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SPECTROPHOTOMETRIC STUDY OF COMPLEXES OF SOME
INTERCALATORS WITH DOUBLE-STRANDED AND
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Interaction of ethidium bromide (EtBr), acridine orange (AQO) and non-
intercalator methylene blue (MB) with DNA as well as interaction of EtBr and MB
with single-stranded synthetic polynucleotides poly(rA) and poly(rU) have been
studied. It was revealed that in absorption spectra of EtBr and MB with DNA
or single-stranded polynucleotides a real- or pseudo-isosbestic point appears.
Particularly, in absorption spectra of the complexes of classical intercalator EtBr
with DNA the real isosbestic point is formed, but in the case of non-classical
intercalator MB a pseudo-isosbestic point is formed, while in the absorption spectra
of their complexes with single-stranded polynucleotides a pseudo-isosbestic point
is formed. It was found out that for another classical intercalator AO there is no a
real or pseudo-isosbestic point.
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Introduction. Nucleic acids (NA) as well as proteins are polymer compounds
and compose the most important constituents of a cell that are permanently in the
surrounding of various ligands and can form different chemical bonds with them.
Remarkably, in the absorption spectra of the complexes of numerous compounds in
the absorption spectra there can appear one or several isosbestic points (IP).
However, as a spectral characteristic IP seldom is applied for information
quantitative or qualitative analysis [1-7]. Indeed, for the given concentrations, IP is
an important feature for characterizing of qualitative and quantitative properties of
one compound chromophore or the mixture of such compounds. It is considered that
IP is expressed only in that case, when the given compound in the solution, which
has the certain absorption, is transited into another one, the absorption of which is
not the same as compared to the initial compound. But the spectra of these two forms
are crossed at one point, which is called isosbestic one. IP is also expressed, when
there exist, at least, two compounds in the solution with various spectral properties,
which, in turn, can have the same absorption in one or several points [1-7].

According to the accepted idea, IP formation in the absorption spectra of
ligand complexes with DNA resulted from exhibition of intercalation mechanism.
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Particularly, IP is formed in the absorption spectra of the complexes of classical
intercalator ethidium bromide (EtBr) as well as methylene blue (MB) with DNA.
Studies of the interaction of these ligands with NA are important due to their
biological meaning [8—14]. The received data in recent years have indicated that the
formation of IP in the absorption spectra of the complexes NA-intercalator ligand is
not the interaction result by intercalation mechanism [8].

The work is aimed at analyzing of IP in the absorption spectra of the comp-
lexes of EtBr, MB and AO with double-stranded (ds-) and single-stranded (ss-) NA.

Materials and Methods. In the experiments ultrapure DNA, poly(rA),
poly(rU) (“Sigma”, USA), ethidium bromide (EtBr) (“Serva”, Germany), MB,
acridine orange (AO) (“Sigma”, USA), NaCl, Na-citrate, ethylenediaminetetraacetate
(EDTA) were used. All preparations were used without additional purification. DNA,
extracted from calf thymus cells, is high-molecular, average molecular mass of
ss-polynucleotides poly(rA) and poly(rU) is equal to 700—800 kDa.

Concentrations of used preparations were determined by absorption
spectroscopy, using the following values of extinction coefficient: £=6600 M cm!
for calf thymus DNA, &sg=5700 M 'cm™ for EtBr, £e=76000 M 'cm™' for MB,
&190=35000 M 'em™! for AO, £57=10500 M 'cm™ for poly(rA) and £6=9500 M 'cm™
for poly(rU) [15]. The studies were carried out in standard salt-citrate solution
(1xSSC), which contains 0.15 M NaCl, 0.015 M three-substituted sodium citrate
(10° M EDTA). The ionic strength of the solution was equal to 0.1 mol. To get the
necessary ionic strength the solution of 1xSSC was diluted by bi-distilled water.

Spectrophotometric measurements were carried out, using UV-VIS double-
beam spectrophotometer Perkin Elmer Lambda 365 (USA), in hermetically closed
quartz cuvettes with optic pathway 1 cm.

During spectroscopic measurements, the concentration of ligands remained
constant and the concentration of NA (DNA, polynucleotides) increased during
titration. The absorption spectra of the complexes NA—EtBr and NA-AO were
registered in the interval 400 < A < 600 nm, those for the complexes NA-MB — in
the interval 500 < A <750 nm.

EtBr absorption maximum was registered at 4 = 480 nm, in the case of AO at
A =490 nm and in the case of MB at A= 665 nm. During spectrophotometric titration,
the maxima of the absorption spectra under the mentioned wavelengths decreased.
In the case of DNA, a shift toward long wavelength interval took place as well.

All absorption spectra and analytic figures were obtained through software
Microsoft Excel 13. The experimental error does not exceed 5%, hence the error-bar
on analytic curves is not presented.

Results and Discussion. The studies of molecular mechanisms of the
interaction of different ligands with DNA will be more effective, if they are based
on fundamental models. From this point of view, the obtained results for classical
intercalator EtBr complexes with DNA can be a convenient tool to get additional
information about the interaction of other ligands with DNA. Particularly, in the case
of this ligand interaction with DNA IP appears in the absorption spectra and to prove
this fact a mathematical model has been suggested [6]. Absorption spectra of
DNA-EtBr complexes are presented in Fig. 1, a, where there are 4; titration spectra
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with number N in 1</ < N interval. Moreover, the spectrum i=1 corresponds to EtBr
absorption in the case of absence of DNA. According to the suggested model, the
values of absorption dispersion — o1, depending on A were determined and the
respective curve was constructed, which is presented in Fig. 1, b. o(4) function
minimum in this dependence curve corresponds to the wavelength (Aip) of the IP.
It is necessary to reveal the IP and its position in case, when the latter exists. As it is
obvious from the given Fig. 1, there is a pronounced minimum point in the o
dependence curve on A at the wavelength 515 nm. It is obvious that the formation of
IP, most apparently, resulted from the fact that, at least, one interaction mode of EtBr
with DNA occurs by intercalation mechanism.
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Fig. 1. (a) — Absorption spectra of the complexes DNA—EtBr.
(b) — Dependence of ok on 4, in which there is minimum point, which corresponds to IP.

To check this fact the absorption spectra of the complexes DNA-AO were
analyzed as well. For the complexes DNA—EtBr, DNA-AO and DNA-MB the
absorption spectra were received, from the analysis of which the curves o (1) are
presented in Fig. 2. It is obvious from the Fig. 2 that in the absorption spectra of the
complexes AO—DNA there is no IP, although in the dependence curve of o on 1 a
minimum is formed as well at A = 500 nm. However, the minimal value of this
function — ox = 2107, which is higher by three orders, than for the complexes
EtBr—DNA (1 =515 nm, or=5.34-10"°).

0.008
\

0.006 \
0.004 \

0.002 /

390 410 430 450 470 490 510 530 550 570 590 610 395 415 435 455 475 495 515 535 355 575 595
A, nm A, nm

Absorption
g £ 8 &

e
jar

Fig. 2. (a) — Absorption spectra of the complexes DNA—AO. There is no an IP in the absorption spectra.
(b) — Dependence of ox on A.
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Absorption spectra of the complexes MB-DNA were analyzed and presented
in Fig. 3. MB differs from AO insignificantly by its structure, but as it is shown in
Fig. 3, non-exact IP was appeared in the absorption spectra of this ligand complexes
with DNA by the following characteristics A = 677 nm, o= 3.53-107 (Fig. 3).

e
=
o

3 {1 O
\ a 0.0012 k b

e
=

0.001 4

e
St
Wt

0.0008

0.0006 -

Absorption
s £

0.0004 -

=
e £
=25

0.0002 -

e
o
= &
L

195 545 595 645 o 745 495 515 535 555 575 505 615 635 655 675 695 715 735 755

A, nm A, nm

Fig. 3. (a)— Absorption spectra of the complexes DNA-MB. There is non-clear IP in the absorption spectra.
(b) — Dependence of or on A.

It is remarkable that the minimum point in ox dependence on A is sufficiently
exact, but it is almost an order higher, than the forming one in the absorption spectra
of the complexes EtBr—DNA and is a pseudo-isosbestic point [8].

Thus, analysis of the absorption spectra of various intercalators with DNA via
mathematical model, suggested in the work [6], permits revealing and characterizing
real or pseudo-isosbestic point presence in the absorption spectra of these complexes.

Absorption spectra of the complexes of EtBr and MB with single-stranded
synthetic homopolynucleotides poly(rA) and poly(rU) were obtained. In the Fig. 4
EtBr absorption spectra with ss-poly(rU) (a) and dependence curve of o; on A (b)
were presented. It is obvious that in the absorption spectra of the complexes of EtBr—
poly(rU) there is non-exact IP (a), which is expressed in or dependence curve on A
through the minimum at A = 520 nm. This fact indicates that classical intercalator
EtBr binds to ss-polynucleotides as well, though, in all appearances, the interaction
takes place by intercalation mechanism. Based on literature data, we assume that
EtBr molecules form semi-intercalation complexes with ss-polyribonucleotides [16,
17]. Analogous data were obtained for EtBr—poly(rA) complexes as well (absorption
spectra and oy dependence curve on A are not presented).
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Fig. 4. (a) — Absorption spectra of the complexes EtBr—poly(rU). There is non-exact IP.
(b) — Dependence of or on A.
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Absorption spectra of MB complexes with homopolynucleotides poly(rA) and
poly(rU) and o dependence curve on A were obtained as well. Absorption spectra
of the complexes MB—poly(rU) is presented in Fig. 5, a, and as it is seen, there is
non-exact IP, to which a minimum point corresponds in the dependence curve of oy
on A at A= 675 nm were presented.

It is remarkable that in the absorption spectra of the complexes MB—poly(rA)
there is no a formed IP. The fact that there exists an IP the absorption spectra of the
complexes MB—poly(rU) as for those of MB complexes with ds-nucleic acids,
indicates that MB presumably binds to this polynucleotide by the same mechanism.
Earlier it was shown that MB interacts with ds-DNA and ds-RNA through semi-
intercalation and electrostatic mechanisms [8], hence, we conclude that the
interaction of MB with poly(rU) occurs by the same modes.

Ok
a b

5.00E-01 0.001

4.00E-01 0.0008 -
0.0006 -
3.00E-01
\ 0.0004
2.00E-01
0.0002 -
1.00E-01 Z
___/ 0
T T T T

0.00E+00

Absorption

510 530 550 570 590 610 630 650 670 690 710 730 750
495 545 595 645 695 745 2’
, nm

A, nm

Fig. 5. (a) — Absorption spectra of the complexes MB—poly(rU). In these spectra there is non-exact IP.
(b) — Dependence of or on A.

IP analysis was realized through the titration of ligand—ss-poly(rA) and
ligand—ss-poly(rU) complexes with the solution of complementary polynucleotides
(respectively, poly(rU) and poly(rA)), which results in formation of the complexes
ligand—poly(rA)-poly(rU). In the case of EtBr, a decrease of the absorption maxima
and shift toward long wave interval take place, as a result of complex-formation of
this ligand with ds-NA (spectra are not presented). It is remarkable that the shift of
IP took place toward short wavelength interval as well. As it was mentioned above,
in the absorption spectra of EtBr complexes with ds-DNA IP again was formed at
A =515 nm. This fact permits us concluding that the titration of EtBr—poly(rU)
complexes with poly(rA) results in hybridization of ss-polyribonucleotides as well
as formation of ds-poly(rA)-poly(rU), due to which IP is shifted toward short
wavelength interval. Such a result was obtained also for the contrary titration, when
the solution of poly(rU) was added to EtBr—poly(rA) complexes by equimolar
concentrations of polynucleotides. Similarly, titration of MB—poly(rU) complexes
by the solution of poly(rA) leads to the significant decrease of the absorption spectra
maxima and long wavelength shift, which is less expressed in the absorption
spectra of the complexes MB—poly(rU). However, it was not expectable that there is
no IP in the absorption spectra of the complexes MB—poly(rU)-poly(rA) and
MB-poly(rA)-poly(rU), which is obvious in the ox dependence curve on A (Fig. 6).
The obtained data indicate that there is no a real IP in the absorption spectra of MB
complexes with both ds- and ss-NA, as for EtBr. Numerous studies indicate that
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although MB binds to ds-NA by intercalation mechanism, it does not totally
intercalated, like EtBr, AO and other intercalators. MB mainly binds by not entire
intercalation (semi-intercalation) mode, which in turn results in pseudo-IP formation
[8, 18]. Taking into account the aforementioned facts, we consider that in the
absorption spectra of the complexes ligand—NA there is formed a real IP, when the
ligand can simultaneously bind by both entire intercalation and semi-intercalation
modes, as EtBr, while in the cases of the performance of only intercalation or semi-
intercalation modes, a real IP is not formed.

Conclusion. Thus, the obtained data indicate that in the cases of several
intercalatores, binding to ds- or ss-NA, there appear real- or pseudo-isosbestic points
in their absorption spectra. Particularly, in the absorption spectra of the complexes
of a classical intercalator EtBr to DNA, a real IP is formed, while in the case of non-
classical intercalator MB a pseudo-IP is formed, on the other hand, for another
classical intercalator AO there is no such a point. This fact indicates that the
existence of intercalation mechanism of the binding of ligands to DNA is necessary,
but not enough condition for appearing of IP.

The obtained data also find out that for revelation and determination of IP in
the absorption spectra the applied method allows to find out and differentiate exact
and inexact IPs in the absorption spectra of the complexes of ligand—NA.
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A.II. AHTOHH, 3. O. MOBCHUCSIH, A. O. KAPAIIETAH, I1. O. BAPAEBAHH

CIIEKTPOOOTOMETPUYECKOE HNCCJIEAOBAHHE KOMIIJIEKCOB
HEKOTOPBIX MHTEPKAJIAATOPOB C ABYXILEIIOYEYHBIMU
N OAHOLIEIIOYEYHbIMHN HYKJIEMHOBBIMU KHCJIIOTAMMU

HccnenoBanbl B3aUMOICHCTBHS KIIACCHUECKUX HHTEPKAIITOPOB OPOMUCTOTO
stunus (b3), akpuauHoBoro opamkeBoro (AO) 1 HEKIIaCCHUECKOTO HHTEPKAIATOPA
metuiieHoBoro curero (MC) ¢ nyxuenodeunoii (nu-) JJHK, a Takxke B3anmoeict-
Bue bO u MC c omHOICIOYeYHBIMU (OIl-) CHHTETHYECKUMU TOJIMHYKJICOTHIAMHU
poly(rA) u poly(rU). BeisiBiieHO, 4TO Ha CIIEKTpax MOTJIOIICHHUS KOMILICKCOB BD u
MC ¢ JHK u on-moMHYKICOTHIaMH TOSIBISICTCS pealbHAS WIIH TICEBION300ECTH-
YyecKas TouKa. B 4acTHOCTH, Ha CIIEKTpax MOTJIONICHHS KOMIUICKCOB KIIACCUYECKOTO
untepkaaTopa ¢ JJHK dpopmupyercs peanpHas n3o0ecTHUeCKas TOYKa, TOTIa KaK B
ciydae Hekiaccudeckoro uHTepkanstopa MC dopmupyercs mceBaon3zobecTu-
YyecKash TOYKa; OJHAKO, B CIy4ae KOMIDIEKCOB JurannoB b9 u MC ¢ on-monu-
HYKJICOTHIIaMU Ha CIEKTPax MOTJIOMICHUS (POPMHUPYETCS TCEBIOM300eCTHYCCKAs
tTouka. [lokazaHo, YTO B Cilydae APYroro KJIACCHYECKOTo MHTepKamstopa — AO,
peanbHas WK TICEBAON300eCTUUECKAs TOUKa He 00pa3yeTcs.



