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Abstract

Coarse-grain models are essential to understand the biological function of DNA
molecules because the length and time scales of the sequence-dependent physical
properties of DNA are often beyond the reach of all-atom experimental and com-
putational methods. Simulating coarse-grain models of DNA e.g., using Langevin
dynamics, requires the parametrization of both a potential and kinetic energy
functions. Many studies have shown that the flexibility (i.e., potential energy)
of DNA molecules depends on its sequence. In contrast, little is known about
the sequence-dependence of DNA mass parameters required to model its kinetic
energy. In this paper, an algebraic expression is derived for the kinetic energy as
a function of linear and angular velocities of each DNA base parameterized by
its mass, center of mass, and rotational inertia tensor. The parameters of this
function are then approximated from a set of fine-grain molecular dynamics sim-
ulations representing all combinations of the four DNA base pairs AT, TA, GC,
and CG, in different sequence contexts. Compatibility conditions associated with
the assumption of each base being modeled as a rigid body were verified to be
good approximations. The kinetic parameters were found to be significantly dif-
ferent between the four G, C, A, and T bases, but to not be dependent on the
sequence context. This suggests that the effective kinetic parameters of a DNA
base may depend only on the base itself, not on its neighbors.
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1 Introduction

The mechanical and dynamical properties of DNA mediate important biological func-
tions on length scales ranging from tens to several hundreds of base pairs (bp), such as
protein/DNA interaction specificity [1], transcription regulation [2], and nucleosomes
organization [3]. Modeling macromolecular complexes along a DNA sequence contain-
ing hundreds of base pairs using an all-atom description including the surrounding
solvent is computationally too expensive. Simpler, more coarse-grained models are
better suited in this context. But the parameterization of coarse-grained models is
challenged by the lack of detailed experimental data.

Several methods have been developed to derive sequence-dependent, coarse-grained
models of DNA molecules using sparse experimental data, or using more abundant
(but more approximate) computer simulation data, of the atomic structure of DNA in
its physiological conditions [4]. All-atom Molecular Dynamics (MD) simulations have
successfully been used to parameterize the potential energy function of DNA elastic
rod models [5, 6]. In particular, it has been shown that the two bases inside a DNA
base pair undergo substantial fluctuations relative to each other and that significant
improvement in modeling DNA as an elastic rod is obtained when using rigid bases
as the building blocks instead of rigid base pairs [7].

The parameterization of DNA models using MD simulations offers the possibility
to exploit the detailed structural representation of DNA molecules in solution, and
to probe its dynamics i.e., its sequence dependent curvature and flexibility [8–10],
which is not readily available from experiments. The MD method should also be
well suited to the determination of kinetic energy parameters because these require
dynamic information and sampling over both the configurational and momenta phase
space, which is exactly what MD attempts to simulate.

In a rigid base DNA model [5, 7, 11], the kinetic energy function is parameterized
by a total mass matrix which depends on an effective total mass and rotational inertia
matrix for each chemical base as well as the position of its center of mass. These
parameters can be estimated specifically for each of the four DNA bases G, C, A, and
T, by matching the rigid base model to moments measured during molecular dynamics
simulations including explicit water molecules and salt conditions representative of
DNA in vivo. For example, this has been done successfully for the purine (A and G)
and pyrimidine (T and C) bases, by simulating an homogeneous DNA fragment made
of 16 alternating A and T bases within a box of explicit water molecules [5]. But no
systematic estimation of DNA kinetic parameters for each base has been reported to
date, which would require assessing the influence of all possible sequence contexts and
of the simulation protocol.

In this paper, I derive the kinetic parameters for the four bases G, C, A, and T, in
different DNA sequences simulated by molecular dynamics and show that the sequence
context is negligeable. The representative set of six DNA sequences includes the four
base pair steps CG, GC, TA, and AT, themselves flancked by different representa-
tive sequence contexts including homogeneous alternating pyrimidine (Py) / purine
(Pu) and tracts of consecutive Pu/Pu/Pu and Py/Py/Py sequences. These different
sequence contexts are known to induce very different conformational properties (as
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captured by the potential energy in a coarse-grained model) in term of bending and tor-
sion of the double helix [11, 12]. The six sequences were also chosen to be representive
of the systematic microsecond molecular dynamics investigations on tetranucleotide
sequence effects in B-DNA [13]. In [13], it was shown that the statistical distribution
of DNA conformations observed in the experimental Protein Data Bank (PDB, 14) is
well approximated by a dataset of MD simulations including the six DNA sequences
chosen here. For completeness, I also assess the effect of different solvent models, force
fields, and MD protocols, and still I did not find significant changes in the kinetic
parameter estimates. This paper suggests that the effective kinetic parameters of a
DNA base may depend only on the base itself, not on its neighbors.

2 Methods

2.1 Mass matrix and finite difference approximation

The rigid base model for the three-dimensional, sequence dependent structure of DNA
is specified by its kinetic and internal energy functions. A complete description of
the model can be found in [5]. Each base Xa on the reference strand and on the
complementary strand is considered rigid and represented by a reference point ra

and a right handed orthonormal frame {da
1 ,d

a
2 ,d

a
3} defined according to the Tsukuba

convention [15]. ra accounts for the position and {da
1 ,d

a
2 ,d

a
3} the orientation of the

baseXa located at position a in the double helix (a = 1, 2, ..., 2n where n is the number
of base pairs). These are defined with respect to an arbitrary lab-fixed frame {ei} in
term of component vectors rai and rotation matrices Da

ij ∈ R3×3 by:

rai = ei · ra, Da
ij = ei · daj (1)

The linear velocity va and angular velocity ωa of each base Xa are defined as follows:

va = (Da)T ṙa (2)

ωa = vec[(Da)T Ḋa] (3)

where va is computed with respect to the reference point ra that defines the position of
Xa. The operation vec is defined for any matrix A as vec (A) = (A32, A13, A21). When
approximated using a discretized time step, va and ωa can be defined as follows:

[va](k) =
(
[Da](k)

)T [ra](k+1) − [ra](k−1)

t(k+1) − t(k−1)
(4)

[ωa](k) = vec

[
skew

((
[Da](k)

)T [Da](k+1) − [Da](k−1)

t(k+1) − t(k−1)

)]
(5)
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where k = 1, 2, ..., N is the time step assuming a trajectory with a finite number of N
time steps (e.g., obtained from a molecular computer simulation), and tk is a measure-
ment of the actual time associated with each recorded time frame k. The operation
”skew” is defined for any matrix A as skew(A) = (AAT )/2. A skew symmetric projec-
tion is explicitly computed because the matrix (Da)T Ḋa is skew-symmetric in theory
but its finite-difference approximation obtained from molecular computer simulations
may not be [5].

The kinetic energy of each base Xa can be defined as:

Φa = 1
2m

a|va + ωa × ca|2 + 1
2ω

a · Γaωa (6)

where ma is the total mass of the base, Γa is the symmetric rotational inertia tensor
with respect to the mass center and ca locates the mass center relative to ra. The
first term in the right-hand-side of Eq.(6) represents the energy associated with the
linear momentum of the center of mass of base Xa and the second term the energy
associated with its angular momentum.

The total kinetic energy Φ(v) of a DNA molecule with n bp is obtained by summing
over each base Xa on the two strands. Thus, it can be written algebraically as:

Φ(v) = 1
2 v ·Mv (7)

where v = (v1, ω1, v2, ω2, ..., v2n, ω2n) ∈ R12n is the vector of all momentum com-
ponents and M ∈ R12n×12n is the total mass matrix which takes the following block
diagonal expression:

M =



M1 06 · · · 06

06 M2 . . .
...

...
. . .

. . . 06

06 · · · 06 M2n


(8)

M is obtained by assembling the individual sub-blocks Ma associated with each base
Xa. To be consistent with Eq.(6), each sub-block Ma is defined as:

Ma =

[
maI ma[ca×]T

ma[ca×] Γa +ma[ca×][ca×]T

]
(9)

where I ∈ R3×3 is an identity matrix and [ca×] ∈ R3×3 denotes the skew-symmetric
matrix:

[ca×] =

 0 −ca3 ca2
ca3 0 −ca1

−ca2 ca1 0

 (10)
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To simplify notations in the rest of this development (see Eq.14), let us write each
sub-block Ma as:

Ma =

[
Ba

1 [Ba
2 ]

T

Ba
2 Ba

3

]
(11)

To estimate the mass matrix M from trajectories produced by molecular dynam-
ics simulations, we need to sample long enough so that we can assume ergodicity and
replace the statistical mechanical averages with averages over the MD time frames
(excluding DNA conformational frames containing one or more broken hydrogen
bond(s) as explained in the next section). At thermal equilibrium, the average kinetic
energy for each degree of freedom is 1

2kBT due to equipartition of energy [16]. Dis-
tributed over the linear and angular momenta {vx, vy, vz} and {ωx, ωy, ωz} of the 2n
rigid bases of a coarse-grained DNA model, the following relations hold true:

Φ(v) = 1
2 kBT I

⇔ 1
2 M⟨v ⊗ v⟩ = 1

2 kBT I

⇔ ⟨v ⊗ v⟩ = M−1kBT

⇔ M−1 =
1

kBT
⟨v ⊗ v⟩

(12)

where I ∈ R12n×12n is an identity matrix and ⊗ denotes the outer product. Eq.(12)
corresponds to what is obtained when computing explicitly the statistical mechanical
average expression for v ⊗ v [5].

Since MD trajectories consist of configuration variables at discrete times, a MD
estimate of the inverse mass matrix M−1, according to Eq.(12), is given by:

M−1
estimate =

1

N × kBT

N∑
k=1

v(k) ⊗ v(k) (13)

Given the above estimate of the mass matrix (after inversion), the kinetic param-
eter estimates for ma, ca and Γa can now be obtained using Eq.(9) and Eq.(11):

ma = 1
3 tr[B

a
1 ],

ca =
1

ma
vec(skew(Ba

2 )),

Γa = Ba
3 −ma[ca×][ca×]T

(14)

The above development assumes that each base in a DNA molecule can be
effectively modeled as a rigid body. This assumption leads to certain compatibility
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conditions apparent from Eq.(8) to Eq.(11) such as the matrix symmetry MT = M
in Eq.(8), symmetries in the block-diagonal structure of M and in the fine structure
of the diagonal blocks Ma defined in Eq.(9), and matrix positivity (positive eigenval-
ues). These conditions will be assessed and validated in the Results section to confirm
that a rigid base model is a reasonable approximation when parameterizing the kinetic
energy of a DNA molecule.

2.2 Molecular dynamics computer simulations

The kinetic parameters for the rigid base DNA model were derived from the all-atom,
explicit solvent MD simulation of six representative 18-bp DNA sequences [13]:

s1. 5’ d(GCTATATATATATATAGC) 3’

s2. 5’ d(GCCGCGCGCGCGCGCGGC) 3’

s3. 5’ d(GCGATCGATCGATCGAGC) 3’

s4. 5’ d(GCCTAGCTAGCTAGCTGC) 3’

s5. 5’ d(GCGCGGGCGGGCGGGCGC) 3’

s6. 5’ d(GCATAAATAAATAAATGC) 3’

Only the central 10 bp (index number 5 to 14) were considered during the analysis
of kinetic parameters to minimize errors due to end effect (i.e. larger fluctuation due
to larger surface exposed to the solvent). This set of sequences contains the four DNA
bases G, C, A, and T, in equal amount. The bp steps GC, CG, AT, and TA, are also
evenly represented. And each of these bp steps is found in different, representative [13]
sequence contexts of either alternating purines and pyrimidines, tracts of consecutive
purines, or tracts of consecutive pyrimidines.

Many experimental and computational studies have indicated that Gn-tracts and
An-tracts (n ≥ 3) form peculiar double helical structures with locally increased rigidity
[12, 17, 18]. In contrast, alternating sequences are frequently observed at positions
in the genome where the transient melting or bending of DNA is needed to interact
with proteins or initiate transcription/replication. For example, the TATA box motif
leverages both rigid An-tracts and flexible alternating A/T flanking sequences, which
has been extensively studied by simulation [9, 12] and experiment [4, 19].

The AMBER suite of programs [20] together with the parm-bsc0 force field [21]
was used. For each of the six sequences, a DNA double helix was built using the fiber
diffraction B-DNA coordinates avaliable in the NUCGEN module of AMBER. The
LEAP module was used to add hydrogen atoms and 33 K+ neutralizing cations. The
DNA molecule was then solvated with approximately 11,600 SPC-E water molecules
[22] within a truncated octahedral box corresponding to a solvent layer > 10Å, and
with 36 K+ and 36 Cl- ions corresponding to a physiological concentration of 150 mM.
The effect of different solvent models, force fields, and MD protocols, was evaluated,
by carriying out replicate simulations with an older AMBER force field called parm-
94 [23], with the TIP3P water molecules [24], and with only K+ counterions (no extra
K+ and Cl-). These replicate were carried out to evaluate how these conditions may
affects the current estimation of DNA kinetic parameters.
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Fig. 1 Relative error (in %) in the diagonal sub-blocks Ba
1 and Ba

2 of the estimated mass matrix for
each base along sequence s1. Upper-Left: Norm of the average difference between diagonal entries in
Ba

1 (for details see list I below) with respect to the norm of Ba
1 . Upper-Right: Norm of the average

off-diagonal entries in Ba
1 (see II) with respect to the norm of Ba

1 . Lower-Left: Norm of the average
sum of the skew symmetric off-diagonal entries in Ba

2 (see III) with respect to the norm of Ba
2 . Lower-

Right: Norm of the average diagonal entries in Ba
2 (see IV) with respect to the norm of Ba

2 .

I: Ba
1,11 − Ba

1,22, B
a
1,22 − Ba

1,33

II: Ba
1,12, B

a
1,13, B

a
1,23

III: Ba
2,12 + Ba

2,21, B
a
2,13 + Ba

2,31, B
a
2,23 + Ba

2,32

IV: Ba
2,11, B

a
2,22, B

a
3,33

The starting state containing the DNA molecule was equilibrated by a series of
energy minimizations and short MD runs with DNA atoms attached to their initial
positions by restraints that were gradually released, followed by 1 ns of unrestrained
MD. Only this final 1 ns was used to derive the DNA kinetic parameters and assumed
to be at equilibrium where Eq.(12) holds. Simulations were performed at constant
temperature (300K) and pressure (1 atm) applying periodic boundary conditions and
the Particle-Mesh Ewald approach [25] with a 9-Å direct space sum cutoff.

The integration time step was 2 fs, using SHAKE [26] to freeze the vibrations of
hydrogen bonds. The trajectory produced for each of the six sequences was 1 ns long
and sampled every 2 fs (every time step). The conformations in these time frames were
then used as the finite difference approximation to compute the linear velocities from
Eq.(4) and angular velocities from Eq.(5), and ultimately the kinetic parameters from
Eq.(14). More details on the general simulation protocol can be found in [13].
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The conformations were analyzed using the program CURVES+ [27] which com-
putes a reference point ra and a right handed orthonormal frame {da

1 ,d
a
2 ,d

a
3} attached

to each base as defined in Eq.(1). These reference points and frames were then used in
Eq.(4) and Eq.(5) to compute the linear and angular velocities from the MD trajecto-
ries. To stay focused on properties of B-DNA where all bases on opposite strands are
connected by hydrogen bonds to form Watson-Crick pairs, all conformations with at
least one hydrogen bond broken anywhere in the oligomer were eliminated from the
analysis. This is why Eq.(4) and Eq.(5) contain an explicit indexing of both k and t,
these allow a consistent tracking and re-weighting over time of all estimates even for
non-continuous sections of the trajectories. An hydrogen bond is considered broken if
the distance between the donor and the acceptor is greater than 4 Å, as measured by
the PTRAJ module of the AMBER suite of programs.

3 Results

3.1 Structure of the estimated mass matrices

The validity of the numerical simulations (e.g., assumption of ergodicity) and the
rigidity assumption of the DNA bases was assessed by comparing the structure of the
estimated vs. theoretical matrices defined from Eq.(8) to Eq.(11).

By definition of the outer product v⊗v, every mass matrix estimated using Eq.(13)
is symmetric with respect to the diagonal (i.e. M = MT ). But in addition, for any
nonzero velocity field v, the matrix M must be non negative. The smallest eigenvalue
of the mass matrix estimated from the MD trajectory was positive for each of the
six sequences s1 to s6 (Table 1), and thus all mass matrices estimated from these
simulations are indeed positive definite.

The block diagonal assumption of the rigid base DNA model (Eq. 8) was evaluated
by comparing the Euclidean norm of the off-diagonal portion of the total mass matrix
with the norm of the entire matrix. As can be seen in Table 1, this ratio is less than
5% each of the six sequences s1 to s6 (< 2% for five of these sequences), so the velocity
field extracted from the MD trajectories for these sequences appear consistent with
the block diagonal assumption of the model.

Table 1 Smallest Eigenvalue of the mass matrix M estimated from MD simulations, and
Euclidean norm of its off-diagonal blocks relative to the norm of the entire matrix

Sequence minλ Norm ratio Sequence minλ Norm ratio
(10−16) (on/off-diagonal) (10−16) (on/off-diagonal)

s1 (TATA) 1.02 0.014 s4 (AGCT) 0.96 0.042

s2 (CGCG) 1.03 0.015 s5 (GGGC) 1.02 0.013

s3 (TCGA) 1.03 0.015 s6 (AAAT) 1.01 0.014

Names given in parentheses follow a convention proposed in [28].

In the rigid base DNA model, some finer element symmetries exist in the particular
matric structure of the diagonal block elements of M defined in Eq.(9), itself deduced
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from the expression chosen in this model for the kinetic energy i.e., Eq.(6). These
symmetries were evaluated by analyzing the sparsity of sub-blocks Ba

1 and Ba
2 defined

in Eq.(11) for each base Xa in each sequence.
Fig.1 shows the results for the sequence s1 (i.e., alternating T and A bases). The

relative error in Ba
1 in term of the Euclidean norm of the anisotropic part with respect

to the norm of the entire sub-block is less than 5% for every base Xa in s1 (Fig.1,
upper left). In case of the off-diagonal entries, which should all be zeros according to
Eq.(9), the relative error is less than 2% (Fig.1, upper right). Thus, the sub-block Ba

1

is nearly isotropic, in accordance with Eq.(9).
Similarly in the Ba

2 sub-block, on average the norm of the skew symmetric off-
diagonal entries is less than 4% of the norm of the entire sub-block (Fig.1, lower left).
In case of the diagonal entries, which should all be zeros according to Eq.(9), the
relative error is less than 2% (Fig.1, lower right). Thus, the sub-block Ba

2 is nearly
skew-symmetric, in accordance with Eq.(9).

Figures equivalent to Fig.1 for the five other sequences are available in supple-
mentary material. The conclusions are the same: relative errors are systematically less
than 5% for the non-zero elements and less than 2% for the near-to-zero elements of
each sub-block Ba

1 and Ba
2 , for every base and every sequence. Thus, the eventual

errors made in Eq.(14) when averaging the diagonal elements of Ba
1 and using the

skew-symmetric projection of Ba
2 from the current MD trajectories is < 5%.

The dependence of the estimated kinetic parameters on different simulation pro-
tocols was also evaluated (Fig.2). A significant difference was observed when using a
time step larger than 2 fs in the finite difference approximations Eq.(4) and Eq.(5):
the motion of the coordinate frames {da

1 ,d
a
2 ,d

a
3} that occurs within an interval of 2 fs

is often infinitisemally small relative to the finite precision used by common program-
ming languages, leading to instability (’divisions by zero’) during the matrix inversion
needed between Eq.(13) and Eq.(14) to estimate M. To address this problem, larger
timesteps t(k+1)− t(k−1) were benchmarked going from 4 fs or 20 fs (Fig.2) in the two-
sided finite difference approximations Eq.(4) and Eq.(5). In particular, the estimates
of ma in s1 increase when going from t(k+1)− t(k−1) = 4 fs to 8 fs to 12 fs, then remain
steady when going to 16 fs and 20 fs. The steady estimates could also be recovered by
manually removing each problematic element of the velocity field that led to divisions
by zero, confirming the root cause of the instabilities. Thus, a finite difference time
step of 20 fs was chosen for all estimates of kinetic parameter reported in this paper.

In contrast, as illustrated in Fig.2 for s1, using a different force field (parm-94,
23), or a different water model (TIP3P, 24), or a lengthy equilibration phase (100 ns)
before to start the fine sampling used to extract the velocity field, or doubling the
length of the fine sampling trajectory (2 ns), have no significant impact on the final
estimates of ma.

3.2 Estimation of kinetic parameters

Table 2 provides the final estimates of the kinetic parameters ma, ca, and Γa, for the
four DNA bases G, C, A, and T.

The estimates of these kinetic parameters were analyzed and compared in the
different sequence contexts of the sequences s1 to s6. For example, Fig.3 shows all
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Fig. 2 Comparison of different MD simulation protocols and parameters on the estimation of the
total mass (10−25 kg) for each base along sequence s1 (considering only the segment of ten central
bp). First ten indexes on the x-axis correspond to strand 1 and last ten indexes correspond to strand
2, both read in the 5’ to 3’ direction. Blue line: t(k+1) − t(k−1) = 20 fs, cyan line: t(k+1) − t(k−1) = 4
fs, brown line: sampling during 2 ns, green line: pre-equilibration during 100 ns, violet line: parm-94
AMBER force field and TIP3P water model.

components of these kinetic parameters as defined in Eq.(9) for the sequence s1. And
Fig.4 shows the average and standard deviation of ma, ca, and Γa, for each base
and each sequence. In Fig.4, the standard deviation accounts for variations due to
different locations of an identical base in a given sequence. As can be concluded from
Fig.4, its value is always very small compared to the difference between purines (G,A)
and pyrimidines (C,T), between the components cax, cay, and caz , and between the
components Γa

xx, Γ
a
yy, and Γa

zz.
Similarly, for a given DNA base, the difference observed between the different

sequences (x-axis in Fig.4) appears negligeable. Thus, some sequence context effects
are not observed for the DNA kinetic parameter estimated from the MD simulations
of these six representative sequences. It is interesting to note that, as described in
the introduction and the section 2.2, the three different motifs that characterize the
chosen sequences, PyPu/PuPy, PyPy/PuPu, and PyPyPy/PuPuPu, are known to
have significantly different effects on the stiffness and flexibility of DNA molecule
under the same MD simulation protocol as used here [4, 9, 12, 13].
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Fig. 3 Estimated kinetic parameters of each base along sequence s1 (ten central bp): Up: total mass

ma in 10−25 kg (full line: strand 1, dashed line: strand 2), Middle: mass center ca in Å (blue line:
cax, green line: cay , ochre line: caz where the hair line is the complementary strand), Down: rotational

inertia tensor Γa in 10−44 kg m2 (blue line: Γa
xx, green line: Γa

yy , ochre line: Γa
zz , cyan line: Γa

xy ,
violet line: Γa

xz , gold line: Γa
yz , where the hair line is the complementary strand). Γa

xx values were all

shifted by +10−44 kg m2 and Γa
yz by −2× 10−45 kg m2 for better visualization.
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Table 2 Estimation of kinetic parameters ma, ca and principal values of Γa

G C A T

m (10−25 kg) 2.41 (0.04) 1.79 (0.02) 2.35 (0.03) 1.86 (0.02)

cx (Å) -0.97 (0.02) -0.68 (0.02) -0.94 (0.02) -0.64 (0.03)

cy (Å) 2.97 (0.02) 3.93 (0.02) 3.03 (0.03) 3.92 (0.02)

cz (Å) -0.01 (0.02) 0.0 (0.02) 0.0 (0.02) -0.01 (0.02)

Γxx (*) 7.96 (0.41) 2.97 (0.42) 7.76 (0.34) 1.96 (0.30)

Γyy (*) 3.42 (0.11) 3.06 (0.06) 3.52 (0.10) 3.24 (0.06)

Γzz (*) 10.1 (0.41) 5.61 (0.43) 9.22 (0.38) 7.25 (0.33)

∗ in 10−45kg m2

Significant differences are observed between the estimated DNA kinetic parameters
for purines (higher total mass) vs. pyrimidines (lower total mass), including differ-
ences between the detailed components of the mass center cax, c

a
y, and caz , and also the

principal values of the symmetric rotational inertia tensor Γa
xx, Γ

a
yy, and Γa

zz. Com-
pared to these differences between purines and pyrimidines, the differences observed
between different purines (A vs. G and different pyrimidines (T vs. C) are negligeable.

When compared to the experimentally solved Arnott conformation (crosses in
Fig.4) which is a reference model for B-DNA, the estimates obtained for the total mass
ma and the relative position of the mass center ca are in very good agreement. For the
principal values of the rotational inertia tensor Γa, some discrepancies are observed,
but the fit appears reasonable given the much smaller magnitude for these parameters
(all are multiples of 10−44). In particular, the qualitative ranking of the three principal
values is identical between the current simulations and the experimental data.

the systematic microsecond molecular dynamics investigations on tetranucleotide
sequence effects in B-DNA [13]. In [13], it was shown that the statistical distribution
of DNA conformations observed in the experimental Protein Data Bank (PDB, 14) is
well approximated by a dataset of MD simulations including the six DNA sequences
chosen here

The main motivation for this work, as explained in the introduction, is that exper-
imental data is not available on the detailed atomistic and dynamic structure of DNA
molecules, such as the kinetic variables of DNA in different sequence contexts. But a
final evaluation of the current estimates was done by comparing a more exhaustive
dataset of MD simulations (39 DNA seuqences as in 13, 28 including the 6 sequences
used here) with the statistical ensemble made of all available DNA entries in the
PDB [14]. A very good agreement was found between the two datasets in term of
configurational variables such as helical parameter averages and stiffness matrices (in
preparation). This supports the use of molecular dynamic simulations to also estimate
the kinetic variables, as done here

Table 2 summarizes the results by providing the final estimates of the kinetic
parameters averaged over all sequences studied for the four DNA bases G, C, A,
and T. These values represent the best fit parameters inferred from the current MD
simulations when ignoring sequence context effects (dinucleotides, trinucleotides, and
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Fig. 4 Comparison of average kinetic parameters in each sequence for the base G (row 1), C (row 2),
A (row 3) and T (row 4) over all its occurences in the segment of ten central bp of a given sequence.

Left: total mass ma in 10−25 kg, Middle: mass center ca in Å (blue: cax, red: c
a
y , black: c

a
z), Right:

rotational inertia tensor Γa in 10−44 kg m2 (blue: Γa
xx, red: Γ

a
yy , black: Γ

a
zz). The length of the error

bar that accounts for the standard deviation is located outside the circles for better visualization. For
each variable and each base, a cross indicates the reference value computed for the experimentally
solved B-DNA Arnott conformation [5].

beyond). These parameters can be used as inputs to any rigid-base DNA model, and
suggest that the coarse-grained kinetic energy of a DNA sequence, in contrast to its
potential energy, depends on the nature of its bases and not on more global sequence
contexts.

4 Conclusion

Fine-grain molecular dynamics simulations were used to estimate the kinetic energy
parameters for a coarse-grain, rigid-base DNA model. Such estimates cannot yet be
measured with existing experimental technologies. The closest published work [5]
reported these parameters only based on the simulation of one sequence and one sim-
ulation protocol, and did not provide any information on the dependence of DNA
kinetic parameters on their sequence context.

An algebraic expression was derived for the kinetic energy as a function of linear
and angular velocities of each DNA base parameterized by its mass, center of mass,
and rotational inertia tensor. The parameters of this function were then approximated
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from a set of fine-grain molecular dynamics simulations representing all combinations
of the four DNA base pairs AT, TA, GC, and CG, in different sequence contexts.

A difference was observed between DNA kinetic parameters for purines (G,A) vs.
pyrimidines (C,T), in particular in their total mass and rotational inertia tensor. But
for a given DNA base, no difference in the kinetic parameters was observed between
different sequence contexts, nor between different MD simulation protocols. A signifi-
cant difference was observed due to instabilities arising from computing infinitisimally
small quantities with a finite-precision computer. But using an integration time step
above 14 fs in Eq.(4) and Eq.(5) eliminated this problem. A time step of 20 fs was
used for the final estimates reported in Table 2.

The magnitudes of all current estimates are consistent with the limited but
experimental data available i.e., the experimentally solved B-DNA structures. The
assumptions of each base being modeled as a rigid body were verified to be good
approximations. Overall, the relative error due to such assumptions was systemati-
cally less than 5%, and most often less than 2%. This was observed across all kinetic
parameters, DNA sequences, and MD protocols.

The current estimates can thus be used to parameterize the kinetic energy function
of coarse-grain DNA models with rigid-base resolution. Combined with sequence-
dependent constitutive relations [29] that define the model’s potential energy function,
these results will help better model the dynamical structure of DNA on length and
times scales most relevant in protein/DNA interaction, transcription regulation, and
nucleosomes organization.
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