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ABSTRACT

It is known that at low concentrations of TMPyP4, this porphyrin predominantly intercalates between GC pairs at
GC-rich sites of duplex DNA and G-quadruplexes of various constructions, and stabilizes these structures. However,
there are still some arguable suggestions about the exact binding sites and modes of TMPyP4 to GC-rich regions of
DNA in case of helation of divalent ions with help of the porphrin, which makes porphyrin structure asymmetric. We
examined TOEPyP4—analogue of TMPyP4—and studied interaction of TOEPyP4 into the calf thymus DNA at pres-
ence of nanomole concentrations of one of the most important microelements in cell vital function—Zn ion. On the ba-
sis of CD and absorption spectra of the DNA-TOEPyP4 mixture, it was determined that nanomole concentrations of Zn
ions changed porphyrin intercalative binding mode to some external binding modes, which initiated transition of the
canonic B conformation of DNA into C-like conformation, and incubation of the (DNA-TOEP4) + Zn mixture at 37°C
caused B-Z-like transition, but no transition was observed for the DNA-TOEPyP4 mixture. In particular, at 10
mM-NaCl, TOEPyP4/DNA = 0.02, the binding mode change was observed in the concentration range from 150 to 300
nM-Zn, and the B-C-like transition occurred from 150 to 600 nM-Zn. The B-Z transition at TOEPyP4/DNA = 0.015,
Zn/DNA = 0.015, NaCI 10 mM, T = 37°C was observed within incubation time interval from 0.3 to 20 hours, and
maximal percents of Z-like form was seen when incubation time interval was from 5 to 6 hours.
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1. Introduction

Exclusive binding of flat TMPyP4 cation (meso-5,10,15,
20-Tetrakis-(N-methyl-4-pyridyl)) porphine porphyrin to
DNA is a subject of interest in a number of fields, in-
cluding molecular biology, genomics and pharmaceutical
science [1-3].

It was demonstrated that TMPyP4 porphyrin that is
characterized with low toxicity caries out several binding
modes with DNA by intercalation between GC pairs and
external groove binding. It also intercalates between
stacked G-tetrads with high affinity and stabilizes the
quadruplex complex, inhibits telomerase and detains

GC-rich DNA sites capable to form G-quadruplexes may
be lost if TMPyP4 binds to divalent ions, due to which
porphyrin structure becomes asymmetric. It was also
shown that the axial ligand ZnTOEPyP4 (meso-tetra(4-
N-oxyethylpyridil)) performed an external binding mode
and initiated a strong increase of DNA thermopstability
[6], as well as transition from B to Z-like conformation
[7]. Tt was also shown that high concentrations of
TOEPyP4 initiated transformation of poly[d(A-T)d(A-T)]
but not ply(G-C) into Z-like conformation, when TOEPyP4/
DNA = 0.23 [8,9]. It should be noted that presence of
physiological concentrations of alkaline-earth metal ions

growth of transformed cells in many human tumors [4,5].
This unique properties of TMPyP4 to selectively bind to
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initiate formation of G-quadruplex in GC-rich sites of
DNA, and extremely high concentrations of the same
ions cause B — C and B — Z-like transitions [10,11].

In this work, we demonstrate that the B— C and B —
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Z-like transitions are initiated by the change of intercala-
tion to external binding mode in case of combined influ-
ence of nanogram concentrations of TOEPyP and Zn
ions.

2. Experiments and Methods

CD (Circular Dichroism) spectra were recorded on spec-
tropolarimeter JASCO 500 A at 20°C. Absorption spec-
tra were recorded on spectrophotometer UNICAM SP
1800 (UK). For both CS and absorption spectra we used
1.0 cm quartz cells. CD is shown in millidegree of ellip-
ticity. The water-soluble meso-tetra(4-N-oxyethylpyridil)
porpyrin (TOEPyP4) was synthesized in ESU according
to the method described in work [18]. Calf thymus DNA
was purchased from Sigma. Please see [12] for more
detailed information.

3. Experimental Data
3.1. Absorption Spectra

The absorption spectra of TOEPyP4 and Zn ions mixture
incubated during various times at 37°C were recorded. It
was demonstrated that a complex was formed in the
mixture after 45 min incubation, the spectrum of which
was similar to spectrum of Zn-TOEPyP4 complex at 1 =
440 nm.

The absorption spectra were recorded for TOEPyP4,
native DNA-TOEPyP4, denaturated DNA-TOEPyP4, as
well as (DNA-TOEPyP4) + Zn complexes incubated at
37°C during 2, 8, and 24 hours at 10 mM-NaCl (see Fig-
ure 1). It was clearly shown that incubation of triplex
complrx from 0 to 24 hours did not cause any spectrum
changes at 260 nm, but caused a shift of the absorption
maxima of the complex to the higher wavelength area by

18 nm, i.e. a Zn-TOEPyP4 complex formation took place.

Denaturation of the (DNA-TOEPyP4) + Zn complex by
incubation for 24 h caused an 38% increase of the ab-
sorption peak intensity at 260 nm, but it did not change
intensity and wavelength of the peak initiated by porphy-
rin in the Soret region (440 nm).

3.2. CD Studies

Figure 2 shows visual and UV CD spectra of (DNA-
TOEPyP4) + Zn triple complex at presence of low con-
centrations of added Zn ions at 10 mM-NaCl. As it is
seen from Figure 2, increase of Zn ion concentration in a
narrow concentration region from 150 nM to 300 nM that
corresponds to mixing molar ratio Zn/ DNA = r from
0.005 to 0.01 causes disappearance of the negative CD
band at about 440 nm, which reflects intercalation bind-
ing mode, and a 30%-increase of CD band maximum
intensity around 420 nm, which corresponds to a groove
binding mode of porphyrin [13], and a shift of the peak
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Figure 1. Absorption spectra of TOEPyP4 (1), DNA (2),
DNA-TOEPyP4 (3), and (DNA-TOEPyP4) + Zn complex
incubated at 37°C for different times: 2 h (4), 8 h (5),24 h
(6), preliminarily denaturated sample (6) at 100°C during
15 minutes, and then cooled to 70°C and measured at
75°C (7). Molar ratios TOEPyP4/DNA;,,= 0.02, Zn/DNA,,
=0.015; and DNA =30 pM in 10 mM-NaCl.
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Figure 2. CD visual and UV spectra of DNA-TOEPyP4
complex plus Zn ions at molar mixture ratio TOEP4/DNA
=0.02, 10 mM-NaCI. DNA = 30 pM. Zn/DNA =r:0; 0.005;
0.01; 0.02, 0.027; 0,035. Insertion: Dependences of CD
spectra intensity on r at 285 nm (e), 420 nm (m), and 440
nm (A), the arrows show increase of Zn ions concentra-
tion.

to the longer wavelength region by 3 - 4 nm at increase
of r. Dependence of intensities of these bands on r is pre-
sented in Figure 2. Figure 2 shows that the increase of
Zn ions concentration causes a decrease of the positive
DNA band intensity around 280 nm and splitting of this
band. Dependence of band maxima at 285 nm on Zn ion
concentration has S-like curve form that indicates at a
cooperative change of DNA conformation.

At high concentration of Na ions (100 mM-NaCl) and
mixing ratio TOEPyP4/DNA = 0.02, when the negative
charge of phosphate groups were partially screened by
Na ions, the impact of Zn ions in intercalative binding
mode and DNA conformation was weakened. This type
of binding disappears at r = 0.025, i.e. at Zn ions concen-
tration that is 5 times more than at 10 mM-NaCl. Beside
this, the dependence of the changes of both positive
bands on r at 285 nm and 420 nm has an exponential
character and occure simultaneously (see Figure 3).

The influence of Zn ions on binding mode of TOEPyP4
with DNA became also weaker when NaCl molar con-
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Figure 3. Dependences of CD spectra intensity on r at 285
nm (A), 420 nm (o), and 440 nm (m), at 100 mM-NaCl,
TOEPyP4/DNA,,, = 0.02.

centration remained constant (10 and 100 mM) and por-
phyrin concentration increased. For example, when
TOEPyP4/DNA = 0.05 at 10 mM-NacCl, at presence of
Zn ions, the intercalation binding mode disappeared at r
= 0.1 (the data are not presented).

The decrease of intensity at 285 nm as a result of split-
ting of the DNA positive band around 280 nm, and in-
variability of the negative band around 245 nm at addi-
tion of Zn ions, point at transition of the canonic B DNA
form into C-like conformation, according to the pub-
lished data [10].

Different incubation times of the triple complex (DNA-
TOEPyP4) + Zn gave us some new additional informa-
tion about structures and stability of this complex. Fig-
ures 4(a)-(e) present CD spectra and dependences of
band intensities of DNA-TPEPyP4 and (DNA-TPEPyP4)
+ Zn complexes on incubation times at 37°C and 10
mM-NaCl. The presented data show that incubation of
the complexes without metals for 6 hours at 37°C leads
to some weak changes in CD spectra in visible and UV
regions. Further increase of the incubation time (from 6
to 20 hours) leads to disepearence of the negative band at
440 nm and the decrease the positive band at 420 nm, as
well as smoothed profile and increased intensity of the
positive band around 280 nm (Figures 4(b)-(e)). The 40
h and 72 h incubations cause a good recovery of the UV
CD spectra of DNA-TOEPyP4 complex, and practically
full disappearance of absorption bands in the Soret re-
gion. Figure 4(d) shows only the DNA-TOEPyP4 com-
plex UV CD spectrum.

The other picture was observed in case of triple com-
plex incubation at 37°C. In this case, some significant
changes in CD spectrum were observed in both UV and
Soret regions during the first six hours. In this time in-
terval, intensity of the negative band at 440 nm changed
from negative sign to positive one, the positive bands of
these complexes at 420 nm decreased, but splitting of the
positive band of DNA at 280 nm by TOEPyP4 and metal
ions at 260 nm and 285 nm was changed. In particular,
the band intensity at 285 nm dropped to null, the band
intensity at 260 nm weakly changed, the intensity of the
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Figure 4. (a)-(c) Visual and UV CD spectra of DNA-TOEPyP4
complex (solid line) and DNA-TOEPyP4 + Zn complex
(dashed line), TOEPyP4/DNA, , = 0.015, Zn/DNA, , = 0.015,
pH 7.02, 10 mM-NaCl; (d), (e¢) Dependence of the bands
intensity of DNA-TOEPyP4 and DNA-TOEPyP4 + Zn com-
plexes on time. DNA = 34 nM, arrows show increase of Zn
ions concentration.

basic negative band at 245 nm decreased, and an indi-
vidual new negative band at 275 nm appeared and its
intensity reached maximum on the sixth hour of incuba-
tion. Intensity of the negative band at 275 nm and the
positive band at 260 nm were comparable (Figures 4(a)
and (d)). This, the CD spectra of these complexes in UV
region become like to spectra of Z form polynucleotide
poly[d(A-T)d(A-T)] in presence of high TOEPyP4/DNA
>0.23 [8,9].

4. Discussion

According to data [6-14], the cation porphyrins TOEPyP4,
Me-TOEPyP4, and TMPyP4 are strong stabilizing agents
of DNA, its synthetic analogues and G-quadruplexes [15].
These porphyrins bind to DNA and polynucleotides, and
form two main binding modes—intercalation into GC-
rich regions and external groove binding in AT-rich re-
gions [8,13,16]. Both binding modes are able to transfer
DNA and polynucleotides from B to Z-like conformation
[8,9]. In the work [10], it was shown that transition metal
ions, including Mg and Zn ions, make octahedral com-
plexes Me[(H,O)s] ™ that can be high effectively absorbed
into the minor groove of C-like DNA sites, they are ca-
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pable to wind the double helix and cause narrowing of
minor groove of the duplex, and this narrowing leads to
transition of DNA from B form to C-like and T-like
conformations [10].

We suggest that the observed B-C-like transition in
case of the triple complex occurs due to the joint influ-
ence of porphyrin and a metal ion on DNA in which
TOEPyP4 is an initiator of this transition. In particular,
the surface near groove and groove bindings at AT-rich
sites [13] initiate formation of a C-like conformation in
those local regions. Addition of nanomole concentrations
of Zn ions that effectively bind to these regions due to a
steric compliances of a hydrated ion with size of minor
groove of the C-like DNA causes further effective wind-
ing of C-like conformation helix that leads to narrowing
a minor groove and decrease of the distance between
flats of DNA base pairs [17]. As a result, due to the steric
conditions of TOEPyP4, it cannot stay intercalated and
moves into the solution, it does not bind to Zn ions for a
short period of time (see above and also Figure 1) and
forms a surface groove binding that causes some changes
to CD spectra, namely, disappearance of the negative
band at about 440 nm, increase of the positive band at
420 nm by 30% in Soret region, decrease of the positive
band at 285 nm, and invariability of the negative band at
245 nm. All of these demonstrate the B — C transition of
DNA (see Figure 2).

A different picture was observed when incubation of
DNA-TOEP4 complex at presence of Zn ions. In this
case, because of the fact that the binding constant of
TOEPyP4-DNA is by two orders of magnitude than the
binding constant of Me-DNA [18,19], after some minutes
at 37°C, TOEPyP4 occupies the same sites that have
been occupied by the metal ions, and then this porphyrin
binds to those metals forming Zn-TOEPyP4 complex
form two modes of binding. These binding modes are re-
flected on CD spectra as two positive bands with maxima
at about 420 nm and 440 nm (Figure 4(c)). The intensi-
ties of these bands are significantly higher in comparison
with the some bands at 20°C at identical TOEPyP4/DNA
ratios [12]. Consequently, the influence of Zn-TOEPyP4
complex on DNA at 37°C is more effective than at 20°C.
We suppose that this is the main factor that provokes
DNA transition from B to Z-like conformation, which
happens slowly—within 6 hours of incubation.

5. Summery

Analysis of the obtained CD and spectrophotometer re-
sults revealed the following: 1) combined influence of
nanomole concentrations of Zn ions and cation TOEPyP4
porphyrin initiates a DNA transition from its canonic B
form to C-like conformation; and 2) B — Z transition of
DNA in (DNA-TOEPyP4) + Zn mixture appears due to
an external binding of ZnTOEPyP4 to DNA, at 37°C.

Open Access

We think that these data will be interesting for phar-
macologists and medical specialists who use the above
mentioned porphyrins in cancer chemotherapy, because
divalent ion concentration is increased in many human
cancers compared to the norm.
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