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Lanthanide coordination complexes have found numerous applications in a number of areas, including
laser techniques, fluorescent analysis, biomedical assays. Likewise, they exhibit antitumor properties.
Eu(III) tris-B-diketonato complexes (EC) are newly synthesized compounds with high anticancer activity.
Despite extensive studies, the detailed mechanism of their biological effects is far from being resolved.
Examining the interactions between EC and biological molecules in model systems is essential for deeper
understanding of the mechanisms behind their biological activity. In the present work we employed
fluorescent probe acridine orange (AO) to investigate EC-DNA interaction. AO-DNA binding was
followed by the marked fluorescence increase detected at 530 nm. EC addition suppressed this
fluorescent changes. EC were found to differ in their ability to modify AO-DNA interactions. EC4 and
EC6 have demonstrated the most pronounced effect on AO-DNA binding. AO-DNA complexation occurs
predominantly via intercalation mode. EC are large planar structures, whose DNA intercalating ability
was reported to increase with the planarity of ligands. It seems likely that AO and EC can compete for the
binding sites on DNA molecule.
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®JIYOPUMETPUYECKOE U3YUEHUE B3AUMOJIEVCTBUAA KOOPJIUHAIIMOHHBIX
KOMIIJIEKCOB EBPOIIUA U THK
O.K. Kyuemcol, B.M. prcona', I'.IL Fopﬁemcol, JLA. Jlumanckas',
T. I[eﬂureopmeBz, A. Bacn.nesz, C. KaJ‘IOﬂHOBaZ, H. Jleces’

IXapbKoec;cuﬁ Hayuonanvrulii ynusepcumem umenu B.H. Kapasuna, nn. Ceoboowl, 4, Xapvkos, 61077
’Kagpeopa npuxnaonoii opeanuueckoii xumuu, Paxyiomem Xumuu, Yuusepcumem Coduu, Boreapus
KoopanHanmoHHble KOMITIEKCHl €BPOIUS IMIMPOKO TNPHMEHSIOTCS B PA3IMYHBIX OOJIACTSIX, BKIIOYAS
Ja3epHYI0 TEXHHUKY, (IyOpecHeHTHHH W OWOMETUIMHCKWN aHanm3. Kpome TOro, OHH HUMEIOT
antuonyxonesble cBoiicrBa. Eu(Ill) Tpuc-fB-nukeronaro kommiekcel (EC) — HOBble mnpemnaparsl,
HUMEIOIIME BBICOKYIO IMPOTHBOPAKOBYIO aKTHMBHOCTh. HecMOTpss Ha MHOTOYMCIEHHBIE HCCIICAOBAHMS,
MOJIEKYJISIPHBIE aCHEKThl MX OMOJIOTMYECKOro NEWCTBHS JI0 CHX MOp HE OXapaKTepH30BaHbI. BrisicHeHHe
MOJIEKYJISIpHBIX Mexanu3moB B3aumojeiicteust EC ¢ JJHK MoxxeT OTKpbITh HOBBIE MYTH ISl CO3JaHHUS
3¢ (eKTUBHBIX JICKAPCTBCHHBIX MpemapatoB. B manno#t padore EC-JJHK koMImiekcel ucciieoBanu
MOMOIIBIO ()JTyOPECLIECHTHOTO 30HJa akpuauHOBOro opamkeBoro (AQO). JloOaBieHue mnpenaparoB B
cucreMy, conepxkainyro cszansbiil ¢ JJHK AO B pa3sHOl cTeleHU NOBIMSIIO Ha CHEKTPalIbHbIE CBOMCTBA
30H1a — HanOonpmmi 3¢ dext npossumm EC4 u EC6. B cBazpBannn AO ¢ IHK BaxHyto poip urpaer
MexaHu3M nHTepKasinui. EC — OoJbIlne TIOCKHIE CTPYKTYPHI, I KOTOPBIX HHTEPKAJSINS — Hanboee
BEPOSTHBIN CITOCOO CBS3BIBAHUS C HYKJICHHOBBIMHU KHcioTamu. CleoBaTelbHO, MOXKHO CIeNaTh BBIBOJ,
gro AO u EC koHKYpHupyroT 32 Mecta cBs3piBanus Ha JJHK, nmpudem HanGompmmM cpoacTsoM o0ragaet

ECe6.
KJIFOYEBBIE CJIOBA: JIHK, xoopanHalMOHHbIE KOMIUIEKCHI €BPOIHS, aKPUIHHOBBINA OpaHKEBBIH.

®JTYOPUMETPUYHE JJOCJIIKEHHSA B3AEMO/IITI KOOPIUHAIIIOHHUX KOMILJIEKCIB
EBPOIIIIO TA JTHK
O.K. Kyuemcol, B.M. prcm;al, I'.IL. FopGenko’, JI.A. Jlumanceka',
T. Ilenireopricnz, A. Bacnn’enz, C. Ka.nosmonaz, H. Jleces?

! Xapriscokuii nayionansnuii ynisepcumem iveni B.H. Kapasina, nn. Céo6oou, 4, Xapxis, 61077
’Kaghedpa npurnadnoii opzanuyeckoii xumuu, Paxyromem Xumuu, Yuusepcumem Coduu, Boreapus
KoopauHaniiiHi KOMIJIEKCH €BPOIII0 MIUPOKO BUKOPHCTOBYIOThCS B PI3HOMAHITHHMX O0JACTSIX, BKIIOYAIOYH,
Ja3epHy TExHiKy, (iyopecueHTHHH Ta OlomenuuHuil aHami3. KpiM TOro, BOHM MaroOTh AaHTHITyXJIHHHI
pnactuBocti. Eu(Ill) Tpuc-p-nikeronaro xomruiekcu (EC) — HOBiTHI mnpemapatu, $iKi MalTh BHCOKY
MPOTHPAKOBY aKTHUBHICTh. He3BaXkarounm Ha YHMCIICHHI JOCIIKCHHS, MOJICKYJISIPHI acreKTH ixX GioJoriuHoi mii
JI0 I[OTO Hacy ILie He OXapaKTepu30BaHi. 3’sacyBaHHs MoJieKysipHux mexanizmiB B3aemoaii EC 3 THK moxe
BIJIKPUTH HOBI LUISXU JJIsl CTBOPECHHS e(DEKTUBHUX JIIKApChKUX NpenapatiB. B paniit po6oTti B3aemonito EC 3
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JHK nocnimkyBanu 3a 10MOMOrow (uIyopecueHTHOrO 30H1y aKpuaAnHOBOTo opaHxeBoro (AO). loxaBaHHsS
npenapatis 10 cuctemMu AO, 3B’ s3anHoro 3 JIHK, mo-pisHOMY BIUIMHYJIO Ha CIIEKTPANbHI BIIACTUBOCTI 30HAY —
Haiioinbmmid edext npossunu EC4 ta EC6. ¥V 3B’sa3yBanni AO 3 JIHK BaxIuBy poib BiAirpae MexaHi3m
inTepkaisnii. EC — 1e BenuKi ruiaHapHi CTPYKTYpH, JUIS SKHX IHTEpKaJsIis — HaiOLIbI BiporiiHUi crnocio
3B’A3yBaHHs 3 HyKJI€iHOBUMHU Kucioramu. OTxe, MOxHaA 3poOoutu BUCHOBOK, 0 AO ta EC KOHKYpYyIOTH 3a
Micus 3B’ s3yBanHs Ha JIHK, npuyomy Haiibinbiny criopignenicts mae EC6.

KJ/JIIOYOBI CJIOBA: JTHK, xoopauHaliiiHi KOMIIIEKCH €BPOIIil0, aKPUAUHOBUN OpaHKEBUI.

Lanthanide coordination complexes have found numerous applications in a number of
areas, including laser techniques, fluorescent analysis, biomedical assays [1-3]. Likewise,
they currently attract increasing attention due to their pharmacological properties.

Eu(IIl) tris-B-diketonato complexes (EC) are newly synthesized compounds with high
anticancer activity [4]. Despite extensive studies, the molecular details of their biological
action are far from being resolved. Examining the interactions between EC and biological
molecules in model systems is essential for deeper understanding of the mechanisms behind
their biological activity. Interest in this area arises, in part, as a result of several advantages of
small molecules as potential drugs, including the economics of their synthesis and their
comparatively efficient delivery to cells [5]. Since the interaction between small molecules
and DNA is in close relationship with their potential biological and pharmaceutical activities,
elucidating the nature of EC association with DNA is very important in the development of
new therapeutic agents for numerous diseases. Recent progress in the structure-based design
of small molecules targeted toward specific DNA sequences show that the promise of this
area as a source of novel therapeutic agents is beginning to be realized.

To characterize EC-DNA complexes fluorescent probe acridine orange has been
employed.

MATERIALS AND METHODS

Cattle spleen DNA was from Reakhim (Russia). Eu(IIl) coordination complexes (Fig. 1)
were synthesized as described previously [4]. Acridine orange (AQO) was purchased from
Sigma (St. Louis, USA). All other chemicals were of analytical grade.
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Fig. 1. Structure of lanthanide complexes
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Adsorption isotherms were obtained using fluorescence spectroscopy techniques.
Fluorescence measurements were performed with a CM 2203 (SOLAR, Belarus) and Perkin
Elmer LS55 (Beaconsfield, UK) spectrofluorimeters. Absorption measurements were
conducted using an SF-46 spectrophotometer (LOMO, Russia) against solvent blanks. All
experiments were performed in 5 mM sodium phosphate buffer, pH 7.4, at room temperature.
Fluorescence spectra of acridine orange were recorded at the excitation wavelength of 490
nm. The AO concentration was determined spectrophotometrically using extinction

coefficient £/0 =5.6x10* M'cm.

Quantitative parameters of AO binding to DNA were determined by analyzing the
dependencies of probe fluorescence changes upon varying DNA concentration. It was
assumed that the observed fluorescence changes AF is proportional to the concentration of
bound probe B, :

dye *
AF =aB,,, (1)

where a is a coefficient of proportionality equal to difference between molar fluorescence of
AO bound to DNA and free in solution. If one phosphate contains »n probe binding sites, the
association constant (Kj) can be written as:

K. = dee _ dee (2)

’ Zf " (nP - dee ) (ZO - dee XI’ZP - dee )
where P is the total DNA phosphate concentration, Z,is the concentration of free probe, Zj is
total probe concentration.

Accordingly, Eq. (1) can be rearranged to give:

b b

2
AF =0.5a ZO+nP+KL—\/(ZO+nP+KLJ —4Z.nP |, 3)

The binding parameters (K, and n) were derived by the fitting procedure involving
minimization of the function:

fﬁZ(Alixp—AFt)z @)

i=1

where AF, is experimental value, AF, is AF calculated according to Eq. (3), N is the

exp
number of experimental points.

In the case, when there are two competitive binding sites, determination of binding
parameters comes to solving the system of two following equations:

. Bo _ B _ 5
& (z&<-B,, nP-B,, - B )_O’Kd ) -0 ©)

e (Z(‘)i - B drug an -B dye B drug )
where K, . is association constant of EC binding to DNA, B,, and B

drug

dye dye drug

e are concentrations

of DNA-bound AO and EC, respectively. Parameters K, and n were determined as described

previously, K, . was derived by the fitting procedure involving minimization of the function:

1 & EC 0
f=y DS —ar), AR, = a(8).-B,.) ()
i=1
where AFepr is experimental value (decrease of AO fluorescence in the presence of EC).

0

t
where B dve

dye
(2) with K, and n obtained for the system containing only AO and DNA.

To investigate EC effect on AO-DNA binding two experimental schemes were applied: 1)
AO was incubated with DNA and this mixture was subsequently titrated with EC

is B,, calculated according to Eq. (5), B,, is B,, calculated according to Eq.
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(experiments at high P/D ratios), ii) the dye was mixed with EC solutions prior to DNA
addition (low P/D ratios). EC concentrations in this case were 53 uM (EC1), 38 uM (EC2), 41
uM (EC3), 33 uM (EC4), 34 uM (EC5), 33 uM (EC6).

RESULTS AND DISCUSSION
Small molecules can interact with the double helical DNA via three binding modes:
intercalation, groove binding, and external ion pairing. Among these, intercalation is one of
the most important DNA-binding mode as it invariably leads to cellular degradation.
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Fig. 2. Fluorescence spectra of AO in the presence of DNA (A) and the isotherm of AO binding to DNA (B). AO
concentration was 0.0275 uM.

AO is a commonly used DNA probe, it can specifically bind to DNA [6] and cause DNA
degeneration [7]. AO binds to DNA to form two types of complexes depending on the DNA
phosphate-to-dye ratio (P/D) [8]. Complex 1, formed at high P/D ratios, corresponds to
intercalation of the AO planar aromatic ring between the base pairs of double helical DNA
[9]. This strong binding mode is stabilized from stacking interactions between the intercalator
and base pairs [10]. Complex 2 results from external binding where electrostatic forces
between AO and DNA phosphates or guanine bases play an important role [11]. Bound dye
molecules predominantly intercalate into DNA resulting in alteration of DNA helix. This
DNA alterations can prevent intercalation of subsequent AO molecules into DNA. Under
these conditions some part of AO molecules can be externally bond to DNA. Likewise, some
part of AO molecules can be partially intercalated into DNA. In this case either one of two
dimethylamino residues of AO molecule can partially intercalates between base pairs and the
acridine ring of AO molecule remained outside of DNA helix [12]. Decreasing P/D values
causes AO monomers to associate into dimers and higher order aggregates [13].

Table 1 AO-DNA binding was followed by the marked

EC-DNA binding parameters fluorescence increase detected at 520 nm, AF (Fig. 2).
Kipue M The complexation of AO to DNA was analyzed in terms

EC1 (5_0;|:1_0)><103 of Langmuir binding model (Eq. 1 — 4). Since
EC2 (5.0+1.0)x10° intercalation seems to be predominant mechanism in
EC3 (1.0£0.2)x10* AO-DNA binding, while analyzing the results obtained
EC4 (2.9£0.6)x10" | we restricted ourselves only to this mode of dye —
EC5 (1.1£0.2)x10" | nucleic acid association. The obtained association
EC6 (4.3+0.8)x10" constant was K, =(1.28+0.26)x10’ M. Our results

are in a good accordance with other estimates of AO-DNA binding constant [14]. It should be
noted that data analysis in terms of McGhee & Hippel adsorption model yields association

constant of 1.2x10°, the value comparable to the above estimates [15].
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Fig. 3. Fluorescence spectra of AO-DNA systems in the presence of EC (A, B, C). EC effect on AO-DNA
binding (D). DNA and AO concentrations were 17.18 pM and 0.025 uM, respectively.

EC addition to AO-DNA systems (P/D = 688) results in decrease of AO fluorescence
(Fig. 3A, B, C). Obtained EC-DNA binding isotherms (Fig. 3D) were analyzed in terms of

Langmuir binding model for two competitive binding sites

on DNA molecule.

Thermodynamic binding parameters are presented in Table 1. As seen from Table 1, the
compounds under study were found to differ in their ability to bind to DNA. EC4 and EC6
have demonstrated the most pronounced affinity to DNA. EC are large planar structures,
whose DNA intercalating ability was reported to increase with the planarity of ligands. It
seems likely that AO and EC can compete for the binding sites on DNA molecule.
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Fig. 4. The isotherms of AO binding to DNA in the
presence and absence of lanthanide complexes. AO

0,84

concentration was 4.4 uM.

Notably, the association of AO with
DNA at low P/D value (P/D < 10) was
featured by sigmoidal adsorption isotherms
(Fig. 4). In this case AO binds to DNA via
electrostatic mode and tends to associate into
dimers. The formation of AO dimers on
DNA matrix may be the reason for the
observed sigmoidal shape of AO-DNA
binding isotherms. EC5 and EC6 have
demonstrated the most marked effect on
AO-DNA binding. Moreover, in the
presence of EC the binding curve proved to
change its shape from sigmoidal to
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hyperbolic. Since EC are uncharged molecules, they unlikely to occupy the binding sites for
cations on DNA.

CONCLUSIONS

The key findings of the present study can be summarized as follows:

1. The acridine orange associating with DNA via intercalation mechanism at P/D > 10 is
capable of competing with Eu(IIT) complexes for DNA binding sites.

2. EC can modify AO-DNA electrostatic interaction at P/D < 10 possible via alterating
DNA structure during drug intercalation into DNA.

3. Eu(Ill) compounds display ability to intercalate between DNA base pairs, with the
binding affinity being dependent on EC chemical structure. EC with the greatest number of
adjacent aromatic rings (EC6) was featured by the highest DNA-associating propensity.

The results obtained may prove useful for understanding EC pharmaceutical activity and
design of new promising drugs.

This work was supported in part by the grant # 4534 from the Science and Technology
Center in Ukraine and Fundamental Research State Fund (project number F.28.4/007).
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