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Structural basis of DNA flexibility 
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It has been recently show n by us, on the basis of crystal structure database that the nexi bility of B-DNA double helices 
depends significantly on their base sequence. Our model building studies furt her indicated that the ex istence of bifurcated 
cross-strand hydrogen bonds between successive base pairs is possibly the mai n fac tor behind the seq uence directed DNA 
nex ibility. These cross-strand hydrogen bonds are, of course, weaker than the usual Watson-Crick hydrogen bonds and their 
bond geometry is charac teri zed by re lati vely larger bond lengths and smaller bond angles. We have tried to improve our 
model structures by incorporating non-planarity of the amino groups in DNA bases due to the presence of lone pair electrons 
at the nitrogen atoms. Energy minimi zati on studies have been carried ou t by using different quantum chemica l methods, 
whereby it is found that in all cases of N- H""O type cross-strand hydrogen bonds, the bond geome try improves 
significantly. In the cases of N- H" "N type hydrogen bonds, however, no such consistent improvements can be noticed. 
Perhaps the true pi cture would emerge on ly if all the other interactions present in the DNA macromolecule could be 
appropriate ly taken into account. 

Introduction 
Base sequences are known to perturb the structure 

of DNA double helices and these perturbations are 
important for selective recognition of the DNA base 
sequences by regulatory prote ins. The DNA 
macromolecule is a worm-like structure which can be 
straight or intrinsically curved depending on its base 
composition. It can also be curved due to external 
factors such as protein binding or supercoiling but 
such deformations are usually indiffe rent to base 
sequence. Here we consider only the intrinsic 
curvature or the sequence directed flexibility of DNA 
and the structural basis of such fl ex ibility . We have 
recently shown from an analysis of the X-ray 
crystallographic structural database that the fl ex ibility 
of DNA in its regular B fo rm depends significantly on 
the base sequence of the polymer t

• This conclusion 
was based on calculations of the macromolecular 
parameters such as, the persistence length (P) and the 
torsional rigidity (C) for some specific repeat 
sequences . It was shown, for example, that the 
sequences like poly(dA).poly(dT) and 
poly(dG) .poly(dC) have rigid structures as their 
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persi stence lengths are high in comparison with those 
for the usual mixed sequence polymers. On the other 
hand , the sequences like poly(dG-dC).poly(dG-dC) 
and poly(dA-dC).poly(dG-dT) are flexible as they 
have relati vely much smaller pers istence lengths and 
often smaller torsional rigidity values. In addition, it 
was also shown I that some triplet repeat sequences 
like poly(dG-dC-dC).poly(dG-dG-dC) and poly(dC­
dT-dG).poly(dC-dA-dG) implicated in human genetic 
disorder are also quite fl exible. Thi s trend is seen to 
be consistent with some experi mental results on DNA 
flexibility derived from nucleosomal packaging 
data2

-
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• Furthermore, in order to understand such 
variations in flexibility of DNA, depending on its base 
composi tion, we conducted model building studi es l of 
the DNA double helices from the average base pair 
local doublet parameters as obt ained from the 
crystallographic data. It was thus shown that the rigid 
sequences can form additional "bifurcated cross­
strand hydrogen bonds" between the successive base 
pairs which are not possible in the case of flexible 
sequences . The strength of a hydrogen bond depends 
on its bond length and the bond angle. The bifurcated 
cross-strand hydrogen bonds were found to have 
larger bond lengths and smaller bond angles , thus 
making them weaker than the usual Watson-Crick 
type of hydrogen bonds. Al so, the results of a 
quantum chemical calculation ind icated that the 
energy minimum for these cross-strand hydrogen 
bonds occurred near the predicted bond lengths and 
the N-H .... O type of hydrogen bonds were found to 
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be more stable in comparison with N-H .. ··N type of 
hydrogen bonds I. 

Recently it has been pointed out that the amino 
groups of DNA bases can have non-planar character 
due to loan pair electrons at the nitrogen atom7.9. In 
the present work we have shown by quantum 
chemical calculations that such non-planarity of the 
ami no groups of DNA bases improves the cross­
strand hydrogen bond geometry significantly, at least 
for the N-H- ···O types of hydrogen bonds. There is, 
however, no significant improvement for the N­
H····N types of hydrogen bonds. We have carried out 
quantum chemi cal calcu lations starting from the semi 
empirical methods to the ab initio methods with split 
bas is set to show that si mi lar trends are observed III 

each case. 

Methodology 
DNA double helices have been modelled on the 

basis of NUCGEN IO by using the average base pair 
local doublet parameters, name ly tilt, roll, twist, shift, 
slide, rise as well as propeller twist. These average 
values of the local doublet parameters were obtained 
by analyzing all the ava il able B-DNA crystal 
structures of ol igon ucleotides 1. 11 . These models have 
all amino groups in planar conformation. The 
presence of cross-strand hydrogen bonds were 
detected using a fairly long cut-off distance of 3.2A 
between the hydrogen and the acceptor atoms as used 

P 13 by several other groups -. . 
In the present work, we have tested whether the 

non-planarity of the amino groups may change the 
hydrogen bond geometry substan ti ally. We have 
optimized the geometry of these structures by keeping 
the heavy atoms at their ori ginal positions . In other 

words, only the bond length, bond angles and dihedral 
angles of all the hydrogen atoms are energy 
minimized. We have used different quantum chemical 
procedures for the energy minimization , namely the 
semi empirical AM 11 4 and PM3 15 methods as adopted 
in MOPAC I6, and the ab initio STO-3G and 3-21G 
methods as adopted in GAMESSI 7. 

Results and Discussion 
In general, the cross-strand hydrogen bonds as 

reported in Table 1 are quite long as compared to the 
usual strong hydrogen bond lengths (2.0 ± 0.3A). The 
angles subtended at the hydrogen atom, i.e. the N­
H····A angles or the bond angles, where A is the 
acceptor atom, are also quite small as compared to 
those for the strong hydrogen bonds (180° ± 30°). 
Since the hydrogen bonds in these cases occur 
between two bases across the base pairs, these can 
never be linear and strong as in the case of Watson­
Crick base pairs or in protein secondary structures. 
Such long and non-linear hydrogen bonds have also 
been reported in literature for the DNA-ligand 
compJexes 13

. 

In the present work, we find that the cross-strand 
hydrogen bond geometry for the N-H-···O type 
bonds improves substantially when the non-planar 
character of the base amino groups are incorporated 
into the structure, as indicated in Table 1. As a typical 
example, the cross-strand hydrogen bonded adenine 
and thymine bases in poly(dA).poly(dT) are shown in 
Fig. 1 before and after optimization using MOPAC 
with AM 1 hamiltonian. It is observed, in this case that 
hydrogen bond length is reduced from 2.99A to 2.82A 
and the bond angle increases from 101.3° to 112.9° as 
a result of non-planarity of the amino group. Similar 

Table I-The geometry of cross-strand hydrogen bonds in the model structures (in terms of bond lengths and bond angles) for the six 
polymeric DNA sequences with planar and non-planar amino groups. [The non-planar geometry of the amino groups are obtained by 

energy minimization using MOPAC with AM I hamiltonian] 

Polymer sequence N-H ... A Distance (A) N-H ... A Angle (0) Atoms involved 
with planar with non-planar with planar with non-planar 
NH2 group NH 2 group NH2 group NH2 group 

poly(dG).poly(dC) (Rigid) 3.05 2.92 92.2 99.9 H42 - 06 

poly(dA).poly(dT)(Rigid) 2.99 2.82 10l.3 112.9 H62 - 04 

pol y( dA-dG) . pol y( dC-dT)(Ri gid) 3.02 3.04 99.6 98.1 H42 - N6 

poly(dA-dT).poly(c1A-c1T) 2.89 2.89 94.0 94. 1 H62 - N6 
(Rigid) 2.87 2.90 94.7 93.6 H62 - N6 

poly(dA-c1C).poly(dG-c1T) 3.09 2.91 89. 1 99.6 H62 .. . 06 

(Flex ibl e) 

pol y( dG-c1C). pol y( c1G-dC) 

(Flexible) 
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Fig. I-Ball and stick represen tation or adenine and thymine bases in their cross-stra nd hydrogcn bonded con rormation in poly(dA)­
poly(dT) structurc with (a), planar amino group and (b), non-planar am ino group imposed by cnergy minimi zation using MOPAC wi th 
AM I hamiltonian. [Thc hydroge n bond Icngths (in A) are shown bcside the bonds] . 

Table 2-Thc gcomctry of' the va ri ous cross-strand hydrogcn bonds (in terms of bond lengths and bond angles) 
in thc structures optimi zed using diffcrcnt quantum chcm ica lmcthods. [Thc amino group di hedral anoles 

as mcasurcs or non-planari ty of the amino groups are also li stedl 

Pol ymcr sequcncc Q.M. H ... A N- H ... A Amino group 
Method Di stance Angle dihedral angle 
adoptcd (A) (0) 

Pol y(dG).poly(dC) AMI 2.92 99.9 -8.85 
PM 3 2.85 104.4 - 13.8 
STO-3G 2.84 99.2 -13 .9 
3-21G 2.93 104.0 - 8.3 

Poly(dA).poly(dT) AMI 2.82 112.9 - 13.2 
PM3 2.77 116.0 -17.6 
STO-3G 2.74 116.8 -20.4 
3-2 1G 2.85 110.5 -11 .4 

poly(dA-dG). po ly(dC-dT) AMI 3.04 98. 1 2.2 
PM3 3.20 88 .8 12.5 
STO-3G 3.25 85.8 14.8 
3-21G 2.99 101 .5 -2.0 

poly(dA-dT).poly(dA-dT) AMI 2.S9 94. 1 0 .6 
2.90 93.6 1.9 

PM 3 3.1 1 8 1.2 16.0 
3.12 80.8 15.9 

STO-3G 2.56 11 4.4 -22.7 
3.20 76.3 20.3 

3-21G 2.85 96.6 -3.0 
2.83 97.5 -11.6 

poly(dA-dC).po ly(dG-dT) AMI 2.91 99.6 - 16.0 
PM) 2.85 103.7 - 18.6 
STO-3G 2.80 105.7 -8.9 
3-21G 2.95 97.0 - 8.9 
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trends are also seen in the structures optimized by 
using other quantum chemical procedures as indicated 
in Table 2, where the amino group dihedral angles (as 
measures of non-planarity) are also tabulated. For the 
weaker N-H-"'N bonds, however, no such consistent 
improvements in geometry are noticed due to non­
planarity of the amino groups . Thus it appears from 
the present model that the N-H ····0 type bi furcated 
cross-strand hydrogen bonds are the ones which 
impart rigidity to the DNA polymer more effectively 
in comparison with the N- H····N type bonds. 
However, it is felt that a true picture would emerge 
only if all the other interactions present in DNA, 
specially the hydrophobic environment created by the 
neighbouring base pairs, could be appropriately 
incorporated into our model. These points are being 
currently investigated. 
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