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ABSTRACT

Guanine (G) is one of the most important nucleid &@ses (NAB) occurring in both DNA and
RNA. In addition to being the largest NAB, it hésoadhe most complex tautomeric equilibria. It
is very important to understand the properties ltd guanine base of DNA as thoroughly as
possible since it is the most frequently involviéglis the processes of mutation and cancer. The
equilibrium geometries, APT charges, fundamentafational frequencies along with their
corresponding intensities in IR spectrum, Ramarivéiets and depolarization ratios of the
Raman bands for the neutral and its radical spe¢®sG’, G) of the guanine molecule were
computed by density functional B3LYP method wigi 6++G (d, p) basis sets using Gaussian-
03 software. The thermodynamic functions of tHe tbmpounds were also performed at the
same basis sets. The calculations predicted thelBaule as well as the radical anionic species
of G to possess planar structures with int group symmetry whereas the radical cationic
species of G possesses@int group symmetry. The properties of the radazions that are
generated from the neutral neleobase moleculesnduthe certain processes helps in
understanding the nuclei acids in different envinremts and conditions. The radical anions are
intermediates in a numbers of chemical reactiorier&fore data of their structures are useful
for studying the mechanism and kinetics.

Keywords: DFT Calculations; APT Charges, guanine and its radical species; applications.

INTRODUCTION

IR spectroscopy analysis of guanine the Ar-matrix has suggested the presence of both keto and
enol tautomers in the equal proportion [1]. The stability of keto-N;H tautomers is most stable in
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gas phase but in the environment (water solution) stability is shifted towards the keto-NgH
tautomers [2]. The location of the initial chargesin DNA and RNA largely affect and govern the
creation of the neutral nucleotide radicals, which are formed by protonation of the radical anions
and deprotonation of the radical cations [3-5]. Exposure of DNA and RNA to high-energy
radiation is expected to lead formation of anions and cations at various sites within the strand.
The relative stability of guanine tautomers is found to be significantly influenced by the
molecular environment [6]. The properties of the radical cations that are generated from the
neutral neleobase molecules during the certain processes helps in understanding the nucleic acids
in different environments and conditions. The radical anions are intermediates in a numbers of
chemical reactions. Therefore data of their structures are useful for studying the mechanism and
kinetics.

The crystal structure of the neutral NgH guanine has been taken by experimental data of Bugg
and Thewalt [7]. The studies of the radical ions of keto-NgH guanine in gas phase have been
made by Zhang et a. [8]. Severa studies of IR and Raman spectra of the NgH guanine
derivatives have been published [9-14]. Florian has been calculated the scaled quantum
mechanical force fields and vibrationa spectra of solid-state nucleic acid constituents [15]. The
theoretical wave numbers of guanine predicted good agreements with earlier observed wave
numbers by Nishimuraet al. [16].

The frequency caculations indicated that they are now at energy minima. In this way, the
stationary points of all the structures were obtained at the same theoretical level of B3LY P/6-
311++G** which is a prerequisite for the geometric and energetic comparisons. G favors the
planar geometrical structure while the neutral G and G is non-planar symmetric structure.

Computational detail

The DFT calculations were carried out to compute the optimized molecular geometries, APT
charges and fundamental vibrational frequencies along with their corresponding intensities in IR
spectrum, Raman activities and depolarization ratios of the Raman bands for the neutral G as
well as their radical species (G, G*, G) using Gaussian-03 [17]. For the radical cations of the
both molecules, the input structures are taken from the geometries of their corresponding neutral
molecules optimized at the B3LY P/6-311++G** level and the DFT calculations were performed
using the B3LYP/6-311++G** level by taking the charge as +1 and multiplicity as 2. For the
computations of different parameters of our interest for the anions of G molecules computations
were performed at the B3LYP/6-311++G** level by taking the input structures from the
geometries of its corresponding neutral molecules, as for the anion, and the charge as -1 and
multiplicity as 2. The frequency calculations indicated that they are now at energy minima. In
this way, the stationary points of all the structures were obtained at the same theoretical level of
B3LYP/6-311++G** which is a prerequisite for the geometric and energetic comparisons. The
geometries were optimized by minimizing the energies with respect to al the geometrical
parameters without imposing any molecular symmetry constraints. The assignments of the
normal modes of vibration for all the three molecules have been made by visual inspection of the
individual mode using the GaussView software [18].
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Table-1 Optimized geometrical parameters® of G, G* and G molecules

Definitions G G G
Cal  Exp’
r (N;-C)) 1370 1371 1358 1.376
r (Co-N») 1308 1315 1.358 1.317
r (Ns-Cy) 135 1364 1.309 1.350
r (C4-Cs) 1393 1382 1439 1.39
r (Cs-Cg) 1439 1405 1461 1438
r(CeOp)  1.213 1198 1.221
r (Ce-N1) 1.440 1398 1441 1.428
r (N;,-Cs) 1380 1405 1.333 1384
r (Ce-N-) 1304 1314 1337 1.306
r (No-Cyg) 1385 1369 1366 1.382
r (No-Cy) 1369 1364 1374 1371

r (C-Ny) 1.375 1.328 1.362
r (Ng-Hys) 1.009 1.013 1.013
r (Cg-Hys) 1.080 1.081 1.080
r (N1-Hi) 1.012 1.016 1.017
r (N1g-Hye) 1.009 1.010 1.020
I (N1o-His) 1.009 1.012 1.014
0(Cs-Ng-Cy) 106.7 106.7 106.8
a(Cg-Ng-Hig) 1277 127.1 127.2
a(Cs-Ng-Hy) 1256 1262 1259
a(Ne-Cg-Hyg) 1217 1224 1212
a(Ng-Cg-N;) 1126 1132 1128
o(H;3-Cg-N;) 1257 124.4 125.9
a(Ce-N-Cs)  104.8 104.8 104.7
a(N7-Cs-Cs) 130.4 130.5 130.8
a(N;-Cs-Cy) 110.8 111.4 110.8
0(Cs-C5-Cy) 118.7 1182 1184
a(Cs-Ce-O2) 1313 129.3 1304
a(Cs-Ce-N;) 1095 1102 109.9
0(0;-C¢-Ny) 1192 120.6 119.7
a(Ce-Ni-Hyy) 1135 113.6 1147
a(CeNi-C,) 1265 126.1 126.6
a(Hi-N;-C,)  120.0 1204 1187
a(N;-C-Nyg)  117.0 1203 117.1
a(N1-Cx-N3) 123.4 1232 1228
a(Ni-C-Ng)  119.6 1165 120.1
0(C-Nyp-Hyg) 1182 1234 1193
a(CrNigHig)  113.8 1181 1152
o (Hie-Nyg-His) 114.7 1185 114.6
o (C»NsC,) 1129 1142 113.0
a(Ng-C,-Cs)  105.0 1039 104.9
o (Ng-Cs-N3) 1259 127.9 1259
0(Cs-C4-N3) 129.1 128.2 129.2
2Bond lengths (r) in A and Angles (° ) in degrees
b Ref. [7]
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Fig. 1

F

A- Front View, numbering scheme and the optimizedttras of the G molecule.
B- Lateral View, numbering scheme and the opdchstructures of the G molecule.
C- Front View, numbering scheme and the optim&tedttures of the Gmolecule.
D- Lateral View, numbering scheme and the dptithstructures of the ‘Gnolecule.
E- Front View, numbering scheme and the optimizedttsres of the Gmolecule

F- Lateral View, numbering scheme and the apgdhstructures of the “@olecule.
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RESULTSAND DISCUSSION

3.1 Molecular structure

The optimized geometrical parameters for the G molecule and its corresponding radicals
calculated at the B3LYP/6-311++G** level adong with the experimental parameters for the G
molecule are collected in Table-1. The numbering schemes for these molecules are shown in
Figs.1. The ab initio calculations predicted the neutral G species and its radical anion possess
planar structures with C; point group symmetry while the radical cations of G possess Cs point
group symmetry. We can be seen from the Table-1 and Fig-2A, small differences in geometries
of the anionic and cationic species from the neutral species. APT charges at atomic sites of the G
and its radical species are collected in Table-2 and aso a graph of APT charges of studies

speciesin Fig-2B.

—.— G

—a—G

OPTIMIZED BOND LENGTHS (AU)

T T T 1 L — T 1 T 1T T T T T T 1
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10R11R12R13R14R15R16R17

NAME OF THE BOND LENGTHS
Fig. 2 A: Variations of Optimized Bond length of the G and itsionic radicals

Table-2 APT atomic chargesof G, G" and G at the B3L Y P/6-311++G** level.

Atom G G* G
N. -0.6518 -0.6836 0.7221
C 1.1402 1.2689 -2.0295
N3 -0.8282 -0.6332 1.5690
Cy4 0.6533 0.4648 -1.1863
Cs -0.2586 0.2111 0.3736
Cs 1.2309 0.9241 -0.2532
N- -0.3645 -0.5540 0.2039
Cs 0.1833 0.4907 0.3321
Ng -0.3946 -0.4592 0.6199
N1g -0.8054 -0.7978 1.9519
Hqq 0.2059 0.2476 -0.4646
O -0.8875 -0.5660 -0.1875
His 0.0736 0.1511 -0.0806
Hi4 0.2519 0.3103 -0.8957
His 0.2278 0.3174 -0.4846
Hig 0.2236 0.3078 -1.1906
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APT CHARGES

T T T T T T T T T T T T T T T T
N1 C2 N3 C4 C5 C6 N7 C8 N9 N10H11012H13H14H15H16
NAME OF THE ATOMIC SITES

Fig. 2 B: APT Chargeson theatomic sitesof the G and itsionic radicals.

From the calculations it is found to the bond lengths of the N;1-C,, N3-Cy4, N7-Cs, Ng-Cg and Co-
N1o bonds are lower in magnitudes for the cationic species of guanine and other bond lengths of
the N-C bond of purine ring have found to be lengthened. In case of the guanine anionic species
G length of the N;1-C; and N3-C;, bonds are lengthened by lower magnitude and one bonds N1-Cs
is shortened by 0.012 as compared to the neutral G molecule. The bond lengths are shortened by
0.006 and 0.013 of the N3-C4 and Cx-N1o bonds due to the radicalization process. Redistribution
of the electrons on the G* species the atomic charges of each atom are slightly increases (Table-2
and Fig-2B). Due to the increase of atomic charges of al H atoms, the lengths of al N-H and C-
H bonds slightly increases in the G* species as compared to its neutral molecule (Fig-2A and
2B). In case of the G’ radical al H atoms get negative charges, due to this the lengths of the N-H
bonds increases except the C-H bond length as compared to the G species. The C-C bond length
of the ring for the G” radica increases than that of the G molecule due to the radicalization
process Cs sites get positive charges which repeal s the Cs atom. The C=0 bond length shorter for
the G* radical due to the positive charge on the Cs and Cg atoms both repeals to each other and
the O atom pulls very easily Cs towards itself. For the G radical its value longer as compared to
its neutral G molecules due to the attaching of one electron the Cg site gets negative charge and
this causes the increases of the bond length of the C=0 bond in the G’ radical.

3.2 Vibrational Analysis

Here, | have described only those frequencies which show mgjor differences after  calculations.
The magnitude of the calculated frequency of non-planer ring deformation mode 5, 12 and 14
have to found increase for the G* radical than those of the G molecule with the depolarized
Raman bands. However, nearly equal magnitudes with the G for the G™ ions with increased IR
intensity and Raman activity. It is notice for the magnitudes of the frequencies 28 and 31
increase in the G* radical but for mode 30 and 34 decrease as compared to the G molecule. The
magnitude of planer ring deformation mode 35 decreases by 30 cm™ and depolarization ration
increases for the G* radical than those in the G molecule. For the anionic species the G radical
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the value of calculated frequency is nearly same but the IR intensity and Raman activity
increases by alarge factor.

Table-3 Calculated fundamental frequencies® of Guanineand itsradicals

[l

10

11

12

13

14

15

16

G G* G
136 119 137
(3.20, 0.15) (3.21,0.02) (9.76,1723.58)
0.74 0.75 0.75
156 148 163
(1.38, 0.09) (0.01,0.22) (17.83,1839.79)
0.56 0.75 0.66
196 201 198
(11.25, 0.12) (12.58, 0.416) (2.62,6542.13)
0.62 0.75 0.62
318 320 319
(1551, 1.28) 0.62 (2.102, 1.85) (14.31, 240.31)
0.55 0.29
328 458 372
(58.45,0.32) (77.32,0.18) (761.02,57113.69)
0.17 0.75 0.72
335 345 338
(11.75, 2.96) 0.69 (5.84, 3.00) (1.68, 1045.55)
0.73 0.73
356 309 350
(1.66, 0.62) (8.45, 0.16) (21.15, 38064.01)
0.68 0.75 0.74
488 477 490
(7.48, 4.90) (4.05,7.95) (11.97,5713.73)
0.45 0.32 0.48
526 515 529
(19.43,3.86) (0.22,5.11) (33.18, 2901.89)
0.71 0.63 0.71
534 635 523
(81.12, 0.55) (74.66,0.08)  (27.21, 125202.34)
0.75 0.75 0.75
544 540 452
(260.17, 1.38) (45.37, 0.25) (130.59,57853.06)
0.74 0.75 0.66
6 682 602
594 (84.24,0.60) (153.42, 55924.31)
(79.28, 0.96) 0.75 0.54
0.74
624 616 625
(8.03,28.10) (3.13, 28.75) (17.89,6775.08)
0.12 0.54
660 557 660
(3.08,0.36 ) (162.35, 1.18) (46.00,14383.56)
0.75 0.62
668 668 665
(21.53,0.42) (12.67,2.60)  (160.96, 23339.44)
0.75 0.44
696 628 688
(38.99, 0.13) (2.27,0.66 ) (24.97, 3792.69)

Assignments

¢(ring) &'

Butter fly mode

¢(ring) &'

¢(ring) &'

a (ring) &

T(NH,) a’

B(C-NH) &

¢(ring) &'

a (ring) &

a (ring) &

y (NH) a’

w (NHp) a'

y (NH) a’

a (ring) &

¢(ring) &'

B(C=0) &

¢(ring) &'
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17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

0.71
734
(5.47,0.13)
0.51
777
(21.54, 1.46)
0.72
819
(11.79,0.79)
0.73

835
(8.66,1.76)
0.67
048
(7.64,6.32)
0.29
1044
(9.44, 3.73)
0.26
1064
(37.84, 3.46)
0.21
1069
(18.83, 4.09)
0.11
1136
(33.97,3.44)
0.34
1169
(25.71,1.99)
0.73
1304
(1.61,20.92)
0.22
1332
(71.32, 7.50)
0.69
1355
(15.62, 7.76)
0.74
1382
(13.99, 90.09)
0.33
1434
(23.76,15.60)
0.70
1508
(2.67,133.47)
0.18
1554
(80.71,29.59)
0.45
1603
(184.33,83.52)
0.36

0.75
726
(0.45, 0.19)
0.75
769
(15.17, 0.31)
0.75
887
(4.2882,
0.2287)
0.7498
833
(8.21, 1.34)
0.54
018
(3.19, 6.22)
0.69
1039
(1.22,2.92)
0.28
1053
(36.98, 5.23)
0.1024
1086
(5.48, 20.83)
0.2181
1099
(65.51,20.72)
0.28
1165
(24.93,1.82)
0.61
1230
(40.24,42.28)
0.34
1380
(179.13, 48.08)
0.58
1410
(169.76, 20.27)
0.69
1422
(7.23, 16.73)
0.19
1353
(25.05 , 57.61)
0.60
1481
(14.01, 16.76)
0.60
1527
(105.39,16.70)
0.11
1645
(240.95,294.51)
0.33

0.50
723
(123.22, 22505.83)
0.39
778
(5.37, 2866.90)
0.75
818
(2.74, 115060.74)
0.75

831
(42.21, 3395.46)
0.44
944
(289.17, 2316.09)
0.64
1039
(30.70, 2637.94)
0.31
1081
(20.71, 12501.18)
0.43
1062
(1913.54, 33025.19)
0.70
1131
(81.04, 17898.37)
0.65
1167
(77.36, 1852.35)
0.68
1301
(555.46, 23140.99)
0.36
1332
(210.18, 30830.15)
0.38
1349
(47.70,1247.06)
0.51
1379
(175.53,17352.34)
0.63
1420
(251.42, 22135.93)
0.18
1507
(42.48, 7006.27)
0.6645
1547
(365.94,19564.37)
0.61
1618
(837.21, 54603.71)
0.16

y (C-NH,) &'
y(C=0) &’

y(CH) &

v (ring) &
a (ring) a
v (ring) &
v (ring) & + p (NH)
v (ring) & + p (NHy) + B(N;H)
a
p (NHp) &
v (ring) & + B(CH)
B(CH) &
B(N;H) &
v (ring)d +pB(CH) &
B(NgH) & + v (ring) &
v (ring) &
v (ring) &
V(C-NH,) &

+v (ring) &

v (ring) &
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35 1614 1592 1564 v (ring) & + 0 (NH,) &
(237.77, 41.42) (48.35,41.96)  (6875.45, 694028.91
0.19 0.26 )
0.38
36 1661 1683 1581 o (NH,) d
(421.66, 38.45) (458.66,34.18)  (1571.25, 47413.15)
0.21 0.24 0.20
37 1792 1788 1757 v (C=0) d
(758.29, 52.69) (238.55,215)  (404.52, 13170.31)
0.40 0.37 0.34
38 3242 3250 3226 v (CH) &
(0.27,, 126.85) (19.00,123.36)  (105.02, 34799.84)
0.28 0.27 0.45
39 3577 3564 3353 V{(NH,) &
(52.31, 176.53) (356.55, (8084.55, 0.00)
0.17 231.21) 0.25
0.15
40 3589 3549 3474 V(N;H) &
(54.01, 135.56) (92.21,46.99)  (3183.38, 229092.49
0.17 0.56 )
0.59
M 3645 3598 3526 V(NgH) &
(78.74, 142.33) (193.03, (3296.49, 47670.96 )
0.25 119.90) 0.70
0.21
42 3686 3684 3535 Vas(NH,)
(41.09, 66.27) (127.86,55.89)  (1708.27, 24858.89)
0.74 0.72 0.08

@ The first and second numbers within each braoketasent IR intensity and Raman activity whilerthmbers
above and below each bracket represent the corredipg calculated frequency and depolarization raifadhe
Raman band respectively.
vw: very-weak, w: weak, m: medium, ms: medium-gtrenstrong, vs: very-strong, vvs: very- very 8o

The caculated frequency for out-of-plane mode of NH, group i.e. torsion mode found to be
increases by 130 cm™ and 44 cm™ for the G* and G~ species with intense band of IR and Raman.
The wagging mode of NH, group lower by magnitude 112 cm™ for the G than that of the G
while this is equa in magnitude in case of the G and G* radical. The rocking mode of NH,
found to be decreases by 37 cm™ and scissoring of thisincreases by 22 cm™ for the G* radical as
compared to the G molecule. The magnitude of the scissoring mode of NH, group decreases by
60 cm™. The antisymmetric stretching of NH, group have to found lower by 160 cm™ for the G
species and coupled with NgH stretching mode. The magnitude of IR intensity and Raman
activity increases in the G species than that of the neutral G molecule. The stretching
frequencies of the N;H and NgH bonds for the G* and G species calculated to have lower
frequencies as compared to the neutral G molecule. The bending mode of NH increasesin the G
species and equal magnitude for the G species. Out-of-plane modes of NH also increase by 101
and 88 cm™ for the G* species as compared to the G molecule. The bending mode of CH
decreases by 74 cm™ and out-of-plane mode of C-H increases by 68 cm™ for the G* species and
equal in magnitude of the G and G species. Stretching mode of C=0 decreases by 35 cm™ for
the G species and to be nearly equal in the G species.
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Figure — 3
A- Calculated IR Spectra of the G molecule at thgW8-311++g** basis set.
B- Calculated IR Spectra of the @olecule at the b3lyp/6-311++g** basis set.
C- Calculated IR Spectra of the @olecule at the b3lyp/6-311++g** basis set.

34



Rashmi Singh et al

J. Chem. Pharm. Res., 2011, 3(3):25-37

180

100 4

50

JJMMM

150 4

Raman Intensity

JUMML_JL_

150 4
100 4

50 -

o1

. Ji

4000
Fig. 4

3500 3000 2500

2000
Raman Shift(cm™)

T T ' 1
1500 1000 500

Figure — 4

A- Calculated Raman Spectra of the G molecule at 8hgl6-311++g** basis set.
B- Calculated Raman Spectra of thé @olecule at the b3lyp/6-311++g** basis set.
C- Calculated Raman Spectra of then®lecule at the b3lyp/6-311++g** basis set.

3.3. Other spectroscopically important parameters

Total energies, dipole moments, zero-point vibrational energies and other

relevant

thermodynamic functions for the neutral G molecule and its radicals calculated at the B3LY P/6-
311++G** level are collected in Table-4. The caculated dipole moment, S and rotational
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constant B and C increase in the G radical while in case of the G radical these parameters are
going to be decrease. The magnitude of calculated Cy, E and zero point vibrational energy
dightly decreasein the G* species and vice versain case of the G™ species. The anionic radical of
the G is more stable than the neutral G molecule while the cationic radical of the G is less stable
than the neutral G molecule.

Table-4: Calculated Energies, Dipole M oment, Zer o-point vibrational and Thermodynamics functions of
Guanineand itsradicals

G G* G

Totd Energies (Hartree) -542.71358848 | -542.43064610 | -542.71038889
Zero-point vibrationa energy (Kcal/Mol) 72.95649 72.83130 71.69711
 (Debye) 6.7407 7.1120 4.2303
Cy (Cal/Mol-Kelvin) 32.955 32.824 33.148
S (Cal/Mol-Kelvin) 89.045 90.446 90.402
E (Thermal) (Kca/Mol) 78.161 78.011 76.914
Rotationa Constant(GHZ)
A 1.91913 1.89564 1.91962
B 1.11309 1.13011 1.11281
C 0.70488 0.70802 0.70473

CONCLUSION

The frequency calculations indicated that they are now at energy minima. The G* species favors
the planar geometrical structure while the neutral G and G™ species is non-planar symmetric
structure. Redistribution of the electrons on the G* species the atomic charges of each atom are
dlightly increases. Both the cationic and anionic radicals of the G molecule are found to be
stable. The stretching mode of C=0 decreases for the G species and to be nearly equal in the G
species. For the anionic species of the G molecul e, the magnitude of the calculated frequency is
nearly same but the IR intensity and Raman activity increases by alarge factor.
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