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To study the mechanisms of cytidine and its biologically active analogues binding to DNA we analyzed the
binding of these ligands to DNA in the presence of well-known intercalator ethidium bromide (EtBr).
Thereto, we have carried out the detailed spectrophotometric research of EtBr-DNA mixtures absorption in
the presence of cytidine and its analogues in the wide range of wavelengths and DNA concentrations.
Cytidine derivatives containing aza group in the cytosine ring (6AZC, AZAfur and AZAxyl) compete with
EtBr for the DNA binding sites. The binding constants and binding site sizes of ligand-DNA complexes were
calculated via absorption spectra optimization programs COMP and DALSMOD. Unmodified in the cyto-
sine ring ligands (cytidine and Ara-C) do not compete with EtBr for the DNA binding sites, however, they
contribute to the change in concentration dependencies of titration curves in the region of low DNA concen-
trations. This phenomenon can be explained by the cytidine and Ara-C influence on the DNA conformation

in the presence of EtBr at low P/Dy,,, values, where P/Dy,,, is the phosphate/EtBr ratio.

Key words: cytidine analogues, DNA, models of binding, spectrophotometry, ethidium bromide.

Introduction. Nucleosides represent the class of bio-
logically active agents, interacting with DNA and in-
fluencing its function in cells. Many representatives of
this group are the pharmaceutical medications of
gene-directed action, widely used in the antitumour
therapy of leukemia and other diseases [1-5]. Interac-
tion of therapeutically active nucleosides with DNA in
cell causes inhibition of nucleic acid synthesis and
apoptosis [6]. For example, one of the most effective
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drugs used in the treatment of leukemia, namely, cyto-
sine arabinoside (Ara-C), is phosphorylated inside
cells by their enzymes to cytotoxic form of cytosine
arabinoside triphosphate and is incorporated into DNA
by DNA polymerase [7, 8]. After Ara-C incorporation
into DNA, further DNA synthesis is inhibited, what
leads to the cell death. Another cytidine (Cyd) ana-
logue 6-azacytidine has antitumour and antiviral activ-
ity [9-12]. Unlike Ara-C, there are no exact data on
6AZC biological action. In literature there is only de-
scription of indirect influence of 6AZC on virus repro-
duction inhibition which results in decrease of virus
DNA and polypeptide synthesis [9, 10]. Inhibition of
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Fig.1 Chemical structures of cytosine (Cyt) (), cytosine arabinoside (Ara-C) (2), 6-azacytosine ribofuranoside (6AZC) (3), 6-azacytosine
tetrahydrofuril (AZAfur) (4), 6-azacytosine xylofuranoside (AZAxyl) (5)

tumor growth is also assumed to be associated with de-
crease of macromolecules synthesis [11, 12].

Thus, the mechanism of 6AZC influence on DNA
biosynthesis and 6AZC interaction with DNA remains
unknown. In addition to incorporation of nucleosides
into DNA molecule with cell enzymes it is also possi-
ble that they intercalate into DNA or have the groove
binding. Nevertheless, the molecular mechanisms of
their interaction with DNA still remain unclear. In this
respect, it is interesting to study possible mechanisms
of interaction of cytidine analogues with DNA using
new theoretical (modeling of the processes) and ex-
perimental (competitive binding) approaches.

One of the informative methods of study on the
ligand-DNA interactions is spectrophotometry which
allows not only detecting the ligand-DNA complex
formation and but also revealing the characteristics of
possible mechanisms of such interaction by appropri-
ate modelling approaches [13, 14].

As absorption spectra of nucleosides are very sim-
ilar to the nucleic acids absorption spectra, we have
used the method of study of their competitive binding
to DNA in the presence of colored label. We used
ethidium bromide (EtBr) as label-ligand, absorbing in
the VIS spectra region.

Materials and Methods. Commercial calf thymus
DNA has been purchased from Serva. Ethidium bro-
mide has been purchased from Fluka (Switzerland).
Cytidine and its analogues (cytosine arabinoside
(Ara-C), 6-azacytosine ribofuranoside (6AZC),
6-azacytosine tetrahydrofuril (AZAfur), 6-azacytosine
xylofuranoside (AZAxyl)) have been synthesized in the
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Institute of Molecular Biology and Genetics NAS of
Ukraine. Concentrations of nucleosides have been de-
termined by the weight method.

Chemical structures of the nucleosides studied are
shown in Fig.1.

Concentrations of DNA (C,, moles of phosphates)
and EtBr (C,)) have been determined by absorption spec-
troscopy using molar extinction coefficients at absorp-
tion maximum: &,,, = 6.4x10°M" cm” [15] for calf thy-
mus DNA and ¢,,, = 5.85x10° M cm™ for EtBr [15]. All
absorption measurements have been carried out on
Specord M 40 (Germany) spectrophotometer in thermo-
static quartz cells, having light paths of 10 and 20 mm.
Complexation studies have been carried out in phosphate
buffer (2.5x10°M KH,PO,, 2.5x10”°M Na,HPO,, pH
6.86). P/D is phosphate/dye ratio. All preparations have
been used without further purification.

As there was a possibility that cytidine and its ana-
logues could make heteroassociates with EtBr, we have
checked their influence on the EtBr spectrum in the ab-
sence of DNA. We have found that these nucleosides
do not influence EtBr spectrum and therefore there is no
heteroassociation between these ligands.

Calculation  of  binding  parameters  of
nucleoside-DNA complexes (binding constants and
binding site sizes) has been performed according to two
different models of binding.

In Model I only one type of nucleoside-DNA and
EtBr-DNA complexes is presumed. Values of ligands
binding sites n, and n, are allowed to vary in a wide re-
gion of values. Equilibrium concentrations of free and
bound ligands for every mixture with total concentra-
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tions of ligands and DNA C,, C, respectively, are cal-
culated according to equations (1)-(4):

R 1-R, -n, —R, n,

—1=K1 [ %

) I-R, -n,—R,n, +R
x(1-R,-n, =R, -n, +R); (D)
szsz [ 1-R -n, —R,-n, _,
m, I-R, -n, —R,-n, +R
x(1-R, -n, =R, -n, +R); )
CDI =m, +R, 'CP; (3)
C,,=m,+R,-C,. 4

Equations (1) and (2) describe the competitive
binding of two ligands to DNA [17]. Equations (3) and
(4) represent the law of mass balance for ligands.

The following designations have been used in equa-
tions (1) — (4): m, and m, are the equilibrium concentra-
tions of free ligands, where index 1 is used for nucleo-
sides and index 2 for EtBr, R, u R, — are the shares of
bound ligands determined as quotient from the division
of corresponding complexes concentrations to C,, K|,
K, — are the binding constants for ligands 1 and 2 on
binding sites n, and n, DNA bases per ligand, R is the
sum (R, + R)).

In Model 2 binding of nucleoside to DNA is de-
scribed with the assumption on the fixed value of bind-
ing site size n,=1 (one nucleoside per one DNA phos-
phate), when EtBr binds to DNA in a cooperative man-
ner, i.e. ® value is varying (o is cooperative parameter
which characterizes the probability of ligand binding to
the adjacent binding sites). Such model allows taking
into account changes in the spectrum of the bound EtBr
when it does not have neighbours (high P/D,,, values)
or when it may have neighbours (low P/D,; values). To
calculate  the equilibrium  concentrations  of
EtBr-DNA-nucleoside mixture in this case we use the
equation system, analogous to the one described above
but instead of equation (2) the McGhee and von Hippel
equation for cooperative binding [18] is introduced.
Such binding model was described by us in [19]. The
R,C, wvalue is the sum of concentrations of

monomerically bound ligands (without neighbours)
and ligands having neighbours. The concentration of
the monomerically bound ligand is calculated using the
following relation C,, = (R, -v)’ /R, x C,[17]. Such
separation of concentrations is necessary because we
assume that monomerically bound ligands and ligands
having neighbours can have different absorption spec-
tra.

Calculation of the equilibrium composition of mix-
tures and binding constant values according to Models
1 and 2 was carried out via COMP [20] and
DALSMOD [21, 22] optimization programs, respec-
tively. COMP and DALSMOD optimization programs
have been developed as new versions of the original
DALS program [23] by changing the procedure of equi-
librium concentration calculation. In COMP optimiza-
tion program the equations (1) — (4) are used in order to
calculate the equilibrium concentrations in the study on
complexation of ligands (or drugs) with polymeric ma-
trices [19]. Detailed description of DALSMOD optimi-
zation program is given in [20, 21]. In these programs
optimal values of molar extinction coefficients, binding
constants and binding site sizes for each type of com-
plex are calculated through minimization of the sum of
squares of deviations of experimental absorptions Aijo
from calculated ones A;, in wide wavelength and con-
centration ranges.

The values of absorption A; are calculated accord-
ing to the Beer’s law:

4, =; e, 1-Cp,
where g, is the molar extinction coefficient of k™ com-
ponent in j" wavelength, and c,; is the equilibrium con-
centration of corresponding component in every i"
mixture, | is the optical path length.

The optimization procedure is terminated when fur-
ther iterations of optimized parameters (K; and ¢;) do
not improve the value of optimized function for each
model tested. At the end of optimization process the
values of both Q and Q,,, Hamiltonian factors [23] are
calculated:

QZ{(ZA; —Aij )2 /ZA;)_ )2}1/2; 5)
th :{(Zei)/ZAl(/))Z}l/z, (6)
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Fig.2 Absorption spectra of EtBr-DNA mixtures at C
=9.865x10°M, C
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where ¢; is the deviation of absorbance in the i" mixture
corrected to the 1% error in the total component con-
centrations and the 0.005 optical unit error in the mea-
surement of absorption. Q and Q,;, characterize the cor-
respondence of the binding model to the experimental
data. The selected model (and corresponding binding
parameters n,, n, and ®) satisfy the experimental ab-
sorption data if Q<Q,,.

Results and Discussion. Fig.2, a shows the absorp-
tion spectra of EtBr-DNA mixtures in wide DNA con-
centration range ((0 + 2.5)-10” M). It can be seen that
not all the spectra of the studied P/D,, region go
through the isobestic points (A =390 nm and A = 510
nm). This is the evidence of formation of more than one
EtBr-DNA complex. Formation of several types of
EtBr-DNA complexes is confirmed by other authors
[24-26]. At the same time, many authors insist that at
low P/D,,,, values when EtBr molecules bind closely to
each other, the B>4 conformational transition of DNA
molecule can be observed [27-31]. As many authors say
that EtBr intercalates into DNA, we can assume that
there is intercalation both in the adjacent base pairs and
intercalation according to the law of exclusion of the
nearest neighbour. Absorption spectra of these com-
plexes are different. This results in appearance of the
pseudoisobestic points on the EtBr-DNA absorption
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spectra. Also titration curves of EtBr-DNA mixtures
could have stages because of different molar extinction
coefficients of complexes (Fig.3, a, curves 1 and 3).

Let us consider the way cytidine and its analogues
exert influence on EtBr binding to DNA. The
EtBr-DNA absorption spectra change weakly in the
presence of nucleosides (Fig.2, ) but these changes can
be clearly seen in the titration curves of EtBr-DNA
mixtures in the absence and in the presence of these
competing ligands (Fig. 3-5).

All figures show titration curves at A = 340 nm.
Spectral changes at this wavelength, belonging to the
second absorption band with the absorption maximum
at A =270 nm, are more significant than in another ab-
sorption maximum at A=480 nm. One can see from the
figures that different nucleosides cause different
changes of EtBr-DNA mixtures titration curves. Thus,
in the presence of unmodified cytosine analogues
(cytidine and AraC) (Fig.3), the stage on the
EtBr-DNA-nucleoside titration curve becomes more
evident. But further increase of P/D,, value differ-
ences in titration curves in the absence and in the pres-
ence of these nucleotides is lower. One can assume that
these derivatives are not direct competitors of EtBr dur-
ing its binding to DNA but instead they change DNA
hydration environment and maintain DNA molecule in
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A-like conformation. As none of the models described
reveals conformational changes of DNA in the binding
process, we can not calculate the binding parameters of
these derivatives with DNA. Nevertheless, we can as-
sume that cytidine and AraC influence EtBr binding to
DNA in a different way, for example, they can interact
with DNA functional groups which are not involved in
binding with EtBr but thus produce sterical hindrance
for EtBr binding to DNA molecule.

As seen from Fig. 4 and 5, modified cytidine ana-
logues (6AZC, AZAfur and AZAxyl),having aza group
in cytosine ring, compete with EtBr for DNA binding
sites. This is evident from the increase of the mixture
absorption caused by DNA concentration rise. Also
stages on EtBr-DNA titration curves in the presence of
these ligands decrease, ie. 6AZC, AZAfur, and
AZAxyl bind to DNA in B-conformation. Binding pa-
rameters of complexes of these ligands with DNA in the
presence of EtBr is calculated using the models of bind-
ing described above.

We have calculated binding parameters of
6AZC, AZAfur and AZAxyl complexes with DNA us-
ing the Model 1 and COMP optimization program. As
molar extinction coefficients of the two EtBr com-
plexes with DNA are similar and in the presence of
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competing nucleosides the amount of EtBr aggregates
on DNA is decreased, in this model we assume that
EtBr forms only one type of complexes with DNA. Val-
ues of binding constants and binding site sizes are
shown in Table 1.

It can be seen from Table 1 that Model 1 is suffi-
cient to describe spectral changes which take place in
nucleotide-DNA-EtBr systems, as Q < Q,,, in all cases.
Also it is evident that binding site sizes for all nucleo-
sides are approximately one DNA base per one
nucleoside molecule.

As EtBr forms two complexes with DNA with two
different molar extinction coefficients we have used
Model 2 which takes this fact into account, assigning n,
= 1. Values of binding parameters for nucleosides cal-
culated via Model 2 using DALSMOD optimization
program are shown in Table 2.

Model 2 is also sufficient to describe the nucleo-
tide-DNA-EtBr system, as in all cases Q <Q,;,. It can be
seen that binding constants of 6AZC-DNA and
AZAxyl-DNA complexes, calculated via two different
binding models, coincide. This fact evidences that
6AZC and AZAxyl are not sensitive to differences of
EtBr-DNA complexes molar extinction coefficients as
they are competitors of only second type of complexes.

533



IERMAK Ie. L. ET AL.

e 04 A emr?
1.1k £, 107 Meor
1O

09 r

0.8 F

0.7 I

1 i 1 " 1 i 1 i 1

-1,0 -0,5 0,0 05

Fig.4 Concentration dependencies of the absorption of EtBr-DNA mixtures (C
=3.01 x 10°) (2) (a) and EtBr-DNA-6AZC (C
sert on Fig.4, a: Concentration dependencies of the absorption of EtBr-DNA mixtures (C

(C,p.=7.77x 10°,C

EtBr AZAfur
e, 107 M enr!

Lo F
0.9
08 2

07

06

L L 1 1 ]
1.0 -0.,5 0.0 0.5 1,0Ig P/D,,,

Fig.5 Concentration dependencies of the absorption of EtBr-DNA
e = 1.145 x 10™) (1) and EtBr-DNA-AZAxyl mixtures
=1.28x10"C =3.51x10%)(2)atA=340nmof P/D,,,.

mixtures (C
(C

EtBr AZAxyl

Differences in binding constants of AZAfur-DNA com-
plex are probably related to the fact that in Model 1 for-
mation of two EtBr-DNA complexes with different mo-
lar extinction coefficients is not taken into account, but
AZAfur is a competitor of both EtBr-DNA complexes.
Also it is significant that binding constants of ligands
with different OH-groups position in furanose ring vary
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considerably, i.e. both structure and conformation of
glycoside fragments are essential for binding of these
ligands to DNA.

As binding site sizes for 6AZC, AZAfur and
AZAxyl complexes with DNA are approximately one
DNA base per ligand molecule, these nucleosides do
not show AT- or GC- binding specificity and do not in-
tercalate into DNA because about 4-5 DNA bases per
ligand are needed for the intercalative complex. There-
fore, one can assume that 6AZC, AZAfur, and AZAxyl
can interact with DNA by their azo groups (N-6 atom of
threeazine bases) and DNA aminogroups. EtBr also in-
teracts with the DNA aminogroups while intercalating
into DNA [32].

Conclusions.Detailed spectrophotometric study of
cytidine and its analogues binding to DNA has shown
that EtBr can be used as colored label in spectrophoto-
metric absorption studies in VIS region of spectra.
Analysis of nucleoside-DNA-EtBr titration curves has
shown that unmodified cytidine analogues (cytidine
and AraC) do not compete with EtBr for DNA binding
sites. On the other hand, these nucleosides influence
EtBr binding to DNA at low P/D,,, values. Modified
cytidine analogues (6 AZC, AZAfur and AZAxyl) com-
pete with EtBr for DNA binding sites at high P/D,
values.
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Binding parameters of nucleoside complexes with DNA calculated
via COMP optimization program using Model 1 and via
DALSMOD optimization program using Model 2

Parameter 6AZC AZAfur AZAxyl
Model 1
K, M' (1,4+05)10" (2,5+0,3)10° (9,5+0,5) 10%
n, 1,1+£0,1 1,2+0,1 1,1 £0,1
n, 2,9+0,1 3,0+0,4 2,5+0,1
0 0,027 0,024 0,018
O 0,031 0,035 0,030
Model 2
K, M' (1,3+£03)10" (83+1,3)10° (8,7 1,5) 10
n, 1,0 1,0 1,0
ny, 2,8+0,1 2,9+0,1 2,9+0,1
0 0,027 0,023 0,013
Oiim 0,036 0,031 0,033

We can assume that both azagroups of these nucleo-
sides and their glycoside fragment interact with DNA.
It is shown that proposed system of equations (1) — (4)
as well as the model of competitive binding proposed
by Nechipurenko [17] and COMP optimization pro-
gram [20] can be used for calculation of binding param-
eters of ligands, competing for DNA binding sites.
Binding constants of 6AZC and AZAxyl complexes
with DNA calculated via two different models of bind-
ing coincide very well. Binding constants of complex
of AZAfur which does not have OH-groups in furanose
ring with DNA calculated via two different models of
binding do not coincide. This could be related to the
fact that EtBr forms two complexes with DNA and this
is not taken into account in Model 1. Binding constants
of 6AZC and AZAfur complexes with DNA have much
higher values than for those for AZAxyl, hence
nucleoside sugar structure and conformation influence
greatly their ability to bind to DNA.

E. JI. Epmax, E. b. Kpyenosa, JI. HU. Ilarvuukoseckas, M. B.
Anexceesa

CrexTpodoTOMETpHIECKOE HCCIIeIOBAHNE MEXaHU3MOB

CBSI3bIBAHUS AHAJIOTOB HUTHIMHA U OpomucToro stuaus ¢ JJHK

Pesrome

Jns  eviAcHeHUs MEXAHU3MOG CGA3bIBAHUS YUMUOUHA U €20
buonozuyecku akmugsHvix npouseoonwvix ¢ JHK uccredosano ux
e3aumooeticmeue ¢ JHK 6 npucymcmeuu unmepkansimopa
bpomucmozo amuous (Ob). IIposeoen
cnekmpogomomempuieckull  aHaiu3  INeKMPOHHbIX  CHEKMPOs
noenowenusn cmeceti Ib—/JJHK 6 npucymcmeuu yumuouHa u e2o
aHano2o8 6 wupokou obracmu OnuH 60aH u KoHyenmpayui JJHK.
Ananozu yumuouna, cooepaicawyue 00NOIHUMENbHBLI AMOM A30Md
6 cemepoyurne (6AZC, AZAfur u AZAxyl), kouxypupyrom c 95 3a
mecma  ceazviganus Ha JHK. Kowcmanmer accoyuayuu u
napamempol Mecm CGA3bI6AHUSL 00PA3YIOWUXCA KOMNIEKCO8 O
IMUX  NPOU3BOOHbIX — PACCUUMAHbL € NOMOWbIO  NPOSPAMM
onmumuzayuu cnekmpog noz2noujenus cmeceil Ib—JHK—-nyKkneo3uo
COMP u DALSMOD. Hemooughuyuposarnsie no yumo3uno8omy
Koabyy  Hykaeozuovl  (yumuoun u Ara-C) He sesgiomcs
rkoukypeumamu OB 3a mecma ceszvieanus na J[HK, oonako 6 ux
NPUCYMCMBUU  USMEHAIOMCS KOHYEHMPAYUOHHbIE 3d6UCUMOCMU
Kpugvix mumposanusn Ob 6 obaracmu nuskux konyenmpayui JJHK.
Dmo MmodcHO 00bACHUMY BIUAHUEM YROMAHYMbBIX HYKIE03U008 HA
cmpyKmypHovie unu Kongopmayuonnvie usmenenus mampuyvl JHK
6 npucymemeuu b ¢ obnacmu nuskux snavenuit P/D g, 20e P/D.;—
omHowenue oowux konyenmpayui JJTHK u 5.
Kniouegvie cnosa: yumuouna, JHK,

CBA3bIBGAHUSA, CNEKMPOPOmMoMmempust, OPOMUCTBITL IMUOUL.

ananoau Modenu
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