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Further evidence for redox activation of the plasmid — dirhenium(lll) complexes

interactions
K.V. Zeleniuk, O.A. Golichenko, A.V. Shtemenko, N.I. Shtemenko

The DNA-interactions in vitro are still necessary investigations for determination of the possible anticancer properties
of the compounds, candidates for application in cancer therapy. The aim of the present work was to realize if the
interaction of cis-dicarboxylates of dirhenium(lll), with pivalato- (I), isobutirato- (Il) and adamanthyl- (lll) ligands
cleaves the plasmid in the same manner and what is the influence of the ligands on this process. For experiments we
used the prokaryotic plasmid which is good model to analyze DNA-cleaving ability of different substances that exists
in supercoiled conformation and turns to nicked and linear forms. It was shown that gradual conversion of the
supercoiled Form | to a mixture of supercoiled (Form I) and nicked (Form II) DNA takes place and increasing amounts
of Form Il are produced with higher concentrations of I-lll under increasing of concentration that showed the DNA-
cleaving abilities of all investigated dirhenium complexes. This process was taking place with different intensity in the
range | > Il > lll, that demonstrates the influence of the organic radical on the cleaving activity of the dirhenium(lll)
complexes. Under hydrogen peroxide conditions, | and Il showed close results, demonstrating more intensive
process of cleaving, including formation of the linear plasmid (Form Ill) under higher concentration, witnessing about
redox-activation of the DNA-cleaving reaction. Cleaving activity of lll was approximately the same in all experiments,
that was demonstrated only by decreasing of the supercoiled form | and increasing of the nicked form Il of the
plasmid and by absolutely absence of the linear form Il of the plasmid. The electrophoresis mobility shift assays
showed that rhenium cluster compounds have nuclease activity and confirmed that natural DNA may be their target
in the living cells. The conclusion was made that the mechanism of DNA-cleavage reaction of the dirhenium(lll)
complexes is multiple in which the electron donating (withdrawing) effects of the ligands and catalytic activity of the
metal core should be taken in consideration.
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Introduction

Earlier using the method of UV-titration we have shown that the rhenium(lll) quadruple bonding
compounds interacted with supercoiled Calf Thymus DNA (CT DNA) (Paramonova et al., 2016; Polokhina
et al., 2016) and that the mechanism of the interaction was redox-activated. Also, bis-dimethylsulfoxide-
cis-tetrachlorodi-p-pivalatodirhenium(lll) cis—Rez((CHs)sCCOOQ)2Cl42DMSO (I) was shown to cleave
plasmid DNA by electrophoretic mobility shift assay (Shtemenko et al., 2013) in different manner
depending from the redox state of the medium. The DNA-interactions in vitro are still necessary
investigations for determination of the possible anticancer properties of the compounds, candidates for
application in cancer therapy (Ismail et al., 2019). It is known, that anticancer properties of the
dirhenium(lll) dicarboxylates in vivo depended on the length of the alkyl ligands (Leus et al., 2012).

Thus, the aim of the present work was to realize if the interaction of other two dicarboxylates of
dirhenium(lIl), with shorter (isobutirato-) and longer, bulkier (adamantyl-) ligands cleave the plasmid in the
same manner and what is the influence of the ligands on this process.
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Materials and methods

Materials.
Cis—Rez(i-C3H7C0O0)2Cl4+2DMSO bis-dimethylsulfoxide-cis-tetrachlorodi-p-isobutyratodirhenium(lll)
()] and cis—Re2(C10H15C00)2Cl4+2DMSO bis-dimethylsulfoxide-cis-tetrachlorodi-p-

adamantylcarboxylatodirhenium(lll) (Ill) were synthesized according to (Golichenko, Shtemenko, 2006,
2015). Supercoiled plasmid pUC18 and DNA ladder were purchased from Fermentas, Life Science
(USA).

Electrophoretic Mobility Shift Assays.

The mobility assays were performed according to (Keck, Lippard, 1992; Mitra et al., 1997) by using
aliquots (10 pl) of native supercoiled plasmid pUC18 (20 ug/ml) and increasing concentrations of complex
(0 to 80 uM). Electrophoresis experiments were carried out using 1 % agarose gel and buffer solution (40
mM Tris-acetate and 1 mM EDTA, pH 8.2). The applied voltage was 250 V and the gels were run for a
period of 20 min. After electrophoresis, the gels were stained with 0.5 mg/L ethidium bromide and imaged
under UV light. The efficiency of the DNA cleavage was measured by determining the ability of the
complex to form open circular or nicked circular DNA from its supercoiled forms. The same assays were
also carried out in the presence of H202 (experiment b) and 2-mercaptoethanol (experiment c) (25 pM).
Gel image analysis was made with the help of free Lablmage 1D — Software for 1D Gels and Western
Blots (https://www.kapelanbio.com/products/).

Results and discussion

To study cleavage ability of metal-containing substances and their cleavage pathway, an assay is
widely used, which employs a special type of DNA, a plasmid DNA (Wang et al., 2015; Kettenman et al.,
2018; Kadoya et al., 2019). Single strand DNA cleavage (SSC) is the process, in which one scission is
introduced in one of the two DNA strands in one cleavage event. Double strand DNA cleavage (DSC)
denotes the process, in which two scissions are introduced to each of the strands of the DNA double helix
in a single cleavage event. Although both pathways introduce double strand breaks ultimately, it is
important to note that these are two inherently different processes. The pathway that is responsible for
the induction of strand breaks is of more interest, as the direct double strand cleavage pathway is
considered to be responsible for the cytotoxicity of the initiating substances to cancer cells.

Typically, the quaternary structure of plasmids is superhelical, which means that the double
stranded DNA forms a compact folded structure. When one of the DNA strands is broken, a swivel, i.e. a
free rotation site in the complementary strand opposite to the break, relieves the strain in the twisted
molecule. This causes the supercoiled structure to relax into an uncoiled form, which is referred to as
nicked DNA. When both strands of the DNA are cleaved opposite to each other, linear DNA is observed.
Supercoiled DNA is often referred to as form I, nicked DNA as form Il and linear DNA as form Ill. These
forms are good resolved by electrophoresis (Sears et al., 2013; Kadoya et al., 2019).

We used these good described phenomena to investigate cleaving activity of the investigated
substances Il and lll (Fig. 1, 2) and to compare the results with previously obtained data for the substance I.

The intensity of the bands obtained by scanning procedure is presented on the Fig. 3.

As it is clear from obtained results, the gradual conversion of the supercoiled Form | to a mixture of
supercoiled (Form 1) and nicked (Form Il) DNA takes place and increasing amounts of Form Il are
produced with higher concentrations of I-Il under increasing of concentration that showed the DNA-
cleaving abilities of all investigated dirhenium complexes (Experiment a). This process was taking place
with different intensity in the range I > 1l > Ill, that demonstrates the influence of the organic radical on
the cleaving activity of the dirhenium(lll) complexes. This range coincides with the binding constants,
obtained from the UV-titration experiments (Paramonova et al., 2016; Polokhina et al., 2016).

Under hydrogen peroxide conditions (Experiment b) I and Il showed close results, demonstrating
more intensive process of cleaving, including formation of the linear plasmid (Form Ill) under higher
concentration, witnessing about redox-activation of the DNA-cleaving reaction. Cleaving activity of lll was
approximately the same in Experiments a—c, that was demonstrated only by decreasing of the
supercoiled form | and increasing of the nicked form Il of the plasmid and by absolutely absence of the
linear form Il of the plasmid.
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Fig. 1. Ethidium stained agarose gel electrophoresis depicting pUC18 mobility and effects
(a) in the presence of increasing concentrations of Il; (b) pUC18 with Il in the presence of
hydrogen peroxide; (c) pUC18 with Il in the presence of mercaptoethanol. Lane Pa — untreated
plasmid, Pb — plasmid with hydrogen peroxide; Pc — plasmid with mercaptoethanol; lanes 1: 10 pM; 2:
20 uM; 3: 40 pM; 4: 80 uM (concentration of Il); S — standard

Pa 1 2 3 4 S Pb 1 2 3 4 S Pc 1 2 3 4 S

Fig. 2. Ethidium stained agarose gel electrophoresis depicting pUC18 mobility and effects
(a) in the presence of increasing concentrations of Ill; (b) pUC18 with Il in the presence of
hydrogen peroxide; (c) pUC18 with Ill in the presence of mercaptoethanol. Lane Pa — untreated
plasmid, Pb — plasmid with hydrogen peroxide; Pc — plasmid with mercaptoethanol; lanes 1: 10 uM;
2: 20 puM; 3: 40 uM; 4: 80 uM (concentration of Ill); S — standard

In the presence of mercaptoethanol (Experiment c), the activation of the cleaving abilities of 1=l
are also evident but no Form Il is observed as compared to the activity of I-lll only.

The presence of the slowest moving bands in Fig. 1, 2 (slower than Form II) indicates formation of
high molecular weight adducts that may be explained by the ability of unwound plasmids to polymerize
(Vilfan et al., 2006) or to form unwound DNA-I intra-strand adducts similar to cisplatin and dirhodium
compounds (Dunham et al., 2005).

The mechanism of the SSC and DSC of plasmids was in detail studied for bleomycin (BLM), an
iron-containing natural nuclease (Decker et al., 2006). The experimental and computational studies
presented here on the reaction coordinate of activated BLM strongly support the low-spin (BLM)Fe""'-OOH
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complex as the active oxidizing species and a direct hydrogen-atom abstraction as the reaction
mechanism for the initial attack on DNA. The mechanism for double-strand cleavage by a single BLM
molecule would then involve the Fe'V intermediate generated by the first reaction as the active species for
the initial second H-atom abstraction reaction damaging the second DNA strand. A hydroperoxo species
of the dicopper(ll) was also identified as the active species and spectroscopically identified in the reaction
of the complex with plasmids (Kadoya et al., 2019). Analogical investigations for the dirhenium(lll)
complexes are absent, but acceleration of the nuclease reaction by hydrogen peroxide shown by us
makes possible to think that the same hydroperoxo species may play definite role in the investigating
processes with rhenium substances.

It is well-known that the microenvironment in the cancer cells is significantly different from that in
normal cells (Zhou et al., 2014) and the concentration of reactive oxygen species (ROS) including H20: is
relatively higher in cancer cells than in normal cells (Nogueira, Hay, 2013), that is mainly caused by
mitochondrial malfunction (Aykin-Burns et al., 2009). Thus, redox activating of the process of cleavage by
H202 shown by us in the Experiment b, is of great value as could work in cancer cells but not so
extensively in normal cells and this phenomena could be used to reduce the side-effects of anticancer
drugs.
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Fig. 3. Intensity of bands of different forms of plasmid pUC 18 under influence of I, I, lll in %

to intensity of Pa, Pb, Pc accordingly
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The influence of ligands surrounding the active center of metal-containing artificial nucleases was
investigated on the copper — dipicolamine complexes (Wang et al., 2015). It was shown that replacement
of a hydrogen atom of the dipicoyl ligand with a benzyl group enhanced the efficiency both of SSC and
DSC cleavage; also introducing an electron donating group resulted in further increase in efficiency,
whereas the presence of electron withdrawing group reduced the efficiency; the introducing of different
ROS-inhibitors decreased the intensity of cleavage. In our experiments | (pivalic derivative) and I
(isobutiric derivative) are homologues, | has two longer alkyl ligands, that we may note that they are more
electron donating and thus agree with previously made conclusions about possible formation of the
intermediate complex for which electron donation is a stabilization factor. As for lll: recently we have
shown that some dirhenium complexes with diadamanthyl ligands had catalase-like activity
(Shamelashvili et al., 2016); thus, Il could act as inhibitor of ROS-formation in the nuclease event.
Nuclease activity of the dirhenium(lll) clusters to our mind is of great interest and requires additional deep
investigations.

Conclusions

The electrophoresis mobility shift assays showed that compounds I-lll have nuclease activity and
confirmed that natural DNA may be their target in the living cells. The redox-activation of DNA cleavage,
observed in the electrophoresis experiments, may explain the anticancer activity of dirhenium(ll)
compounds as well as the positive effects of combined therapy, that includes their simultaneous
introduction together with cisplatin. The present study and our other recent reports showed the
dependence of the DNA-cleaving activity of dirhenium clusters on the nature of the ligands in the
coordination sphere of the Re2?* clusters. The obtained data showed the multiple mechanism of DNA-
cleavage reaction of the dirhenium(lll) complexes in which the electron donating (withdrawing) effects of
the ligands and catalytic activity of the metal core should be taken in consideration.
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[dopaTKkoBi AOKa3M peaoKCc-aKTUBaLii B3aEMoAin nnasmiga — KOMMJeKkcu
aunpenito(lll)
K.B. 3eneHiok, O.A. NoniyeHko, O.B. LLUtemeHko, H.l. LUTtemeHko

DocnigpxkeHHs B3aemogii 3 AHK in vitro € HeobXigHMM ANs BU3HAYEHHSA MOXIMMBUX MPOTUMYXIMHHMX BacTUBOCTEWN
crnonyk — KaHauaaTiB Ha 3acTocyBaHHSA Yy Tepanii paky. MeTa uiei pobotn nonsrana y Tomy, Lo6 3po3ymiTv, un
O[HAKOBO pO3LLENMIOTL Nnasmigy umc-avkapbokcunatvu gupedito(lll) 3 niBanatHumn (1), i3obyTtipatHumu (Il) Ta
agamaHTunkapookcunatHumm (lll) niraHgamuy, i 9k BNMBakThL NiraHaM Ha uew npouec. [ns ekcnepuMeHTiB My
BMKOPUCTOBYBAmM NpokapioTU4Hy Nnasmigy, ska € npuaaTtHo Modensiio AN aHaniy sgatHocTi poswenmnoeatn JHK
pi3HMMK peyoBMHaMM Ta iCHye y cynepcripani3oBaHin KoHdopmaLii i NepeTBopleTbLCA Yy Aecnipani3oBaHy i MiHiHy
dopmun. Byno nokasaHo, Lo BiAOYyBaeTbCsi MOCTYNOBE NEPETBOPEHHS cynepcnipanizoBaHoi dopmu |y cymiw AHK i3
cynepcnipanizoBaHoto (cdoopma |) i gecnipanisoBaHoto (dopma 1) bopmamm, npy GinbLl BUCOKUX KOHLEHTpALLisiX
komnnekcHux crnonyk I-lll (npy nigBuLLIEHHI KOHUEHTpauii) 36inbLyoTecs KinbkocTi doopmum |, Wo nokasye 34aTHICTb
BCiX JOCNiMKEHUX AMpeHieBMX komnnekciB poswennosatu JHK. Llen npouec BiabyBaBcs 3 pi3HOK iHTEHCUBHICTIO B
psaay | > 11 > I, wo cBig4MTb Npo BNAMB OpraHivYHOro pagukana Ha HykrneasHy akTMBHICTb kommnekciB aupenito(lll). 3a
HasiBHOCTI rigporeH nepokcugy | i Il nokasanu 6nusbki pesynbTatv, AEMOHCTPYHOYM Ginbll iHTEHCMBHMI MPOLEC
PO3LUENNEHHS, SKMN BKMOYA€E YTBOPEHHS MiHinHOI nnasmign (dopma lll) npy Ginbll BMCOKiIA KOHUEHTpauji, LWo
CBiZ4YMTb MPO pedoKc-akTMBauilo peakuii poswenneHHs [OHK. Poswenniotova aktmeHicTs Il 6yna npubnuaHo
O[JHAKOBOK Y BCiX €KcrnepumeHTax, Lo Oyno npooeMOHCTPOBaHO 3MEHLUEHHSM cynepcnipanidoBaHoi dopmu | i
36inbLUeHHAM adecnipanizoBaHoi popmMu Il mnasmign, a TakoX MOBHOW BiACYTHICTIO MiHiMHOI dopmu Il nnasmigw.
AHania 3cyBy pyxnmMBOCTI Mpu enekTpodopesi Mnokasas, WO KracTepHi Cronyku peHito BOMOAITb HyKreasHo
aKTUBHICTIO, i niaTBepAMB, wo npupogHa AHK moxe 6yTu ix MilLleHHIO B XUBUX KNiTUHax. ByB 3pobneHnii BUCHOBOK
npo Te, WO MexaHiaM peakuii poswenneHHs JHK komnnekcamu gupenito(lll) € 6aratorpaHHuM, npy uboMy cnig
OpaTu 0o yBary enekTpoHOAOHOPHI edheKTy NniraHaiB i KaTaniTMYHYy aKTUBHICTb KNacTEPHOro AUPEHIEBOro sapa.

Kniouogi cnoBa: knacmepu dupeniro(lll), nnasmioa, poswennerHHsa [JHK, pedokc-akmusauis.
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[JononHutenbHble fAOKa3aTenbCTBa penoKc-aKktTuBauunm B3aMMo4enCcTBUMN

nnasmuaa — komnnekcbl anpeHus(lil)
K.B. 3eneHiok, A.A. NlonuyeHko, A.B. LUTtemeHko, H.U. LLItemeHko

M3yueHne B3ammopericteus ¢ OHK in vitro Bcé ewé siBnsetcs HeobxooumbIM UCCNENOBaHUEM AON1st OnpeneneHust
BO3MOXHbIX NPOTMBOOMYXOMEBbIX CBOWNCTB COEAMHEHWA — KaHAMOAToB Ha NpuMMeHeHne B Tepanuu paka. Llenb
HacTosien paboTbl cocTosina B TOM, YTOObl NOHATb, OAMHAKOBO MW paclennsioT nnasmMuay uuc-gukapbokcunartsl
avpenus(lll) ¢ nueanatHbivK (1), n3obytupatHeiMu (Il) n apgamaHTunkap6okcunatHeiMu () nurangamu, u kakoe
BMMSAHME OKasblBAlOT NWraHgpl Ha 3TOT mpouecc. [ns 9KCNepyvMEHTOB Mbl MCMOMb30Bany MpOKapUOTUYECKYHD
nnasmvugy, KoTopasi sIBMsieTcsl Xopolwlew MoAenbio Ansd aHanusa crnocobHoctu pacwennate AHK pasnuyHbivuy
BellecTBamMu, CyLLeCTByeT B CyrnepcrnupannsoBaHHOM KOHdOpMauuyu 1 npesBpaliaercs B Aecnupanv3oBaHHble U
nVHenHble opMbl. BbINo nokaszaHo, YTO NPOUCXOAWT NOCTENEHHOEe NpeBpaLleHre cynepcnupanvM3oBaHHon dopmbl |
B cmecb [JHK co cynepcnupanusoBaHHon (cpopma 1) u pgecnupanusoBaHHon (cpopma Il) cpopmamu, npu Gonee
BbICOKMX KOHUeHTpauusx I-lll (npy noBbileHNM KOHUEHTpauun) yBenuyMBaeTCcs KonuyectBo dopmbl I, yTo
nokasblBaeT CNocobHOCTb BCEX WCCMeAoBaHHbIX AMPEHVEBbIX KommnekcoB pacwennate AHK. 3T1oT npouecc
npoucxoaun ¢ pasnuyHon MHTeHcmBHOCTbIO B pagy | > 1l > Ill, 4yTo cBuaeTenbCTBYET O BNUSIHUM OpPraHU4ecKoro
pagvkana Ha paclLennsioLlyto akTMBHOCTE komnnekcoB aupenusa(lll). Mpu Hanmuumn nepekvcn Bogopoga | wm i
nokasanu 6nuskue pesynbTaTbl, AEMOHCTPUPYS 6onee MHTEHCUMBHLIA MPOLIECC paclienfieHnsl, KOTOpbIn BKIoYaeT
obpa3zoBaHue nuHenHon nnasmunael (dopma ) npu 6onee BbICOKOW KOHLEHTPaALUN, YTO CBUAETENLCTBYET O PEOOKC-
akTMBauumn peakumm pactienneHuns OHK. Pacwennsiowas aktmeHoctsb Il Gbina npumMepHO oaMHaKoBOW BO BCEX
3KCMeprMeHTax, YTO ObINO MPOAEMOHCTPUPOBAHO YMEHbLUEHMEM Cynepcnupann3oBaHHo opmbl | 1 yBenuueHnem
AecnunpanusoBaHHon copmel || nnasmmnabl, a Takke NOMHLIM OTCYTCTBUEM NHENHOW dopMbl Il nnasmuabl. AHanua
cABWra noABWKHOCTM Mpu anekTpodhopese nokasan, YTo KracTepHble COedVMHeHWs1 peHust obrnagaloT HykneasHoun
aKTUBHOCTbIO, M noaTeepaun, Yto npupogHas OHK moxeT ObiTb MX MULWEHBbIO B XuBbIX knetkax. CaenaH BbIBOA O
TOM, 4YTO MexaHu3M peakuun pacuwennenmsa OHK komnnekcamu ampenus(lll) sBnsietca MHOrorpaHHbIM, Npy 3TOM
cnegyeT MNPUHMMAaTb BO BHUMAaHWE 9NEKTPOHOAOHOPHble 3MEKTbl NUraHO4OB W KaTanuMTUYEcKyl akTWBHOCTb
KNacTepHOro AMpeHneBoro sapa.

KnioueBble cnoBa: kiracmepsi OupeHus(lll), nnasamuda, [JHK-pacwenneHue, pedokc-akmugayusi.
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