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Abstract In this study, the interactions between oxidative
2'-deoxyadenosine nucleotides (20HA, 8OHA, 80XOA,
fapyA) and canonical ribonucleotides (A, C, G, U) were
investigated at B3LYP level with 6-31G(d) basis set. The
binding energies calculated were corrected for the basis set
superposition error at the same level. The result shows that
syn 80XOA:G complex is the most stable among all the
complexes. According to energetic analysis, the species
and position of substitution of 2’-deoxyadenosine nucleo-
tide significantly influence the stability of conformers. The
intermolecular and intramolecular hydrogen bonds (HBs)
were characterized based on atoms in molecules theory
(AIM) and natural bond orbital (NBO) analysis, indicating
that the type and geometry of HB significantly influence
the stability of monomer and complex. Furthermore, in
most cases, the intramolecular HBs in monomer and
complex exhibit similar properties because they own nearly
the same geometry and parameters obtained from AIM and
NBO analysis.
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Introduction

There are enormous researches on the intermolecular or
intramolecular hydrogen bond (HB) interactions of nucleo-
sides [1-6] and nucleotides [7, 8]. Shishkin et al. [9]
investigated the structure and relative stability of 2'-de-
oxyribonucleotides at B3LYP/6-31G(d,p). Non-Watson—
Crick base pair resulted from noncanonical nucleobases has
gained great interest because of the CH---O/N interaction
[10-13] and their biological function [14, 15]. Qiu et al. [16]
reported that the oxidative guanine can form more stable
complex with cytosine. Popelier and Xue et al. [17] inves-
tigated the interactions of 37 base pairs between 8-position-
substituted G and unmodified C, it is observed that the
presence of an electron-withdrawing group on the 8-position
of G forms a more stable base pair with C. This conclusion is
in good agreement with the study [18] that 8-CH30-G:C has
the greater energy than 8-NO,—G:C. In the case of CH---O in
non-Watson—Crick base pair, Guerra et al. [19] argued that
the distance between the C—H and O is too far to be con-
sidered as a hydrogen-bonding interaction. Maybe the
present method and criterion adapt to conventional HB are
improper to C-H---O. This supplies an opportunity for
theoretical methods to obtain reliable information and
characterize intramolecular C—H---O bonds.

Besides intermolecular HB, intramolecular HB is also
responsible for stability and function of nucleotides. A
research of molecular structure of canonical 2'-deoxyribonu-
cleotides [20] demonstrated that the intramolecular OH---O
and CH- - -O bonds may significantly influence the equilibrium
conformation and relative stability of conformers. Another
investigation [3, 21] showed that intramolecular NH---O and
CH---O bonds between base and phosphate group are
responsible for stabilization of conformation with respect to
ribose, rotation around glycosidic bond. It should be noted that
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although CH---O is common in isolated nucleobase, it still
ambiguous to define this kind of interaction as no comparison
with model compounds was provided.

To the date, study on the intermolecular HB interaction
has been focused on DNA nucleobases. Moreover the
investigations of intramolecular HB interaction merely
focus on mononucleotides or mononucleosides. To further
understand the overall interaction of nucleotides there is a
need to study the complete nucleotide consisting of sugar—
phosphate-base including RNA. In this article, we inves-
tigate the interaction of anti/syn conformers [22, 23] of
four oxidative 2’-deoxyadenosine nucleotides (20HA,
8OHA, 80XOA, fapyA) [24-27] caused by UV light,
ionizing radiation and other chemical mutagen [28] and
RNA nucleotides (A, C, G, U). Furthermore, the intramo-
lecular HB interaction in monomers and complexes are
also taken into account. This study will provide a predic-
tion of interaction between oxidative nucleotides of DNA
and RNA nucleotides.

Computational details

Geometry optimizations were performed in the gas phase
using B3LYP, which is the density functional theory
with the Becke’s three-parameter exchange functional
and the gradient-corrected functional of Lee et al. [29-31]
to accurately describe the conformers the standard
6-31G(d) basis set was employed in conjunction with the
B3LYP method. This function with basis set was applied
not only in nucleobases but also in nucleosides and
nucleotides [32-34]. It has been proven that this level of
theory provides accurate geometries for hydrogen-bonded
complexes involving the natural nucleobase [35]. Calcu-
lations of vibrational frequencies were also carried out to
confirm the optimized structures are in their minima. The
binding energy was evaluated as the difference between the
total energy of a complex and the energies of its’ mono-
mers [36]. In this article, the binding energy including
zero-point vibrational energy (ZPVE) correction of every
complex was obtained at B3LYP/6-31G(d). And this
binding energy (AE“*VF) of the complex was corrected for
the basis set superposition error (BSSE) [37] by the Boys-
Bernardi counterpoise method [38]. In addition, the bind-
ing energy of the complex was also calculated using
B3LYP method with aug-cc-pVDZ, 6-311+4+G(d,p),
6-3114++G(d), 6-31G(d), respectively. And these binding
energies (AE) which were obtained by single point calcu-
lations of complex and monomers contained counterpoise
correction to account for the BSSE. All the calculations
were carried out with GAUSSIAN 03 program [39].

In this study, the atoms in molecules (AIM) analysis
[40] was employed as one of the most powerful approaches
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to characterize the HBs both in complexes and monomers.
The “AIM” theory successfully demonstrates chemical
bonds based on the topological properties of the electronic
charge density. According to this theory, the existence of
HB is established based on the presence of a bond critical
point (BCP) and a bond path between hydrogen donor and
acceptor. To identify the HB, we employed the criteria
proposed by Popelier [41-43] that the value of electron
density (p.) at the BCP was set at 0.002-0.040 a.u. and the
value of Laplacian (/°p.) was set at 0.02-0.15 a.u. In
order to obtain the valuable information about the influence
of HB interaction on electrons around the critical point, the
local kinetic energy density, G(r) and the local electron
potential energy density, V(r) were taken into account [44].
The evaluation of G(r) was proposed by Abramov [45]
according to the following equation:

G(r) = (130> (3r2)*7 35 + (é) v2p, (1)

Furthermore, G(r) is related to V(r) through the local
statement of the virial theorem [40, 46]:

V(r) = (b*/4m)v?p, — 2G(r) ()

The HB energy (Eyg) suggested by Espinosa et al. [44,
1998] is estimated in terms of V(r):

This relationship named as EML equation describes a
proportionality between HB energy and local electron
potential energy density, offering the possibility to directly
calculate the HB energy based on Bader’s theory. The AIM
analysis was performed using AIM2000 program.

Natural bond orbital (NBO) analysis [47-49] was car-
ried out at B3LYP/6-31G(d) level. This analysis provides
the information including charge transfer process and hy-
perconjugative interaction. The estimation of hyperconju-
gative interaction from the second order perturbation
energy can be expressed as

EQ — AE,'j =qi [F%Lj)/(Ei - EJ)} @

where ¢gi denotes the donor orbital occupancy, F(j is the
off-diagonal NBO Fock matrix element, and E;, Ej are the
diagonal element.

Result and discussion
Binding energy analysis
The values of AE“PVE calculated at B3LYP/6-31G(d) level are

summarized in Table 1. The values of AE evaluated at B3LYP
method, respectively in combination with aug-cc-pVDZ,
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6-3114++G(d,p), 6-311++G(d), 6-31G(d) are shown in
Tables 2, 3, 4, and 5. It is obvious that for every oxidative
2'-deoxyadenosine nucleotide, the orders of binding ener-
gies of it and the four RNA nucleotides from the strongest to
the weakest are the same at all the applied computational
levels. Furthermore, the values of AE calculated at different
basis set are similar. It is worth noting that combined with
B3LYP method, the above basis sets no matter the larger or
smaller ones are in good agreement to calculate such neutral
complex of nucleotides. Thus, the complexes in this study
are proper to be evaluated employing those basis sets. It is
revealed that the values of AE of sS§OHA:A and s8OHA:C
complexes are much larger than other complexes. This
phenomenon is due to hydrogen migration which will be
discussed subsequently. Moreover, the values of
AE obtained from 6-31G(d) basis set are the most negative
while the ones attained from aug-cc-pVDZ basis set are the
least negative. This is similar to the study that
6-311++G(d,p) leads to lower calculated energies than
aug-cc-pVDZ [50]. The AE“PVE and AE obtained from
B3LYP/6-31G(d) level were compared. In most cases, the
ZPVE corrections range between 1 and 3 kcal/mol indi-
cating that ZPVE correction has effect on the binding
energy. However, it has no influence on the orders of
binding energies of the complexes at all.

It is known that natural nucleotides exist in the form of
anti conformation. Meanwhile, it is suggested that there
occurs the syn conformer of modified nucleotide [23, 51].
As it can be seen in Table 1, it is obvious that the RNA
nucleotides are more preferable to pair to syn 8OXOA
(s80XO0A) than anti 8OXOA (80XO0OA) as far as the values
of binding energies are concerned. This result is consistent
with the investigation [52] that 8-oxopurines including
8-oxo-adenine can cause a flip in nucleoside conformation
from anti to syn, leading to mispairing and mutagenesis
[53]. Furthermore, Taniguchi and Kool [54] found that
natural oxopurines adopt the syn orientation and change
pairing preferences because of their altered shapes. Here,
the binding energies may shed light on the syn preference
of s80XOA and 8-oxopurines. In addition, as well as
80XOA, 80HA is in favor of syn conformation to combine
with RNA nucleotides. However, as for 20HA and fapyA,
there is no explicit conclusion on which orientation sig-
nificantly influences the pairing according to energetic
analysis. On the other hand, the anti and syn orientation of
every oxidative 2’-deoxyadenosine nucleotide form the
most stable complexes with different RNA nucleotides.
This is similar to the study of 8-OXO-2'-deoxyguanosine
[55, 56] showing that it is, respectively in anti and
syn conformation to pair to dC and dA. Hamm et al.
[57] argued that the glycosidic bond conformation of
8-0X0-2'-deoxyguanosine depends on the opposite base.
Moreover, there has been a discussion [58—-60] on whether
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;fl?:?l:fli:l glgzlggflggﬁgggikcal/ Pair A
mol) of complexes calculated at SOXOA:A ~3.96
B3LYP/6-31G(d) level
80XOA:C —4.28
80XOA:G —12.86
80XO0OA:U —11.56
s§OXOA:A —8.95
s8OXOA:C —13.80
s8OXO0A:G —20.24
s80OXO0OA:U —14.29
8OHA:A —4.48
8OHA:C —5.05
8OHA:G —12.98
8OHA:U —11.67
sSOHA:A —14.45
s8OHA:C —20.19
s8OHA:G —14.07
s8OHA:U —17.24
20HA:A —10.00
20HA:C —10.20
20HA:G —12.01
20HA:U —13.97
s20HA:A —5.20
s20HA:C —6.59
s20HA:G —12.25
s20HA:U —12.01
fapyA:A —4.52
fapyA:C —5.24
fapyA:G —10.88
fapyA:U —9.83
sfapyA:A —-5.90
sfapyA:C —8.29
sfapyA:G —-5.27
sfapyA:U —6.15

Table 2 Binding energies AE (kcal/mol) of complexes including
80OXOA calculated at B3LYP with various basis sets

Pair AE (kcal/mol)

aug-cc-pvdz  6-311++G**  6-3114+4+G* 6-31G*
80XO0A:A —4.56 —4.72 —4.57 —4.95
80XO0A:C —4.87 —5.18 —5.01 —5.40
80XOA:G  —15.29 —15.33 —15.12 —15.73
80X0OA:U —13.81 —13.81 —13.54 —13.99
s8OXOA:A —10.97 —11.44 —11.41 —12.19
s8OXOA:C —23.82 —24.25 —24.27 —-25.13
s80X0OA:G —25.27 —25.18 —25.05 —25.55
s80XO0A:U —17.22 —-17.22 —17.06 —17.60

syn-anti conformer significantly influences DNA replica-
tion selectivity. In addition, this selectivity in the absence
of enzymes relies on complementary HB and pair geometry
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Table 3 Binding energies AE (kcal/mol) of complexes including
80OHA calculated at B3BLYP with various basis sets

Pair AE (kcal/mol)
aug-cc-pvdz  6-3114++G**  6-3114+4+G* 6-31G*

8OHA:A —5.38 —5.49 —5.36 —5.75
80OHA:C —6.02 —6.30 —6.14 —6.52
80HA:G —15.32 —15.36 —15.18 —15.89
8OHA:U —13.60 —13.87 —13.65 —14.06
s8OHA:A  —78.93 —79.11 —77.24 —77.58
s8OHA:C  —230.71 —241.44 —228.25 —229.75
s8OHA:G  —17.36 —17.85 —17.86 —19.20
s8OHA:U  —20.20 —20.58 —20.14 —20.88

Table 4 Binding energies AE (kcal/mol) of complexes including
20HA calculated at B3LYP with various basis sets

Pair AE (kcal/mol)

aug-cc-pvdz  6-3114+4+G**  6-3114++G* 6-31G*
20HA:A  —12.82 —13.06 —12.69 —13.44
20HA:C —12.91 —13.18 —12.89 —14.07
20HA:G  —14.91 —15.33 —15.28 —16.44
20HA:U —16.83 —17.13 —16.69 —17.71
s20HA:A —6.19 —6.37 —6.25 —6.77
s20HA:C -9.29 -9.83 -9.70 —-9.94
s20HA:G —15.30 —15.53 —15.32 —15.95
s20HA:U —14.52 —14.80 —14.55 —14.92

Table 5 Binding energies AE (kcal/mol) of complexes including
fapyA calculated at BALYP with various basis sets

Pair AE (kcal/mol)

aug-cc-pvdz  6-3114+4+G**  6-311+4+G*  6-31G*
fapyA:A —5.24 —5.49 —5.35 —5.74
fapyA:C —6.81 —6.45 —6.29 —6.63
fapyA:G  —13.11 —13.38 —13.20 —13.82
fapyA:U  —11.88 —12.17 —11.90 —12.27
sfapyA:A —7.39 —7.25 -7.17 —7.53
sfapyA:C  —10.23 —10.29 —10.21 —10.28
sfapyA:G ~ —10.93 —11.01 —11.00 —11.13
sfapyA:U —9.15 —8.93 —8.88 —8.89

[54] which can be considered as the important factors to
determine translation from oxidative DNA to RNA.

It is revealed that the binding energies of complexes
including anti 80OHA are smaller than that of complexes
containing anti 8OXOA. In most cases syn 8OHA has
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stronger binding ability than syn 8OXOA. In brief, it can
be shown that A with hydroxyl substituted at 8-position is
more favorable to combine with nucleotides than that with
carbonyl substituted at the same position both in anti and
syn forms. In addition, the complexes with anti/syn
8OXOA are more stable than that with anti/syn fapyA. In
the case of OH, respectively substituted at 2 and 8 position
of A, they have different binding ability with RNA
nucleotides. To sum up, it is obvious that the species and
position of substitution of A have a significant effect on the
stability of complex. It was proposed that the substituent
effects on noncovalent interactions result from alterations
of the intermolecular HB distances and the binding energy
of the pair [61, 62] and it should be underlined that the
binding interaction of complexes is determined by inter-
molecular HB to a great extent which will be explained
subsequently.

Geometry and property of intermolecular HB

Tables 6, 7, 8, and 9 show the intermolecular HBs between
oxidative 2'-deoxyadenosine and RNA nucleotides. In most
situation, the electron density (p.) and Laplacian of electron
density (57°pc) of NH---N/O and OH---O/N are, respectively
within 0.03-0.04 and 0.07-0.12 a.u., showing that these
HBs belong to strong ones and result in significant stabil-
ization of complexes. This agrees well with a previous study
[10] revealing that these HBs play a dominate role in the
base pair stability. The p. ands/’p. value of CH.--N are
about 0.01 and 0.03 a.u., leading to a weaker interaction.
These results above are in good agreement with NBO
analysis that the values of E® of NH---N/O and OH---O/N
are much higher than those of CH---N. The CH---Os have p.
of 0.004 a.u. and /°p. of 0.018 a.u., indicating that these
parameters approach the lower limit of criteria of HB.
Therefore, the definition of CH---O always exists contro-
versial. Some studies [10, 63] considered the formation of
CH---O as a weak H-bond, while others [11, 64] view this
formation as electronic interaction rather than H-bonding
interaction. One of the reasons in favor of the latter is that the
donor—acceptor orbital interaction corresponding with this
HB cannot be found [19]. However, for the intermolecular
CH---O investigated here, the values of E® which are
smaller than 0.6 kcal/mol provide the information consid-
ered as a useful method for charactering HB that there occurs
a very weak donor—accepter orbital interaction between O
lone pair orbital and C—H ¢* antibonding orbital. Thus, the
intermolecular CH---O in the complexes above should be
classified as real but rather weak HB.

Since theoretical studies are able to obtain a complete
description of both topological and energetic properties at
critical points, many researches focus on the correlations
between parameters such as G(r) and HB distance [44, 65],
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Table 6 Bond length (d), angle (6), density (p.), Laplacian of
electron density (Vzpc% the local kinetic energy density (G(r)), local
electron potential energy density (V(r)), HB energy (Eyg), and second

order perturbation energy (E@)for complexes including SOHA
Calculated at B3LYP/6-31G(d) level

Pair H-bond dA) 00  p.@u) V. @u) G (aw) V() (aw)  Eyg (kcal/mol)  E® (kcal/mol)
Anti
8OHA:A  NI10-H---N1 2035 1753 0.026 0.070 0.018 —0.019 —5.98 22.15
C2-H.--N1 2514 1471 0.011 0.031 0.007 —0.006 —1.83 5.17
8OHA:C  N8-H---NI 2009 1752  0.028 0.073 0.020 —0.021 —6.49 15.53
C2-H---N3 2471 1439  0.012 0.035 0.008 —0.006 —2.01 2.89
8OHA:G  NIO-H---O11 1871 1775  0.032 0.096 0.025 —0.026 —825 30.53
NI-H.--Nl 1909 1779  0.035 0.090 0.026 —0.029 —9.12 36.06
8OHA:U  NI10-H.--O8 1924 173.8  0.028 0.085 0.022 —0.022 —6.87 15.37
N3-H---N1 1.855 1780  0.039 0.099 0.029 —0.034 —10.62 29.48
C2-H.--07 2890 1314  0.004 0.016 0.003 —0.002 —0.60 0.52
Syn
s8OHA:A  N10-H.--N7 1725 1703  0.051 0.124 0.041 —0.051 —15.91 78.31
08-H---Nl1 1461 1739  0.085 0.189 0.078 —0.109 —34.29 87.02
s8OHA:C  N7-H---N8 1.823  169.5  0.041 0.107 0.032 —0.037 —11.61 50.94
N3-H.---08 1.853 1775  0.033 0.099 0.026 —0.027 —8.63 34.72
s8OHA:G  NI10-H---O11 1970 169.7  0.025 0.077 0.019 —0.019 —5.93 13.14
N1-H---N7 1.842 1664  0.039 0.105 0.031 —0.035 —10.98 27.33
08-H---N10 1.865 1637  0.038 0.095 0.028 —0.033 —10.30 23.28
s8OHA:U  NI0-H---O8 1.989 1697  0.024 0.074 0.018 —0.018 —5.50 19.24
N3-H---N7 1.794 1733 0.043 0.113 0.034 —0.040 —12.62 68.63
08-H.--07 1736 1759  0.041 0.129 0.036 —0.039 —12.16 56.35

V(r) and G(r) [66], p. and G(r) [67]. Wojtulewski and
Grabowski [68] demonstrated the linear correlation between
G(r) and Eyg at the critical point of H---O bond. The similar
result concerning the relationship between G(7) and Eyg was
also observed in this study that there exist the excellent
linear correlations between G(r) and Eyg for the intermo-
lecular NH---N/O and OH---N with the correlation coeffi-
cient amounting to 0.996 and 0.999, respectively (Figs. 1,
2). Thus, it provides the approach to obtain the accessible
V(r) or Eyg directly from Abramov relation which may be
successfully used for HBs. In addition, it is indicated that the
theoretical electron density may be useful to check
the Abramov approach [68]. Furthermore, as in Fig. 3, the
decreased G(r) of every intermolecular HB mentioned
above is related exponentially with the increased corre-
sponding HB distance. According to the exponential fittings
of G(r) versus HB distance of NH---N/O and OH---N, the
correlation coefficients are, respectively 0.994, 0.992, and
0.999, indicating the good negative correlation between the
local kinetic energy density and HB geometry. It can be
explained that a lower accumulation of electrons implies less
repulsion at critical point [44].

As it can be seen in Tables 6, 7, 8, and 9, two energetic
parameters, Eys and E® representing different physical
meaning were employed to estimate the strength of HB.
For Eyg, it denotes the binding energy of HB based AIM

analysis implying that the more negative Eyp is corre-
sponding to the stronger HB interaction. On the other hand,
E® generated by NBO analysis is applied to evaluate the
charge transfer from proton acceptor to ¢* antibonding
orbital of proton donor. Thus, the increasing E® reflects
the strengthing HB. In this study, it was found that the
values of Eyg and E® of intermolecular NH---N from the
strongest to the weakest were —5.98, 22.15, and —3.73,
11.11 kcal/mol. In the case of NH---O, the maximum
value of E® is 51.02 kcal/mol with the corresponding Eyp
of —14.41 kcal/mol, at the same time, the minimum value
of E® of 0.86 kcal/mol is associated with the value of
Eyg of —0.53 kcal/mol. Meanwhile, the values of Eyp of
intermolecular OH---N are within the range —34.29-
—5.95 kcal/mol, the corresponding values of E® are from
87.02 to 0.11 kcal/mol. In a word, all the results above
show that Eyp is in good agreement with E® in evaluating
the strength of intermolecular HB of nucleotides.

In addition, the geometry of the complexes, especially the
H-bond distance and angle, also supply another indication of
the interaction [69]. It is found that the distance of NH---N/O
and OH---O/N are between 1.7 and 2.0 A, and their angle
vary from 166° to 177°, the length and angle of OH---O/N
are within 1.46-1.86 A and 163-177°. In the case of the two
weak HBs, the distances of CH---N are more than 2.5 A and
the values of its’ angle are less than 150°. The CH---O
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Table 7 Bond length (d), angle (6), density (p.), Laplacian of
electron density (vzpc), local kinetic energy density (G(r)), local
electron potential energy density (V(r)), HB energy (Eyg), and second

order perturbation energy (E) for complexes including 8OXOA
calculated at B3LYP/6-31G(d) level

Pair H-bond dA) 00  pean) V. (@u) G (@u) V() (au) Eyg (kcal/mol)  E® (kcal/mol)
Anti
80OXOA:A  NIO-H---N1  2.097 1733  0.023 0.062 0.016 —0.016 —4.91 10.96
C2-H---N1 2431 1499  0.013 0.036 0.008 —0.007 —226 3.76
80XOA:C  N8-H.--NI 2073 1735  0.024 0.065 0.017 —0.017 —5.31 19.81
C2-H---N3 2426 1446  0.013 0.038 0.008 —0.007 —225 6.21
80XOA:G  NIO-H---O11 1.829 1715 0.035 0.106 0.028 —0.030 —9.49 35.74
NI1-H---N1 1938 177.1  0.033 0.085 0.024 —0.026 —8.29 32.10
80XOA:U  NI10-H---O8 1.898 1787  0.030 0.090 0.023 —0.024 —7.55 17.35
N3-H---N1 1.852 1777 0.039 0.102 0.030 —0.034 —10.66 26.12
C2-H.--07 2858 131.8  0.004 0.016 0.003 —0.002 —0.63 0.44
Syn
s80XOA:A NI0-H---N10 2210 1559 0.019 0.051 0.012 —0.012 —3.73 11.10
N7-H.--N1 1856 1719  0.039 0.100 0.029 —0.034 —10.53 47.55
C2-H---08 2732 1404  0.006 0.020 0.004 —0.003 —0.87 2.29
s80XOA:C  NI0-H---N3 2222 158.0 0.018 0.051 0.012 —0.011 —3.56 17.64
N7-H---07 1.768  168.1  0.039 0.124 0.034 —0.036 —11.32 30.50
02'-H---08 1792 166.6  0.036 0.115 0.031 —0.032 —10.16 30.91
s80XOA:G  NI0-H---O11 2821 1503  0.003 0.016 0.003 —0.002 —0.53 0.86
N7-H---Ol1 1711 176.1  0.046 0.141 0.041 —0.046 —14.41 51.02
N1-H---08 1.844 1698  0.035 0.103 0.028 —0.030 —9.50 28.05
NIO-H---08 2536 136.1  0.007 0.029 0.006 —0.004 —121 1.70
s80XOA:U  N7-H---O8 1750 1724 0.041 0.131 0.036 —0.039 —12.32 43.65
N3-H---08 1.866 176.6  0.032 0.095 0.025 —0.026 —8.31 22.46

distances are near to 3.0 A while the angles are smaller than
140°. These parameters are consistent with the investigation
[10] based on nucleobases pairs, implying that the properties
of intermolecular HBs retain the same in the form of
nucleobase and nucleotide. Furthermore, a good linear cor-
relation for electron density and HB distance [10] confirm
the fact that the idea geometries of HB contribute to the
sufficient overlap between donor and accepter orbital,
strengthening the H-bonding interaction.

As it can be seen from energetic and HB analysis,
s80XOA:G complex is considered as the most stable
complex due to the four intermolecular HBs based on the
indication that the number of HB corresponds to stability of
complex [70]. However, many complexes are not in con-
sistent with the indication. For example, both sS§SOXOA:A
and s8OXOA:C comprise 3 HBs, but sS§OXOA:C exhibits
more stable than s8OXOA:A (s8OXOA:C: —13.80 kcal/
mol, sS8OXOA:A: —8.95 kcal/mol). It can be explained that
a CH:--O in s80XOA:A complex weakens the stability of
s8OXOA:A complex. Although s80XOA:U has only two
HBs, one less than that of s8OXOA:C, its stability is
stronger than that of sS§OXOA:C. It can be interpreted that
HBs in s8OXOA:U present a more optimal geometry,
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increasing interactions of HBs which make the complex
more stable. Therefore, the conformer’s stability is not
directly related to the number of HBs, it significantly
depends on the species and geometry which determine the
HB property.

As it mentioned above, NH---O is served as a strong HB
in most complexes according to the AIM and NBO anal-
ysis. However, it is noted that the two abnormal NH---Os
(N10-H---O11, N10-H---08) occur in s8OXOA:G in the
form of weak HBs, which are similar to CH---O. It is
observed that the O54 and O35, respectively take part in
two intermolecular NH---Os. Because of the space con-
figuration of s8OXOA:G, it is impossible to satisfy each
HB in optimal geometry at the same time, thus one of the
HBs has to exist in the form of a weak HB.

As for s80OHA:C complex, it has two intermolecular
HBs namely N7-H:---N8 and N3-H:--O8. Geometrical
analysis shows that hydrogen migration takes place in both
HBs. In the case of N7-H---N8, H atom transferred from
amino-group in C to N7 of sS§SOHA after optimization. For
N3-H---O8, H which belonged to hydroxyl group previ-
ously forms covalent bond with N3 in C leading to a new
electronic donor and acceptor. It is indicated that hydrogen
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Table 8 Bond length (d), angle (6), density (p.), Laplacian of
electron density (vzpc), local kinetic energy density (G(r)), local
electron potential energy density (V(r)), HB energy (Eyg), and second

order perturbation energy (E®) for complexes including 20HA
calculated at B3LYP/6-31G(d) level

Pair H-bond dA) 00  p.@u) V. @u) G (aw) V() (aw)  Eyg (kcal/mol)  E® (kcal/mol)
Anti
20HA:A  NI10-H---N1 1.988 1694  0.029 0.078 0.021 —0.022 —7.04 32.11
02-H.--N1 1.803  167.8  0.043 0.109 0.033 —0.039 —12.19 73.64
20HA:C  N8-H---NI 1939 1725  0.032 0.086 0.024 —0.026 —8.14 37.94
02-H---N3 1832 1699  0.039 0.103 0.030 —0.035 —10.86 69.96
20HA:G  NI0-H---O11 1.893 1797  0.031 0.091 0.024 —0.025 —7.78 30.33
NI-H---Nl 1906 1734  0.035 0.090 0.026 —0.029 —9.23 28.69
02-H---N10  2.041 151.7 0.026 0.071 0.018 —0.019 —5.95 0.11
20HA:U  NI10-H---08 1922 1774  0.029 0.086 0.022 —0.022 —7.04 24.97
N3-H---N1 1.850 177.0  0.040 0.099 0.030 —0.035 —10.89 57.45
02-H.--07 1.840 167.5 0.033 0.102 0.027 —0.028 —8.78 36.96
Syn
s20HA:A  NI0-H---N7 2046 1710  0.025 0.069 0.017 —0.018 —5.56 11.83
C8-H---N1 2367 1420  0.015 0.042 0.009 —0.009 —2.69 437
s20HA:C  N8-H---N7 2092  169.8  0.022 0.061 0.015 —0.015 —4.76 15.69
C8-H---N3 2200 143.0  0.020 0.059 0.014 —0.013 —4.17 11.83
C2-H---07 2705 1751 0.006 0.021 0.004 —0.003 —0.90 1.04
s20HA:G  NI10-H---O11  1.859 166.8  0.032 0.100 0.026 —0.027 —8.43 31.09
N1-H---N7 1.906 1736  0.034 0.092 0.026 —0.029 —8.95 34.9
s20HA:U N10-H---O8 1913 167.8  0.028 0.087 0.022 —0.022 —6.98 15.77
N3-H..-N7 1822 1764  0.041 0.109 0.032 —0.036 —11.45 27.96
C8-H---07 2.832 1208  0.004 0.018 0.003 —0.002 —0.70 0.41

migration is in favor of stability of complex. As it can be
seen in Table 6, the intermolecular HBs of s§SOHA:A tend
to transfer H atom from one nucleobases to the other. As a
new HB OS8-H---N1 after optimization, the distance is
1.46 A and the angle is 173.9°. According to AIM analysis,
the values of p. andvzpC of this HB (0.085, 0.189 a.u.)
exceed the upper limit of the criteria for HB, these results
are in good agreement with NBO analysis that E® is
87.02 kcal/mol which is larger than other NH---Os. This
confirms the necessary of this hydrogen transference. The
phenomenon of hydrogen migration can be illustrated that
interaction of two monomers causes the H atom to prefer
the atom with more negative charge.

In general, the interaction between two nucleotides is
only concentrated on their base pairs. An interesting phe-
nomenon shows that an OH in furanose ring of C partici-
pates in OH---O with O atom in C=O in 8 position of
s8OXOA in s8OXOA:C complex. Furthermore, it is dem-
onstrated that this HB has high values of p. and /*p.
(0.036, 0.115 a.u.) which agrees well with the E® up to
30.91 kcal/mol. All the parameters suggest that this HB
improves the complex’s stability. However, taking this
complex into the whole DNA and RNA spiral structure,
it means that this configuration results in the chain’s

distortion which significantly influences next biological
process such as translation of genetic code.

Intramolecular HB analysis of oxidative 2'-
deoxyadenosine nucleotides

The intramolecular HBs of all the oxidative 2’-deoxya-
denosine nucleotides investigated are presented in supple-
mentary material, showing that there is only slight
difference of intramolecular HBs compared with the form
of complex and monomer.

In the case of anti/syn 20HA, it is obvious that anti
20HA is stabilized mainly by the OH---O between OH in
phosphate group and O atom in furanose ring based on
AIM and NBO analysis. With the rotation of glucosidic
bond this OH prefers to combine with N atom in base
leading to a stronger interaction. It is observed that SOHA
has a CH---O between furanose ring and base and is con-
sidered as a weak HB according to the criteria of AIM
analysis. However, for this CH---O, the hyperconjugation
between O atom lone pair orbital and X-H ¢* antibonding
orbital only occurs in complexes indicating that the CH---O
in monomer belongs to electrostatic interaction and the
formation of complex helps the CH---O become a real
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Table 9 Bond length (d), angle (6), density (p.), Laplacian of
electron density (vzpc), local kinetic energy density (G(r)), local
electron potential energy density (V(r)), HB energy (Eyg), and second

order perturbation energy (E®) for complexes including fapyA
calculated at B3LYP/6-31G(d) level

Pair H-bond dA) 60 pe (au) V. (au) GO (au) V() (au)  Epg (auw)  E® (kcal/mol)
Anti
fapyA:A N10-H---N1 2042 1744 0.026 0.069 0.018 —0.019 —5.83 13.37
C2-H---N1 2498 1469  0.012 0.032 0.007 —0.006 —1.91 3.04
fapyA:C N8—H---NI1 2011 1753 0.028 0.073 0.019 —0.021 —6.43 15.12
C2-H---N3 2473 1433 0012 0.035 0.008 —0.006 —2.00 2.84
fapyA:G NIO-H---O11 1920 1777  0.029 0.086 0.022 —0.023 -7.08 15.93
NI1-H.--N1 1920 1779  0.034 0.088 0.025 —0.028 —8.77 21.67
fapyA:U N10-H---08 1994  179.6  0.024 0.073 0.018 —0.018 —5.61 12.6
N3-H---N1 1.829 1783  0.041 0.105 0.031 —0.037 —11.47 28.23
C2-H.--07 2792 1326  0.005 0.019 0.004 —0.002 —0.76 0.57
Syn
sfapyA:A  NI0-H---O8 1.947 1718  0.027 0.081 0.021 —0.021 —6.62 20.15
C8-H---NI1 2363  141.8 0015 0.042 0.010 —0.009 —2.81 8.34
sfapyA:C ~ N8-H.--08 1940 1703  0.028 0.081 0.021 —0.021 —6.74 21.59
C8-H---N3 2271 1379  0.018 0.052 0.012 —0.011 —3.53 8.48
sfapyA:G ~ NI10-H---O8 2075 1508  0.019 0.065 0.015 —0.013 —4.23 6.88
N1-H---08 2211 1421 0014 0.052 0.011 —0.009 —2.84 422
NI1-H.--N10 2661  133.8  0.007 0.030 0.006 —0.004 —1.24 0.84
NIO-H---O11 2026 1435  0.023 0.073 0.017 —0.017 —5.24 9.71
sfapyA:U  NI10-H---O8 2113 1356  0.018 0.062 0.014 —0.012 —3.91 8.23
N3-H---08 1859 1615  0.031 0.101 0.026 —0.026 —8.18 26.68

HBs. With regard to syn 8OHA, a CH---N interaction in
syn 80OHA only exists in sS§SOHA:A based on AIM analysis,
but the NBO analysis shows that there is no hyperconju-
gation relevant to the N lone pair orbital and C-H o¢*
antibonding orbital. Therefore, this CH---N is classified as
electrostatic interaction. In the case of anti/syn 8OXOA, an
OH of phosphate group served as proton donor combines
with O or N in base to form OH---O/N HB. It is obvious
that the angle of the HB between phosphate group and base
is more linear than that of HB between phosphate group
and sugar fragment. Thus it is no doubt that the electronic
donor in base is the first choice to OH in phosphate group.
As for anti/syn fapyA, an intramolecular NH---O HB is
formed in base. On the basis of geometrical, AIM and NBO
analysis, this HB is not influenced by the conformer of anti/
syn fapyA, and it has stronger interaction in sfapyA:A and
sfapyA:C complexes. Furthermore, in anti fapyA, an O
atom in phosphate group is employed as electronic donor to
combine with two NH in base at the same time. Although a
CH---O satisfy the criteria for HB based on AIM analysis,
there is no donor—acceptor orbital interaction found in this
CH---O, thus this CH---O only belongs to electrostatic
interaction. In the case of syn fapyA, C2-H---Ol1 is con-
sidered as a weak HB except in sfapyA:G complex. For
C2'-H---N3, it is treated as a weak HB in monomers and
most complex, however, the BCP of this CH---N is not
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found in sfapyA:G complex indicating that there is no
interaction between N and CH.

In addition, as for intramolecular HB involving oxi-
dative 2’-deoxyadenosine nucleotides and RNA nucleo-
tides, the relationship between G(r) and Eyg, as well as
G(r) and HB distance was also investigated. The results
are presented in support material, showing that G(r) is
related exponentially with HB distance, and has linear
fitting with Eyg. These results are in good agreement with
that ones with respect to intermolecular HBs. Further-
more, comparing Exg to E@, they are also consistent with
each other to estimate the strength of intramolecular HBs.
In some cases, the values of Eyg about —1.00 kcal/mol
correspond to the absent values of E‘®. This situation is
similar with the one reported before [71], suggesting that
it is related to the HB enthalpy due to the repulsive
interaction in HB.

Intramolecular HB analysis of RNA nucleotides

The geometry and properties of intramolecular HBs of
RNA nucleotides are listed in supplementary material. It is
clear that these HBs almost remain the same in the form of
monomer and complex. In the case of A, an OH:--O
formed by O atom in phosphate group and OH in furanose
ring has the strongest interaction due to its high values of
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20H s20H

8OXO0A s8OXO0A

8OHA sSOHA

fapyA sfapyA

Fig. 1 Optimized structures of oxidative 2’-deoxyadenosine nucleotides
parameters. Another HB, CH---O between base and phos- it is shown that the two CH---Os in C exist BCP which is

phate group, it meets the criteria for HB based on AIM and  served as the requirement and first criteria for determining
NBO analysis, thus it is considered as a true HB. As for C,  any chemical bond, but there is no hyperconjugative
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Fig. 3 The linear relationship between local kinetic energy density G(r) and HB energy (Eyg) of intermolecular NH---N, NH:--O, OH---N

interaction from the lone pair of O to an antibonding ¢*
orbital of C-H. As a result, the two CH---Os should be
considered as electrostatic interaction. This situation can be
illustrated that the presence of BCP reflects the existence of
interaction between two atoms. However, to classify its
interaction, a more detail investigation is necessary. In
addition, because an OH in furanose in C participates in
intermolecular HB in s§OXOA:C complex, this OH cannot
take part in intramolecular HB with base in s§OXOA:C
complex. Therefore, there is not any BCP and interaction
found between the two atoms. It is shown that G is stabi-
lized mainly by the intramolecular HB between phosphate
group and furanose. Meanwhile, the two CH---Os are
classified as true HBs because they not only meet the cri-
teria for HB but also exist hyperconjugative interaction. In
addition, it is also found that an OH---O HB of which both
electronic donor and acceptor are in sugar fragment has
similar property with CH---O HB between phosphate group
and base. However, this OH---O is impossible in RNA
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because this O atom of the OH is involved in a phospho-
diester linkage with a neighboring nucleotide. Therefore
this OH---O is only observed in isolated nucleotide. In the
case of U, 02’ is, respectively acted as electronic donor and
acceptor to form two intramolecular OH---O HBs which
make contribution to the stability. It should be noted that
the OH---O formed in furanose ring as well as that men-
tioned in G, only occurs in isolated nucleotide.

Conclusion

In this article, the interactions between oxidative 2’-deox-
yguanosine nucleotides and RNA nucleotides were inves-
tigated at B3BLYP/6-31G(d) level. It is revealed that the syn
8OXOA:G complex is the most stable among all the
complexes discussed here. It is also obvious that the spe-
cies and position of substitution of 2’-deoxyadenosine
nucleotide have a significant effect on the stability of
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complex. In addition, these interactions are significantly
relevant to types and geometry of intermolecular HB.
According to AIM and NBO analysis, the intermolecular
NH---N/O and OH---O/N HBs are crucial to stability of
complexes. The intermolecular CH---N/O, especially
CH---O which has faint hyperconjugative interaction is
classified as weak HBs taking the criteria for HB into
account. In order to form more stable complex the hydro-
gen migration occurs in sS§OHA:C complex as well as the
phenomenon that an OH of furanose ring participate in
intermolecular HB in s8§OXOA:C complex.

The intramolecular HBs of all the monomers and com-
plexes are also studied. It is suggested that the OH---O/N and
CH---O/N exist in oxidative 2'-deoxyguanosines nucleotide
while OH---O and CH---O exist in RNA nucleotide. In some
cases CH---O is only considered as electrostatic interaction
due to its absence of hyperconjugative interaction. It is worth
noting that there is only slight difference of intramolecular
HB between monomers and complexes.
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