Available Online JOURNAL OF
SCIENTIFIC RESEARCH

Publications J. Sci. Res. 4 (2), 419-425 (2012)  www.banglajol.info/index.php/JSR

Theoretical Ab initio and Density Functional Study of the Hydrogen Bonding
Nature Between the Pyridine-nitrogenic Base Pair

M. J. Al-anber”

Laboratory of Molecular Physics, College of Science, Basrah University, Basrah, Iraq

Received 17 October 2011, accepted in final revised form 10 January 2012

Abstract

The pyridine interact with two nitrogenic bases (adenine and uracil) so that they may cause
a significant point mutation. The results of theoretical ab initio study on the hydrogen
bonding energies of pyridine with the adenine and uracil are reported. The geometries of the
local minima for all suggested cases were optimized with Restricted Hartree-Fock RHF/cc-
pVDZ and then density functional B3LYP/cc-pVVDZ. The geometrical parameters, relative
stability, interaction energies and nature of hydrogen bonding energy are reported. Also,
focus on the range of the hydrogen bonding energy and the flexibility of the rotation angle
in the P:A! base pair have been investigated. Additionally, the influence of the hydrogen
bonding energy with the dihedral angle between the two planes of the adenine and the
pyridine in the P:At pair are studied. The pyridine with the adenine and uracil may be
classified as multi-point mutation. In general, enzymes may have three mechanisms to
recorrect the errors in the DNA and the RNA.
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1. Introduction

After accurately describing the structure of DNA, Watson and Crick suggested the effects
of spontaneous mutations on DNA [1]. DNA can be damaged by many different sorts of
mutagens. These include oxidizing agents, alkylating agents and also high-energy
electromagnetic radiation such as ultraviolet light and X-rays. The type of DNA damage
produced depends on the type of mutagen. For example, UV light mostly damages DNA
by producing thymine dimers, which are cross-links between adjacent pyrimidine bases in
a DNA strand [2]. On the other hand, oxidants such as free radicals or hydrogen peroxide
produce multiple forms of damage, such as base modifications, particularly of guanosine,
as well as double-strand breaks [3]. It has been estimated that in each human cell, about
500 bases suffer oxidation damage per day [4,5]. The most serious damage of these
oxidative lesions are the double-strand breaks, as these lesions are difficult to repair and
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can produce point mutations, insertions and deletions from the DNA sequence, as well as
chromosomal translocations [6]. The theoretical computations showed that the high
electric fields can damage DNA [7-9]. Recently attention has been given to the
nitrosamines, which are principal alkaloids that are found in tobacco smoke (they make
methylation base pairs) [10]. However, partly due to its influence on hydrogen bonding,
methylation is the most pro-mutagenic methyl adducts formed and can both silence gene
expression and cause point mutations [11]. Epigenetic methylation occurs at the guanine
and cytosine of CpG islands in DNA and is regulated by a methyl transferees and other
enzymes [8, 9]. These enzymes interact with DNA by flipping the target base out of the
double helix and into its active site [12]. The term base flipping is commonly used to
describe the rotation of single base out of the double helix as a result of attractive and
repulsive forces imparted by enzyme’s active site constituents. The theoretical methods
can be used to further investigate and predict the physical and chemical nature of
hydrogen bonding interactions. The predictive power of computational biology for DNA
has been confirmed in the recent experimental investigation which concluded that amino
groups in cytosine and adenine are non-planar [13]. This was postulated and predicted by
the molecular quantum calculations over 10 years ago [14]. Theoretical calculations are
used to bridge gaps in the understanding of experimental results and used to investigate
properties beyond the scope of current crystallographic methods. In many cases, the
experimental results are unable to accurately describe the small complex components in
nano dimensions and also, the interaction energies that are not easily measured
experimentally by the X-ray and NMR experiments [15].

The aim of this theoretical investigation is to use ab initio computations to characterize
the ability of suggesting the nature of hydrogen bonding between the pyridine and the
nitrogen bases to form a pair in the DNA or RNA and then reporting the obtained results.

2. Experimental

2.1. Computational details

First geometries for all suggested cases were optimized by the Restricted Hartree-Fock
(RHF) method with basis set cc-pVDZ and then optimized by the Density Functional
B3LYP method to include correlation corrections with basis set cc-pVDZ [16, 17]. This
functional, defined, by Becke, contains an exchange functional that consists of: 20%
Hartree-Fock Exchange, 8% Slater Exchange, 72% Becke-88 Exchange plus a correlation
functional that consists of: 19% VWN#5 Correlation, 81% LYP Correlation. This unusual
combination was empirically determined by comparing with the results of very accurate
calculations [18]. Some previous calculations [8-10] suggested that the results of B3LYP
are in good agreement with experiment. All geometries were performed using the
Gaussian98 [19].

3. Results and Discussions

To examine the ability of interaction between the pyridine with the any one from the
nitrogenic bases set (adenine, thymine, guanine, cytosine and uracil), initially, we
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suggested that each pyridine forms pair with the adenine base as the single P:A base pair
and then with the thymine base as the single P:T base pair, etc. At least there will be five
suggested pairs; P:A, P:T, P:G, P:C and P:U respectively. According to probability of the
pyridine to make hydrogen bonds with any one of these five nitrogenic bases, the pyridine
may forms two approaches with the adenine, two approaches with the thymine and two
approaches with the uracil (see Fig. 1). The hydrogen bonding (HB) energy between the
pyridine and any one of these five nitrogenic bases is caluclated from:

HB = EPyridine:Nitrogenic base pair_(ENitrogenic base T EPyridine)

where EPyridine:Nitrogenic base pair is the total energy of the suggested pair: ENitrogenic base is the
total energy of the nitrogenic base (adenine/ thymine/ guanine/ cytosine or uracil) alone
and Epyyigine iS the total energy of the pyridine only. The hydrogen bonding energies for all
the suggested pairs are collected in Table 1. The results of the DFT calculations
(B3LYP/cc-pVDZ) show the ability of the pyridine to make three pairs with some
nitrogenic bases as P:At, P:A2 and P:U*, respectively. On the other hand, the results of the
restricted Hartree-Fock calculations (RHF/cc-pVDZ) show that all pairs can occur. From
the comparison between the results of the total energy for the DFT and the RHF
calculations, we may note that HB®*-"">HB®. From Table 1 we can note that the
pyridine can forms two approaches with the adenine as the two single base pairs P:At and
P:A2 respectively. But the P:A? base pair has the hydrogen bonding energy higher than the
P:A2 pair. While the stability of the P:At base pair is lower than the P:A? base pair and the
relative change between them was equal to 7.62 kcal/mol. For that, the probability to form
the P:A? base pair is more than the P:A! base pair. The enzymes may face difficulty to
flipp the pyridine from the P:A2 base pair out of double helix than from the case of the
P:Al base pair. Also the pyridine and uracil showed stable form as the single P:U* base
pair. The hydrogen bonding energy of the P:U* base pair is the highest in comparison with
the P:A! and P:Al, so, enzymes are facing difficulty to flipp the pyridine from among
them.

Table 1. The hydrogen binding energy (HB) for all suggested base pairs using B3LYP/ cc-pVDZ
and RHF/ cc-pVDZ level.

Pair E pa.y» (keal/mol) Ee (kcal/mol)
P:AlL -12.262 -5.702
P:A? -4.643 -2.100
P:T? -7.692
P:T2 -7.762
P:G -9.231
P:C -7.115
P:U' -14.628 -7.955

p:u2? -7.971
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Fig. 1. The suggested base pairs between pyridine and five nitrogen bases (adenine, thymine,
guanine, cytosine and uracil). The colors red, blue, gray and cyan are due to oxygen, nitrogen,
carbon and hydrogen atom, respectively.

The hydrogen bond length R; of the P:A! and P:A? pairs shows small difference
between these two approaches, while the length of the hydrogen bond R, of the P: Al base
pair is shorter than the R, of the P:A? base pair in quantity equal to 0.419A The
recognized point, that the values of the hydrogen bond lengths of the P:A2 and the P:A!
pairs are closer than the hydrogen bonding lengths of the A:T base pair as reported by
other worker [9]. To examine the nature of the hydrogen bonding range between the
pyridine and any one from nitrogenic bases we calculated the hydrogen bonding (HB)
energy as a function of the hydrogen bonding length between the pyridine and the adenine
in the P:Al base pair using B3LYP/ cc-pVDZ, as shown in Fig. 2. Whereas the distance
between the pyridine and the adenine in the P:A! base pair increases from the optimized
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distance, or the equilibrium point. Hydrogen bonding energy, between the pyridine and
the adenine, shows rapid decrease to 50% as the distance between them increases to ~1 A
from the optimized distance. Then, slowly decreases in the HB until it almost disappears.
The energy equal to 0.55eV, in the visible region is enough to disperse the hydrogen
bonding in the P:A! base pair.

HB (Keal/mol)

1 2 3 4 5 6 7 a

Distance between P:A' pair (A%)

Fig. 2. The hydrogen binding (HB) energy as a function of the distance between the pyridine and the
adenine in the P:Al pair at B3LYP/ cc-pVDZ level.
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Fig. 3. The hydrogen bonding (HB) energy as a function of the rotation angle, between the adenine
and the pyridine of the P:At pair at B3LYP/ cc-pVDZ level.

To explore more about enzymes potential with DNA for flipping the target base,
pyridine out of the double helix we rotates the pyridine about the axis that connects it with
the adenine in the P:Al pair. The results of rotation, with step 10°, between the pyridine
and adenine in the P:A! base pair are shown in Fig. 3. We noted that the hydrogen binding
(HB) energy between the pyridine and adenine in the P:At base pair decreases to 50% at
the rotation angle equal to ~33° and drops to zero at ~64°. While beyond the rotation
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angle 64° the hydrogen attractive force exchanges to the repulsive force. The maximum
repulsion appears at angle of rotation that equal to 90°. We may expect that the enzyme
will rotate the pyridine in the P:Al base pair with angle equal to ~33° to flipp it out of the
double helix. Finally, we examined the effect of the dihedral angle between the plane of
the pyridine and the plane of the adenine in the P:At base pair. The ability of the dihedral
angle to break the hydrogen bonding between the pyridine and the adenine in the P:A!
pair is shown in Fig. 4. The dihedral from the angle equal to 20° to 30° shows rapid
decreases in the hydrogen binding (HB) energy and it drops to 50% approximately.
According to the steric effect, which may occurs with surround molecules in DNA or
RNA, the dihedral angle in the limit 25°+5° may not give interesting geometry steric
effect. Hence, the dihedral of the pyridine plane towards the adenine plane may happen
due to the enzymes potential with DNA for flipping the pyridine out of the double helix.
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Fig. 4. The hydrogen bonding (HB) energy as a function of the dihedral angle between the two
planes of the adenine and the pyridine of the P:A! pair at B3LYP/ cc-pVDZ level.

4. Conclusion

The results of our calculations show that the pyridine with two nitrogenic bases have
significant pairs compared to the Watson-Crick hydrogen-bonding pattern. The
comparison between the DFT and RHF levels in calculating the hydrogen bonding
energies shows that RHF gives error and the role of the electron correlation is very
important in these computations. The results can be summarized as follows:

a. Based on our data, the pyridine can form significant base pairs with the adenine
and the uracil in DNA and RNA and lead to point mutations.

b. The range of the hydrogen bonding distance is about ~1A¢ for the P:A! base pair
and the energy of the visible region is enough to disperse this mutation. A

¢. The enzymes potential with DNA or RNA for flipping the target base out of the
double helix may be active at angle of rotation equal to ~33°.



M. J. Al-anber, J. Sci. Res. 4 (2), 419-425 (2012) 425

Acknowledgment

The authors thank the Molecular Physics Group (MPG) of the Department of Physics at
Basrah University for many fruitful discussions. Also, the authors gratefully acknowledge
Assistant Prof. Noori Al-maliki for his help.

References

1
2.

3.

e

® N

10.
11.

12.
13.
14.
15.
16.
17.
18.

19.

J. Watson and F. Crick, Nature 171, 737 (1953). http://dx.doi.org/10.1038/171737a0

T. Douki, A. Reynaud-Angelin, J. Cadet, and E. Sage, Biochemistry 42, 9221 (2003).
http://dx.doi.org/10.1021/bi034593c

J. Cadet, T. Delatour, T. Douki, D. Gasparutto, J. Pouget, J. Ravanat, and S. Sauvaigo, S.
Mutate. Res. 424, 9 (1999).

M. Shigenaga, C. Gimeno, and B. Ames, Proc. Natl. Acad. Sci. USA 86, 9697 (1989).
http://dx.doi.org/10.1073/pnas.86.24.9697

R. E. Schemers, R. Saul, and B. Ames, Proc. Natl. Acad. Sci. USA 81, 5633 (1984).
http://dx.doi.org/10.1073/pnas.81.18.5633

K. Valerie and L. Povirk, Oncogene 22, 5792 (2003). http://dx.doi.org/10.1038/sj.onc.1206679
M. Al-anber, Z. Abdalla, and A. Salih, FIZIKA A 17, 151 (2008).

G. Forde, A. Flood, L. Salter, G. Hill, L. Gorb, and L. Leszczynski, J. Bio. Struc. Dynam. 20,
811 (2003).

G. Forde, A. Flood, L. Salter, G. Hill, L. Gorb, and L. Leszczynski, J. Bio. Struc. Dynam. 21,
297 (2003).

S. Hecht, Chem. Res. Toxicol. 11, 560 (1998). http://dx.doi.org/10.1021/tx980005y

B. Singer and D. Grunberger, Molecular Biology of Mutagens and Carcinogen (Plenum Press,
New York, 1983). http://dx.doi.org/10.1007/978-1-4613-3772-0

R. Roberts, Cell 82, 9 (1995). http://dx.doi.org/10.1016/0092-8674(95)90046-2

F. Dong and R. Miller, Science 298, 1227 (2002). http://dx.doi.org/10.1126/science.1076947

J. Leszczynski, Int. J. Quantum Chem. Quantum Biol. Symp. 19, 43 (1992).
http://dx.doi.org/10.1002/qua.560440708

M. Al-anber, Int. J. Pure Appl. Phys. 7 (3), 251 (2011).

D. Wood and T. Dunning, J. Chem. Phy. 98, 1358 (1993). http://dx.doi.org/10.1063/1.464303
R. Kendall, T. Dunning, and R. Harrison, J. Chem. Phy. 96, 6796 (1993).
http://dx.doi.org/10.1063/1.462569

R. Ditchfield, W. Hehre, and J. Pople, J. Chem. Phys. 54, 724 (1971).
http://dx.doi.org/10.1063/1.1674902

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G.
Zakrzewski, J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A.
D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B.
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, N. Rega, P. Salvador, J. J. Dannenberg, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, 1. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle, and J. A. Pople,
Gaussian 98 (revision A.3) (Gaussian, Inc., Pittsburgh PA, 1998).



http://dx.doi.org/10.1038/171737a0�
http://dx.doi.org/10.1021/bi034593c�
http://dx.doi.org/10.1073/pnas.86.24.9697�
http://dx.doi.org/10.1073/pnas.81.18.5633�
http://dx.doi.org/10.1038/sj.onc.1206679�
http://dx.doi.org/10.1021/tx980005y�
http://dx.doi.org/10.1007/978-1-4613-3772-0�
http://dx.doi.org/10.1016/0092-8674(95)90046-2�
http://dx.doi.org/10.1126/science.1076947�
http://dx.doi.org/10.1002/qua.560440708�
http://dx.doi.org/10.1063/1.464303�
http://dx.doi.org/10.1063/1.462569�
http://dx.doi.org/10.1063/1.1674902�

