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The study of EtBr (ethidium bromide) interaction with poly(dA) at different pH of solution
has been carried out. The obtained data revealed that poly(dA) depending on pH may be in
different structural states — double-stranded at 4.0 > pH > 3.0 and single-stranded in neutral
(pH~7.0), weak acidic (6.0 > pH > 5.5) and strong acidic (pH < 3.0) conditions. It was shown that
EtBr binds to poly(dA) by intercalation at pH=3.5 as well as semi-intercalation at pH=7.0 and
pH~5.5 modes. From the obtained data it was also revealed that EtBr binding mechanisms are
universal and practically do not depend on medium conditions.

Poly(dA) — ethidium bromide —absorption spectrum —intercalation —
semi-intercalation — electrostatic binding

Ppwywlwgyt] E poly(dA)-h htin ER-h (Eehnhnd hppndhn) thnhuwgnbgniejwl niuncdUwuh-
pniejnLl [nuényeh wwpptp pH-UGPH nGwpenwd: Unwgywé wngwiutpp gnyg Gu wnydtl, np poly(dA)-U,
Jwhuijwé pH-hg, Jupnn £ gyt tnwppbp Junnigwdpwihtu yhdwyubpnud® Gpipnew 4.0 > pH > 3.0 L
dhwpnrw sbagnp (pH~7.0), pnyj| rreywihl (6.0 > pH > 5.5) W ndtin prUwihu (pH < 3.0) ywjdwuutpnid:
Swjnbwpbnyby E, np ERU  poly(dA)-h hGin Ywwdnwd E  hunGpywpwghnu ), huswbu  Lwl
Yhuwhuwntpyuwywghnu (pH~7.0) W (pH~5.5) Gnuwuwyutpnd: Unwgywd indjwiubpp bwle gnyg BU tnwihu,
nn ER-h Juwwdwu JGhuwuhquubpp niuhdGpuwp B W gnpduwywunud Ywhudwé s6U Jhpwdwinh
wwjdwuubnhg:

Poly(dA) — Ephnhnid hppndpn — Yrwldwluwlunn — huinbplwywghw —
Yhuwhunbpwywghw — bGyinpwunwnply yuwnid

HUccnenoBanoce B3ammopeiictue BD (Gpomuctsiit stuamit) ¢ poly(dA) npu pasnuunsix pH
pactopa. [Tomyuennsle nanHble BbIsiBUIH, 4To poly(dA), B 3aBucuMmoctn ot pH pactBopa Moxer
HaXOJAUTCsSl B Pa3IMUHBIX CTPYKTYPHBIX COCTOSIHMAX — AByxuenoueuHoM mpu 4.0 > pH > 3.0 u
OJTHOIIEIIOYEeTHOM IpH HeHTpansHoM (pH=7.0), caboxuciom (6.0 > pH > 5.5) u crmsHOKHCIOM (pH <
3.0) ycnosmsix. O6Hapy»xkeHo, uto B ¢ poly(dA) ces3piBaeTcst mHTepKASIOHHEIM 1ipy pH=3.5 n
TIOJTyHHTepKasIMoHHbIM Tipu pH=7.0 u pH~5.5 ciocobamu. IlomyueHHBIE TaHHBIE CBUAETEIBCTBY-
10T O TOM, YTO MEXaHU3MBbI CBSI3bIBaHUA BD SBISIOTCS YHHBEPCATBHBIMA U MPAKTHYECKH HE 3aBHCSAT
OT yCIIOBUH CpeJbl.

Poly(dA) — 6pomucmeiii smuouii —cnekmp abcopobyuu —uHmepKaiayus —
NOLYUHMEPKANAYUSL — INEKMPOCIAMULECKOe CEA3bIGAHUE

The studies of interaction of different biological active low-molecular compounds —
ligands with canonic forms of nucleic acid are actual topics and they represent a big interest
since these compounds significantly effect on structural transitions and functional activity of

these macromolecules, particularly DNA. From this point of view some ligands including
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ethidium bromide (EtBr), proflavine (PF), acridine orange (AO) have a wide application.
The biological activity of these compounds is conditioned by intercalation mode of binding
with DNA which invokes structural reconstructions in DNA. Moreover these compounds
bind to DNA by several modes. It was revealed that EtBr may bind to single-stranded DNA
as well by more than one mode [2, 4, 10, 12, 14, 19, 20, 23, 25]. That is why many
theoretical and experimental works are dedicated to EtBr interaction with DNA [2, 4, 10,
12, 14, 19, 20, 23, 25], but the binding of this ligand with different non-canonic forms of
DNA is not entirely studied.

After the finding out of DNA structural organization, it becomes an object of
numerous investigations in consequence of which it has been revealed that besides canonic
Watson-Crick double helixes there are also double helixes consisted of one-type nucleotides
[7,16-18].Incidentally depending on the type of azotic bases, single-stranded ordered
structures may be formed. Furthermore from one-type polynucleotides in some cases
(depending on ionic strength, pH of solution or existence of different mixtures) double-,
three- or four-stranded structures are formed [1, 8, 11, 24]. From this point of view poly(dA)
represents a certain interest because its structure at acidic values of pH of solution is not
sufficiently studied [16]. In the solution it may be in both single-stranded (ss-) and double-
stranded (ds-) states depending on pH of solution.

The goal of the present work is to study EtBr binding to poly(dA) at different values of
pH of solution and to evaluate structural peculiarities of this polynucleotide as well as to
determine values of the binding constant K and the number of bases n per one binding site
for EtBr on this polynucleotide.

Materials and methods. Poly(dA) “Sigma” (USA), EtBr “Serva” (Germany), NaCl, Na-
citrate, ethylenediaminetetraacetate (EDTA) (ultrapure) were used in this work. All preparations
were used without further purification. Concentrations of used preparations were determined by
absorption spectroscopy method, using the following extinction coefficients:g,5=10.1-10° M 'ecm!
for poly(dA), £45=5800 M'cm™ for EtBr. The investigations were carried out in 0.1xSSC
(standard salt-citrate solution containing 0.015 M NaCl, 0.0015 M Na-citrate (three-substituted),
10° M EDTA),the ionic strength was equal to 0.02 M. All measurements were carried out at room
temperature 25°C and neutral (pH=7.0) and acidic (pH=5.5; pH=3.5; pH=2.5) values of solution
pH. The mentioned values of pH are chosen because poly(dA) at pH~7.0 and in alteration interval
6.0 >pH >5.5; 3.0 > pH > 2.5 was in ss-state, at alteration interval 4.0 > pH > 3.0 — at ds-state.

Compounds containing a group of aromatic chromophore rings, including EtBr, may form
dimers at high concentrations (>1.5-10-4 M). Taking into account this fact at investigation of EtBr
complexes with polynucleotides it is necessary to work with such concentrations of dye that make
the dimerization negligible. EtBr total concentration in our experiments was equal to 5-10-5 M,
and the concentration of dimers composes almost ~0.1% and it may be ignored.

Spectrophotometric measurements were carried out on spectrophotometer PYE UnicamSP8-
100 (England). For these measurements quartz cuvettes with 0.5 ml volume and 1 cm optic
pathway length were used. Titration of solutions of studying samples was carried out by
micropipette with 10 pl volume (“Hamilton”, USA). PH of solutions was measured by universal
ionomer EV-74 (USSR) with measuring electrode ESL 63-07.

To obtain the absorption spectra, EtBr concentration remains constant in the solution and
polynucleotide concentration enhances with titration. The spectra of EtBr complexes with
polynucleotides and pure EtBr were obtained in 400<A<600 nm wavelength interval. Maximum of
pure EtBr absorption corresponds to A=480 nm wavelength. With spectrophotometric titration of
poly(dA) solution the absorption maximum of EtBr solution decreases and is shifted to longer
wavelength interval. Moreover isosbestic point is observed at A=510 nm and pH=3.5, at other
values of pH isosbestic point is revealed at A=505 nm. From some value of C,/C,, where C, is
polynucleotide concentration in the solution, Cy — EtBr concentration when a maximum shifting to
longer wavelength interval stops (at 520-525 nm) and spectra deviate from isosbestic point which
indicates that EtBr is in thoroughly bound state.
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For determination of t/C; and r from the absorption spectra of DNA-EtBr complexes, the
concentration of non-bound ligand Cf was calculated:
Cf _ A*Ax
Co - Ao -4,
where A is complex absorption at certain ligand concentration, A0 and Ac — absorption of
fully free and bound ligands respectively, C,=C¢+C, — total concentration of EtBr in the solution,
=C,,/C,, Cy, — bound ligand concentration, C, — concentration of nucleotide phosphate groups.
To plot ligand binding curve with DNA the following equation is usually used:

U]

1—nr

r/C/»zK(l—nr)|:1(nl)r:| (2)

where K is binding constant, n — number of bases per one binding site [2]. For more precise
description of binding of ligands with nucleic acids and determination of K and n, in [2] there was
suggested a method which permits linearization of equation (2), and as a result the following
expression is obtained:

Lo K1-@n-1)r) 3)
c,

EtBr binding curves with poly(dA) were obtained by equation (3) at the above indicated pH
and the values of K and n were calculated as it is described in [21]. To receive the above
mentioned values of pH the solutions were titrated by 0.2 N HCI, adding 2 pl acid each time and
mixing on magnetic stirrer. Error of final values of pH of solutions does not exceed +0.02.
Experimental error does not exceed 10-15%.

Results and Discussion. Many theoretical and experimental works are devoted to
EtBr binding studies with DNA. It has been shown that this ligand forms different types of
complexes with DNA — intercalation, semi-intercalation, electrostatic etc. [10, 20, 23].
Moreover it was shown that EtBr binding mechanisms with DNA are universal and are
realized independently on different factors of medium (ionic strength, pH, nucleotide
sequence) [3, 15]. Based on this EtBr was chosen as an appropriate ligand for poly(dA)
structure investigation. This polynucleotide possesses several structural peculiarities. At
alkaline, neutral or strong acidic pH values of the solution poly(dA) is mainly in single-
stranded state but in 4.0 > pH > 3.0 interval this polynucleotide protonating transmits to
double-stranded state since separate chains form pairs in type of poly(dAH")-poly(dAH")
as in case of polyriboadenilic acids [7, 16-18]. At higher acidic solutions this
polynucleotide again transmits to single-stranded state. Consequently, EtBr binding
investigation with poly(dA) at different values of pH may allow to evaluate its structural
peculiarities in the solution.

EtBr complex-formation with poly(dA) was investigated by spectrophotometric
titration method in the following conditions: pH=7.0; pH~5.5; pH~3.5 and pH=2.5. The
absorption spectra of EtBr and its complexes at pH~3.5 (A) and pH~7.0 (B) are presented
on fig. 1. As it is obvious from fig. 1A, at pH=3.5 the absorption spectra of poly(dA)-EtBr
complexes decrease in maximums and are shifted to long wavelength interval. Besides, an
isosbestic point is formed on spectra at A=510 nm. These changes of the absorption spectra
of EtBr and its complexes with poly(dA) are similar with those of EtBr complexes with
double-stranded DNA at pH neutral values. Moreover, it is obvious from fig. 1B that
despite EtBr absorption spectra with poly(dA) at pH=7.0 are subjected to analogous
changes as in the case of pH=3.5, they differ from those since decreasing of maximums of
the absorption spectra of poly(dA)-EtBr complexes in this case is not big, the shifting to
the long wavelength interval is less as well than at pH=3.5. On the other hand, the
isosbestic point is formed at A=500 nm. The mentioned changes of the absorption spectra
of poly(dA)-EtBr complexes at pH=7 are analogous to those obtained for EtBr complexes
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with single-stranded DNA [20, 22]. The absorption spectra of poly(dA)-EtBr complexes at
pH=5.5 and pH=~2.5 are obtained as well. At pH~5.5 the absorption spectra of poly(dA)-
EtBr complexes coincide with those of these complexes obtained at pH~7.0 (spectra are

not presented), while the changes of spectra at pH=2.5 are insignificant.
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Fig. 1. The absorption spectra of EtBr (1) and its complexes (2-11) with poly(dA) at pH=3.5 (A)
and pH~7.0 (2-10) (B). EtBr concentration was equal to 6.9-10° M/L at pH~3.5 and 5.2-10° M/L
at pH=7.0. Concentration ratio of C=poly(dA)/EtBr changes in 0 < C < 2 interval.

Based on the absorption spectra of EtBr and its complexes with poly(dA) the bin ding
curves are constructed in Scatchard’s coordinates. The binding curve of EtBr with
poly(dA) obtained at pH~3.5 is presented on fig. 2A, the curves at pH=7.0, pH~5.5 and
pH~2.5 — on fig. 2B. The experimental points obtained at pH~7.0 and pH=5.5 practically
coincide with each other.

It is obvious from presented figure that a slope on the binding curve obtained at
pH=~3.5 is bigger than on the other curves at the rest of pH. The binding curve at pH~2.5
practically does not have a slope. Most probably it is conditioned by the fact that at
pH < 3.0 all ionizing groups of not only poly(dA) but also EtBr are in totally protonated
state. This results in radical changes of charge density of polyadenilic acid, which has a
total electro-negative charge at neutral values of pH (is poly-anion in solutions).EtBr is in
cationic form in neutral solutions. At acidic values of pHan increasing of total
electropositive charge of EtBr takes place in consequence of protonation. Based on this it
may be assumed that EtBr interaction with poly(dA) at pH=~2.5 is insignificant or EtBr
molecules in these conditions do not bind to polydeoxiadenilic acid.

At neutral values of solution pH (pH~7.0) as well as at pH=~5.5,EtBr binds to
poly(dA) by weaker mode than at pH=~3.5. It is indicated by the binding constant value (K)
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obtained from EtBr binding curves with this polynucleotide. Particularly, at pH=3.5
K=9.2.10° M, at pH~7.0 and pH~5.5 — K=8.6-10* M. It is obvious that EtBr binding
constant value with poly(dA) at pH=3.5 is higher by one order than at pH~7.0 and pH=5.5.
Moreover the value of n is much higher at pH~3.5 — n=10.5-11.0 than at pH~7.0 and
pH=~5.5 — n=3.5-4.0. This value of n is higher at EtBr binding with double-stranded DNA
by strong mode (n=5-6) [20].
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Fig. 2. EtBr binding curves with double-stranded poly(dA) at pH~3.5 (A) and
single-stranded poly(dA) at pH=7.0, pH~5.5 and pH=2.5 (B).  corresponds to
experimental points obtained at pH~7.0; A— at pH=5.5, ¢ —pH=2.5.

It is known that at pH<4.0, when protonation of adenine bases takes place [16],
polyriboadenilic acid (poly(A)) transmits to double-stranded state due to formation of
hydrogen bonds and forms poly(AH")-poly(AH").Poly(dA) structure in acidic solutions is
studied less than poly(A), but it should not be excluded the fact that poly(dA) may transmit
to double-stranded state at protonation of adenilic bases. Taking into the consideration this
fact we assume that the obtained values of K and n for EtBr binding to poly(dA) differ
from those for DNA-EtBr complexes but at pH=3.5 correspond to intercalation binding
mode of this ligand. It is indicated also by strong confinement of binding site number on
this polynucleotide. The fact that the value of K at EtBr intercalation into poly(dAH")-
poly(dAH") differs from that obtained at this ligand binding to double-stranded DNA, most
probably, is conditioned by decreasing of electro-negative charge of poly(dAH")-
poly(dAH") due to protonation, in consequence of which non-canonic helix acquires more
embedded packing compared to DNA. On the other hand, EtBr molecules are also
protonated in these conditions (pKa~5.5 for EtBr) and their total electro-positive charge
increases (at neutral solutions EtBr is in cationic state) [9]. As a result of mentioned effects
at EtBr intercalation into poly(dAH")-poly(dAH") electrostatic interaction plays a
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significant role which at neutral solutions promotes an intercalation which in its turn is
realized by two phases: during the first phase positively charged ligand molecules bind
from external side of DNA (with negatively charged sugar-phosphate skeleton), during the
second phase these molecules intercalate into the plane between neighbor base pairs [6,
12]. From this point of view in the case of poly(dAH")-poly(dAH"), electrostatic
interaction obstructs intercalation process since the binding constant value decreases.
Incidentally it was shown that EtBr preferably intercalates into pyrimidine-purine
sequences compared to purine-pyrimidine sequences [5]. Poly(dAH')-poly(dAH") is
double-stranded helix consisted of purine bases in result of which, in all appearances,
intercalation sites for EtBr molecules become confined.

At pH~7.0 and pH=5.5 the value of K is less by one order than at pH~3.5. This fact
is conditioned by the fact that this polynucleotide in these conditions is in single-stranded
state and the entire intercalation of EtBr molecules is impossible. Nevertheless we assume
that EtBr binds to ss-poly(dA) as in the cases of ss-DNA and ss-poly[d(A-T)] by
semiintercalation mode. This fact is maintained by good coincidence of the values of K
with the same values obtained for semi-intercalation complexes of this ligand with ss-DNA
and ss-polynucleotides [20, 22, 23]. As it is obvious from fig. 2B, EtBr binds to
ss-poly(dA) by semi-intercalation mode with similar affinity in both neutral and weak
acidic conditions, despite at pH~5.5 ligand molecules are protonated.

Therefore, the obtained data indicate that poly(dA) depending on solution pH may be
in different structural states — double-stranded at pH=~3.5 and single-stranded at neutral
(pH~7.2), weak acidic (pH=5.5) and strong acidic (pH=2.5) conditions. It was also shown
that EtBr binds to poly(dA) by intercalation or semi-intercalation modes depending on
structural state of this polynucleotide. These data may become a fundament for evaluation
of structures of different polynucleotides that do not have canonic structure. From the
obtained data it is also revealed that EtBr binding mechanisms are universal and practically
do not depend on medium conditions as it was shown earlier in [15].
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