleavage [6]. TMPyP4 was also found to be an efficient
antitumor agent targeting so called G-quadruplex structures of
telomeric DNA [7-9].

Four-stranded DNA structures known as G-quadruplexes,
or DNA tetraplexes, have recently emerged as a new thera-
peutic target for anticancer strategy. G-quadruplexes (G4) are
unique DNA arrangements formed by stacked arrays of gua-
nine quartets connected by non-canonical Hoogsteen-type hy-
drogen bonds. G-quadruplexes were shown to play a crucial
biological role. DNA sequences able to fold into G4 structures
are prevalent in telomeric DNA, although they have been also
found in a number of gene promoter regions, primarily in
proto-oncogenes like c-myc or k-ras [10—12]. Specific binding
of'a drug to telomeric G4 structures may inhibit the telomerase
enzyme expressed in most cancer cells (in contrast to normal

@ Springer



1014

J Fluoresc (2015) 25:1013-1021

somatic cells) that results in anticancer activity [7-11]. It is
interesting to note that in this approach, enzyme inhibition is
achieved due to the interaction of ligands with its substrate,
telomeric DNA, rather than the enzyme itself.

A number of efficient G-quadruplex binding/stabilizing li-
gands with anticancer properties have been reported in the
literature. They are usually based on planar heteroaromatic
systems like acridines, anthraquinones, carbazoles, macrocy-
clic polyoxazoles, etc. [7-9].

G-quartet consists of four guanine bases, so its square is
twice as large as the square of the base pair. Due to this large
area of G-quartet, an efficient and specific quadruplex binder
should have a large aromatic or heteroaromatic surface, larger
than that required for duplex ligands, to provide an efficient
T-mi-interaction with its molecular target [8, 9]. From this point
of view, large porphyrin chromophores may be ideal G4 li-
gands as their molecules perfectly overlap with G-quartets.

Indeed, a number of cationic porphyrins, first of all
TMPyP4, were identified as efficient G4 ligands and telome-
rase inhibitors. At the same time, porphyrin conjugation to
other molecules can affect ligand binding further stabilizing
G-quadruplex structure that can increase antitumor activity.
However, chemical attachment of other molecular fragments
to TMPyP4 is difficult. On the other hand, its tricationic ana-
log TMPyP*" can be easily functionalized, e.g., by introduc-
ing the carboxylic function or amino group, and thus is suit-
able for the conjugation to other molecules.

In recent years, TMPyP*" porphyrin was covalently at-
tached to a number of molecules, including oligonucleotides
to achieve site-specific DNA cleavage or modification
[13—15], peptides [16], a number of ligands to obtain efficient
DNA photocleavage and photocytotoxic agents, including ac-
ridine [17], anthraquinone [18], phenylpiperazine [19], {3-
carboline [20], EDTA [21], C¢o fullerene for molecular
photoelectrochemical devices [22], etc. In these cases
TMPyP*" derivatives were directed against duplex or single-
stranded DNA. At the same time, there are several reports in
the literature concerning the synthesis and study of cationic
porphyrin conjugates with other ligands aimed at improving
the binding affinity to G-quadruplex DNA and its stabiliza-
tion. These compounds include e.g., aminoquinoline [23] and
anthraquinone [24] conjugates of TMPyP>".

To achieve this goal we have attached TMPyP*" to
imidazophenazine dye (ImPzn) via carboxyalkyl linker
(Fig. 1) [25]. Imidazophenazine is known as DNA intercalator
[26, 27], and we supposed that the attached dye would im-
prove the binding of porphyrin to G4 structures by intercala-
tion into double-stranded regions of telomeric DNA or be-
tween guanine quartets. Indeed, TMPyP**—imidazophenazine
hybrids and their zinc(II) and manganese(Ill) complexes effi-
ciently inhibited telomerase and demonstrated antiprolifera-
tive activity in vitro at micro- and submicromolar concentra-
tions [28].
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The binding of this porphyrin—imidazophenazine conju-
gate and its metalocomplexes with intramolecular G-
quadruplex formed by 5'-d[AGGG(TTAGGG)3]-3" 22-mer
oligodeoxynucleotide of human telomeric repeat (Tel22,
PDB code 143D) has been studied using spectroscopic tech-
niques. It was shown that the metaloconjugate stabilizes the
abovementioned quadruplex [29].

At the same time, it is known that G-quadruplexes are
highly polymorphic DNA and RNA arrangements. There are
intra- and intermolecular quadruplexes, with parallel, antipar-
allel and hybrid-type G4 structures [9, 11, 30, 31]. For exam-
ple, 22-mer oligonucleotide Tel22 forms a parallel type intra-
molecular G-quadruplex in the presence of K ions [32]. In the
present study, we have used a polyguanylic acid [poly(G)]
known to form a strong self-structure [33] as a model system
to investigate the binding of porphyrin-imidazophenazine
conjugate. The study of the ligand binding to poly(G) is of
great interest as this polynucleotide is capable to form
telomere-like structure. Poly(G) and poly(dG) are known to
form four-stranded helical arrangements with the G-tetrads
stacked on one another [31, 34]. Thus poly(G) is suitable for
the modelling of G-quadruplex regions of telomeric DNA and
ligand-quadruplex interactions.

The aim of present work is registration and analysis of
spectroscopic changes in absorption and fluorescence proper-
ties of the cationic porphyrin — imidazophenazine conjugate
induced by its binding to long four-stranded poly(G) polymer
at different polymer-to-dye ratios.

Materials and Methods
Chemicals

TMPyP*'-ImPzn conjugate (Fig. 1) were synthesized and pu-
rified by the procedures described in [25]. Briefly, tris(4-
pyridyl)phenylporphine containing a carboxybutyl function
[35] was conjugated to Nj-aminoalkyl derivative of
imidazo[4,5-b]phenazine in the presence of BOP-HOBT cou-
pling reagent, followed by N-methylation of pyridine residues
by methyl iodide. Imidazo[4,5-b]phenazine dye and its
aminoalkyl derivatives were obtained in accordance with
methods reported in [36]. Poly(G) polynucleotide from Sigma
Chem. Co. were used as received.

The 2 mM phosphate buffer (pH6.9) containing 0.5 mM
EDTA and 0.1 M NaCl, prepared from deionized water, was
used as a solvent.

The concentration of the conjugate was determined gravi-
metrically. The concentration of the poly(G) polynucleotide
was determined spectrophotometrically in aqueous solution
using the extinction value €,5,=9900 M ' cm ! at room tem-
perature. The formation of four-stranded structure was proved
by melting experiments with the registration of the
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Fig. 1 Molecular structure of
porphyrin—-imidazophenazine
conjugate (TMPyP**—ImPzn)

temperature dependence of polymer absorbance at 295 nm in
accordance with the procedure [37].

Apparatus and Techniques

The spectroscopic properties of free TMPyP**—ImPzn conju-
gate (Fig. 1) and its complexes with four-stranded poly(G)
have been studied using absorption and polarized fluorescent
spectroscopy techniques.

Electronic absorption spectra in the visible range were re-
corded on SPECORD UV/VIS spectrophotometer (Carl Zeiss,
Jena). Fluorescent measurements were carried out on labora-
tory spectrofluorimeter based on the DFS-12 monochromator
(LOMO, 350-800 nm range, dispersion 5 A/mm) by the
method of photon counting [38]. The fluorescence was excit-
ed by the stabilized linearly polarized radiation of a halogen
lamp, at A.x.=440 and 530 nm. The emission was observed at
an angle of 90° from the excitation beam. The fluorescence
polarization degree, p, has been calculated from the equation
[39]:

b I=I,
I +1,

(1)

where [;; and I, are intensities of the emitted light, which are
polarized parallel and perpendicular to the polarization direc-
tion of exciting light, respectively. Fluorescence spectra were
corrected on the spectral sensitivity of the spectrofluorimeter.

Relative quantum yield of the fluorescence was calculated
from the equation

9 _Fs A

0y Fso 4 @

where Fgo and Fsare integral intensities of the conjugate fluo-
rescence in the free state and in the mixture with poly(G),
respectively, which are calculated as areas under the corre-
sponding fluorescence spectra; 4, and 4 are the absorbances
of these samples under A.c.

The spectroscopic experiments were carried out in quartz
cells at room temperature from 20 to 22 °C.

_N
Neowe

O(CHy)4CO-NH(CH3),NHCOO(CHy)4

To obtain the dependencies of the fluorescence intensity
and polarization degree for porphyrin and phenazine moieties
of the conjugate on the molar polymer-to-dye ratio, P/D, the
series of fluorescence titration experiments were performed.
Here the conjugate sample was added with increasing
amounts of the concentrated poly(G) stock solution containing
the same conjugate content of 10 uM to achieve the desired
P/D value in the final solution, whereas fluorescence intensity
and polarization degree were measured at A,,s=562 and
670 nm, excitation wavelength was A..=440 nm. The time
from 7 to 10 min was required to reach the thermodynamic
equilibrium in the system which was verified from the stability
in the fluorescence signal.

Results

Absorption and fluorescence spectra of TMPyP>*—ImPzn
conjugate

Electronic absorption and fluorescence spectra of free
TMPyP**—ImPzn conjugate as well as of individual TMPyP**
and ImPzn dyes are presented in Figs. 2 and 3. It can be
seen that visible TMPyP*" absorption spectrum (Fig. 2)
consists of intense Soret band at 425.5 nm (extinction ca.
200,000 M ' cm ') and four less intense Q-bands centered
at 522, 561, 583.5 and 642.5 nm [29]. Its shape is similar
to the spectrum of tetracationic TMPyP4 porphyrin [38],
however small red shift (ca. 3 nm) of all bands is observed.
The absorption of individual ImPzn dye is characterized
by the intense shortwave band at 385 nm (extinction ca.
16,300 M ' cm™ ") and the broad longwave shoulder extend-
ing to 490 nm [40]. TMPyP>" fluorescence spectrum (Fig. 3)
is typical for free base porphyrins. It consists of one wide
stuctureless band centered at ca. 717 nm, which fluorescence
polarization degree, p, is around of 0.015. ImPzn emission
band has a maximum at 562 nm (Fig. 3), p~0.015 [40].
Absorption spectrum of TMPyP**—ImPzn conjugate
(Fig. 2) represents a superposition of TMPyP*"and ImPzn
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Fig. 2 Absorption spectra of individual TMPyP** (1) and ImPzn (2)
dyes, free TMPyP*"—ImPzn (3) and TMPyP**~ImPzn conjugate bound
to poly(G) at P/D=115 (4). The measurements were carried out in 2 mM

phosphate buffer pH6.9 containing 0.5 mM EDTA and 0.1 M NaCl.
Ligand concentration C=10 puM, path length=0.5 cm

spectra [29]. Though, conjunction of the dyes results in near
10 % hypochromism and 10 nm red shift of TMPyP*" Soret
peak (up to 435 nm), more than 5-fold quenching of the por-
phyrin emission, splitting of the fluorescence spectrum into
two distinct bands with maxima at 673 and 729 nm (Fig. 3),
insignificant decrease of fluorescence polarization degree (up
to 0.01). Also, strong 50-fold fluorescence quenching was
registered for the phenazine moiety, which can be explained
by the non-radiative Forster resonance energy heterotransfer
(FRET) from phenazine part of hybrid to porphyrin one, since
substantial overlapping of porphyrin absorption band Q,(0,0)

e < o = —
B~ [o)} =) [} 28]
T T T T T

Fluorescence intensity, r.u
(=}
o
T

<
1<)

650 700 750

Wavelength, nm

Fig. 3 Normalized fluorescence spectra of free TMPyP*>* (1) and ImPzn
(2) (both spectra are reduced by five times), TMPyP>'—ImPzn conjugate
in a free state (3) and bound to poly(G) at P/D=115 (4). The fluorescence
was excited at Aex.=530 nm. Experimental conditions as in Fig. 2
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(A max=561 nm) and ImPzn emission one (A ,.,x=562 nm) is
occurred. As it is known, the efficiency of FRET is very sen-
sitive to changes in the distances between donor and acceptor
chromophores (inversely proportional to the sixth power of
the interchromophore distance), to the spectral overlap of the
donor emission and the acceptor absorption spectra, as well as
to the relative orientation of the donor emission and the ac-
ceptor absorption dipole moments [39]. Thereby strong
quenching of ImPzn fluorescence indicates the close proxim-
ity of its chromophore to the acceptor (porphyrin). Spectral
properties of TMPyP>" and ImPzn alone as well as TMPyP?'—
ImPzn conjugate are summarised in Table 1.

It is known that emission spectra of the free base porphyrins
usually consist of two overlapping bands [41, 42] which can
degenerate into one. In particular, it is observed for TMPyP4
porphyrin and its derivatives, whose fluorescence spectra in
water represent single structureless bands, which splits in
non-polar solvents [43], upon the dimer or stack formation
[38], and upon intercalation to DNA [44], when overlapping
between the 7-electronic systems of neighbouring chromo-
phores or chromophore and bases is occurred. Since at the
concentration of 10 uM, the TMPyP*" porphyrin is mainly
in monomeric form, it can be assumed that the aforementioned
spectral transformations, as well as FRET quenching of ImPzn
fluorescence most likely indicate the formation of internal
heterodimer where 7t-staking interaction between TMPyP**
and ImPzn chromophores is occurred [29]. Heating of the
conjugate till 95 °C has not revealed any substantial changes
in the emission of ImPzn moiety. The fluorescent melting
curve represents straight line with only 1.4 —fold rise of ImPzn
emission in the end of melting (not shown), that indicates high
stability of the dimer formed. Possible structure of the hetero-
dimer was calculated earlier using DFT method together with
total and free Gibbs energy of their formation [25].

Fluorescent titration study of TMPyP**—ImPzn + poly(G)

To follow binding of charged porphyrin—phenazine conjugate
to long intermolecular quadruplex formed by synthetic
poly(G) fluorescence titration experiments were performed,
where changes in the relative fluorescence intensity, //1), and
polarization degree, p, of the conjugate on molar polymer-to-
dye ratio, P/D, were registered near the emission band maxi-
ma of both porphyrin and phenazine moiety, at 670 and
562 nm respectively (Fig. 4).

As can bee seen from this figure, both titration curves show-
ing dependence 1/, vs P/D are biphasic. In the initial descending
part of fluorescent titration curve (P/D=0 + 5) registered for
TMPyP**—ImPzn hybrid in maximum of porphyrin emission
(at Agps=670 nm) quenching of porphyrin fluorescence is ob-
served with simultaneous rise of fluorescence polarisation de-
gree. At P/D=5+6 the minimal emission level of ~20 % from
initial is registered. And in the range of higher P/D values gradual
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Table1  Spectral properties of individual TMPyP*" and ImPzn dyes, TMPyP>*—ImPzn conjugate in a free state and bound to poly(G) measured in the
2 mM phosphate buffer (pH6.9) containing 0.5 mM EDTA and 0.1 M NaCl
Compound Visible absorption Fluorescence band  Relative quantum yield Normalized fluorescence Fluorescence
band maxima * (nm) maxima (nm) of fluorescence ® O/Q, intensity © /I, polarization degree p
TMPyP** Soret band: 717 5.4 - 0.015
4255
Q-bands:
522
561
583.5
642.5
ImPzn 385 562 - - 0.015
TMPyP**-ImPzn 435 673,729 1 1 0.01
TMPyP**—ImPzn+poly(G) 446 678, 738 1.01 1.3 0.1
(P/D=115)
TMPyP** 4255 717 54 1 0.015
TMPyP*" + poly(G) 446 679, 738 12.4 374 0.095
(P/D=115)

#For the conjugate and its complex with poly(G) only position of Soret band maximum is presented

®Values are calculated from the spectra (Fig. 3) according Eq. 2 taking into account the change in absorbance at Ae=530 nm where 4,/4=0.95

Values are determined at Ao =440 nm, Ay,s=670 nm
4 Calculated at P/D=115, Aexe=530 nm, Aobs=670 nm

enhancement of porphyrin emission is occurred reaching at
P/D=115 magnitude of //I,=1.3. For phenazine part of hybrid
(Asbs=562 nm) absolutely opposite behavior is observed in the
initial part of the fluorescent titration curve. Here intensity of
ImPzn emission almost linearly increases up to ///,=2 at
P/D=4.5. Then, in the range of P/D from 4.5 to 9, it somewhat
quenches, and further polymer addition again induces the gradual
rise of the dye fluorescence, which at P/D=115 reaches value of
1/1,=2.35. Fluorescence polarization degree, p, measured for
both conjugate moieties also increases during the binding process
(see inset of Fig. 4). At high P/D values it reaches level of 0.1 for
the porphyrin moiety, and 0.05 for the phenazine one. Unfortu-
nately, low level of almost quenched phenazine emission
(approximately 60 cps in the ImPzn band maximum) reduces
the accuracy of its magnitude determination.

Absorption and fluorescence spectra of TMPyP*"—ImPzn
conjugate bound to poly(G)

To show spectral transformations occurred as a result of the
conjugate binding to long quadruple poly(G), visible absorp-
tion and fluorescence spectra were recorded for complex with
high polymer content (P/D>100) (Figs. 2 and 3). The fluores-
cence was excited at A.,=530 nm where absorption of the
free conjugate and their complexes with poly(G) are practical-
ly equal (maximal difference does not exceed 5 % of mea-
sured value). The relative quantum yield of the fluorescence
was calculated according Eq. 2 and summarized in Table 1.
It is seen that binding of TMPyP*"— ImPzn to poly(G)
results in 11 nm red shift and substantial hypochromism of

its absorption spectrum (ca. 17 % in the porpyrin Soret band,
see Fig. 2) as well as approximately 1.2-fold increase in the
maximum emission intensity (Fig. 3). Maxima of splitted fluo-
rescence band somewhat shift toward longer wavelengths (to
678 and 738 nm). So that Soret band of the bound hybrid is ca.
20 nm shifted in comparison with that for the free porphyrin.

Discussion

We have analyzed fluorescent titration curves presented in Fig. 4.
In the initial point of the titration (P/D=0) the conjugate mole-
cules are folded into stable internal heterodimer with 7-7t stack-
ing between porphyrin and phenazine parts [29]. Gradual addi-
tion of the polymer induces the opposite changes in fluorescent
behavior of porphyrin and phenazine moieties (Ayp,s=670 and
562 nm respectively). We observe strong fluorescence quenching
in the first case, and its enhancement in the later, that indicates
dissociation of the heterodimers. Initial descending part of the
titration curve (P/D=0 + 5) registered at 670 nm for TMPyP*"
moiety is typical for cooperative outside binding of the cationic
dyes to linear polyanions with self-stacking of neighboring chro-
mophores [45-47]. In this way, 5-fold fluorescence quenching
with simultaneous increase of p can be explained by formation of
porphyrin stacks on polyanionic matrix of poly(G) as a result of
neutralization of positive charges localized on methylpyridil
groups of porphyrins by negatively charged phosphate groups
of poly(G). The deviation of the titration curve from a linear form
which was observed earlier for pure electrostatic binding of
TMPyP*" to inorganic polyphosphate (PPS) [38] confirms that
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Fig.4 Dependence of normalized fluorescence intensity and polarization
degree (on the inset) on molar polymer-to-dye ratio, P/D, registered for
TMPyP*"—ImPzn + poly(G) complex near the maximum of TMPyP**
fluorescence band, Aps=670 nm (@) and ImPzn one, Ay,s=562 nm (0).
Measurements were carried out in phosphate buffer (2 mM Na®), ligand
concentration is 10 uM, Aq=440 nm. Below pictorial diagram is
presented showing complexes of TMPyP**—ImPzn conjugate with four
stranded poly(G) formed presumably at different P/D ratios, where

dissociation of the heterodimers occurs upon binding process.
The symmetrically ascending part of titration curve registered
for the ImPzn moiety at 562 nm in the same P/D range obviously
indicate the reduction of energy transfer from phenazine part to
porphyrin as a result of the dimer dissociation. Emission of
phenazine part at P/D=4.5 is doubled in comparison with that
at P/D=0, however its level registered for individual ImPzn
dye is not reached. It is suggested that phenazine moieties of
the conjugate are distanced both from porphyrin parts and
from the polymer and they can form stacks too.

The minimal level of the conjugate emission registered in
porphyrin part lies at approximately P/D=6 (Fig. 5), that cor-
responds to twice as high polymer concentration than that
(P/D=3) registered for individual TMPyP*" dye bound to
poly(G) and PPS. Its magnitude, (//1)),i,=0.2, is equal to that
observed for TMPyP*" stacks on PPS matrix [38].

In such a way, the first binding mode predominating at low
P/D values (P/D<6) can be identified as outside electrostatic
binding of the porphyrin parts of the conjugates to poly(G) with
their self-stacking. At that heterodimers are dissociated, and
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porphyrin — imidazophenazine heterodimers are initially formed in
solutions without the polymer at P/D=0 (I); the heterodimers
disintegrates and porphyrin moieties bounds electrostatically to anionic
polyG backbone with their self-stacking (II); bound porphyrin stacks
disintegrate, the conjugate molecules redistribute along the polymer
(III) and they fold into the heterodimers again which incorporate into
poly(G) groove as a whole (IV)

phenazine moieties are presumably distanced from the polymer;
they can form stacks or to be randomly distributed. Taking into
account existence of 4 negative charges localized on the phos-
phate groups of each G-quartet and 3 positive charges localized
on each porphyrin moiety of the conjugate, the integration of
several neighboring four-stranded poly(G) chains and porphyrin
stacks into the aggregate can be assumed in this P/D range.
The initial part of the titration curve registered at 670 nm
(Fig. 4) have been compared with another curves (Fig. 5) ob-
tained under the same experimental conditions for the same
conjugate bound to 5'-d[AGGG(TTAGGG);]-3' oligomer of
human telomeric repeat (22G4) [29], as well as for individual
TMPyP*" porphyrin bound to 22G4 [29] and to poly(G) (un-
published data). It was found that the shape of fluorescent
titration curves obtained for individual TMPyP*" bound to
poly(G) and to short 22G4 oligomer are substantially differ-
ent. In the case of TMPyP*" + 22G4 system we observe
monotonically increasing curve without minimum (Fig. 5).
Whereas for TMPyP*" + poly(G) the titration curve is linearly
descending, the porphyrin fluorescence quenches up to 43 %
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Fig. 5 Comparison of fluorescent titration curves (initial region)
registered as dependence of normalized porphyrin emission intensity on
molar polymer/dye ratio (P/D) for tricationic porphyrin and porphyrin-
phenazine conjugate bound to long quadruplexes formed by poly(G) and
short one formed by 22-mer oligonucleotide 5-d[AGGG(TTAGGG);]-3'
of human telomeric repeat (22G4) [29]: TMPyP**—ImPzn + poly(G) (e),
TMPyP** + poly(G) (X), TMPyP*" + 22G4 (o), TMPyP*" + PPS (%),
and TMPyP3+flszn+22G4 (A). Measurements were carried out
in phosphate buffer (2 mM Na®), ligand concentration is 10 pM,
Aexc=440 nm, A,ps=670 nm

from initial. Such behavior can be explained by a significant
difference in the length of these polymers. Since in short 22G4
only 3 guanine tetrads can be formed under the folding, for-
mation of long porphyrin stacks as results of the outside elec-
trostatic binding of the dye to the oligomer is impossible and
the fluorescence was not quenched. The curve for TMPyP?'—
ImPzn conjugate+22G4 has minimum near P/D=1.5 where
emission is quenched only up to 73 %.

In P/D range from 6 to 10 we observe small local
quenching of the conjugate emission registered in ImPzn part
at 562 nm. And after P/D=10 increase of relative poly(G)
content results in the gradual enhancement of emission in both
branches of fluorescent titration curves, as well as increase in
fluorescence polarization degree which achieves the constant
level (Fig. 4). At P/D=115 magnitude of //I, reaches=1.3 for
porphyrin and 2.35 for phenazine moiety. The relative quan-
tum yield of the fluorescence calculated from the spectra
(Fig. 3) recorded at P/D=115 and P/D=0 according with
Eq.2, shows practically negligible change in the integral emission
of the conjugate upon its binding to poly(G): Q /Qy=1.01,
though the shape and position of fluorescence band maxima
in these both cases are substantially different.

It can be noted that contribution of ImPzn part to the total
conjugate emission is more than two orders of magnitude less
than that of TMPyP>" moiety, and ImPzn fluorescence band is
practically invisible in the conjugate fluorescence spectrum.
Therefore effects actually observed in fluorescence spectra
upon the conjugate binding are conditioned mainly by behav-
ior of the porphyrin moiety (Fig. 4, Aop,s=0670).

Absorption and fluorescence spectra of TMPyP**—ImPzn
bound to poly(G) at high P/D (Figs. 2 and 3) have been com-
pared with those for TMPyP** bound to poly(G) (unpublished
data) at the similar experimental conditions, and for the same
conjugate bound to PPS [38] which characterize externally
bound to PPS porphyrin monomers or dimers. It was found that
the maxima of Soret absorption and fluorescence band for
TMPyP**-ImPzn+poly(G) at P/D=115 are 15 nm red shifted
in comparison with those for TMPyP®> —ImPzn+PPS [38]. At
the same time the shape of absorption and fluorescence bands
and position of their maxima for TMPyP**—ImPzn-+poly(G) at
P/D=115 are coincident with those for TMPyP*>" + poly(G).
Binding of individual TMPyP*>" dye to poly(G) results in 3.9-
fold increase of porphyrin emission (unpublished data), whereas
in the case of TMPyP* —ImPzn-+poly(G) only 1.3-fold rise of
fluorescence was observed. From analysis of abovementioned
information we can suggest that at high P/D values porphyrin
stacks are disintegrated, the conjugate molecules fold into hetero-
dimers redistributing along the polymer and presumably, embed-
ding into the groove of four-stranded poly(G) as a whole. This
assumption is supported by 17 % hypochromism and 10 nm shift
of absorption spectra registered for TMPyP*—ImPzn-+poly(G)
at P/D=115 in comparison with that for the free conjugate, as
well as the rise of p up to 0.1. The magnitudes of absorption
hypochromism, spectral shifts and p registered during the conju-
gate binding are not big enough to characterize intercalation
binding mode [48], but they are sufficient for groove binding.
Increase in porphyrin fluorescence observed at high P/D can be
explained by the chromophore dehydratation.

The magnitude of ImPzn emission (Fig. 4, the curve regis-
tered at 562 nm) registered upon the conjugate binding to
poly(G) at high P/D can be the cumulative effect of two si-
multaneous processes: (i) the changes in the efficiency of en-
ergy transfer from phenazine moiety to porphyrin one as a
result of changes in the distance between their chromophores
and/or mutual orientation of the transition dipole moments,
and (ii) the quenching of phenazine fluorescence by guanine
bases occurred through the photoinduced electron transfer be-
tween phenazine in the first singlet excited state and guanine
in the ground state which occurs through close contact of the
dye and guanine bases [47].

In such a way, analysis of spectroscopic changes accompa-
nying binding of TMPyP*"—ImPzn to poly(G) indicate that
both porphyrin and phenazine moieties of the conjugate bind
to intermolecular G-quadruplexes formed by poly(G)
polynucleotide.

Conclusions
Binding of the TMPyP**—ImPzn conjugate to four-stranded

poly(G) polynucleotide has been studied in aqueous buffered
solutions of neutral pH under near physiological ionic
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conditions using the techniques of absorption and polarized
fluorescent spectroscopy, as well as fluorescence titration.
Spectroscopic changes indicate that both porphyrin and phen-
azine moiety of the conjugate binds to poly(G), and two com-
petitive binding modes are identified.

In the absence of the polymer, TMPyP**—ImPzn conjugate
folds into stable intramolecular heterodimer with 7t-7t stacking
between porphyrin and phenazine parts. At low P/D values,
the heterodimers are presumably disintegrated, and outside
electrostatic binding of positively charged porphyrin moieties
to anionic polynucleotide backbone with their self-stacking
are predominant, which is characterized by 5-fold quenching
of porphyrin and enhancement of phenazine emission. At
P/D>6, porphyrin stacks are disintegrated, the conjugate
molecules redistribute along the polymer, and presumably
fold into the heterodimer again which incorporate into poly(G)
groove as a whole. Embedding of TMPyP*"—ImPzn dimers
into poly(G) groove is characterized by significant red shift
and hypochromism of the Soret absorption band, moderate red
shift and enhancement of the conjugate emission as well as
rise of the fluorescence polarization degree. Moderate value of
fluorescence polarization degree registered for ImPzn moiety
at high P/D indicates that phenazine molecules are not inter-
calated into quadruple chain, and they, most likely, embed into
the polymer groove along with TMPyP*" part.

Our research has shown that the use of charged conjugate of
two organic dyes having different absorption and fluorescence
spectra gives additional possibilities to study both energy trans-
fer between them and to observe several binding modes of the
conjugate to oppositely charged biopolymers. Moreover, by
varying the environmental conditions, in particularly P/D ratio,
we can control the mechanism of the conjugate binding to
anionic biopolymer and to manage the energy transfer between
adjacent porphyrin molecules, which is observed in continuous
porphyrin stacks. The results obtained can be used in
nanoelectronics, in particular when creating the structures for
photovoltaic cells and in light-harvesting systems.
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