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Abstract

The aim of the work was to investigate the binding activity of the quadruple bonding dirhenium(III) compound with
benzimidazole ligands to G4 DNA. Dirhenium(III) complexes with an unique quadruple bond are especially promising
candidates for clinical development due to their very low toxicity, anticancer and antioxidant activity The binding
affinity of G4 DNA to Re(III) complexes was obtained from UV-vis absorption titration. We have obtained data about
the considerable hyperchromism and significant shift of the absorption maximum to the low wave side (blue shift) in
UV-region usually correlating with a conformational change for G4 DNA on binding or complex formation for
substances-groove binders. The electronic absorption titrations indicate that dirhenium complex compound with
benzimidazole ligands interacts relatively strongly with G4 (Kb = 5.258-104 for c-kit1 and 4.653-104 for HTelo22). We
have found, that addition of the G4-quadruplexes (ckit-1 or HTelo22) led to the intensive increase of the absorption
maximum in visible region, that was the same for both nucleotides. This increasing of intensity can’t describe
formation of any other complex without containing the quadruple bond. We may assume that this absorption
appeared due to di(tri, poly)-merization of the nucleotide-complex compound. Hyperchromicity and binding
constant of dirhenium(III) complex compound is higher for c-kitl in comparison to HTelo22, thus suggesting that c-
kit displays enhanced interaction. The HTelo22 sequence contains no free guanines besides those participating in
the G4 fold whereas c-kitl features three non-stacked guanines, making them potentially accessible for an easier
covalent binding of dirhenium(III) compound with benzimidazole ligands.
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3B’A3YI0OYA AKTUBHICTb BEH3IMIZIA30/IbHOI'O KOMIIVIEKCY JUPEHIIO(III), IO
MICTHUTh YETBEPHUY 3B’130K, 0 HEKAHOHIYHOI JHK

Ounekcangp A. l'oslivenko®, Hatanis 1. lllTemenko, OsieHa B. Bennuyko, Onekcangp B. lllTemenko
JBH3 «Ykpaicokull depacasHull XiMiko-mexHo102i4HUll yHisepcumemy, npocn. I'azapina, 8, m. [Jninpo, Ykpaina

AHToaliga

MeTo10 po60TH GYJI0 AOCTIJ)KEHHS 3B’s13yI040i aKTUBHOCTI cnojyk agupeHiwo(lIIl) 3 6eHsimigazobHMMM JliraHAaMu,
A0 CKJIaAy AKUX BXOAWTh YeTBepHUil 3B’130K MeTai-MeTal, 3 JHK G4-kBagpyniekcamu. Komniekcu gupenio(1II) 3
YHiKa/IbHUM 4YeTBEPHHUM 3B’SI3KOM € 0COGJIMBO 6araTooGinAl0YMMH KaHAUAATaMM AJIS K/AiHiYHOTO 3aCTOCYBaHHA
4Yepe3 iX Ay)Ke HHM3bKy TOKCHYHICTb, IPOTUNYXJIMHHY Ta aHTHOKCUAAHTHY aKTHUBHOCTi. 3B’a3yBaHHa [IHK G4 3
kommiekcamu Re(III) Gysno gociaifkeHO 3a JONOMOrow eJeKTPOHHOI a6cop6uiiiHoi cneKTpockomii mHuisgxom
TUTPYBaHHA. MU oTpUMaJ/IM JaHi Npo rinepxpomism Tta 3cyB MaKCUMyMy HNOTJIMHAHHA y 6iK HU3BKHMX XBUWJIb (CUHI
3cyB) B Y®-o6usacrti, mo Kopeawe 3 KkKoHpopmaniiiHow 3miHow /JHK G4 3a yMoBHM 3B’sA3yBaHHA a6o
KOMIIJIEKCOYTBOPEHHS PEYOBHH, fAKI He HaJIe)kaThb A0 iHTEPKaJATOPIB, a MPOABJIAIOTb K0J0004YHe 3B’SI3yBaHHA.
CneKTpasibHi JAaHi MoKa3ajy, 0 KOMIUIEKCHa cnoJsyka aupeHio(Il) 3 G6eH3imiga3zosbHUMHU JTiraHjaMu JOCHTh
cuibHO B3aemojie 3 G4 (Kb = 5.258-104 gnsa c-kitl Ta 4.653-104 s HTelo22). Mu BusiBUIY, 0 AojaBaHHA G4-
kBajpymiekciB (ckit-1 a6o HTelo22) npu3BoAnI0 A0 iIHTEHCUBHOTO 36i/1bIIIeHHSI MAaKCUMYMYy NOTJIMHAHHA Y BUAMMI
06J1aCTi, 10 6YJ10 0JHAKOBUM /JJi51 060X HYK/1eOTUAIB. Take 361/1bllIeHHS IHTEHCUBHOCTI He MO>Ke OIUCaTH YTBOPEHHS
Oy/ib-AKOro iHIIOr0 KOMILIEKCY 6e3 YeTBEpPHOro 3B’A3Ky peHiii-peHiil. Mo)kHa NPUMYCTUTH, 0 TaKe MOTJIMHAHHA
BUHHMKJIO 3a paxyHOK Ji(Tpu, moJi)-Mepi3zanii HyK/J1eoTH/-KOMIUIEKCHOI cnojykd. limepxpomi3sm i KOHCTaHTa
3B’s13yBaHHA KOMIUIEKCHOI cnoayku aupeHiw(Ill) Bume gas c-kitl y nopiBHsaHHi 3 HTelo22, mo po3BoJsisie
NpUIyCTUTH, WO c-Kit geMoHcTpy€E 6inbll iHTeHCUBHY B3aeMojilo. HTelo22 He MicTHTB BiJIbHMX ryaHiHiB, KpiM THX,
AKi 6epyThb y4yacTb B yTBOpeHHi G4, B To# yac K c-Kit1l MiCTUTb TPU HEyNIaKOBAaHUX I'yaHiHa, 110 POGUTD iX NIOTEeHLiiTHO
AOCTYMHMMM AJIs1 GiJIbII JIETKOTO KOBAaJIEHTHOTO 3B’A3yBaHHA cnoJykowo aupeHilo(Il) 3 6GeH3imigaszoabHUMHU
JliraHaaMu.

Karouosi caosa: komnnekcu nupenito(111); IHK G4; 6eH3imMifza3ost; KoHCTaHTa 3B’ I3yBaHHS.
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CBA3YIOILIAA AKTUBHOCTb BEH3UMHW/AA30/IbHOI'O KOMIIJIEKCA JUPEHHUA(III),
KOTOPBIN COAEPYKUT YETBEPHYIO CBA3b, K HEKAHOHUYHOM JHK

Anekcanap A. F'onuvenko”, Hatanusa U. llltemenko, Enena B. Besinuko, Anekcanap B. llltemeHko
I'BY3 «YkpauHckull 2ocydapcmeeHHblll XUMUKO-mexHo/A02u1eckuil yHusepcumemy, npocn. 'azaputa, 8, m. [[Hunpo, YkpauHa

AHHoTalus

Iles1b10 paGoTHI GBLIO MICC/IEeA0OBAaHUE CBSA3bIBAIOLEH aKTUBHOCTU coeauHeHU aupeHusa(I11) c 6eH3MMuUAa30/1bHBIMU
JIMTaH/JaMH, B COCTaB KOTOPBIX BXOJAUT YeTBepHasA CBA3b MeTa/Li-MeTa/ul, ¢ JHK G4-kBaapymiekcamu. Komniekcbl
aupenus(1ll) ¢ yHUKanbHOIl 4YeTBEPHOH CBA3BI0 SIBJAAKTCSI OCOGEHHO MHOrooGelalmUMHM KaHAMJATaMU AJIs
KJIMHUYECKON pa3paGoTKu H3-3a UX O4YeHb HU3KOIl TOKCUYHOCTH, NMPOTHUBOOMYXO0JE€BOW M AHTHOKCHUAAHTHOM
akTuBHOCcTU. CBsA3biBaHue JIHK G4 ¢ kommaekcamu Re(IlI) 6b110 HCCIef0BaHO C NMOMOIILK 3J1EKTPOHHOM
a6COpOIMOHHON CNIEKTPOCKONMU MYyTEM TUTPOBaHUA. Mbl MOJIyYW/IH AAHHbIE O TUNEPXPOMHU3ME U 3HAYUTETbHOM
CMelleHMU MaKCUMyMa NOTIJIONIeHHsI B CTOPOHY HU3KHUX BOJIH (cUHUIl caBur) B Y®-06/1aCTH, YTO KOppeJupyeT C
KoHpopMmanuoHHbIM u3MeHeHueM /IHK G4 npu cBA3bIBaHUM WIM KOMILIEKCOOGPA30BaHUM BEIECTB, KOTOpbIe He
OTHOCATCSI K MHTEpPKaJIATOpaM, a NPOABJAIOT eJI0604YHoe cBA3bIBaHUe. CleKTpaJibHble JaHHbIEe NMOKa3ajd, YTO
KOMILJIEKCHOE coeJHeHN e AUPeHNs ¢ 6eH3UMHa30/IbHbIMH JIUTAaHAAMHU JOCTaTOYHO CUJILHO B3anuMoAeicTByeT ¢ G4
(Kb = 5.258-10* gas c-kitl u 4.653-104 g1 HTelo22). Mbl 06Hapyku/y, 4To AoGaBieHne G4-kBagpynaekcos (cKit-1
uiau HTelo22) npuBoan/io K HHTEHCUBHOMY YBeJIMUYEHHUI0 MAKCUMYyMa MOTJIOIIeHUs B BUAUMOI 06/1aCTH, YTO GBLIO
OJMHAKOBBIM /151 060UX HYKJIEOTH/0B. ITO yBeJIUYeHNe NHTEHCUBHOCTU He MOXKET ONUcaTh 06pa3oBaHue KaKoro-
JU60 APyroro KoMIUleKca 6e3 4YeTBEepHOH CBA3M peHUii-peHuil. MOXKHO NpeJINoOI0XKUTb, YTO 3TO NOIJIOLIEHHe
BO3HMKJIO 3a cyeT AM (TpH, 0JIN) -MepHU3aLMHU HYK/IEO0TH/I-KOMILJIEKCHOe coeuHeHUe. [unepxpoMusM U KOHCTAHTa
CBsI3bIBAaHUA KOMILJIEKCHOTO coeAuHeHus aupeHusa(lll) Boime ansa c-kitl no cpaBHenuio ¢ HTelo22, yTo no3BoJisieT
NpeAnoJIoKUTh, UYTO c-Kit JeMoHcTpuUpyeT Goslee HHTeHCUBHOe B3auMmoJelictBue. HTelo22 He coaep>XUT CBOGOAHBIX
ryaHHHOB, KpoMe TeX, KOTOpble y4acTBYIOT B o6pa3oBaHuu G4, Torga Kak c-Kitl cogep>XuT Tpu HeynmaKOBaHHbBIX
ryaHuHa, YTO JeJiaeT UX NOTEeHIUAJIbHO AOCTYMHBIMHU AJIsA GoJiee JIETKOro KOBaJIEHTHOTO CBSA3bIBAHUSA COeJUHEHUS
aupenus (I11) c 6eH3MMHUa30/IbHBIMY JTUTAHAAMHU.

Karuessle caosa: kommnekcnl gupenus(111); JHK G4; 6eH31MMK1a30.1; KOHCTAHTA CBS3bIBAHUS.

Introduction

In recent years, significant attention was
devoted to the role of metal complexes as
anticancer drugs targeting the non-canonical
sequences of DNA [1-5]. These non-canonical
DNA patterns were found in some important
regulatory points of DNA processing, for example,
in telomers. In telomeric DNA, the four bases of the
rich sequence of guanine form a square planar
structure through eight hydrogen bonds and
establish a G-quadruplex (G4) structure in the
presence of sodium or potassium ions [6]. In new
anticancer chemotherapy, telomerase inhibition
and G4 stabilization are considered as some
crucial pharmacological targets.

The stabilization of G4 DNA can prevent
telomere elongation because G4 is an effective
inhibitor of telomerase enzyme action, which has
greater activity in 85% of cancer cells. So far, some
experiments have been conducted on G4
stabilization by connecting them to suitable
compounds such as metal complexes [7]. The
metal center effect on enhancing the interaction of
ligands with G4 DNA was clearly shown [7].
Among the N-heterocyclic derivatives,
benzimidazoles have been reported to show a
variety of valuable biological activities [8].

Dirhenium(Ill) complexes with a unique
quadruple bond are especially promising
candidates for clinical development due to their
very low toxicity, anticancer and antioxidant

activity [9]. Recently we have synthesized and
characterized a new compound containing both
benzimidazole ligands and dirhenium moieties
[10].
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Fig. 1. Structure of the [Rez(Benzim)4+Cls(CH3CN)2]Clz (I)

Spectral investigations of some low-molecular
weight substances and biological molecules were
conducted, which brought information about
possible mechanisms of interactions between
these molecules [11]. Taking all of the above into
account, the purpose of the following investigation
was exploring the interaction of I with two DNA G4
using electronic absorption spectra (EAS).
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Results and discussion

Electronic absorption spectroscopy in DNA-
binding studies is one of the most useful
techniques [12; 13]. Due to the intercalative mode
involving a strong stacking interaction between an
aromatic chromophore and the base pairs of DNA,
the binding of small molecules to DNA through
intercalation usually results in hypochromic (or
hyperchromic) effect, a broadening of the
envelope, and a red shift (or blue shift) of the

complex absorption band. In the case of groove
binders, a large wavelength shift is usually
correlated with a conformational change on
binding or complex formation.

According to the procedures described above,
the interaction between DNA and I was
investigated in two zones: 220-270 nm and 500-
700 nm. The obtained spectra in the first zone for
c-kit were presented on the Figure 2 and are
typical for titration of DNA in this absorption
region.
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Fig. 2. UV-Vis titration spectra in the region 220-270 nm of c-kit1 (1 uM, constant concentration) with Re(III) cluster
compound (0-15 pM) in cacodylate buffer: 1 pM complex (1); 2 pM complex (2); 3 pM complex (3); 4 pM complex (4);
4 pM complex (4); 5 pM complex (5); 6 pM complex (6); 7 pM complex (7); 8 pM complex (8); 9 pM complex (9);
10 pM complex (10); 15 pM complex (11).

The arrows show the intensity changes corresponding to an increase of complex concentration.

We have obtained data on essential
hyperhromism and a significant shift of the
absorption maximum to the low wave side (blue
shift). Plots of Ao(Ao-A) versus 1/[I] for c-kit1 and
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HTelo22 are presented on the Figure 3 and the
calculated parameters from these measurements
are presented in the Table.
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Fig. 3. The plots of Ao(Ao-A) versus 1/[Complex] for c-Kkitl (a) and HTelo22 (b)
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Table
Parameters calculated from the obtained UV spectra
Compound AAmax %Hyperchromism Kb»,1/mol
c-kitl (constant) + I -10 nm 88.27 5.258-10¢
HTelo22 (constant) + I -12 nm 84.08 4.653-104

These binding constants (Kb = 5.258-10* for c-
kitl and 4.653-104 for HTelo22) are lower than
those observed for intercalating compounds (10¢-
107 M-1) [14]. The blue shift data presented in the
Table 1, which were approximately the same for
both nucleotides, were discovered from the first
additions of the complex I (molar ratio DNA : I was
1:1) and could indicate the formation of a new
complex nucleotide-I with covalently bound
dirhenium fragment to guanine through the axial
positions of I. The structure of such complexes
with both purine bases was confirmed previously
[15].

The hyperchromism was very large for both
nucleotides and reached more than 80 %. A series
of mono- and bimetallic complexes (with Cu(II),
Pt(II) and Zn(II)) with substituted polypyridyl
ligands have been prepared and their binding
affinities towards some quadruplexes have been
determined using UV /vis spectroscopic titrations
[16]. Red shifts (4-6 nm) in absorption bands
above 300 nm (those corresponding to metal-to-
ligand charge-transfer (MLCT) or intraligand m-m*
transitions) were considered as characteristic of
m-1t* interaction with DNA bases. The maximal
hypochromism in this zone reached 38 %. These
studies have shown that the number of aromatic
rings play an important role in defining the DNA
binding abilities of the resulting metal complexes;

the prepared bi-metallic complexes had a higher
affinity towards G-quadruplex DNA compared to
their mono-metallic counterparts. Large values of
shifts and hyperchromicity obtained in our work
may be explained by the existence of bimetallic
dirhenium(III) core and four aromatic rings in the
structure of L.

Analyzing the proposed mechanisms of G4-
metal compounds interactions [1], we consider
that the binding mode of I to DNA is not
exclusively a result of a combination of m-m
stacking interactions, an electrostatic and
covalent interaction. Indication of more than one
binding mode can be rationalized by the multiple
targeting nature of the complex: via m-m stacking
interactions at the top of the DNA quadruplex
(with the metal-benzimidazole core), as well as
through electrostatic or covalent interactions via
axial positions to bases/phosphate backbone in
the loops.

Hyperchromicity and binding constant of I is
higher for c-kitl in comparison to HTelo22
(Table 1), thus suggesting that c-kit displays
enhanced interaction. The HTelo22 sequence
contains no free guanines besides those
participating in the G4 fold (Fig. 4A), [17] whereas
c-kitl features three non-stacked guanines
(Fig. 4B), making them potentially accessible for
easier covalent binding of .

Fig. 4. 3D structures of hTelo (A) and (B) c-Kit1 G4s, generated with Chimera using PDB 2HY9 and 203M,
respectively. Guanines belonging to G-tetrads are highlighted in orange and unpaired guanines are shown in
green [18].

From our point of view, the most interesting
result was found during the spectral picture

investigation in the visible area where the
quadruple bond absorbs, Figure 5.
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Fig. 5. UV-Vis titration spectra in the region 500-700 nm of c-kit1 (1 uM, constant concentration) with Re(III) cluster
compound (0-15 pM) in cacodylate buffer: 1 pM complex (1); 2 pM complex (2); 3 pM complex (3); 4 pM complex (4);
4 uM complex (4); 5 uM complex (5); 6 pM complex (6); 7 uM complex (7); 8 uM complex (8); 9 uM complex (9);
10 pM complex (10); 15 uM complex (11). The arrows show the intensity changes corresponding to increase of
complex concentration.

Absorption in this region is the well-studied
property of the dirhenium(III) clusters [19]. The
analysis of the energy position and intensity of the
most long-waved band in EAS solutions of the
rhenium compounds let to assign it to 6—§&"
electron transition. We have found out that
addition of the quadruplex (ckit-1 or HTelo22) led
to an intense increase in this region, which was the
same for both nucleotides. This increase in
intensity can’t describe the formation of any other,
quadruple bond-free complex. Based on the state
of our knowledge we can only assume that this
absorption appeared due to di(tri, poly)-
merization of the nucleotide-I complex. This
assumption is based on the known fact that
unwinding of oligonucleotides leads to their
concomitant hybridization, as it was shown for
ruthenium derivatives of some oligonucleotodes
[20]. Also, it was shown that the interactions of
some binders with G4s led to intermolecular
aggregation between the molecule and DNA [21].
But this mechanism requires additional
investigations.

Experimental section

Chemicals and reagents. The complex of Re(III)
with benzimidazole was synthesized according to
[10; 15; 22]. All the oligonucleotides and
cacodylate buffer components were purchased
from Eurogentec. The sequences for the
unlabelled oligonucleotides were c-kitl (5'-

AGGGAGGGCGCTGGGAGGAGGG-3") and HTelo22
(5-AGGGTTAGGGTTAGGGTTAGGG-3").
Rhenium(I1I) complex compound was dissolved in
cacodylate buffer to give 2 mM stock solution. All
solutions were stored at —20°C. Before use, they
were defrosted and diluted to yield the
appropriate concentrations.

UV-vis absorption titration. The G4 DNA was
dissolved in potassium or sodium cacodylate
buffer (10 mM KC1/90 mM LiCl/10 mM LiCac, pH
7.4) to give 20 pM stock solutions. The solutions
were then further diluted to 0.4 pM with
theappropriate buffer and annealed at 95 °C for
5 min. Finally, they were allowed to cool slowly to
room temperature overnight. The concentration
of G4 DNA was checked using their molar
extinction coefficients. The ligands were diluted
from stock solutions in the same buffer as the
tested sequence to yield specific final
concentrations.

The binding affinity of G4 DNA to Re(III)
complexes was obtained from UV-vis absorption
titration from 230 to 900 nm on a Cary 300
(Varian) spectrophotometer at room temperature
(constant G4 DNA concentration). 1-15 pM of the
complex were added to 1 uM G4 DNA solution in a
sample 1-cm methacrylate cuvette and the
mixture was incubated for 7 min prior to
recording the absorption spectra.

The titration was continued until only small
changes in the absorption spectra were observed
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upon successive addition of rhenium complex
compound. The binding data obtained from
spectrophotometric were analyzed according to
Eq. 1 [6; 23], plotting (Ao/A-Ao) vs 1/C, gives the
binding constant (Kb) as the ratio of the intercept
to the slope. Table 1 shows the corresponding
values.

Ao of . g 1
A-Ao Sb sbKb Cc (1)

where Ap and A are the absorbances of G4 DNA
in the absence and presence of the complex at
256 nm, respectively. € and &, are the extinction
coefficients of free and bounded G4 DNA,
respectively, and C¢ is the concentration of the
complex.

The hyperchromism was calculated according
the formula: %Hyperchromism = [(As, max - A,
min) /Ay, max] x 100 %.

Conclusion

We have investigated the binding activity of the
quadruple bonding dirhenium(III) compound
with benzimidazole ligands to G4 DNA by UV-vis
absorption titration. The electronic absorption
titrations indicate that dirhenium complex
compound with benzimidazole ligands interacts
relatively strongly with G4 (Kb = 5.258-104 for c-
kitl and 4.653-104 for HTelo22). We have found
out that addition of the G4-quadruplexes (ckit-1 or
HTelo22) led to intensive increase in visible
region, that was the same for both nucleotides.
This absorption appeared due to di(tri, poly)-
merization of the nucleotide-complex compound.
The hyperchromicity and binding constant of
dirhenium(III) complex compound is higher for c-
kitl in comparison to HTelo22, thus suggesting
that c-kit displays enhanced interaction. The
HTelo22 sequence contains no free guanines
besides those participating in the G4 fold whereas
c-kitl features three non-stacked guanines,
making them potentially accessible for easier
covalent binding of dirhenium(Ill) compound
with benzimidazole ligands. These results are the
experimental evidence of the interaction of the
quadruple-bonding dirhenium(IIl) compounds
with G4 DNA showing their possible valuable
applications as compounds with strong biological
activity.
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