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We investigate the energetics of the basepair degrees of freedom and their effects on the overall charger
transfer processes in DNA. We find that the rotational and translational basepair degrees of freedom can be
broadly classified into soft and hard vibrational modes, with the stiffness of the modes depending on the
nature of the basepair. We also find that the intrabasepair charge transfer, in the A:T and G:C basepairs, is
strongly influenced by open (σ) and stretch (Sy) vibrational modes. Our calculations for the AT-GC and
GC-AT dinucleotide steps suggest that the fluctuations in the G:C basepair strongly influence the site energies
when compared to fluctuations in the A:T basepair. However, for both the dinucleotide steps, we find that the
charge transfer integrals are strongly influenced by the fluctuations at the basepair level. Overall, our studies
suggest that for a better understanding of the overall charge transfer processes, it is important to account for
the basepair fluctuations.

1. Introduction

Nucleic acids undergo a wide variety of thermally induced
fluctuations that occur on time scales ranging from picoseconds
to milliseconds and with spatial extents ranging from fractions
of an angstrom to tens of angstroms.1,2 These fluctuations have
been found to play an important role in the biological function-
ing of the nucleic acids. In particular, it has been found that
fluctuations in local helical conformation, which occur on the
picosecond to nanosecond time scale, play a significant role in
specific protein-DNA binding by enabling proteins to indirectly
probe the base sequence via local changes in mechanical and
dynamic behavior.3-5 It has also been found that base pair
disruption is a necessary step in making reactive sites on the
bases accessible for chemical attack. Specifically, it has been
found that base opening, i.e, the movement of at least one base
out of helical stack via the destruction of Watson-Crick
hydrogen bonding within a base pair, is an intrinsic part of
enzyme-catalyzed DNA modifications, such as selective
methylation.6 In recent years, both experimental and computa-
tional studies have also revealed the importance of conforma-
tional dynamics of the DNA basepairs effecting the rates of
hole transfer in DNA.7-11 It has been shown that the hole-
transfer dynamics exhibit a strong dependence on the twist angle
(defined as the relative twist between consecutive basepair steps)
and the rise (defined as the relative distance between consecutive
basepair steps) for a particular DNA sequence.7,9

It is to be noted that these fluctuations occur in DNA at two
distinct levels, the basestep level and the basepair level. The
energetics of the two classes of fluctuations differ due to the
different forces that are involved in stabilizing them. While
the basestep is stabilized by the interbase π-π interactions, the
basepair is stabilized through interbase hydrogen bonding (H-
bond). These fluctuations are classified by six degrees of
freedom in both the cases (Figure 1). At the basestep level, the

conformational space is described by three translational [shift
(Dx), slide (Dy), and rise (Dz)] and three rotational [tilt (τ), roll
(F), and twist (Ω)] degrees of freedom, while at the basepair
level, the conformational space is described by the translational
[stagger (Sz), stretch (Sy), and shear (Sx)] and rotational [propeller
twist (ω), buckle (κ), and open (σ)] degrees of freedom.12
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Figure 1. Translational and rotational degrees of freedom at the (a)
basestep level and (b) basepair level.
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While a large number of computational studies have been
devoted to study DNA deformity at the dinucleotide level
(basestep level),9,11,13 there have not been many studies on
analyzing the deformity at the basepair level. In fact, the majority
of theoretical studies discussing the energetics of the H-bonds
in DNA basepairs treat the basepair as a rigid planar unit.14,15

While, an analysis of the crystallographic data for DNA
oligomers demonstrates that the DNA basepairs are often not
planar but distorted.16 From crystal database analysis and
molecular dynamics simulations, it has also been shown that
the magnitude of the intrabasepair distortions are quite com-
parable to the interbasepair fluctuations.17-19 In a recent theoreti-
cal report, it has been shown that individual nucleobase motions
also effect the hole transfer rates.20 To the best of our knowledge,
there have been only a very few investigations into the energetics
of the basepair deformations and in turn their effects on
structural stability and charge transfer. In fact, recent calculations
using QM/MD (quantum mechanics/molecular dynamics) simu-
lations on the DNA hairpin and PNA (peptide nucleic acid)
structures have highlighted the role of structural fluctuations
affecting the hole transport in these structures.21-23 In these
studies, the authors used molecular dynamics trajectories for
the QM studies, thus sampling the thermal fluctuations in the
DNA structures. It was found that these thermal fluctuations
strongly affect hole-transfer processes. However, in all of these
studies the results suggested no direct correspondence with the
DNA basepair/basestep degrees of freedom. It is to be noted
that, in these studies, the contributions from the basepair and
the basestep degrees of freedom to the overall hole-transfer
process cannot be separated and the results tend to present more
of an average feature. The aim of this study, which is divided
into two parts, is to estimate the energetics of the basepair
deformations and then to understand their individual effects on
the charge transfer (hole transfer) processes at the basestep level
of DNA. We believe that an understanding of the deformations
at the basepair level would prove useful in understanding the
DNA-protein interactions, charge-transfer experiments, and
DNA-mediated chemical reactions.

2. Methodology

2.1. Models and Calculations. To estimate the range of
basepair deviations in DNA structures, we analyzed 22 B-DNA
and 31 A-DNA crystal structures, totaling 72 A:T basepairs and
91 G:C basepairs. For our crystal database analysis, we have
used the same set of DNA structures used to define the standard
reference frame for the description of nucleic acid basepair
geometry by the X3DNA program.24 The population analysis
for all the basepairs in the chosen crystal structures was done
against individual basepair parameters. For the translational
parameters [stagger (Sz), stretch (Sy) and shear (Sx)], we have
used a step size of 0.025 Å, while for rotational parameters, we
have used a step size of 1°. These step sizes allow us to sample
the population of the individual degrees of freedom accurately.

The Gaussian 03 program has been used for the ab-inito
molecular orbital calculations and the potential energy analysis.
Electron correlation was accounted for using the second-order
Moller-Plesset perturbation method (MP2) at the 6-31++G(d,p)
basis set level.25,26 The choice of the method is based on the
success of MP2 level of theory in describing the H-bonding
interactions in DNA basepairs and organic systems.14 The DNA
basepair geometries for the current study were generated using
the X3DNA program, which makes use of the recommended
reference frame for the description of nucleic acid basepair
geometry and a rigorous matrix-based scheme to calculate local

conformational parameters.24 The hydrogen positions in the
basepair geometries generated using X3DNA were then relaxed
by keeping all the non-hydrogen atoms frozen to the generated
coordinates.

2.2. Charge Transfer. To estimate the extent of charge
transfer through DNA basepairs, we evaluate the charge transfer
integral between the bases as a function of all the six degrees
of freedom. We describe the charge transfer via the H-bonds in
the DNA basepairs by the tight-binding Hamiltonian, which is
given by

H)∑
i

εi(r, θ)ai
†ai +∑

i,j

i*j

Ji,j(r, θ)(ai
†aj + hc) (1)

where ai
† and ai are the creation and annihilation operators of

a charge at the ith nucleobase, εi(r, θ) is the site energy of the
charge, and Ji, j(r, θ) is the charge transfer integral involving
molecular orbitals, φi’s, on the nucleobases i and j. In eq 1,
both the site energies and the charge transfer integrals depend
on the translational (r) and rotational (θ) degrees of freedom.

The wave function of a hole can be written as a linear
superposition of the highest occupied molecular orbitals (HO-
MOs) on the individual nucleobases. The site energies and
charge-transfer integrals in eq 1 were obtained by utilizing a
unique feature of the ADF program,27 namely, the possibility
to exploit the molecular orbitals of the nucleobases, φi (fragment
orbitals), as a basis set in calculations on a system consisting
of two or more nucleobases. Thus, we note that, using this
feature, we can change the basis from an atomic orbital basis
to the fragment orbital basis, where a fragment consists of atoms
in a nucleobase. The advantage of this method is that now the
overlap matrix is evaluated as the overlap between molecular
orbitals of individual nucleobases. The standard output of the
ADF program provides the overlap matrix, S, the eigenvector
matrix, C, and the eigenvalue matrix, E, in the fragment orbital
basis. Thus, now using the generalized unitary transformation
(hKS ) SCEC-1) we can readily evaluate the matrix elements
of the Kohn-Sham Hamiltonian, 〈φi|hKS|φj〉 . This procedure
allows direct calculations of the charge-transfer integrals,
including their signs, without invoking the assumption of zero
spatial overlap. Therefore, it is not necessary to apply an external
electric field to bring the site energies of different nucleobases
into resonance. This methodology has been successfully used
earlier to describe hole transfer in DNA stacks.7,9

The DFT calculations were performed with an atomic basis
set of Slater-type orbitals (STOs) of triple-� quality including
two sets of polarization functions on each atom (TZ2P basis
set in ADF).28 The asymptotically corrected exchange correlation
potential SAOP (statistical average of orbital potentials) was
used in the DFT calculations.29 It has been shown earlier that
this potential yields reliable results both for the relative
ionization energies of isolated nucleobases and for the relative
site energies of G nucleobases in DNA stacks.30 We also
calculate the generalized charge transfer integral using the
Lowdin transformation, which gives us the generalized charge
transfer integrals in the orthogonal basis:

Jij′ ) Jij - Sij(Jii + Jjj)/2 (2)

For the dinucleotide steps, the reference geometry and the
steps with distortions were generated using the X3DNA
program. The reference geometry was generated with average
values of basepair degrees of freedom for the B-DNA structure
as described in ref 12 (note that for the rise a value of 3.38 Å
was used). The maximum allowed values for the positive and
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negative distortions of each degree of freedom were estimated
from the population analysis.

3. Results and Discussion

3.1. Population Analysis. Before studying the energetics of
the basepair deformations, we study the distribution of the
basepair degrees of freedom in a set of 22 B-DNA and 31
A-DNA crystal structures, totaling 72 A:T basepairs and 91 G:C
basepairs. This allows us to choose the range for studying the
energetics of the degrees of freedom. The population analysis
for the translational and rotational degrees of freedom for both
the A:T and G:C basepairs are presented in Figures 2 and 3,
respectively. For the A:T basepairs, we find that the translational
degrees of freedom are distributed from -0.3 to 0.3 Å, while
for the G:C basepairs, they are distributed between -0.5 and
0.5 Å. For both the A:T and G:C basepairs, we find that the
shear (Sx) and stagger (Sz) degrees of freedom are uniformly
distributed over the entire range, while stretch (Sy) is centered
around -0.13 Å. This indicates that, shear (Sx) and stagger (Sz)
are allowed degrees of freedom in the B-DNA and A-DNA
structures. However, stretch (Sy) is a restricted degree of
freedom, which can be understood by the fact that a stretching

motion leads to the dissociation of the DNA duplex structure,
while the other two motions do not effect the DNA duplex
structure adversely.

For both the A:T and G:C basepairs, we find that the range
from -20° to 20° covers the distribution of the rotational degrees
of freedom. Interestingly, we find that buckle (κ) is uniformly
distributed about 0°, while propeller twist (ω) follows an
asymmetric distribution and takes values only between -20°
and 0°. However, we find that open (σ) is strongly centered
around 2.7° for the A:T basepairs (Figure 3a) and around -1.2°
for the G:C basepairs (Figure 3b). Thus, we note that open (σ)
is a restricted degree of freedom in the B-DNA and A-DNA
structures, which can be understood by the fact that an opening
motion leads to the displacement of a nucleobase from the
helical stack, thus disrupting the duplex structure.

From the population analysis, we obtain an overall picture
of the distributions of the degrees of freedom in A:T and G:C
basepairs. We find that while shear (Sx), stagger (Sz), buckle
(κ), and propeller twist (ω) are allowed degrees of freedom,
with fluctuations distributed over a large translational and
rotational range, stretch (Sy) and open (σ) are restricted degrees
of freedom with very limited fluctuations. To understand the

Figure 2. Population analysis for the translational degrees of freedom for the (a) A:T and (b) G:C basepairs. A step size of 0.025 Å has been used
to evaluate the population ditribution. Arrows are indicative of the range of the distribution.

Figure 3. Population analysis for the rotational degrees of freedom for the (a) A:T and (b) G:C basepairs. A step size of 1° has been used to
evaluate the population ditribution. Arrows are indicative of the range of the distribution.
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energetics governing these distributions, we evaluate the
potential energy profile corresponding to each degree of
freedom.

3.2. Potential Energy Analysis. The potential energy analy-
sis gives us an insight into the stiffness of a particular
translational or rotational mode. A flat potential profile indicates
a soft mode, while a steep potential profile indicates a stiffer
mode of vibration. To evaluate the potential energy profile, we
scan the potential energy profile over an extended range from
-1.0 to 1.0 Å for the translational degrees of freedom and from
-15° to 15° for the rotational degrees of freedom.

In Figure 4, we present the potential energy profiles for the
translational degrees of freedom for both the A:T (Figure 4a)
and G:C (Figure 4b) basepairs. As can be clearly seen, the
stagger (Sz) mode is the softest mode when compared to either
stretch (Sy) or shear (Sx) for both the basepairs, with energetic
costs of only up to 2.5 kcal/mol for displacements as large as
1 Å. This is intuitive because stagger (Sz) involves an out of
plane motion of the bases from the equilibrium in-plane
geometry, which retains the H-bonding with favorable energet-
ics. Also, as can be seen, the potential energy profile is
symmetric about 0 Å, clearly indicating that the stagger motion
in either the +z or the -z direction is equally favored. On the
other hand, we find that the potential energy profile for stretch
(Sy) is asymmetric about an equilibrium value of 0 Å. For both
the A:T and G:C basepairs, we find that the potential energy
profile for stretch (Sy) follows the Morse potential, which has
been reported earlier.31 From the steepness of the potential
profile, it is clear that this is a very rigid mode, the rigidity of
the mode being greater for the G:C basepair. This also explains
the population distribution centered around -0.13 Å for
both the basepairs. We find that the potential profile for shear
(Sx) is asymmetric and centered around an equilibrium value of
0.1 Å for the A:T basepair and -0.2 Å for the G:C basepair.
The asymmetry in the potential profile arises due to the in-plane
motion of the bases, which disrupts the H-bonding. The energy
cost associated with shear (Sx) is intermediate to that between
stagger (Sz) and stretch (Sy), thus making the mode stiffer than
stagger (Sx) and softer than stretch (Sy).

In Figure 5, we present the potential energy profiles for the
rotational degrees of freedom for both the A:T (Figure 5a) and
G:C (Figure 5b) basepairs. For both the basepairs, the propeller
twist (ω) and buckle (κ) are found to be soft modes with
symmetric potential profiles centered at 0°. The energy cost for
fluctuations as large as 15° are found to be less than 1 kcal/
mol. On the other hand, for open (σ), we find an asymmetric
potential profile centered at 2.7° and -2.5° for the A:T and
G:C basepairs, respectively. The mode is found to be rigid for
both the basepairs when compared to the propeller twist (ω)
and buckle (κ). This rigidity also explains the population
distribution shown in Figure 3.

To quantify the rigidity of the modes, we calculate the force
constant associated with each mode by fitting the potential
energy profile around the equilibrium value to a harmonic
potential (E ) (1/2)kx2, where k is the force constant). Even
though all the modes do not sample a harmonic potential well
around the equilibrium values, with some of the modes sampling
an inharmonic potential well, this method is a good approxima-
tion to obtain the force constants associated with each mode.19

The force constants obtained from the harmonic fitting are
summarized in Table 1. As can be seen, the force constants
obtained by us replicate the general trend obtained by previously
calculated results, which were evaluated from molecular dynam-
ics trajectories. However, the magnitudes of the force constants
evaluated by us are slightly lower than the previously calculated
results (summarized in Table 1), because of the fact that, in the
molecular dynamics runs, each basepair is flanked by surround-
ing basepairs that further stiffens the vibrational mode, thus
increasing the magnitude of the force constant. However, on
average, we notice that the G:C basepair is stiffer than the A:T
basepair. We also notice that the translational degrees of freedom
are stiffer in comparison to the rotational degrees of freedom.
We can differentiate between the stiffness of the A:T and G:C
pairs for the individual translational modes by evaluating the
ratio of the force constants. This ratio (GC/AT) for the shear
(Sx), stretch (Sy), and stagger (Sz) modes turns out to be 1.61,
2.15, and 1.19, respectively. Thus, we note that while the shear
(Sx) and stretch (Sy) are comparatively more stiff in G:C than

Figure 4. Potential energy profiles for the translational degrees of
freedom for the (a) A:T and (b) G:C basepairs. Distances are reported
in angstroms and energy in kilocalories/mole.

Figure 5. Potential energy profiles for the rotational degrees of freedom
for the (a) A:T and (b) G:C basepairs. Angles are reported in degrees
and energy in kilocalories/mole.
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in A:T, there is no such preference for stagger (Sz). This result
conclusively proves that base-base interactions also determine
the deformity of the basepair.

3.3. Intrabasepair Charge Transfer. H-bonds in DNA
basepairs are known to redistribute charges owing to the
polarization of the H-bonds.32 It is known that H-bonds in
proteins are responsible for charge transfer; however, in DNA,
intrabasepair (A:T and G:C) charge transfer is very weak owing
to large differences in the ionization potentials of the purine
(adenine, guanine) and pyrimidine (cytosine, thymine) bases.
The relative ionization energies (with respect to that for guanine)
for isolated A, C, and T are found to be 0.20, 0.70, and 0.90
eV, respectively.33 The large differences between the site
energies of G, C and A, T bases causes the intrabasepair charge
transfer to be low. However, it has been shown that in the
presence of flanking bases in the 5′ position, the site energies
of the DNA bases fluctuate, which in some cases leads to the
equalization of the site energies of the purine and the pyrimidine
bases.30 Thus, it becomes important to evaluate the changes in
the site energies and the charger transfer integrals as a function
of basepair degrees of freedom to establish which motions could
affect the charge transfer.

In Figure 6 we present the variations in the site energies as
a function of the translational (Figure 6a) and rotational (Figure
6b) degrees of freedom for both the purine and pyrimidine bases.
For all the cases, we note that the difference in the site energies
for guanine and cytosine (≈1.5 eV) is greater than that for
adenine and thymine (≈0.7 eV). For the translational degrees
of freedom, we note that the site energies for adenine and

thymine do not fluctuate from the equilibrium value (calculated
at 0 Å shear, stretch and stagger) of 9.54 and 10.29 eV, while
for guanine and cytosine, the site energies fluctuate from the
equilibrium values of 8.87 and 10.55 eV, the fluctuations being
larger for stretch (Sy) when compared to stagger (Sz) and shear
(Sx). However, since stretch (Sy) is a restricted motion, we focus
our attention on the variations in stagger (Sz) and shear (Sx),
which are allowed modes of vibrations. We find that the site
energies for both guanine and cytosine vary symmetrically with
a variation in stagger (Sz); while the site energy for guanine
gradually increases by 0.15 eV (from 8.87 to 9.02 eV), the site
energy of cytosine decreases by 0.33 eV (from 10.54 to 10.21
eV) for variation in stagger (Sz) as large as (1 Å. On the other
hand, we find that the site energies vary asymmetrically for
positive and negative shear (Sx). The site energy for guanine
decreases for negative shear (Sx) and increases for positive shear
(Sx), the variation being on the order of 0.1 eV for both the
cases. Similarly, the site energy for cytosine decreases for
negative shear (Sx) and increases for positive shear (Sx), the
decrease being on the order of 0.43 eV and the increase on the
order of 0.17 eV. Thus, we note that the fluctuations are stronger
for cytosine in comparison to guanine.

From the site energies plotted in Figure 6b, it can be seen
that the site energies of the DNA bases do not vary with
fluctuations in propeller twist (ω) and buckle (κ), while they
show large variation with fluctuations in open (σ). However,
since open is a restricted motion, these fluctuations do not effect
DNA charge transfer. However, it is important to point out that
both stretch (Sy) and open (σ) are responsible for controlling
processes like DNA replication and enzyme selectivity. Thus,
we note that an understanding of the changes in the site energies
with these modes is important for gaining a deeper insight and
understanding of such processes.

In Figure 7, we present the variations in the generalized
charge transfer integrals as a function of the translational (Figure
7a) and rotational (Figure 7b) degrees of freedom for both the
A:T and the G:C basepairs. For all the cases, we notice that the
generalized charge transfer integrals for the A:T basepair are
lower than that for G:C basepair. The ratio of the generalized
charge transfer integrals (G:C/A:T) at the equilibrium value (all
parameters set to 0) turns out to be 1.89, indicative of the
cooperative effect of the H-bonds in the DNA basepairs. For
the translational degrees of freedom, we find that any fluctuation
in shear (Sx) and stagger (Sz) reduces the generalized charge
transfer integral. On the other hand, we find that a negative
stretch (Sy) increases the magnitude of the generalized charge
transfer integral to values as high as 0.09 and 0.18 eV for A:T
and G:C basepairs from 0.014 and 0.027 eV, respectively. The
positive stretch, however, reduces the magnitude of the general-
ized charge transfer integral. Thus, we note that the generalized
charge transfer integrals follow closely the strength of the
H-bond. All the fluctuations that reduce the strength of the
H-bond or lead to a loss in H-bonding reduce the magnitude of
the generalized charge transfer, while those which strengthen

TABLE 1: Force Constants for the Rotational and Translational Base Pair Degrees of Freedom (in kcal/mol deg2 and kcal/mol
Å2, respectively)a

buckle propeller open shear stretch stagger

AT 0.0003 (0.0066) 0.0010 (0.0098) 0.0089 (0.022) 3.0528 (8.5) 15.3863 (42) 1.1085 (4.0)
GC 0.0024 (0.0090) 0.0004 (0.0105) 0.0648 (0.085) 4.9154 (8.1) 33.0953 (72) 1.3273 (5.9)
GC-AT - - - 1.6101 2.1509 1.1973

a Force constants from ref 19 are given in parantheses for comparision purposes.

Figure 6. Site energies of the DNA bases as a function of the (a)
translational and (b) rotational degrees of freedom: solid lines with
circle, guanine; dashed line with circle, cytosine; solid line, adenine;
dashed line, thymine. Site energies have been reported in electronvolts.
Distances are reported in angstroms and angles are reported in degrees.
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the H-bond increase the magnitude of the generalized charge
transfer integrals.

It can be seen that the magnitude of the generalized charge
transfer integral does not vary with fluctuations in propeller twist
(ω), while it reduces for fluctuations in buckle (κ). On the other
hand, the generalized charge transfer integral varies a lot with
fluctuations in open (σ). For the A:T basepair, a negative open
(σ) increases the generalized charge transfer integral, while a
positive open (σ) reduces it. However, we find a totally
complementary behavior for the G:C basepair, with an increase
in the magnitude of generalized charge transfer integral for
positive open (σ) and decrease with negative open (σ). This
difference is again due to the strengthening and weakening of
the H-bonds in the A:T and G:C basepairs for different values

of open (σ). As in the case of site energies, we again notice
that large changes in the intrabasepair generalized charge transfer
integral are governed by both stretch (Sy) and open (σ). This
highlights the importance of these modes controlling the key
processes like DNA replication and enzyme selectivity. Overall,
we observe that for the range of allowed fluctuations in the base-
pair degrees of freedom, the intrabasepair generalized charge
transfer integrals generally remain low. It is also important to
point out that the magnitude of the intrabasepair generalized
charge transfer integrals are smaller (0.014 eV for A:T and 0.027
eV for the G:C basepair) when compared to interbasepair
generalized charge transfer integrals, which vary between 0.022
to 0.141 eV for various dinucleotide steps.9

3.4. Interbasepair Charge Transfer. Recent calculations
have shown that the charge transfer integrals and site energies
are sensitive to thermal fluctuations of the DNA structure.11,34

Calculations using static structures have shown that the charge
transfer integrals for the dinucleotide step are strongly dependent
on the twist angle (Ω) and rise (Dz).7,9 However, recent
calculations of the charge transfer integral between dinucleotide
steps (interbasepair charge transfer or intrastrand charge transfer)
for a molecular dynamics trajectory, show sharp fluctuations in
the charge transfer integral when compared to values computed
for static structures.11,34 These fluctuations in the charge transfer
integral have been ascribed to fluctuations in the basestep

Figure 7. Generalized charge transfer integrals (Jij′) for the (a) translational and (b) rotational degrees of freedom for the A:T and G:C basepairs.
Jij′ have been reported in electronvolts. Distances are reported in angstroms and angles are reported in degrees.

Figure 8. (a) AT-GC and (b) GC-AT dinucleotide steps considered
for studying the effect of basepair deformations on charge transfer.
Arrows indicate the A-G hopping and the G-A hopping in the
AT-GC and GC-AT steps, respectively.

TABLE 2: Site Energies Corresponding to Adenine and Guanine in AT-GC and GC-AT Basestepsa,b

buckle (κ) propeller (ω) open (σ) stagger stretch shear

distortion - + - + - + - + - + - +
-6.50° 9.50° -17.40° -5.50° -3.50° 1.50° -0.09 Å 0.26 Å -0.16 Å -0.11 Å -0.34 Å 0.26 Å

AT-GC (εG) 8.501 8.523 8.505 8.507 8.627 8.478 8.525 8.490 8.504 8.515 8.476 8.537
AT-GC (εA) 9.003 9.057 9.072 8.979 9.066 9.015 9.011 9.040 9.024 9.029 9.005 9.044
distortion - + - + - + - + - + - +

-2.50° 4.50° -17.50° -11.50° -1.50° 5.50° -0.06 Å 0.16 Å -0.21 Å -0.04 Å -0.09 Å 0.16 Å
GC-AT (εG) 8.494 8.499 8.484 8.496 8.490 8.511 8.495 8.497 8.497 8.496 8.497 8.495
GC-AT (εA) 8.969 8.966 8.983 8.968 8.947 9.007 8.948 8.975 8.964 8.970 8.968 8.965

a Reference values: AT-GC, εG (8.502 eV), εA (9.025 eV); GC-AT, εG (8.496 eV), εA (8.967 eV). b Site energies have been calculated for
distortions in the G:C and A:T basepairs for the AT-GC and GC-AT basesteps respectively. Maximum positive (+) and maximum negative
(-) distortions for each basepair degrees of freedom evaluated from the population analysis have also been presented. All the site energies have
been reported in electronvolts.
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parameters and influence of the DNA environment. However,
in these studies the influence of basepair degrees of freedom
on the charge transfer integrals were not discussed. It has been
shown that the rate of charge transfer in DNA strands is strongly
coupled to the number of (AT)n bridges separating the donor
and acceptor G:C basepairs.35 There can be 10 different types
of dinucloetide steps; however, to study the influence of the
basepair degrees of freedom on the charge transfer integrals and
site energies, we have chosen the AT-GC and the GC-AT
dinucleotide steps for a detailed analysis (Figure 8). The choice
of the dinucleotide steps is based on the fact that the site energies
of guanine are comparable to that of adenine; thus, these steps
strongly influence the hole transport in DNA (also note that
intrastrand hole transfer dominates intestrand hole transfer). We
evaluate the charge transfer integral for the A-G hopping in
the AT-GC step and G-A hopping in the GC-AT step.

The distortions in the basepair degrees of freedom are allowed
only for the 3′-basepair, while the 5′-basepair is kept fixed to
the reference geometry. This is in accordance with the fact that
the effect of the flanking nucleobase at the 5′-position on the
site energies is much less pronounced than the effect of the
nucleobase at the 3′-position.9 Thus, in the AT-GC basestep,
we study distortions in the G:C basepair, while in the GC-AT
step we study distortions in the A:T basepair. For both the
basesteps, the site energies and charge-transfer integrals evalu-
ated for distortions in basepair degrees of freedom have been
summarized in Tables 2 and 3, respectively. For the AT-GC
basestep, we find that the site energies of both guanine (εG)
and adenine (εA) vary with the G:C basepair degrees of freedom,
the fluctuations in the site energies being as high as 0.126 eV
for guanine and 0.047 eV for adenine. Note that these variations
in the site energies, especially for guanine, are on the same scale
as that due to changing the flanking nucleobases (Table 2 of
ref 9). We also find that the difference between the site energies
(εA - εG) can reduce from 0.522 to 0.437 eV for an open (σ)
of -3.50° of the G:C basepair and can increase to 0.567 eV
for a propeller twist (ω) of -17.40°. Among the translational
degrees of freedom, we find that negative stagger (Sz) and
positive shear (Sx) influence the site energies of guanine, but
these are weaker compared to open (σ) and propeller twist (ω).
For the GC-AT basestep, we find that the site energies of
guanine and adenine do not fluctuate drastically from the
reference values, and the difference in the site energies remains
constant. This clearly shows that variations in the A:T basepair
do not influence the site energies.

Additionally, the charge transfer integral (Jij) for the A-G
hopping in the AT-GC step fluctuates with the basepair degrees
of freedom of the G:C basepair. Interestingly, we find that the
charge transfer integral varies considerably for shear (Sx),

positive shear (Sx) increasing the charge transfer integral by
0.0398 to 0.1252 eV from the reference value of 0.0854 and
negative shear (Sx) reducing it by 0.0511 to 0.0343 eV. Note
that the fluctuation in the charge transfer integral is comparable
to the reference value itself. This behavior is more prominent
for the G-A hopping in the GC-AT basestep, where the charge
transfer integral can vary from 0.0036 to 0.0482 eV from the
reference value of 0.0058 eV. It is interesting to note that the
fluctuations in the charge transfer integral computed along
the molecular dynamics trajectory are concurrent with the
fluctuations observed by us.11,34 We find that open (σ), propeller
twist (ω), and shear (Sx) strongly influence the charge transfer
integrals and site energies when comapred to the other degrees
of freedom. Thus, our findings suggest that fluctuations in
basepair degrees of freedom strongly affect the charge transfer
in DNA strands.

4. Conclusions

In summary, we have investigated the energetics of the
basepair degrees of freedom and their effects on the overall
charger transfer processes in DNA. We find that the rotational
and translational basepair degrees of freedom can be broadly
classified into soft and hard vibrational modes. In fact, the nature
of the basepair (A:T or G:C) also determines the stiffness of
the modes. We find that the intrabasepair charge transfer, in
the A:T and G:C basepairs, is influenced by the hard vibrational
modes, namely open (σ) and stretch (Sy). This observation is
relevant to understanding DNA processes like replication, which
involves the opening of the DNA helix. At the basestep level,
our calculations for the AT-GC and GC-AT dinucleotide steps
suggest that fluctuations in the G:C basepair strongly influence
the site energies when compared to fluctuations in the A:T
basepair. However, for both the dinucleotide steps, we find that
the charge transfer integrals are strongly influenced by the
fluctuations at the basepair level. Among the rotational degrees
of freedom, the propeller twist (ω) and open (σ) influence the
overall charge transfer processes. While for the translational
degrees of freedom, the shear (Sx) influences the overall charge
transfer process. Overall, our studies suggest that for a better
understanding of the overall charge transfer processes it is
important to include the basepair fluctuations into the calculations.
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TABLE 3: Charge Transfer Integrals (Jij) and the Generalized Charge Transfer Integrals (Jij′) for the Intrastrand G-A and
A-G Hoppinga,b

buckle (κ) propeller (ω) open (σ) stagger stretch shear

distortion - + - + - + - + - + - +
-6.50° 9.50° -17.40° -5.50° -3.50° 1.50° -0.09 Å 0.26 Å -0.16 Å -0.11 Å -0.34 Å 0.26 Å

AT-GC (Jij) 0.0826 0.0793 0.1109 0.0606 0.1191 0.0780 0.0884 0.0813 0.0856 0.0841 0.0343 0.1252
AT-GC (Jij′) 0.0296 0.0282 0.0412 0.0210 0.0439 0.0280 0.0317 0.0296 0.0311 0.0303 0.0113 0.0461
distortion - + - + - + - + - + - +

-2.50° 4.50° -17.50° -11.50° -1.50° 5.50° -0.06 Å 0.16 Å -0.21 Å -0.04 Å -0.09 Å 0.16 Å
GC-AT (Jij) 0.0121 0.0004 0.0044 0.0055 0.0138 0.0482 0.0114 0.0036 0.0053 0.0067 0.0209 0.0233
GC-AT (Jij′) 0.0043 0.0008 0.0020 0.0015 0.0058 0.0178 0.0040 0.0008 0.0014 0.0021 0.0075 0.0095

a Reference values: AT-GC, Jij (0.0854 eV), Jij′ (0.0310 eV); GC-AT, Jij (0.0058 eV), Jij′ (0.0017 eV). b Charge-transfer integrals have
been calculated for distortions in the G:C and A:T basepairs for the AT-GC and GC-AT basesteps, respectively. Maximum positive (+) and
maximum negative (-) distortions for each basepair degrees of freedom evaluated from the population analysis have also been presented. All
the charge transfer integrals have been reported in electronvolts.
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