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Forthefirsttime, onthe quantum-mechanical level of theory MP2/6-311++G(2df,pd)//
B3LYP/6-311++G(d,p), a full set of hydrogen (H)-bonded hetero associates m*Ade-m'Ura
in the main tautomeric forms consisting of 18 different structures was obtained. Their
structural and energetical parameters were characterized and basic physical and chemi-
cal characteristics of intermolecular H-bonds that stabilize the investigated complexes
were described. It was shown that global minimum of Gibbs free energy corresponds to
Hoogsteen pair, after it with a small margin follow Watson—Crick pair, inverse Hoogs-
teen pair and inverse Watson—Crick pair. It was found that in stabilization of identified
hetero associates four types of H-bonds — NH...O, NH...N, CH...O and CH...N are in-
volved. In this case non-canonical CH...O and CH...N bonds show a linear dependence
of energy on electron density in the corresponding critical point. Obtained data may be
useful for experimental interpretation of the features of non-canonical base pairs asso-
ciation by common methods of spectroscopy, including NMR and vibrational spectro-
scopy. They are also important for understanding the problem of mutational variability
that is caused by formation of non-complementary pairs of nucleotide bases whose role
is not clear yet.

Keywords: quantum chemistry, hetero associates of nucleotide bases, hydrogen
bonds, adenine, uracil.

INTRODUCTION

Nucleic acids are macromolecular components of cells that play an important role in
the conservation and transmission of genetic information. Four nucleotide bases — the
purine and pyrimidine derivatives are structural units of these biopolymers. In particular,
a unique sequence of nucleic bases determines the DNA functionalities. The presence of
two complementary pairs of nucleotide bases, namely Gua-Cyt and Ade-Thy, provides
a unique ability of genetic material to replicate with high accuracy. At the same time DNA
is able to form functionally important non-canonical conformations that are characterized
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by presence of non-complementary pairs of nucleotide bases. In addition, problem of
non-canonical nucleotide bases pairing is closely related to the emergence of spontane-
ous point mutations. Unfortunately, the experimental data on structural characteristics
of incorrect pairs of nucleotide bases stabilized by the intermolecular H-bonds, remain
rather limited. It inspirates researchers to use calculations, including quantum-chemical
methods, to receive this biologically important information.

MATERIALS AND METHODS

The H-bonded hetero associates of adenine (Ade) and uracil (Ura), methylated on
the 9™ and 1% position of nitrogen atom respectively, which are in the main tautomeric
form were studied. As a subject of study, the geometric and energy characteristics of the
above mentioned complexes m°Ade-m'Ura and basic physicochemical parameters of
H-bonds involved in their stabilization were taken.

Quantum chemical calculations of the geometric and electronic structure of the
objects were carried out on the level of B3LYP/6-311++G(d,p) theory in the vacuum ap-
proximation. All optimized structures were tested for stability in the absence of imagi-
nary frequencies in their vibrational spectra. The study was conducted using a software
package “GAUSSIANO3” [5]. All possible starting structures of complexes were genera-
ted using the algorithm described in [6]. This approach allows to get a full set of com-
plexes because it is based on up-to-date information about H-bonds and it is not limited
by considerations of geometric character.

The distribution of electron density in pairs of bases was investigated by QTAIM
method [1] on the basis of wave functions obtained on the levels of MP2/6-311++G(2df,pd)//
B3LYP/6-311++G(d,p) theory. The identification of intermolecular H-bonds [10] was car-
ried out in the presence of critical point of type (3,-1) between two valence-unbound atoms
and positive values of Laplacian of the electron density Ap at the same point. The electron
density topology was analyzed by the software package AIMAIl (Version 10.05.04) [8]
using standard options. The energy of classic H-bonds was calculated by logansen me-
thod [7] and a non-canonical CH...O/N H-bonds — by Espinosa—Molins—Lecomte me-
thod [4]. In this paper generally accepted numbering of atoms is used [11].

RESULTS AND DISCUSSIONS

For the first time a complete set of H-bonded hetero associates of m®Ade'm'Ura
which includes 18 structures was obtained. The observed complexes lie within a range
of relative Gibbs energy 0—9.27 kcal/mol at normal conditions (Fig. 1, Table 1). It was
found that the global minimum of Gibbs free energy corresponds to flat symmetrical
pair 1 which is in Hoogsteen configuration and stabilized by three intermolecular
H-bonds N6H...04, N3H...N7, C8H...02 (Fig. 1, Table 1). Next in the energy scale with
small energy gap the plane symmetrical pairs 2 (Watson—Crick configuration), 3 (re-
versed Hoogsteen conformation) and 4 (reverse Watson—Crick conformation), each of
which is stabilized by three intermolecular H-bonds (Fig. 1) are located. These data are
consistent with the crystallographic data available in literature [9]. The total population
of 1-4 pairs under normal conditions is 41.7 % (1) + 29.2 % (2) + 24.5 % (3) + 4.4 % (4) =
99.8 %: namely they determine the complexation equilibrium in a free state under nor-
mal conditions.
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Fig. 1. The most stable hetero associ-
ates of m°Ade'm'Ura (see also
Table 1 and Table 2). Intermo-
lecular H-bonds are shown as
dotted lines. Numbering of at-
oms is generally accepted

Puc. 1. HarictabinbHiwi retepoacouia-
™ m °Ade'm'Ura (auB. Takox
Tabn. 1 i Tabn. 2). Mixmoneky-
nspHi - H-38'A3kM  306pakeHo
nyHKTMpom. Hymepauis atomis
3aranbHONpuUHATa

(0.32)

Table 1. Energetic characteristics of all possible H-bonded complexes of m°Ade-m'Ura
in which bases are in main tautomeric form. Calculation was performed on the
level of theory MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) in free state

Tabnuysi 1. EHepreTU4Hi XxapakTepuCcTUKM BCiX MoxnuBux H-3B’i3aHUX KomnnekciB
m°Ade-m'Ura, y IKUX OCHOBM nepebyBaloTb B OCHOBHIil TayTOMepHii hopmi.
Po3paxyHok Ha piBHi Teopii MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p)
y BiflbHOMY CTaHi

Complex AG, kcal/mol u, D Intermolecular H-bonds which stabilize complexes
1 0.00 6.88 N6H...04, N3H...N7, C8H...02
2 0.21 2.07 N6H...04, N3H...N3, C2H...02
3 0.32 5.15 N6H...02, N3H...N7, C8H...04
4 1.33 2.83 N6H...02, N3H...N1, C2H...04
5 4.73 3.81 C9H...04, N3H...N3, C2H...02
6 4.98 5.17 C9H...02, N3H...N3, C2H...04
7 6.30 4.06 N6H...04, C5H...N1
8 6.40 7.46 N6H...04, C5H...N7
9 6.92 4.79 N6H...02, C1H...N1
10 713 2.46 C9H...04, C5H...N3
11 7.59 6.30 N6H...02, C1H...N7
12 7.72 3.95 C8H...04, C5H...N7
13 8.12 3.63 C9H...02, C1H...N3
14 8.36 4.03 C8H...02, C1H...N7
15 8.78 5,55 C1H...N1, C2H...02
16 8.85 4.96 C5H...N1, C2H...04
17 9.16 7.10 C1H...N3, C2H...02
18 9.27 7.07 C5H...N3, C2H...04

Comments: AG — relative Gibbs energy under standard conditions, p — dipole moment
Mpumitkn: AG — BigHocHa eHepris [66ca 3a HopManbHUX YMOB, [ — AUNONbHUA MOMEHT

All fixed hetero associates of m*Ade-m'Ura are polar complexes, whose dipole mo-
ment is within a range from 2.07 to 7.46 D. Among them, seven structures — flat sym-
metrical, another 11 pairs have a non planar structure.
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Also, the basic physical and chemical characteristics of intermolecular H-bonds
that stabilize hetero associates (Table 2) were studied in detail. The total number of
studied intermolecular H-bonds is 42, namely: 8 — NH...O, 6 — NH...N, 16 —= CH...O T1a
12 — CH...N contacts. Thus, their energy is within the range from 1.40 (CH...N) to 7.84
(NH...N) kcal/mol. Three intermolecular H-bonds for 6 from studied pairs of nucleotide
bases and two for the remaining 12 pairs are observed.

The strongest H-bond of NH...N type (hetero associate 2) has energy equal
7.84 kcal/mol and the following geometric parameters: d,, = 2.883 A, d,, = 1.838 A,
ZAHB = 178.4°. The weakest H-bond of the same type has energy 6.31 kcal/mol (com-
plex 6) and the following geometric characteristics: d,, = 2.996 A, d,, = 1.970 A,
ZAHB =170.8°.

In its turn, the H-bond NH...O with energy of 3.96 kcal/mol in complex 2 is the stron-
gest and it has the following geometric parameters: d,, = 2.939 A, d,, = 1.923 A,
ZAHB = 173.5°. The weakest H-bond of the same type in pair 11 has energy E,; equal
1.07 kcal/mol and the following geometric characteristics: d,, = 2.980 A, d,, = 1.997 A,
ZAHB =162.9°.

The strongest H-bond of CH...N type is the bond with the energy of 1.94 kcal/mol
observed in hetero associate 7 and characterized by geometric parameters: d,, = 3.446 A,
d,; = 2.393 A, ZAHB = 163.5°. The weakest H-bond of the same type has energy
1.40 kcal/mol and the following geometric characteristics: d,, = 3.586 A, d,,; = 2.536 A,
ZAHB = 161.2° (complex 14).

The strongest H-bond of type CH...O in a complex 5 has energy 2.68 kcal/mol and
is characterized by geometric parameters: d,,=3.288 A, d,,=2.239 A, ZAHB = 160.9°.
The weakest H-bond of the same type has energy 0.77 kcal/mol and the following geo-
metric characteristics: d,, = 3.688 A, d,, = 2.868 A, ZAHB = 132.3° (complex 2).

The dependence of the energy of non-canonical H-bonds CH...N and CH...O on the
electron density in the corresponding critical point shows a linear dependence (Fig. 2):
E., o=187.4pand E., , =135.1-p. On the one hand, it means that the parameter p
is a convenient descriptor of non-canonical H-binding [2, 3]. On the other hand, these
dependencies allow to assess the values of electron density which correspond to
H-bonds with the lowest possible energy ~ 0.2 kcal/mol [10]: pgy o = 0.0011 a.u.,
Pcu n = 0.0015 a.u.

3.0+
Ech..0=187.4p
Ech.n=135.1p 8
2.5 g~
RMSDc...0 = 0.073 kcal/mol e
-
= 20 RMSDgy. n = 0.046 kcal/mol o’
S 2.0 .
1= » O ]
= . 0
S yeg
£ 15 9.
= '
s | CH.O - A
5 v .o CH..N
Ll(j) 1.0 R4
g8
Fig. 2. Dependence of the energy of 05
hydrogen bonds CH...O/N on :
electron density in critical point p 1
Puc. 2. 3anexHicTb eHeprii BoAHEBUX 0.0 — T T T T T T
ag'aakiz CH...O/N Bial eNeKTpoH- 0.000 0.002 0004 0.06 0.008 0010 0.012 0.014

HOT T'YCTUHW Y KPUTWYHI TouLi p p, a.u.
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Table 2.

Tabnuys 2.

Hetero
associate

1

10
1
12
13
14
15
16
17

18

Comments:

Mpumitkn:

Electron-topological, geometrical and energetic characteristics of intermolecu-
lar hydrogen bonds in all possible hetero associates of m°Ade-m'Ura. Calcula-
tion on the level of theory DFT B3LYP/6-31++G(d,p) in free state
EneKkTpoHHO-TONOSOriYHi, FeOMETPUYHI Ta eHepreTU4Hi XapakTepUCcTUKU MixkMo-
reKynApHUX BOAHEBUX 3B’A3KIB y BCIX MOXNMBUX retepoacouiatax m’Ade-m'Ura.
Po3paxyHok Ha piBHi Teopii DFT B3LYP/6-31++G(d,p) y BinbHOMYy cTaHi

N pau apau dig A dyo A ZA';'e"gB’ Adyy A Eyp, kealimol
N6H..O4 0024 0089 2958 1949  170.9  0.0120 3.27
N3H..N7 0041 0099 2853 1810 1768 00313 7.66
C8H..02 0004 0016 3535 2852 1212  0.0001 0.81
N6H..O4 0026 0093 2939 1923 1735 00142 3.96
N3H..N3 0040 0093 2883 1838 1784  0.0329 7.84
C2H..02 0004 0014 3688 2868 1323  0.0002 0.77
N6H..02 0021 0081 3001 1993 1712  0.0101 2,62
N3H. N7 0042 0099 2847 1805 1762 00311 7.65
C8H..O4 0005 0017 3496 2797 1223  0.0003 0.91
N6H..02 0024 008 2975 1962 1728 00119 3.31
N3H..N1 0040 0093 2883 1838 1788  0.0324 7.78
C2H..O4 0005 0015 3658 2828 1332  0.0002 0.84
COH..O4 0014 0048 3288 2239 1609  -0.0016 2.68
N3H..N3 0028 0080 2997 1969 1713  0.0226 6.32
C2H..02 0010 0031 3366 2452 1410  -0.0006 179
COH..02 0013 0045 3318 2273 1602  -0.0015 247
N3H..N3 0028 0080 2996 1970 1708  0.0224 6.31
C2H..O4 0011 0033 3346 2421 1422  -0.0004 191
N6H..O4 0024 0089 2963 1948 1747  0.0120 3.36
C5H..N1 0013 0037 3446 2393 1635  0.0048 1.04
N6H..O4 0023 0086 2944 1972 1594 0.0095 2.39
C5H..N7 0013 0038 3447 2378 1685 00044 192
N6H..02 0021 0085 2986 1976 1736  0.0082 184
C1H..N1 0012 0035 3503 2420 1713 00013 1.89
COH..O4 0012 0038 3390 2339 1613  -0.0001 2.14
C5H..N3 0011 0031 3534 2457 1730  0.0038 160
N6H..02 0020 0082 2980 1997 1629  0.0075 107
CIH..N7 0012 0034 3509 2426 1710  0.0011 1.80
C8H..04 0014 0047 3270 2242 1576 00026 2.64
C5H..N7 0009 0028 3532 2499 1593 0.0031 144
COH..02 0011 0038 3412 2322 1794  -0.0015 2.05
CIH.N3 0011 0030 3550 2486  167.1 0.0015 161
C8H..02 0013 0046 3277 2250  157.8  0.0013 2.42
CIH..N7 0009 0026 358 253 1612 00011 140
C1H..N1 0010 0028 3586 2507 1692  0.0016 153
C2H..02 0009 0028 3486 2460  157.0  -0.0002 156
C5H..N1 0011 0031 3509 2460 1628  0.0035 161
C2H..O4 0009 0027 3519 2488 1582  0.0003 156
C1H..N3 0010 0028 3586 2504 1706 00017 151
C2H..02 0008 0027 3493 2471 1563  -0.0001 153
C5H..N3 0010 0029 3529 2482 1625  0.0035 151
C2H..O4 0009 0028 3496 2462 1588  0.0003 165

p and Ap — value of the electron density and Laplacian of the electron density at the critical point,
respectively; d, 5, d,, 5 — distance between atoms A and B and H and B respectively, that par-
ticipating in H-bond AH...B; ZAH...B — angle of H-binding; Ad,, — extension of AH bond in the
formation of AH...B H-bond; E,; — energy of H-bond

p [ Ap — 3HAYEHHS eNeKTPOHHOI NYCTUHM | nannaciaHy eneKTPOHHOI NYCTUHW Yy KPUTUYHIW TouL
BigNoBigHo; d, g, d,, 5 — BiAcTaHb Mix atomammn A i B Ta H i B BignosigHo, ski 6epyTb y4acTb
y H-38’a3ky AH...B; ZAH...B — kyT H-3B’a3yBaHHs; Ad,, — NOAOBXEHHS 3B’A3Ky AH y pasi yTBO-
peHHi H-3B’a3ky AH...B; E,; — eHepria H-38’a3ky
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CONCLUSIONS
Forthefirsttime, on the quantum-mechanical level of theory MP2/6-311++G(2df,pd)//

B3LYP/6-311++G(d,p) a full set of hydrogen (H)-bonded hetero associates m°Ade-m'Ura
in the main tautomeric forms consisting of 18 different structures, was obtained. The
basic physical and energy characteristics of intermolecular H-bonds that stabilize them
were also analyzed. These data may be useful for experimental study of features of
hetero association of nucleotide bases by spectroscopy techniques, including vibra-
tional and NMR.
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KBAHTOBO-XIMIYHUA AHANI3 TEEOMETPUYHUX TA EHEPTETUYHUX
XAPAKTEPUCTUK TETEPOACOLIATIB m°Ade-m'Ura
Y OCHOBHIVA TAYTOMEPHIA ®OPMI
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YnepLue Ha KBaHTOBO-MexaHiuHOMY piBHi Teopii MP2/6-311++G(2df,pd)//B3LYP/6-
311++G(d,p) oTpMmaHO MOBHY MHOXWHY BogHeBO (H)-3B'i3aHMX retepoacouiaTiB
m°Ade-m'Ura y OCHOBHIn TayToMepHiln bopmi, sika cknagaeTbes i3 18 pisHUX CTpyk-
Typ. OxapakTepn3oBaHoO iXHi CTPYKTYPHO-EHEPreTUYHI NapameTpu i ONMMCaHO OCHO-
BHi (Di3NKO-XiMiYHI XapakTepPUCTUKM MiXKMONEKynspHux H-3B’s3kiB, O cTabini3ytoTb
OOCNiQXeHi KOMMMeKcu. Yneplue BCTAHOBIIEHO, WO rnobanbHOMY MiHIMYMY BiNlbHOT
eHeprii 606ca BignoBigae XyrcTuHiBCbka napa, 3a Hek 3 HEBEJTMKMM BiAPUBOM pPO3-
TawoBytoTbca BoTcoH-KpukiBcbka, obepHeHa XyrcTuHiBCcbka N obepHeHa BoTCoH-
KpukiBcbka napa. BctaHoBReHO, Wo y cTabinisauii BUsiBNeHnx retepoacouiatie 6e-
pyTb yyacTb YoTmpu Tunun H-3e’s3kie — NH...O, NH...N, CH...O ta CH...N. Y ybomy pasi
HekaHoOHiYHi CH...O Ta CH...N 3B’A3K1 AEMOHCTPYHTb MiHiHY 3aneXHiCTb eHeprii Big
€NeKTPOHHOI F'YCTUHM Y BigNOBIOHIA KPUTKYHIN Touui. OTprMaHi pesynbratn MOXYTb
OyTW KOPUCHUMM AONsl eKCnepuMeHTarbHOI iHTepnpeTauii ocobnuMBocTen acouiadii
HEKaHOHIYHMX Map OCHOB MOLUMPEHUMMM MeTodamun CMeKTPOCKOMii, 30Kpema Konu-
BanbHOi Ta AMP. Takox BOHU € BaXNMMBMMW ANS PO3YyMiHHA NpobriemMmn MyTauilnHoi
MiHMMBOCTI, WO 3yMOBMNEHA YTBOPEHHSIM HEKOMMIIEMEHTAPHUX Nap HyKNeOoTUAHMWX
OCHOB, pOJib AKUX [0 KiHLA He 3po3yMmina.

Knroyoei cnoea: KBaHTOBa XiMisl, reTepoacouiatv HyKNeoTngHMX OCHOB, BOAHE-
BUIA 3B’SI30K, afleHiH, ypauun.

KBAHTOBO-XUMUYECKUA AHANNU3 FTEOMETPUYECKUX N QHEPITETUYECKUX
XAPAKTEPUCTUK FETEPOACCOLIMATOB m°Ade-m'Ura
B OCHOBHOW TAYTOMEPHOW ®OPME
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2iHcmumym monekynsipHol 6uonoeuu u eeHemuku HAH YkpauHbi
yn. Akademuka 3abornomHozo, 150, Kuee 03680, YkpauHa

e-mail: dp.plodnik@gmail.com

Bnepsble Ha KBaHTOBO-MexaHU4YeckoM ypoBHe Teopun MP2/6-311++G(2df,pd)//
B3LYP/6-311++G(d,p) nonyyeHO MNONHOE MHOXECTBO BOAOPOAHO (H)-cBA3aHHbIX
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retepoaccounatoB m°Ade-m'Ura B OCHOBHOW TayTOMEpHON hopme, COCTosLEeN n3
18 pas3nuyHbix cTpyKTYyp. OXxapakTepu3oBaHbl UX CTPYKTYPHO-3HEpPreTMyeckme napa-
METPbl U OCHOBHblE (PU3NKO-XMMUYECKNE XapaKTEPUCTUKN MEXMONEKYNAPHbIX H-
cBsA3en, cTabunmsnpyrowme nccnegoBaHHble KOMMMeKebl. BnepBbie nokasaHo, 4To
rno6anbHOMY MUHUMYMY CBOGOAHOM 3Heprum MMb6ca cooTBeTCTBYET XYrCTUHOBCKAS
napa, 3a Hei ¢ HebonbLIMM OTPbIBOM pacnonaratotcsa BotcoH-KpukoBckas, obpaTHas
XyrctuHoBckas n obpaTHas BoTcoH-KpurkoBckas napbl. YCTaHOBIEHO, YTO B CTabunu-
3aLuMm BbISIBIIEHHbIX reTepoaccoumaToB y4acTByoT YyeTbipe Tuna H-cessen — NH...O,
NH...N, CH...O n CH...N. Npwn 3ToM HekaHoHn4Yeckne CH...O n CH...N cBs131 OeMOH-
CTPUPYIOT JIMHENHYO 3aBUCUMOCTb 3HEPTUN OT 3NIEKTPOHHOW NIIOTHOCTU B COOTBET-
CTBYHOLLEN KpUTU4eckomn Touke. MNMonyyeHHble pe3ynbratel MOryT ObiTb MONE3HbIMU
O5s1 9KCNepuMEeHTanbHOM nHTepnpeTaumm ocobeHHoCTeN accounalmm HeKaHOHNYe-
CKUX Nap OCHOBaHWUI pacrnpoCTpaHEHHbIMU METO4AMN CNEKTPOCKOMUN, B YACTHOCTU
konebatensHon n AMP. TakXe OHU BaXXHbI 41151 NTOHMMaHWsi Npobnembl My TaLMOHHON
N3MEHYMBOCTUN, OOYCroBNeHHon obpa3oBaHNeEM HEKOMMNEMEHTAPHbIX Nap HyKneo-
TUAHbIX OCHOBAHWUIN, POSb KOTOPbIX A0 KOHLIA He siICHa.

Knroveenle crioea: KBaHTOBasi XMMUS, reTepoaccoLUmaThbl HyKNeoTUaHbIX OCHOBa-
HWI, BOOOpOOHAas CBA3b, afleHVH, ypaLun.
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