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Abstract
Theoretical ab initio calculations have been performed to determine the properties of hydrogen bonds
in adenine and thymine base pairs in gas phase in nine (9) different orientations. in order to gain deeper
insight into structure, charge distribution and energies of A-T base pairs, we have performed quantum
chemical ab initio and density functional calculations at the HF and B3LYP levels with 3-2/G*
6-31G*, 6-31G** and 6-31++G** basis sets . (Table 3)
The calculated donor acceptor atom distance Watson — Crick A-T base pairs are in good agreement
with the experimental mean values obtained from an analysis of 21 high resolution DNA structures .
In addition for further correction about interaction energies between adenine and thymine, the basis set
super position error (BSSE), associated with the hydrogen bond energy has been computed via the
counterpoise method, using the individual bases as fragments.
In Watson-Crick A-T base pair there is a good agreement between theory and experimental results. The

distances for (Ny...Ha3-Njg), (Ng-H)3...024) and (Cy...0g) are 2.84, 2.94 and 3.63 respectively in

B3LYP/6-31G** level in good agreement with experimental results (2.82, 2.98 and 3.52 A).
Interaction energy of Watson Crick A-T base pair is -13.90 and -10.24 kcal/mol in B3LYP/6-

31G** and HF/6-31G** levels. The interaction energy of model (9) A-T base pair is lacger than
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others, — 18.28 and -17.26 kcalmol™, and for model (2) is the smallest value, -13.53 and -13.03
kealmol! in B3LYP/6-31G** and B3LYP/6-31++G** levels respectively. The computed
B3LYP/6-31G** bond enthalpies for Watson ~Crick AT pairs of -14.4 kealmol™ agree well
with the experimental results of -12.1 kealmol™ '"), deviating by as little as -2.3 kcalmol™ . The
basis set super position error (BSSE) of some cases is large (9.85 kcalmol ' ), and some is quite

small (0.6 kealmol™

Introduction

The interaction between nucleotide bases is an important element in structure of DNA consequently.
These interactions act with hydrogen bonding between base pairs P Apart from providing water with
physical properties that make it the ideal medium for many processes of life to take place in, it is
responsible for various types of self-organization and molecular recognition, such as the folding of
proteins. In 1953, Watson and Crick ) using data from other people labs build a model of DNA . This
model involve pairing the nucleic base adenine with thymine and cytosine with guanine .They showed
that the fundamental unite of DNA involves the helical intertwining of two chains held together by
hydrogen bonds through the pairings of A-T and C-G (Schemel). The adenine and guanine are purine
and thymine and cytosine are pyrimidine . In the past decade, ab initio and DFT quantum chemical
studies P! have appeared on the geometry, energy and other aspects of the hydrogen bonds that hold
together AT and GC pairs. The adequacy of DFT for hydrogen-bonded systems has received much
attention lately ). 1t is known from the investigations of sim et al “".They found that the DFT results
are of comparable quality to those from correlated ab initio methods. Others P+ have shown that this
is also true for the corresponding structures minor but signification deviations from experimental
values were obtained with both DFT and ab inifio methods. C. F. Guerra and others -®! have shown
that these structural deviations are a result of intermolecular interactions of the base pairs with the

environment in the crystal.



J Maranon and co-workers'? was obtained the geometry of the adenine—thymine DNA base pair (A-T)
molecule, (Schemel) in molecular dynamic simulations using Gaussian 94 package ®1. The geometry of
A-T base pair was optimized with the restriction that both molecules can only move over the same
plane. The ab initio calculations were carried out by using HF/3-21G" level. As results of this calculate
it is obtained that the lengths of hydrogen were d (N3...H23-Nyg) = 0.2796nm and d (Nsg-H3-O2) =
0.2988nm " J.Maranon and co-workers 7 studied a MD simulation of the double hydrogen bonds of
the adenine-thymine in water and simulate each hydrogen bond of the base pair by two covalent bonds
and use an adequate value of the van der Waals parameters in order to give a good simulation of the
hydrogen bond. Also structural geometries and energies of A-T carried out by HF/6-31G** and
B3LYP/6-31G** base by Meyer and Sohnel P,

In this work we try to calculate geometries, energies and atomic chares of the hydrogen bonds in

the Watson — Crick DNA base pairs and other different orientations of A-T base pairs, (see
Figurel) with ab initio and DFT quantum chemical studies.

In the present paper we address a different point. Whereas both density functional and ab intio
methods satisfactorily reproduce experimental A-T hydrogen bond distance and interaction
energies in different states of A-T base pairs. We try to calculate geometries, energies enthalpies

and atomic charges of the hydrogen bonds in the Watson-Crick DNA base pair and other different
orientations of A-T base pairs, (see Figurel) with ab initio and DFT quantum chemical studies.

Density functional quantum chemical calculations have recently provided a relatively consistent
picture on base pair interaction energies and geometries, we have performed calculations of this
type for the A-T base pairs. This can lead more detailed information on structure, charge
distribution and energetic of the base pair as compared to the simple iso-sterism concept.

The enthalpies of A-T base pair in nine different orientations calculated in B3LYP/6-31G* and

B3LYP/6-31G** and HF/6-31G** levels with frequency calculations in these levels.
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Methods
Ab initio calculation at the HF/3-21G*, HF/6-31G*, HF/6-31G** and density functional theory
(DFT) studies at the BILYP/3-21G*, B3LYP/6-31G*, B3LYP/6-31G** and B3LYP/6-31++G**
levels were carried out to determine the complex structures with the Gaussian 98 program "L,
The interaction energies were corrected for the basis set super position error (BSSE): by the
standard counterpoise method approach ['%,
Ab initio interaction energies were evaluate using HF/3-21G*, HF/6-31G*, HF/6-31G**
optimized geometries and density functional theory B3LYP/3-21G*, B3LYP/6-31G*, B3LYP/6-
31G** and B3LYP/6-31++G** levels. The counterpoise correction method (CP) calcutated
according to equation (1).

AE o, =B(4Br.)"® —~E(4,r,)-E(B,r,)+E* m

Witk B = [Ea)-B(4 e ) |+ (BB )]
The deformation energy E™ is defined as the energy difference between the geometry
optimized monomers and the structures of the monomers adopted in the complex.
The label r. is used here to indicate the geometry of the product complex AB while r, indicate
the geometry of the separate reactants.
Adenine-Thymine (A-T) complex was studied both in the Watson — Crick and eight different
orientations (Figurel).

Mean values of intermolecular donor acceptor atom distance of A-T pairs in the Watson —Crick

have been determined from 21 DNA structures with a resolution better than 1.5 A using the

program HB explore!!) for comparison between experiment and calculated data .



The frequencies of A-T in the Watson —Crick and eight different orientations was calculated in
B3LYP/6-31G**, B3LYP/6-31G* and HF/6-31G** levels.
Bond enthalpies ( A H,g5) were obtained from frequency calculations at 298K and latm assuming
an ideal gas with equation (2) :

AHa08™ Y (g + H o peguier = 2 (Eg + H ) rscims @

With H

Corr

=E,

wrot + KegT

and By BB ¥ B VE ¥V E

Here Eo is total electronic energy of monomers and dimer and Heorr is thermal cormection for
enthalpy .And also E s , E ra » Evip and Eeyec are the translational, rotational , zero point
vibrational energy and electronic ehergies based on our frequency calculations. The basis set

super position error (BSSE), associated with the hydrogen bond energy, has been computed by the

counterpoise method ', by using the individual bases as fragments.

Results and discussions

The results obtained give a clearly picture of the differences between different orientations of
A-T base pairs. Nevertheless we discuss briefly a methodological aspect of the calculations first
and then proceed with a discussion of the basic results without reiterating statements on the
finer details of approximations and methods. The results of our B;LYP and HF study on the
formation of the adenine-thymine complexes are summarized and compared with literature in
Table 1 (geometries), and 2(energies). Scheme! defines the proton donor acceptor distance used
throughout this work.

The computed B3LYP/6-31G** bond enthalpies for Watson ~Crick AT pairs of -14.4 keal
mol” agree well with the experimental results of -12.1 kcalmol™ !'"), deviating by as little as

2.3 kealmol™ (see Table 2). The basis set super position error (BSSE) of some cases is large



(9.85 kealmol), and some is quite small (0.6 kcalmol™). Comparison of the hydrogen bond
enthalpies (A H 295) from ab inito and DFT calculations are shown in figure 4.
The distance for (N...Hz3-Nj9), (Ng-Hi3...024) and (C;...01g) for A-T Watson —Crick base pair

are 2.84, 2.94 and 3.63A respectively in B3LYP/6-31G** level, in good agreement with

experimental results (2.82, 2.98 and 3.52 A)!')

It turns out that the DFT (B3LYP/6-31G**) distances are in excellent agreement with the
experimental date, whereas HF distances are somewhat too long (Tablel). For other models of
A-T base pair result in different levels summarize in Table (1). Therefore we have to conclude
that, at least for the hydrogen bonded systems studied in this work, density functional
calculations give similar or even better results than the conventional ab initio studies.

The interaction energy of model (9) A-T base pair is larger than others, — 18.28 and -17.26
kealmol”, and for model (2) is the smallest value, -13.53 and —13.03 kcalmol” B3LYP/6-
31G** and B3LYP/6-31++G** levels respectively. Comparison of the hydrogen bond energies,

AEgsse and AE from ab inito and DFT calculations are shown in figure 5,6

The Hartree Fock approach (HF) yields distances that are up to 0.15 A longer than DFT values.
In general the intermolecular distances determined with density functional theory are somewhat

shorter as compared to HF optimizations.

The deformation of the bases (changes in bond lengths larger than 0.003!& ) caused by the

formation of the hydrogen bonds is shown in Figure 2. All the N-H bonds that participate in

hydrogen bonding expand by 0.01 1-0.036.;\ .the largest elongations are found for the Njg-Has of

thymine in A-T (2) orientation and the smallest are found for Ns-Hi2 of adenine. The C=0

distances of oxygen atoms involved in hydrogen bonding increase by some 0.018 A .



Atomic charges of A-T base pairs are shown in Figure 3. The small interaction energy between
A and T is also reflected in the electron distribution at the atoms involved in hydrogen bonding
and the corresponding charges (Figure 3). It turnout to be the case, as can be seem from Figure
3, which display the atomic charges for the separate, noninteracting bases: All proton acceptor
atoms have a negative charges whereas the corresponding proton they face are all positively

charged.

The results obtained give the intermolecular (H4...0yg) distance in A-T (9) 1811 A in
B3LYP/6-31G** level, and show that with reduce interaction energies in different models of A-

T increase the intermolecular (H...0) distance (Table 2 and 3).

Conclusions

We have unraveled a hitherto unresolved discrepancy between theoretical and experimental
hydrogen bond lengths and energies in Watson- Crick and other different orientations. Our
results clearly show that A-T base pairs select different geometries that vary in energy and
structures, This difference is reason of various hydrogen bonds between O, N and H atoms. In
general the results obtained in BALYP/6-31G** are in well agreement with experimental values.
It turns out that the B3LYP/6-31G** distances are in excellent agreement with the experimental

date, whereas HF distances are somewhat too long.
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Base pairs HF/3-  HF/6- HF/6- B3LYP/3- B3LYP/6- B3LYP/G- B3LYP/6-
21G*_ 31G* _ 31G**  21G* 31G* 31G*+ 314++G**
A-T (1)
Exp.!"!

r‘;(;'""Ho’)') 171 2075 2.087 1.822 1928 1921 1920
r(H""o’:) L747 1979 197 1611 1.831 1.799 1.828
r(Nd'.'.'.olu) (29%) 2574 2981 2963 2.497 2849 2.804 2.863
NN (282) 293 3071 3081 2856 2.948 2.940 2939
HC:..0n) (G.52) 2770 2994 29% 2,690 2876 2.848 2.875
£ (NH1302) 3419 3987 3775 3.363 3672 3.633 3.634
Z (H1101Cr) 121 1729 1129 1742 1745 174.6 174.1
2 (N;HNog) 1243 1264 1263 1228 1245 1245 125.8
£ (HnN.C)) 1781 1780 1788 178.1 1797 179.7 179.4

- 152 170 1166 1163 1178 117.5 117.3
A-T(2)
:((E;’ : :ig 3’ 1972 2087 2092 1.839 1.949 1944 1943
H(Hs...Om) 1745 1985 1978 1.606 1.834 1.796 1.818
H(Ns...On) 2571 2981 2964 2413 2833 2776 2825
H(NpNpy) 2973 3082 3.086 2.870 2967 2961 2.960
KC: . Om) 2778 2998 2991 2.686 2.878 2.844 2,866
Z (NsHos040) 3419 3970 3977 3.346 3.660 3610 3.651
Z (0400 77 27 127 1734 1742 174.1 173.9
Z ';{ ';' 1 1231 1248 1247 1213 1224 122.1 122.0

(NaHzN,5) 1780 1778 1770 1787 178.3 179.1 1788
£ EHuNCY) 143 j161 1159 1153 1168 1165 116.5
AT (3
H(Hy3.:.045) 1846 2001 2011 1.727 1.877 1.369 1.876
"(N""g") L881 2039 2047 172 1.896 1.875 1.887
:::""N ‘3) 23855 3001  3.009 2.766 2.900 2.891 2.898
4(’];1{” 01 2904 3048 3054 2.795 2.934 2914 2926
y (H! o .c,!') 1756 1758 1764 1767 176.9 177.1 176:6
Zoins 1238 1239 1235 1222 122.1 121.0 122.7

(NaHzNi7) 1772 ms s 1780 1786 1787 1786
£ (HaNiC)) 1195 1204 1206 1206 1212 1211 120.6
A-T (4)
et hg 2018 2148 2148 1871 1959 1.964 1.965
Ny P ) 1726 1954 1950 1.599 1.804 1779 1.791
T(Ns...0z) 301 3136 3.135 2.895 2970 2973 2974
N1 Nis) 2751 2964 2959 2668 2844 2821 2.836
(His...On) 2518 2015 2907 2432 2802 2756 2.791
HCio Ouw) 3245 3594 3588 3.185 3492 3453 3.483
£ (NgH1:0:) 1726 1700 1700 1718 1703 170.1 170.1
£ (Hi02Cx0) 1308 1320 1320 1299 131.7 131.2 131.9
Z (NyHyNio) 1726 1751 1752 1727 174.8 174.6 174.9
£ (HzNyCio) 7.7 n1ge 1185 1183 119.7 119.5 119.5
AT (5)
1(Hiz...01) 2008 2155 2155 1882 1.987 1.988 1.985
1(Nys...Hy) 1720 1951 1946 1595 1.804 1.767 1.801
r(Ns...O) 3008 3444 3043 2907 2.996 2,996 2993

Tab
le
.
The
geo
metr
ies

A-T
base
oairs

obta
ined
from

ous
level
s of
theo



Table (1). (Continued.)

Base pairs HF/3- HF/6-  HF/6- B3LYP/3- B3LYP/6- B3LYP6- B3LYP/6-
21G* 31G* 31G** 21G* 316G G 3++GH*




t(N1...Njg) 2747 2961 2956 2.665 2.844 23811 2.845
r(His...05) 2522 2906 2900 2413 2777 2716 2758
H(Cio Oz 3247 3590 3586 3171 3473 3421 3.492
£ (NyH:015) 1729 1704 1704 1723 1702 170.2 170.4
£ (Hp035Cae) 1295 1306 1305 128.1 129.0 1285 129.9
Z (N;HyNjs) 1733 1765 1765 1733 175.9 1753 176.3
£ (HyN; Cro) 117.3 117.6 117.6 117.7 118.7 1186 118.4
A-T (6)

(Hi...015) 1850 2023 2025 1.740 1.888 1.883 1.888
(N Hy) 1888 2072 2070 1237 1.906 1.891 1.989
(Ng...0) 2849 3.007  3.006 2.765 2.895 2.888 2.894
r(Nyi.-Ni7) 2908 3.079  3.076 2.79 2940 2.925 2933
£ (NsH1201) 1708 1674 1672 1702 168.5 168.1 168.2
£ (HuOiCie) 1322 1309 1308 1303 129.9 129.6 129.0
£ (NyHuNy) 1778 1781 1770 1769 176.5 176.4 176.5
£ (HnNuCyo) 1223 1228 1229 1220 123.5 1235 1233
A-T(T)

r(Hy...Ny) 1.800 2021 2011 1.661 1.864 1.827 1.865
#(Oz...Hi) 1822 1.995  1.99 1.712 1.854 1.838 1.850
1(Ns...02¢) 2798 2955 2953 2.733 2852 2.834 2.841
(Njg...Ny) 2829 3032 3020 2733 2.905 2871 2.908
f(Ors..Hy) 3288 3594 3756 3.162 3.439 3391 3464
T(C;i .. 3917 4197 4184 3813 4.056 4014 4084
£ (NH,4039) 160.6 1593  158.9 164.5 163.2 162.5 161.2
Z (NigHxN;) 1761 1751 1749 1772 176.8 176.7 1758
Z (Hi04Cx) 1331 1348 1350 1292 1311 1316 1339
Z(HaN,C) 1281 1296 1292 1202 1309 130.4 129.6
A-T(3).

(Hy;.. 1) 1797 2019 2016 1.654 181 1.837 1.860
HOss...Hig) 1829 2002 2002 1.730 1879 1864 1.872
T(No...01) 2805 2958 2956 2.745 2874 2857 2.858
1(Nyy..Na) 2826 3.027  3.024 2725 2911 619 2562
H(0x...Hy) 3276  3.586 3581 3.128 3429 3.386 3.437
(G -0z 3903 4196 4192 3.788 4.049 4012 4.064
£ (NsHi045) 1609 1584 1584 163.5 162.4 1619 160.9
Z (NisHnN3) 1759 1737 1738 176.4 175.7 175.7 174.5
£ (H10uCie) 1308 1337 1337 1218 129.2 129.4 131.6
Z (HpNyCy) 1270 1283 1282 1281 129.9 129.5 128.4
AT()

(Hy..Ny) 1878 2,056 2048 1731 1.901 1.870 1.880
10 1773 1950  1.948 1.668 1.822 1.803 1.811
(Ns... 2763 2925 2921 2695 2.830 2.810 2.817
(Ni; ...N;) 2900 3063 3055 2793 2937 2908 2918
£ (NH1.015) 1641 162.0 1627 166.0 165.7 165.1 164.6
£ (N sHzN3) 1759 1767 1766 175.0 1773 177.4 177.3
£ (H01Cis) 1297 1301 1303 127.7 127.5 127.8 128.5
Z (HaN,C) 1317 1335 1333 131.9 133.9 133.7 1334

Table (2) . Calculated binding energy of A-T base pairs in various levels (in kcal mol")

AT(1)

AE

AEssse  AH
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HF/3-21G* 220 -14.05

HF/6-31G* -11.73 -10.02

HF/6-31G** -11.81 -1024  -10.08 . an
B3LYP/3-21G* -28.89 -19.32 AH exp =121
B3LYP/6-31G* -1620  -1347  -147 AH,,, =-12.75
B3LYP/6-31G** -1644  -1390  -14.4

B3LYP/6-31++G** 21279 -13.35

BP86/TZ2P" -13.0 -i2.3 -11.8

A-TQ2) AE AEuse  AH

HF/3-21G* -21.98 -14.02

HF/6-31G* 41165 -9.96

HF/6-31G** -1.73 -10.19 -10.03 AH o=t
B3LYP/3-21G* 2846  -18.86 AR =-12.78
B3LYP/6-31G* <1576 -13.06  -143 298 .
B3LYP/6-31G** 41598 -13.54  -14.0

B3LYP/6-31++G** 21245 -13.03

ATE) AE AEpr  AHyy

HF/3-21G* 2160  -15.86

HF/6-31G*. -1269  -11.69

HF/6-31G** 41270 -11.86  -10.90 AH ep=**
B3LYP/3-21G* -28.08 -21.04 AR =-1397
B3LYP/6-31G* -17.01 -1533 -16.0 8 :
B3LYP/6-31G** -17.13 -1564  -15.0

B3LYP/6-31++G** -14.11 -14.80

A-T (4) AE AEgsse  AHao

HF/3-21G* 23.06 -15.10

HF/6-31G* -12.36 -10.66

HF/6-31G** -12.41 21090 -10.69 AH expese
B3LYP/3-21G* -29.99  -20.14 AH.. =-13.60
B3LYP/6-31G* 21676 -14.14  -152 8 ‘
B3LYP/6-31G** <1697 -1446  -14.9

B3LYP/6-31++G** -13.54  -14.19

A-T(S) AE AEgse  AHgo

HF/3-21G* 23,11 -15.18

HF/6-31G* -12.33 -10.64

HF/6-31G** <1239 -10.88 -10.67 AH ep=**
B3LYP/3-21G* -29.89 -20.02 AL =-13.46
B3LYP/6-31G* -16.52 -13.88 -15.0 8 :
B3LYP/6-31G** -16.76 -14.28 -14.7

B3LYP/6-31++G** -1335 -13.92

A-T (6) AE AEgs  AHyo

HF/3-21G* 2051 -15.08

HF/6-31G* -11.51 -10.66

HF/6-31G** -11.49 -10.83 9.72 AH exp=re
B3LYP/3-21G* -27.29 2033 AL =-12.81
B3LYP/6-31G* -15.92 -1436  -149 2% :
B3LYP/6-31G** -15.97 1450  -13.8

B3LYP/6-31++G** -13.04 -13.82

‘Table (2). ( Continued.)



AT (T) AE AEpsr  AHyy

HF3.21G* 2305 -1685
HF/6-31G* G309 <1180

HF/631G* 331 201 1160 AH et
BILYP/3-21G* 2906 2172 e
B3LYP/6-31G* 1727 41525 -165 AHyy, =-1480
B3LYP/6-31G** 1752 1565 -162

BILYP/6-31++G**  -1448  -I5.15

ATE) AE Abysr  AM o

HF3-21G* 230 1675

HF/6-31G* 4308 1LY

HF/6-31G** 1320 204 1159 AH gt
B3LYP/3-21G* 2857 2L e 2
B3LYP/6-31G* 1678 -1477  -160 Al =-1443
B3LYP/6-31G** 4700 1510 4157

BILYP/6-3144G**  -14.08  -1471

A-T(9) AE AEgsy  AH

HF3-21G* 2520 1940

HF/6-31G* 1534 1432

HF/6-31G** 541 1434 1367 AH et
B3LYP/3-21G* 3110 2438 =
B3LYP/6-31G* 1939 -1791  -185 AHy =-1679
B3LYP/6-31G** 21959 -1829  -182

B3LYP/6-31++G** -16.79 -17.26

AE and A Eggsz .. the bond energy at zero K without and with correction for the BSSE, respectively. AH s is
the bond enthalpy at 298 K. AH ,, , experimental AH from spectrometry data"" with comrections for AT
according to Brameld et al.””

* AH o, has been found only for A-T (1) model. o
#* We guess that the AH o, of the other forms of A-T (n) , n# 1 is near the AH, 5 ( average of theoretical

AH 55 ) values that obtained from

Table (3). Abbreviations of some various quantum chemical methods

Method

DFT Density Functional Theory

HF Hartree Fock

B3LYP Beck3-LYP ( one of methods at Density Functional Theory)
BP386 ( one of methods at Density Functional Theory)

Figure Caption



Scheme 1. Adenine-thymine base pair in Watson-Crick structure

Figl. Watson -Crick geometry of adenine-thymine base pair and other Different orientations of A-T.
Fig 2. Deformation [A ] of the individual bases caused by hydrogen bonding in the base pairs,
from B3LYP/6-31G (d, p) optimizations without any symmetry constraint (only changes in

bond length > 0.00312\ are given).

Fig 3. Selected atomic charges of monomers and different orientation A-T base pairs from a
Mulliken population analysis (B3LYP/6-31G (d, p))

Fig 4. Comparison of the hydrogen bond enthalpies (A H 295) in keal mol™ of the different
orientations of adenine-thymine base pair, obtained from ab initio and DFT calculations.

Fig 5. Comparison of the hydrogen bond energies (A Epsse) in keal mol™' for different orientations
of adenine-thymine base pair, obtained from ab initio and DFT calculations.

Fig 6. Comparison of the hydrogen bond energies (AE) in keal mol™ for different orientations of

adenne-thymine base pair, obtained from ab initio and DFT calculations.
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