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Effective charges for the atoms of canonical 2’-deoxyribonucleotides
(the molecules of 5'-deoxycytidylic, 5'-thymidylic, 5’-deoxyadeny-
lic, and 5’-deoxyguanylic acids) averaged over all of their possi-
ble conformers and the corresponding root-mean-square deviations
have been obtained. It is shown that the charge deviations for
carbon atoms can exceed the average values of the charge itself.
A capability of reproducing the conformer dipole moments with
the use of averaged charges has been analyzed. It is found that
the neglect of the dependence of effective atomic charges on the
molecule conformation may result in errors for the dipole moment
magnitude exceeding 100%. The results obtained can be used for
the improvement of electrostatic components in the existing force
fields.

1. Introduction

Various physical properties of DNA fragments with dif-
ferent lengths and/or their structural links have been
studied for a long time and continue to be a matter of
the close attention for researchers [1-10]. This fact stems
from the importance of indicated DNA properties for
understanding the basic physical principles of the DNA
functioning. Along with plenty of experimental meth-
ods such as x-ray and neutron diffraction analyses, vi-
brational and NMR spectroscopies, light scattering, elec-
tron diffraction, and so forth, the researches carried out
within molecular dynamics (MD) methods play a more
and more important role nowadays (see, e.g., works [11-
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13] and references therein). Although the MD method
is extremely informative and requires much less com-
putation resources in comparison with the methods of
quantum chemistry, the proper choice of a specific “force
field”, i.e. the model potential for the determination of
the interaction energy of atoms in a biomolecule, has to
be done in order to make the results obtained in MD
researches reliable. The potential energy of a molecule
is represented, as a rule, in the form of the sum [14, 15]

U= Uchem + Uconf + Ulrv

where

Uchem = ZKb Iy = lop)* + ZKq - (0g — 90q)2
b q

is the elastic deformation energy for rather rigid chemical
bonds (here, the summations are carried out over all
chemical bond lengths [, and all valence angles §, in the
molecule);

Uconf = ZKS . [1 —+ cos (ns cPs — 65)}

is the “conformational” energy needed for relative rota-
tions of neighbor atomic groups around single chemical
bonds (here, the summation is carried out over all tor-
sion angles ¢’s; and ng, d,, and K, are constants); and
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is the energy of long-range interactions (here, the sum-
mation is carried out over the pairs of chemically non-
bonded atoms; 7;; are interatomic distances; A;;, Cy;, m,
and n are constants; and ¢; and g; are effective atomic
charges). The electrostatic energy g;q;/ri; is an essen-
tial component of the energy of long-range interactions
Uyr; for its evaluation, an effective charge ¢; needs to be
assigned to every atom [14-16].

At the same time, it is known that the biomolecules
are characterized by a considerable conformational
capacity. For instance, each of four canonical
2'-deoxyribonucleotides (DRNs)-they are elementary
(monomer) units of the DNA chain—can acquire 600 to
700 different conformations [17-20]. Atomic charges in
the molecule are not observable physical quantities, but
they are introduced on the basis of that or another model
[21-27]. Therefore, one may expect that the effective
charges ¢; depend on the specific biomolecule confor-
mation (on the angles @), because, irrespective of the
selected model, the magnitudes of those charges are de-
termined by specific electron configurations, which are
different for different conformers. Hence, for the solu-
tion of molecular simulation problems within MD meth-
ods to be correct, it is important to elucidate if the
application of atomic charges with definite fixed val-
ues is well substantiated for the force field construc-
tion.

The purpose of this work is to analyze, using canonical
DRNs as examples, to what extent the effective atomic
charges can depend on the biomolecule conformation and
to determine how precisely the atomic charges averaged
over all biomolecular conformers can reproduce dipole
moments of individual conformers.

2. Objects and Methods of Research

To solve the formulated problem, we used the com-
plete conformer families of canonical isolated DRNs
(molecules of 5-deoxycytidylic (5DCA), 5'-thymidylic
(5TA), 5'-deoxyadenylic (5DAA), and 5'-deoxyguanylic
(5DGA) acids (see Figure)) obtained by us earlier
[17-20] in the framework of the exhausting quantum-
mechanical conformational analysis. The analysis was
carried out by applying the quantum-mechanical method
of density functional theory (DFT) and using the
exchange-correlation functional B3LYP [29, 30] and the
standard basic set 6-31G(d,p) [21]. The same theo-
retical level was used to determine the spatial distri-
butions of the charge density in conformers. The ef-
fective atomic charges were found separately for each
conformation of each studied DRN with the use of the
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Merz—Kollman method [24,25] without imposing any ad-
ditional conditions on multipole moments. The Merz—
Kollman method was chosen among others, because it
was developed for the most accurate [21, 28] reconstruc-
tion of the real electrostatic potential of a molecule by
introducing a system of point charges centered at the
atomic nuclei in the molecule. The obtained charges
were used to find the charge of each atom averaged
over all the conformersin of the given DRN, and the
corresponding root-mean-square deviations were calcu-
lated. The latter served as an indicator for the confor-
mational sensitivity of effective atomic charges. Tak-
ing into account that the magnitudes of effective atomic
charges find the most practical application in molecular
simulations by the MD method, these values must be
equally suitable for any conformation of the molecule.
Accordingly, all the conformers were regarded to be
equiprobable so that the averaged charges were calcu-
lated as the arithmetic means for all available conform-
ers (613 conformers for 5DCA [17], 660 ones for 5TK
[18], 726 ones for 5DAA [19], and 745 ones for 5DGA
120]).

3. Results and Discussion

3.1. Charges of atoms in the sugar-phosphate
backbone

The sugar-phosphate backbone of a DRN is the part of a
DRN molecule and consists of the sugar residue (atoms
Cy/, Cor, Cgr, Cyr, Cyr, O/, and Oy, as well as hydrogen
atoms attached to them — and the phosphate group —
atoms P, Op, Opl7 Opg, le, H1:>27 and 051 — which are
identical for all canonical DRNs (see Figure).

In Table 1, the effective atomic charges calculated for
the atoms in the DRN sugar-phosphate backbone by av-
eraging over all corresponding conformers are quoted.
The data obtained testify that the most conformation-
sensitive are the charges of carbon atoms. The corre-
sponding root-mean-square deviations o4 divided by the
absolute value of electron charge, |e|, range from 0.09 to
0.16. Some smaller o,-values are observed for Os and
P atoms. Note that the difference Ay = ¢max — ¢min
between the maximum and minimum charge values for
each atom in the sugar-phosphate backbone is, depend-
ing on the specific atom, 4.8 to 8.4 times as large as the
corresponding root-mean-square deviation o,. Atom Cs:
in the sugar-phosphate backbone of canonical DRNs has
the maximal A, = (0.79+0.99) x |e|, whereas atom Hog:
the minimal A, = (0.12-0.13) X le|.
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Structures of canonical 2’-deoxyribonucleotides (molecules of 5'-deoxycytidylic (a), 5-thymidylic (b), 5'-deoxyadenylic (c), and 5'-
deoxyguanylic (d) acids, and notations for their atoms and conformational parameters

3.2. Charges of atoms in nucleotide bases

Nucleotide bases are “bits” of the genetic information,
which is contained in a DNA. The canonical DRNs dif-
fer from each other namely by the type of nucleotide
base. The average effective atomic charges and the cor-
responding root-mean-square deviations for the atoms of
nucleotide bases in molecules 5DCA, 5TA, 5DAA; and
5DGA are listed in Tables 2 to 5, respectively. For the
sake of comparison, the tables also include the values
Qvase for the effective atomic charges in nucleotide bases
methylated at the glycoside nitrogen atom, which were
determined in work [31] at the same level of the DFT
B3LYP/6-31G(d,p) theory, as was used in this work.

For purine nucleotide bases (adenine and guanine)
and cytosine, it was found that if the sugar-phosphate
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backbone is substituted by a methyl group, the maxi-
mum change (by (0.14-0.17) x |e]) occurs in the charge
of the glycoside nitrogen atom. At the same time, in
thymine, the maximum change (by 0.26|e|) is revealed
by the charge of C; atom, whereas the charge of the gly-
coside nitrogen atom varies only by 0.12|e|. For all other
atoms in the nucleotide bases, the difference between the
charges averaged over all conformers of canonical DRNs
and the charges of nucleotide bases methylated at the
glycoside nitrogen atom does not exceed 0.1]e].

The charge of the glycoside nitrogen atom turned out
the most sensitive to the DRN conformation in cytosine,
thymine, adenine (o,/|e|] = 0.08-0.09). At the same
time, in guanine, it is atom N3 (0,/|e| = 0.10), whereas
the charge of the glycoside nitrogen atom is characterized
by the same conformational sensitivity, as it has in other
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Table 1. Effective charges @ of atoms in the backbone
of canonical 2’-deoxyribonucleotides® averaged over all of
their possible conformations and the corresponding root-
mean-square deviations oy

T able 2. Effective charges g of cytosine atoms aver-
aged over all possible 5DCA conformations and the cor-
responding root-mean-square deviations o4 normalized to
the electron charge magnitude®

Atom q/le| oq/lel Quantity Atom
5DCA| 5TA [5DAA[5DGA [5DCA[5TA [5DAA[5DGA Ni | G | Ny [ G| G [ Co
Hy,, | 0.05 0.06 0.07 0.06 | 0.03 0.03 0.03 0.03 Gbase —0.19 0.80 —-0.76 081 —0.54 0.12
Hy | 013 013 0.12 0.13 | 0.03 0.02 0.02 0.02 q —0.33 0.87 —-0.78 0.86 —0.62 0.17
Hyp | 0.12  0.13 0.12 0.11 | 0.03 0.03 0.03 0.04 oq 0.08 0.06 0.03 0.04 0.03 0.05
Hs, | 0.04 0.03 0.03 0.03 | 0.04 0.04 0.06 0.05 Quantity Atom
Hos | 040 040 040 040 | 002 0.02 002 0.02 O, [ Ny [ Hy | Ha | Hs | He
Hy | 0.08 0.08 0.08 0.08 | 0.04 0.04 0.04 0.04 Gbase —0.56 —0.86 0.39 0.37 0.18 0.12
Hs/q | 010 0.10 0.08 0.09 | 0.04 0.03 0.04 0.04 q —0.58 —0.89 0.41 0.39 0.22 0.13
Hs5 | 0.09 0.10 0.08 0.09 | 0.04 0.04 0.05 0.05 oq 0.02 0.03 0.02 0.01 0.01 0.02
Hpy | 043 043 043 043 | 0.03 002 0.03 003 %F 00tnot e gpase-values correspond to effective atomic
Hpy | 043 043 043 043 | 0.03 0.02 0.03 0.03 charges in 1-methylcytosine [31].
O3 |—0.63 —0.63 —0.63 —0.63| 0.03 0.03 0.03 0.03
Oy |—0.41 —0.40 —0.40 —0.40| 0.06 0.06 0.06 0.07 . _ .
o 0.36 —0.36 —0.37 —0.36| 007 008 0.08 0.08 T able 3. Effective charges g of thymine atoms aver-
i e e ' ' ’ ’ aged over all possible 5TA conformations and the corre-
Op |-0.58 —0.58 —0.58 —0.58| 0.02 0.02 0.02 0.02 sponding root-mean-square deviations o4 normalized to
Op; | —0.57 —0.56 —0.57 —0.57| 0.04 0.03 0.04 0.04 the electron charge magnitude®
Opy | —0.56 —0.56 —0.57 —0.57| 0.03 0.04 0.03 0.04 Quantity Atom
Cy | 037 036 035 035 | 011 0.12 0.13 0.16 N, ‘ Cs ‘ N3 ‘ Ca ‘ Cs ‘ Co ‘ 0s
82’ _00;;6 _00;;9 _()03?35 _00525 g'(l)? g'(l)? 8.1:15 g‘g Gbase | —0.10 0.66 —0.64 0.65 —0.11 —0.10 —0.53
C3/ 0'13 0'09 0'10 0'11 0'15 0'14 0'14 0'14 q -0.22 070 -0.65 0.63 —0.02 —0.11 —-0.54
v ' ' ' ' ' ' ’ ' oq 0.09 0.07 0.03 003 003 0.06 0.02
Cs | 0.00 0.00 0.05 0.03 | 013 0.13 0.15 0.15 -
Quantity Atom
P 096 096 0.97 0.97 | 0.07 0.07 0.07 0.08 = ‘ o ‘ o ‘ C ‘ H ‘ o ‘ o
3 4 6 7 71 72 73
%F ootnote: Notations for 2’-deoxyribonucleotide molecules:
5/-deoxycytidylic (5DCA), 5’-thymidylic (5TA), 5'-deoxyadenylic doase 087 ~052 016 =015 005 0.07 0.07
, » ) ’ q 0.38 —-0.50 0.18 —-042 0.13 0.14 0.14
(5DAA), and 5'-deoxyguanylic (5DGA) acids.
oq 0.01 0.01 004 003 001 0.01 0.01

bases (04/le] = 0.08). It is worth noting that, despite
a substantial difference between the average charge of
atom C7 in thymine as a component of 5TA and the
corresponding value for methylated thymine, the charge
of this atom is much less sensitive to conformations of
5TA (o4/le] = 0.03) than the others.

3.3. Reconstruction of conformer dipole
moments

By using the effective atomic charges g; obtained by av-
eraging over all conformations of canonical DRNs, which
are quoted in Tables 2 to 5, we analyzed how accu-
rately they correspond to the magnitude and the direc-
tion of the dipole moment for each of their individual
conformers. For this purpose, the dipole moment vec-
tor d, = Y @R, calculated for each conformer using

K3
the averaged effective atomic charges ¢; was compared
with the dipole moment vector d, = f r'pmol (r) d3r de-
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Qbase-values correspond to effective atomic
charges in 1-methylthymine [31].

Footnote:

termined from the charge density distribution in the
molecule, ppo (r), obtained from quantum-mechanical
calculations. The difference between the vectors d, and
d, was characterized by the relative difference between
vector magnitudes, Eq = ||dq| — |d,|| / |d,|, and the an-
gle O between them (the case of equality of the indicated
vectors corresponds to the values E4; = 0 and © = 0°).
The calculated values for E; and © are shown in Table 6.
From the presented data, it follows that the system of
constant effective atomic charges reproduces the dipole
moment most accurately in the case of 5TA molecule
(Eq < 0.6) and least accurately in the case of 5DAA
molecule. In the latter case, E; exceeds 100% in 11 of
726 possible conformers (the maximum of Ey is attained
in conformer 382 [19], for which |d,| = 2.27 D, whereas
the exact value is |dy| = 0.46 D). At the same time, in
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T able 4. Effective charges g of adenine atoms aver-
aged over all possible 5DAA conformations and the cor-
responding root-mean-square deviations o4 normalized to
the electron charge magnitude®

T a ble 6. Statistical characteristics describing the
accuracy of the dipole moment reproduction for canonical
2’-deoxyribonucleotides using a system of effective atomic
point charges?®

Quantity Atom Molecule (Eq) max (Eq) (©) max (©)
Ny [ G | N3 [ G | G5 [ Gs] Ny 5DCA 0.09 0.98 9.5 54.4
Gbase —-0.70 0.53 —-0.67 046 —0.04 0.65 —0.51 5TA 0.13 0.59 9.0 72.8
q —-0.69 048 —-0.65 048 0.00 0.64 —0.54 5DAA 0.21 3.95 14.8 123.5
Oq 0.03 0.05 0.07 0.06 0.05 0.04 0.02 5DGA 0.09 0.74 7.5 35.5
Quantity Atom “Footnote: Eg=]|ldg|—|dp||/|dp| is the relative difference
Cs ‘ Ny ‘ Ho ‘ Ns ‘ He1 ‘ He2 ‘ Hg between the magnitudes of dipole moment vectors dq and d, (the
Qbase 0.18 —-0.10 0.02 —-0.79 0.37 0.36 0.11 former was calculated with the use of averaged atomic charges g;,
q 025 —026 0.05 —0.82 0.39 0.38 0.11 and the latter was determined from quantum-mechanical calcula-
oq 0.05 0.08 0.01 0.02 0.0l 001 0.02 tions), and © is the angle between the vectors dq and d,.

“F 00tnot e @pase-values correspond to effective atomic

charges in 9-methyladenine [31].

T able 5. Effective charges g of guanine atoms aver-
aged over all possible 5DGA conformations and the cor-
responding root-mean-square deviations o4 normalized to
the electron charge magnitude®

Quantity Atom
Ny ‘ Ca ‘ N3 ‘ Cy ‘ Cs ‘ Ce ‘ N7 ‘ Cs
Jbase —0.73 0.79 —0.66 0.35 —0.01 0.64 —0.48 0.14
q —-0.68 0.73 —0.61 0.32 0.07 0.57 —-0.51 0.20
ogq 0.06 0.08 0.10 0.08 0.05 0.04 0.02 0.05
Quantity Atom
Ng ‘ Hy ‘ No ‘H21‘ Hao ‘ Os¢ ‘ Hsg
Jbase —0.05 0.40 —-0.82 0.36 0.36 —0.52 0.11
q —0.20 0.39 —-0.82 0.37 0.38 —-0.49 0.11
ogq 0.08 0.01 0.04 0.01 0.02 0.01 0.02

Qbase-values correspond to effective atomic
charges in 9-methylguanine [31].

“Footnote:

the majority of 5DAA conformers (81%), F4 does not
exceed 25%.

The direction of the dipole moment vector is repro-
duced better. Even in the case of 5DA A molecule, which
is characterized by the largest angle ©, this parameter
does not exceed 45° in 98% of conformers. However,
in two conformers, this angle amounts to 123.5° (con-
former 544 [19]) and 120.8° (conformer 344 [19]).

4. Conclusions

To summarize, it was found that, among all atoms
in the sugar-phosphate backbone of canonical 2’-
deoxyribonucleotides, the effective charges of carbon
atoms are the most sensitive to the conformational
change. The presence of a sugar-phosphate backbone in
DRNs considerably affects the effective charges of gly-

1028

coside nitrogen atoms in nucleotide bases and C; atom
in thymine. The effective averaged atomic charges in
the overwhelming majority of conformers can serve as
a reliable tool for the qualitative determination of the
molecular electrostatic potential. However, for some
conformers, their values are unsuitable for quantitative
calculations. The values of effective atomic charges ob-
tained for canonical 2’-deoxyribonucleotides can be used
to improve the available force fields, which are used to
study biomolecules in the framework of molecular dy-
namics methods and to calculate the electrostatic contri-
bution to the interaction energy between various struc-
tural DNA units (for example, a nucleotide base and a
sugar-phosphate backbone).

1. O.P. Chepinoga, The Biological Role of Nucleic Acids (Is-
rael Program for Sci. Transl., Jerusalem, 1962).

2. E. Chargaff, Essays on Nucleic Acids (Elsevier, Amster-
dam, 1963).

3. R.H. Sarma, Nucleic Acid Geometry and Dynamics
(Pergamon Press, New York, 1980).

4. W. Saenger, Principles of Nucleic Acid Structure
(Springer, New York, 1984).

5. Nucleic Acids in Chemistry and Biology, edited by
G.M. Blackburn and M.J. Gait (IRL Press, Oxford,
1990).

6. R.L.P. Adams, J.T. Knowler, and D.P. Leader, The Bio-
chemistry of the Nucleic Acids (Springer, New York,
1992).

7. R.R. Sinden, DNA Structure and Function (Academic
Press, San Diego, 1994).

8. V.A. Bloomfield, D.M. Crothers, and I. Tinoco, Nucleic
Acids: Structures, Properties, and Functions (Univ. Sci-
ence Books, Sausalito, CA, 2000).

9. S. Neidle, Nucleic Acid Structure and Recognition (Ox-
ford Univ. Press, Oxford, 2002).

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 10



EFFECTIVE ATOMIC CHARGES OF CANONICAL 2/-DEOXYRIBONUCLEOTIDES

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.
27.

The Chemical Biology of Nucleic Acids,
G. Mayer (Wiley, Chichester, 2011).

L. Yang and B.M. Pettitt, J. Phys. Chem. 100, 2564
(1996).

A. Perez, F.J. Luque, and M. Orozco, J. Am. Chem. Soc.
129, 14739 (2007).

A. Perez, F. Lankas, F.J. Luque, and M. Orozco, Nucleic
Acids Res. 36, 2379 (2008).

A.D. Mackerell, J. Comput. Chem. 25, 1584 (2004).

J.W. Ponder and D.A. Case, Adv. Protein Chem. 66, 27
(2003).

J. Sponer, J. Leszczynski, and P. Hobza, J. Phys. Chem.
100, 5590 (1996).

T.Yu. Nikolaienko and D.M. Hovorun, Dopov. Nat. Akad.
Nauk Ukr., N 9, 173 (2010).

T.Yu. Nikolaienko, L.A. Bulavin, and D.M. Hovorun,
Ukr. Biokhim. Zh. 82, N 6, 76 (2010).

T.Yu. Nikolaienko, L.A. Bulavin, and D.M. Hovorun,
Ukr. Biokhim. Zh. 83, N 4, 16 (2011).

T.Yu. Nikolaienko, L.A. Bulavin, and D.M. Hovorun,
Biopolym. Cell. 27, 291 (2011).

F. Jensen, Introduction to Computational Chemistry
(Wiley, New York, 1999).

R.S. Mulliken, J. Chem. Phys. 23, 1833 (1955).

A.E. Reed, R.B. Weinstock, and F. Weinhold, J. Chem.
Phys. 83, 735 (1985).

D.E. Williams, Rev. Comput. Chem. 2, 219 (1991).

U.C. Singh and P.A. Kollman, J. Comp. Chem. 5, 129
(1984).

J. Cioslowski, J. Am. Chem. Soc. 111, 8333 (1989).

R.F.W. Bader, P.M. Beddall, and P.E. Cade, J. Am.
Chem. Soc. 93, 3095 (1971).

edited by

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 10

28. T.Yu. Nikolaienko, L.A. Bulavin, and D.M. Hovorun,
Ukr. Bioorg. Acta 9, 3 (2011).

29. P.J. Stephens, F.J. Devlin, C.F. Chabalowski, and

M.J. Frisch, J. Phys. Chem. 98, 11623 (1994).

30. R.H. Hertwig and W. Koch, Chem. Phys. Lett. 268, 345
(1997).

31. G. Bakalarski, P. Grochowski, J. S. Kwiatkowski et al.,
Chem. Phys. 204, 301 (1996).

Received 11.11.11.

Translated from Ukrainian by O.I. Voitenko

E®EKTUBHI ATOMHI 3APSIIN KAHOHIYHIX
2/- TEBOKCUPUBOHYKJIEOTHU/IIB TA TXHSI
BAJIE?KHICTD BIJI KOHPOPMATIIT

T.FO. Hixonaenxo, JI.A. Bynasin, /.M. I'osopyn
PeszmowMme

Opepkano  cepemni  3a  yciMa MOXKJIUBEMEH — KOH(pOpPMeEpa-

MU KaHOHiyHuUX 2/-me3oxcupuboHykIeoTHIB (MOMeKyn H'-
JIe30KCUIUTUINIOBOI, 5/-TuMiguiosoi, 5’-nesokcuasenisiosoi Ta
5/-e30KCUTyaHJIOBOT KHUCJIOT) 3HaYeHHs e(QEeKTHBHUX 3aps/iB
IXHIX aToMiB Ta 3HAWJEHO BIJINOBIIHI CepEeIHBOKBAIPATHYIHI
Binxmienus. [lokazano, mo 3a3HaveH] BiAXuJIeHHA [JIs1 aTOMiB
BYIVIEI[IO MOXKYTb II€DEBUILYBATH CEPEJHE 3HAYEHHS IXHBOI'O
3apsaay. [IpoanasnizoBaHO MOKJ/IMBICTH BiATBOPEHHS JUMOJIBHOTO
MOMEHTY KOH(OPMEPIB 3a [IOIIOMOIOK YCEPEIHEHUX ATOMHHX
3aps/AiB 1 BHUSIBJIEHO, 1[0 HEXTYBAaHHSI 3aJIEXKHICTIO e(hEeKTUBHUX
aTOMHUX 3apsi/iiB BiJ KOH(OPMAIl MOJIEKYJIN MOXKE IIPUBOIUTH JO
oxub60K MOJLYJIsl JIUTIOJILHOTO MOMeHTY, 6inbmux 3a 100%. Onep-
JKaHl pe3ysIbTaTh MOXKYTb OyTH BUKOPHUCTAHI JIJIsI BJIOCKOHAJIEHHS

€JIEKTPOCTAaTUIHUX CKJIaJOBUX iCHyIO‘II/IX CHUJIOBHUX TIOJIIB.

1029



