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Background: Molecules of hydrogen peroxide (H,0;) can be formed during radiolysis process in water
medium after irradiation. A hypothesis about the possible role of hydrogen peroxide in blocking of
processes of nonspecific DNA recognition by proteins is proposed in [1]. As one of the most long-living
products, H,O, molecules can diffuse considerable distances in the intracellular medium and reach DNA
in the cell nucleus and form complexes with macromolecule phosphate groups. To confirm this
hypothesis, the quantum chemical calculations of complexes structure of hydrogen peroxide molecule
with atomic groups of the DNA backbone are performed.

Objectives: To determine the optimal geometries and formation energies of stable complexes of
hydrogen peroxide with DNA phosphate group. To perform a comparative analysis of hydrogen peroxide
and water molecules binding to phosphate group based on quantum chemical calculations.

Materials and Methods: The complexes which consist of phosphate group, hydrogen peroxide, water
molecules, and sodium counterion are analyzed. The optimization of complex geometry and energy
calculations is performed using the methods of quantum chemistry within Gaussian 03 software: HF/6-
31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).

Results: This research shows that the hydrogen peroxide molecule as well as water molecule can form
stable complexes with phosphate group, especially with the presence of sodium counterion Na'. The
results of complex formation calculations with atom-atom potential functions method are confirmed. It is
shown that the presence of sodium counterion significantly influences the geometry of the hydrogen
peroxide complex with the phosphate group. The performed calculations indicate the possibility of
hydrogen peroxide geometry change in the processes of complex formation.

Conclusions: The obtained results confirm the possibility of stable complexes forming for hydrogen
peroxide and phosphate group. Prolonged situation of H,O, molecule near the DNA backbone may block
the nucleic-protein recognition processes as well as damage the macromolecule via decay into OH-
radicals in close proximity to double helix.

KEY WORDS: hydrogen peroxide; DNA phosphate group; stable complexes; quantum chemical
calculations.

KOMINIEKCH ITIEPOKCHUAY BO/JHIO I ®OCPHATHOI I'PYIIH JHK
B KBAHTOBO-XIMIYHUX PO3PAXYHKAX
J.B. Isranubkuii, C.H. Boikos
Inemumym meopemuunoi ¢isuxu in. M.M. Boeono6osa HAH Vpainu,
8yn. Memponoziuna, 14 6, Kuis, 03143, Yxpaina

AxTyanabHicTb. Monekynu mepokcuay BomHio (H,O,) MOXYTh YTBOPIOBAaTHCH B TpOIECi Pagioiily B
BOJIHOMY CEPEIIOBHILI ITicTs onpoMiHeHHs. BucyryTa rimotesa [1] mpo MOXIIHBY pOJIb IEPOKCHITY BOIHIO
B OmokyBaHHI mpoueciB Hecrerdigaoro BmizHaBaHHS JIHK Oinkamm. Sk oamH 3 HaWOUIBII OBTO
KHUBYYHX  TpOAYKTiB, Mojekynu H,O, Moxyrs andyHayBaTH Ha 3HAa4yHI  BiJCTaHi y
BHYTPIIIHBOKIITHHHOMY cepenoBuii, mocsratu JHK B sapi KiIiTHHH 1 yTBOpPIOBAaTH KOMIUIEKCH 3
tdocharaumu rpynamu JIHK. [Ins migrBep/pkeHHst rinmote3n B poOOTI BHKOHAHO KBAaHTOBO-XIMidHI
PO3paxXyHKH CTPYKTYPH KOMIUIEKCIB MOJICKYJIH MIEPOKCHTY BOIHIO 3 aTOMHUMHU rpynamu octory JTHK.
Meta podoru. BusHayeHHs onTUMaibHOI reoMeTpii Ta eHeprii yTBOPEeHHs cTaOUIbHUX KOMILIEKCIB
nepokcuay BoaHt 3 pocdarnoro rpymnoro JJHK. [IpoBectu nopiBHAIbHUN aHATI3 3B’ s13yBaHHS ICPOKCHTY
BOJIHIO Ta MOJIEKYJIM BOAHU 3 (pochaTHOIO IpyIIor0 Ha OCHOBI KBAHTOBO-XIMIYHMX PO3paxyHKIiB.
Marepianu i metoam. Po3risinaroTbesi KOMIUIEKCH, IO CKJIagaroThesi 3 (ocdaTHol rpynu, MoKy
MepOKCHy BOIHIO Ta BOIM, IPOTHIOHIB Harpiro. BHKOHaHO ONTHMI3allil0 NPOCTOPOBHX TI'€OMETPIii
KOMIUIEKCIB Ta PO3PaxXyHOK €HEprii 3 BUKOPUCTAHHSIM METOMIB KBAaHTOBOi XiMil B paMKax MaKeTy
Gaussian 03: HF/6-31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).
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PesyabraTu. [TokasaHo, mo MoJeKyna MepoKCHAY BOJHIO MOXE YTBOPIOBATH KOMIUIEKCH 3 (hochaTHOIO
IPYINOI0 He Tipiie 3a MOJIeKyly BOJIHM, 0COGIMBO B MPUCYTHOCTI mpoTuioHy HaTpito Na'. Ilinreepmkeni
pe3ynbTaTd  PO3PaxXyHKIB  KOMIUIEKCOYTBOPEHHS 3  BHKOPHUCTAHHSIM  METOAYy  aTOM-aTOMHHX
noreHuianbHuX QyHkuiit. [TokazaHo, 0 NPUCYTHICTH NPOTHIOHY HATPIIO CYTTEBO BILIMBAE HA TEOMETPIIO
KOMIUIEKCY MepoKcuay BoAHIO 3 pocdaTHoro rpynoro. [IpoBeneHi po3paxyHKH BKa3yIOTh Ha MOXKJIMBICTb
3MiHU F€OMETpii MOJIEKYJIM IEPOKCHULY BOJHIO y POLIECI KOMILUIEKCOYTBOPEHHSI.

BucnoBkn. OtpuMani pe3ysbTaTH MiATBEPPKYIOTh MOMKIJIMBICTH YTBOPEHHS CTaOUIBHMX KOMILIEKCIB
nepokcuay BoaHIO 3 Qocdarnoro rpynoto JJHK. Tpuane 3naxomkenHs Mmoiekynun H,O, mopsin 3
ocroBoM /IHK mosxe 6i0KyBaTH mporecu HyKJI€iHOBO-OUJIKOBOrO BITi3HABaHHS, a TAKOX IPH3BECTH IO
TIOIITKOKCHHST MaKpOMOJIEKYJTH BHACIINOK po3nany nepokcuny Ha OH-pamukanm OesmocepeqHpo Oins
MOIBIHHOI CTIipaJti.

KJIIOYOBI CJIOBA: mnepokcun Boauio; ¢ocdarna rpyma JHK; crabiapHi KOMIUIEKCH; KBaHTOBO-XiMiuHI
PO3PaxyHKH.

KOMILJIEKCHI TIEPOKCHUJIA BOAOPOJIA U ®OCPATHOM I'PYIIIbI JHK
B KBAHTOBO-XUMHNUYECKHUX PACUETAX
J.B. IIsranukuii, C.H. BoaxoB
Uncmumym meopemuueckoii pusuxu um. H.H. boeonioboea HAH Ykpaunul,
ya. Memponozuueckas, 14 6, Kues, 03143, Vkpauna.

AxkTyanabHocTh. Monekynsl mepokcuaa Bogopona (HyO,) MoryT o0pa3oBBIBaThCS B MPOIECCE PATUOIH3A
B BOIHOI cpeze mocie oOmydeHus. BerapuHayTa rumoTesa [1] 0 BO3MOXXHON poiy MepoKCHAa BOAOPOIA B
OnokupoBaHuH TpoleccoB Hecneuuduueckoro y3HaBanusi JIHK Oenkamu. Kak oaun u3 HamOonee
JIOJITOXMBYIIMX TPOIYKTOB, Mojiekysibl H,O, MoryT nuddyHaupoBaTh Ha 3HaYUTEIIbHbBIC PACCTOSHHS BO
BHYTPUKJIETOYHOU cpene, nocturats JJHK B sinpe kieTkn n 00pa3oBhIBaTh KOMILIEKCH ¢ (ochaTHBIMU
rpynnamu JIHK. Jns noarsepkaeHns: rTUnore3sl B paboTe BHINOJHEHB! KBAHTOBO-XMMHUUECKHE PACUEThI
CTPYKTYpPBI KOMIUIEKCOB MOJIEKYJIBI IIEPOKCHIAa BOJIOPOa ¢ aTOMHBIMU rpynmnamu octoBa JJHK.

Hear pabdorel. OmpezneneHre ONTUMAILHOW TEOMETPHUM M SHEPruu 00pa3oBaHUSl CTAOMIIBHBIX
KOMIUIEKCOB Tepokcuna Bopopoaa ¢ docdarnoii rpynmoit JHK. IIpoBecTH cpaBHHUTENBHBIM aHAIN3
CBSI3BIBAHMS ITIEPOKCHJA BOJOPOJA M MOJIEKYJBl BoAbl ¢ (ocdaTHOH Tpymmoil Ha OCHOBE KBAaHTOBO-
XUMHYECKIX PacUeTOB.

MaTtepuaabl 1 MeTOabl. PaccMaTpHBaIOTCS KOMITIEKCHI, COCTOSAIMME U3 (POCHATHON TPYIIIBI, MOIEKYII
MEPOKCUIa BOIOPOJA M BOJIBI, IPOTHBOMOHOB HATPHA. BEHIMONHEHa ONTHMH3ALHUS MPOCTPAHCTBEHHBIX
TEOMETPHI KOMIUIEKCOB M pacdeT SHEPTHUil C HCIOJIB30BAHWEM METOIOB KBAaHTOBOW XMMHH B paMKax
nmakera Gaussian 03: HF/6-31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).

PesyabTaTsl. [loka3aHo, 4To MoOJeKylIa NEepOKCHIa BOAOPOJAA MOXET OOpa30BBIBATh KOMILUIEKCH C
docdarnoii rpynmoit [JTHK He xyxke, ueM MoOJIeKysa BOJbI, OCOOCHHO B MPHCYTCTBUU IMPOTHBOMOHA
natpus Na'. TIoaTBep KIeHbI PE3yNbTaThl PACUETOB KOMILIEKCOOOPA30BAHUS C HCTIOIb30BAHMEM METO/A
aTOM-aTOMHBIX TOTEHIMANbHbIX (QyHKuui. [lokazaHo, YTO MPUCYTCTBME IPOTUBOMOHA HATPHA
CYLIECTBEHHO BIIMSET HAa TEOMETPHIO KOMIUIEKca Nepokcuaa Bojopona ¢ QocdarTHoi rpynmoi.
[TpoBeneHHbIE pacyeThl YKa3blBAlOT HAa BO3MOXKHOCTH M3MEHEHMs TI'€OMETPHUHM MOJIEKYJBI IEPOKCHIA
BOJIOPO/Ia B ITPOLIECCE KOMIUIEKCOOOPa30BaHMSI.

BoiBoabl. [lomydeHHBIE pe3yNbTaThl MOATBEP)KJAIOT BO3MOXHOCTh OOpa3OBaHHS CTAOHMIIBHBIX
KOMILTIEKCOB TIEpOKCHIa Bomopoaa ¢ (ocdarHor rpymmoit. nutenpHoe HaxoxneHne Moiekyisl HpyO,
psaom ¢ octoBoMm JIHK moxer GnOKMpOBaTh MPOIECCH HYKICHHOBO-OEIKOBOTO Y3HABaHHS, a TaKXKe
MPUBECTH K TIOBPEXKACHUI0 MAaKpOMOJEKYJBI BCIEICTBHE pacmana mnepokcupa Ha OH-pagumkansr B
HEMOCPEACTBEHHON OJM30CTH BO3JIE IBOWHOM CITUPAIIH.

KJIIOYEBBIE CJIOBA: mnepokcun Bopopona; ¢ocdarnas rpymma JHK; cTaOuipHBIC KOMILIEKCH; KBaHTOBO-
XUMHUYECKUE PACUCTHI.

The interaction of small molecules with DNA double helix is the subject of special
interest along last years. It is well known that some molecules can perform the important
functions on regulation of the genetic activity of DNA in living cells. The understanding of
mechanisms of these molecules action on DNA can be used for the development of new
treatment methods and pharmacological drugs.

The interaction of hydrogen peroxide molecule with DNA has the significant interest.
The peroxide molecules can be formed in water medium during the process of water
radiolysis (see, for example, [2]) as a long-living product [3, 4]. Water radiolysis takes place
when water volume is irradiated by different particles. The molecules of water medium decay
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into ions, radicals and molecular products (reactive oxygen species). In living cell radiolysis
products interact with DNA macromolecule [5]. It is considered, that the most dangerous
product is hydroxyl radical, because it induces double strand breaks which means complete
destruction of DNA [6]. However, it is shown in Monte Carlo calculations [3, 4] that OH-
radicals recombine quickly (during physico-chemical stage of radiolysis [2]) and so they
interact with DNA macromolecule only if situated in close proximity. On the contrary, the
hydrogen peroxide molecule can exist in intracellular medium for longer time and can diffuse
on significant distances. So the H>O, molecule has bigger probability to “find” DNA
macromolecule in solution after irradiation. If peroxide is situated closely to DNA backbone it
can decay into OH-radical via Fenton-type reaction [7] and thus damage it or it can somehow
block DNA transcription. Such a mechanism of possible DNA damage in particle therapy was
proposed in [1]. As considered, the DNA phosphate group can be the most probable site of
interaction with molecules of medium, and particularly the H,O, molecules.

It can be expected that study of interaction of hydrogen peroxide with DNA phosphate
group can improve the methods of cancer treatment. Particle cancer therapy has especially
good results when protons or heavy charged ions are used, because of well-known Bragg
effect [8]. There are mechanisms of DNA damage in the processes of particle cancer therapy
[9], among which are damage by secondary electrons and free radicals or the processes with
shock waves [10]. But the question about physical mechanism which causes destruction of
cancer cells remains yet opened [11]. It should be noted that in the works about alternative
method of cancer therapy [12], the emphasis is made on hydrogen peroxide molecules
forming in the cellular medium after injection of ascorbic acid. And also there are some
experimental conclusions about selective damaging of cancer cells by hydrogen peroxide
apart from healthy [13].

In the present work the quantum-chemical calculations are carried out for complexes
which consist of hydrogen peroxide and water molecules, phosphate group and sodium
counterion. We consider isolated phosphate group, but charges on its atoms are taken to
correspond to the distribution of charges on the atoms of the sugar-phosphate DNA backbone.
We take into account sodium counterion, because under physiological conditions DNA
phosphate groups are usually neutralized by counterions of the solution. The optimized
geometries of single molecules, double and triple complexes are obtained, energies are
calculated. The Hartree-Fock, density functional theory and MP2 methods are used. Results
presented in this work continue our earlier calculations from [1], where atom-atom potential
functions method was used.

The calculations made in the present work are more accurate than calculations from [1].
The geometry optimizations in complexes provided with much better quality, the flexibility of
molecules is taken into account (molecules can slightly change their structure in different
complexes), all atoms in phosphate group are considered.

METHOD OF CALCULATION

Quantum-chemical calculations of single molecules and complexes are performed with
Hartree-Fock theory (HF/6-31+G(d,p)), Mpgller-Plesset perturbation theory (MP2/6-
31+G(d,p)) and density functional theory (B3LYP/6-31+G(d,p)) together with geometry
optimizations. The Gaussian 03 software is used in calculations [14], Facio software is used
for visualization [15].

Thus, as a first step, the geometry optimizations for single objects (molecules H,O, and
H,O, phosphate group) are made. Then the calculations are made for double complexes —
H,0,-PO,", H,0-PO,, Na'-H,0,, Na"-H,O and Na"-PO, . Geometry optimizations are
performed, interaction energies are calculated. And, at last, there are calculations of energies
and geometries for triple complexes Na'-H,0,-PO4~, Na"-H,0-PO4 . The main purpose of
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this work is comparison of peroxide-phosphate interaction with water-phosphate interaction
with and without sodium counterion.

In the present work we consider the interaction energy of double complex AB as a
difference between electronic energy of AB and its components A and B

AE :EAB(AB)_EA(A)_EB(B)‘ ()
For triple complex ABC we have
AE 50 = EABC(ABC)_EA(A)_EB(B)_EC(C)' (2)

The basis set is presented in brackets. To avoid the basis set superposition error the
counterpoise correction is made [16]

AES; :EAB(AB)_EA(AB)_EB(AB)’ (3)
AES =E,,.(4BC)-E,(4BC)-E,(4BC)-E.(4BC). 4)

Also deformation energy should be introduced because of difference between the geometries
of isolated molecules and of those within complexes

E, = z ( Eicomplex _ E[isnlated )’ (5)

i

which is a difference between electronic energies of molecule in complex and isolated
molecule. Then interaction energy in complex can be calculated by formula

AE=AE” +E,, . (6)

In the present work we used formula (6) to calculate interaction energies in double complexes
(H,0,-PO, ", H,0-PO,, Na'-PO,, Na"-H,0,, Na'-H,0) and triple complexes (Na'-H,O,-
PO4, Na'-H,0-POy).

RESULTS AND DISCUSSION
Geometry optimizations of hydrogen peroxide and water molecules, and phosphate group
POy are performed in methods HF/6-31+G(d,p), MP2/6-31+G(d,p), B3LYP/6-31+G(d,p).

(a) (b) (©)

Fig. 1. Hydrogen peroxide (a), water (b) molecules, phosphate group (c).
Oxygen atoms are shown in red, hydrogen — white, phosphor — yellow.

The hydrogen peroxide molecule (Fig. 1(a)) is symmetric and characterized by distances
between two oxygen atoms and between oxygen and hydrogen atoms, by two equal angles O-
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O-H and by dihedral angle H-O-O-H. The values of these distances and angles obtained from
geometry optimizations are presented in Table 1.

Table 1. Geometry of hydrogen peroxide molecule H,O,

0-0 (A) H-0 (A) £0-0-H (°) Dihedral angle (°)
HEF/
6-31+G(d.p) 1.39 0.95 102.7 116.8
B3LYP/
6-31+G(d.p) 1.46 0.97 100.3 119.4
MP2/
6-31+G(d.p) 1.47 0.97 99 121.4

The distances and angles shown in Table 1 are close to each other for different methods
of optimizations, and also they are comparable with values obtained in [17] by similar
calculations. It should be mentioned that the dihedral angle H-O-O-H can be very sensitive to
environment. Thus it can be considerably different for isolated molecule and molecule in
complex.

The calculations for water molecule are analogous, results are presented in Table 2. These
results are also close to each other for different types of calculations.

The geometry of phosphate group is more complicated (Fig. 1(c)). So we do not present
all distances and angles, just the distance between two oxygen atoms, which contain negative
charge. Group PO4 considered as a part of DNA backbone, but two hydrogen atoms are
placed instead of bounds to backbone (towards atoms C3” and C5’). The charge of PO4 is —1
of elementary electronic charge. It is interesting to study the interaction of hydrogen peroxide
and water molecules, sodium counterion relatively to two negatively charged oxygen atoms.
The distances between these oxygen atoms are shown in Table 2 for different methods of
calculations, though they are nearly equal.

Table 2. Geometry of water molecule and distance between two oxygen atoms in PO,

H-O (A) £0-0-H (°) 0-0 in PO; (A)
HF/6-31+G(d,p) 0.94 107.2 2.62
B3LYP/6-
314G(dp) 0.97 105.7 2.69
MP2/6-31+G(d,p) 0.96 105.4 2.70

Double complexes

Complexes H,0,-PO, , H,0-PO,, Na'-PO, ", Na'-H,0, and Na'-H,O are considered.
The geometry optimizations are carried out for these complexes, energies of interaction are
calculated.

Let us consider the double complexes H,0,-POs,  and H,O-PO4 . Their optimized
geometries are shown on Fig. 2. It should be mentioned, that we take into account only
complexes, where peroxide or water molecules are situated near two “opened” oxygen atoms
(on the right side of PO4 on Fig. 2), because group PO4 is considered as a part of DNA
backbone.

Double complexes have the geometries (Fig.2) where hydrogen peroxide or water
molecule is situated almost symmetrically near oxygen atoms of POs . In the case of
hydrogen peroxide there are two hydrogen bonds (upper and lower symmetrically), because
average distance between neighbor oxygen atom (from PO4 ) and hydrogen (from H,0,) is
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1.85 A, angle O-H-O 163°. The hydrogen peroxide molecule is compressed — its dihedral
angle smaller than in Table 1 and is close to 55°. Such a change in dihedral angle makes a
contribution into deformation energy (about 3-4 kcal/mol for different methods). On the
contrary, the water molecule does not form hydrogen bonds with oxygen atoms of PO,
because of its smaller size, but it is also situated symmetrically to them. For water molecule
the symmetrical distances O(PO,)-H(H,0) are more than 2.1 A and angles O-H-O are near
145° and these geometries are insufficient for forming of hydrogen bonds.

Fig. 2. Complexes H,0,-PO, (a) and H,O-PO, (b).

Interaction energies of complexes H,O,-PO4  and H,O-PO4 are shown in Table 3. From
Table 4 one can see that the energies of complex with hydrogen peroxide molecule and
phosphate group are larger for every method of calculation. Complexes of water molecule and
PO4 have smaller energy. The hydrogen peroxide molecule is larger than water molecule and
it is more convenient for hydrogen peroxide to form two symmetric hydrogen bonds with
phosphate group.

Table 3. Energies of H,0,-PO4 and H,O-PO,4 double complexes (energies — kcal/mol)

H,0,-PO;” H,0-PO,~
HF/6-31+G(d,p) -20.8 -14.8
B3LYP/6-31+G(d,p) 213 -14.4
MP2/6-31+G(d,p) 21.4 -15.0

The double complexes with sodium counterion are also considered in the present work.
These are complexes Na -PO,, Na'-H,0, and Na"-H,0. Optimized geometries of complexes
are shown on Fig. 3. In the complex of sodium counterion and phosphate group the distance
Na™-P is 2.68 A (mean for three methods). Distances Na'-O for complexes Na'-H,0, and
Na'-H,O are 2.38 A and 2.24 A correspondingly. For comparison, the distances calculated by
atom-atom potential function method [1] were 2.8 A (Na'-H,0, complex) and 2.7 A (Na'-
H,0O complex).

The energies of Na'-PO, , Na'-H,0, and Na'-H,O complexes are shown in Table 4. It
should be mentioned that the complex of sodium and phosphate group is the most strongly
bounded, whereas molecules of peroxide and water interact with sodium counterion almost
equally. The results of previous calculations [1] gave the energies -122 kcal/mol (Na'-POy"), -
14 kcal/mol (Na'-H,0,) and -12 kcal/mol (Na'-H,0).
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Fig. 3. Complexes Na'-PO, (a), Na'-H,0, (b), and Na'-H,O (c). Sodium counterion is shown in blue.

Table 4. Energies of complexes Na'-PO, ", Na'-H,0, and Na'-H,O (kcal/mol)

Na'-PO,” Na'-H,0, Na'-H,0
HF/6-31+G(d,p) -135.9 4.1 24.9
B3LYP/6-31+G(d,p) -134.8 24.4 -25.0
MP2/6-31+G(d,p) -130.7 22.6 23.6

The energies of Na'-H,O, complex obtained from quantum-chemical calculations are
slightly smaller than energies of Na'-H,O complex, whereas for calculation with atom-atom
potential functions method these values are vise versa. This difference can be explained by
flexibility of hydrogen peroxide molecule. In quantum-chemical calculation H,O; can change
its geometry (especially, dihedral angle) near the counterion, while the geometry change in
water molecule is less significant. In method used in [1] the molecules H,O, and H,O were
rigid and did not change their geometries.

Triple complexes
Triple complexes Na'-H,0,-PO; and Na'-H,O-POy is studied. It is interesting to add
sodium counterion to double complexes H,0,-PO4s and H,O-POs, because sodium interacts
with phosphate stronger than molecules H>O, and H,O, and sodium counterions are always
present in the solution in natural conditions. Optimized structures of such complexes are shown
on Fig. 4. We consider sodium counterion and hydrogen peroxide or water molecules to be
placed near two “opened” oxygen atoms of PO4 (to the right of phosphate group on Fig. 4).

Fig. 4. Complexes Na'-H,0,-PO, (a) and Na'-H,0-PO, (b).

These geometries are almost similar for different type of calculation. Geometry
optimization shows that adding of sodium counterion into double complexes H,O,-PO, and
H,0-PO4 leads to displacement of peroxide or water molecule while sodium is situated



12
D.V. Piatnytskyi, S.N. Volkov

closer to PO4 . Molecule H,O, (H,O) forms one hydrogen bond with phosphate group. It is
natural that sodium counterion is situated close to PO, , because it has positive charge and
oxygen atoms of PO4 have negative and also sodium repulses positively charged hydrogen
atoms of peroxide or water molecules which form hydrogen bonds with PO, . It should be
noted that in previous work [1] optimal geometries were different, but optimization with
efficient quantum-chemical methods shows that such a geometries are not minima of potential
surface and geometries (Fig. 4) are more energetically convenient. Interaction energies of
complexes Na'-H,0,-POs and Na'-H,O-PO, are shown in Table 5. One can see that both
complexes are bound. Complex with hydrogen peroxide is bound slightly stronger than
complex with water molecule.

Table 5. Energies of complexes Na'-H,0,-PO4~ and Na'-H,0-PO, (energies — kcal/mol)

Na'-H,0,-PO, Na'-H,0-PO,
HF/6-31+G(d,p) -154.0 -151.4
B3LYP/6-31+G(d,p) -154.0 -152.1
MP2/6-31+G(d,p) -148.2 -148.0

These results are qualitatively similar to results from [1], obtained in atom-atom potential
functions method, where energies of complexes Na'-H,0,-PO4 and Na"-H,0-PO, were -
130.3 kcal/mol and -129.2 kcal/mol correspondingly. But there are different geometries of
complexes [1]. The triple complex Na'-H,0,-PO, with geometry similar to [1] is not optimal
and has energy near -147 kcal/mol, whereas its energy in geometry Fig. 4(a) is -154 kcal/mol
for HF/6-31+G(d,p) calculation.

CONCLUSIONS

The main result of the present work is showing that hydrogen peroxide molecule can form
stable complexes with phosphate group of DNA with or without sodium counterion. Energetically
it is similar to water molecule. But since the H,O, molecule has bigger mass it can stay near DNA
backbone for longer time. Thus, there are two possible ways for peroxide to interact with DNA
backbone near phosphate groups — decay via Fenton reaction or direct transcription blocking.

As a future prospect we plan to investigate such complexes with water solution model to
obtain results more close to natural conditions. It is also interesting to analyze the behavior of
hydrogen peroxide molecules near DNA within molecular dynamics calculation.
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