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Abstract DNA sequence analyzing and base pair separa-
tion techniques have attracted much attention, such as
denaturing gradient gel electrophoresis, temperature gradi-
ent gel electrophoresis, and capillary electrophoresis.
However, details of sequence separation mechanisms in
electrophoresis are not clarified enough. Understanding and
controlling flow characteristics of DNA are important not
only for fundamental research but also for further
developments of bio-nano technologies. In the present
study, we theoretically discuss the relationship between
diffusivity and hydrated structures of DNA fragments in
water solvent using molecular dynamics methods. In
particular, influence of base pair substitutions on the
diffusivity is investigated, focusing on an adenine-thymine
(AT) rich B–DNA decamer 5’-dCGTATATATA-3’. Conse-
quently, it is found that water molecules that concentrate on
dissociated base pairs form hydrated structures and change
the diffusivity of DNA decamers. The diffusion coefficients
are affected by the substitution of GC for AT because of the
different manner of interactions between the base molecules
and water solvent. This result predicts a possibility of base
pair separation according to differences in the diffusivity.
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Introduction

Recently, effective techniques for DNA sequence separation
have been developed. The denaturing gradient gel electro-
phoresis (DGGE) [1, 2] and the temperature gradient gel
electrophoresis (TGGE) [3–5] are familiar methods to
investigate the characteristics of DNA sequences. Using
these techniques, single nucleotide polymorphisms (SNPs)
can be detected as a result of differences in their displace-
ments under applied electric fields. It is considered that
meaningful differences are obtained from the molecular
sieving effect of denatured base sequences. Further details
about SNP analyses are summarized in several review
articles [6, 7]. In addition, measurements using capillary
electrophoresis (CE) are also known to be effective for
separating the size of DNA fragments [8–11]. High accuracy
to measure the fragment sizes can be achieved using CE.

Furthermore, novel techniques for DNA sequence separa-
tions have been developed focusing on nanoscale flow
dynamics of DNAs [12–16]. In nanoscale spaces, atomic
interactions between molecules and surroundings seem to
dominate the phenomena. Influences of surrounding surface
conditions on molecular fluidity were experimentally ob-
served [14, 16]. Meanwhile, a novel technique to detect base
sequences were suggested by the use of nanoscale electrodes
implemented in nano channels [15]. These measurements
were succeeded by controlling electronic properties of DNAs
[17]. Possibilities of single nucleotide detection were also
discussed from theoretical aspects [18–21].

As mentioned above, the characteristics of DNA were
well understood based on the hydrodynamics. However, the
detailed mechanism of molecular sieving in terms of the
molecular mechanics and atomic interactions has not been
clarified enough yet. In this study, we focus on the nature of
molecular interactions between DNA fragments and solvent
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media expected to cause detection of SNPs. Our interest is
in the process of sequence separation resulted from
electrostatic and van der Waals (VDW) interactions
between the solute and solvent molecules. Using molecular
dynamics (MD) computations [22–24], it is simulated
whether the diffusivity of DNA fragments is actually
influenced by solvent molecules that form hydrogen bonds
with dissociated base molecules. Instead of gel media that
has complicated porous structures, water solvent is adopted
in order to analyze the influence of atomic interactions on
the diffusivity. Hydration effects on DNAs and the
molecular structures were well investigated in terms of
experiments and computations [25–32]. On the other hand,
hydrated structures of DNA sequences, in which comple-
mentary base pairs are completely bonded, have been
investigated because dynamics of water molecules near
DNA surfaces are considered to affect an interesting
transition: B–DNA ↔ A–DNA [34–36]. However, the
diffusivity change of DNA fragments in which comple-
mentary base pairs are partly dissociated has not been
discussed enough. In previous studies, we developed
coarse-grained DNA models [18, 33] and investigated their
flow dynamics in solvent media. It was concluded that
interactions between base molecules, phosphate groups, and
solvent molecules play an important role in the flow
dynamics of DNA and that their atomic interactions should
be treated in detail. Therefore, the present study is expected
to provide suggestive results for further developments.

As a result of the present computations, it is found that
base pair cleavages in DNA fragments clearly influence the
diffusivity. Hydrated structures particularly increase around
N atoms that become bare with base pair cleavages. The
difference of molecular conformations in adenine-thymine
(AT) and guanine-cytosine (GC) base pairs appears to
influence the hydrated structures. The behavior of DNA
fragments is perturbed by the hydrogen bonds with solvent
molecules. It is indicated that the mutations of single base
pairs affect the diffusivity changes of DNA fragments. The
present results partly explain the molecular sieving effect
that is caused by interactions between denatured DNA
fragments and surrounding solvent molecules.

Models and computational methods

DNA decamer models

Figure 1 shows illustrations of complementary AT and GC
base pairs that form double and triple hydrogen bonds,
respectively. The hydrogen bonds dominate the bond
strength or melting temperature of base pair sequences
[37]. In the present study, N and O atoms, such as N1(A),
O2(T), O4(T), N3(C), O2(C), and O6(G) marked with open

circles in Fig. 1, are focused because these atoms turn to be
bare and interact strongly with solvent molecules as the
DNA sequences are denatured. For comparison, hydrated
structures around O2(T) that does not form hydrogen bonds
with its complementary pair are additionally investigated.
In some cases, protons may be exchanged between the
complementary base pairs. In this study, however, the
proton transfer mechanisms between complementary base
pairs are not treated and they are discussed elsewhere [38].
As shown in Fig. 2, DNA fragments composed of 10 base
pairs (10 bp) are prepared for the present MD computa-
tions. These models are constructed based on Watson-Crick
B-form DNA (B–DNA). The sequence of 5’-dCGTATA-
TATA-3’ is located in water solvent. Base molecules are
sequentially assigned as C1 to A10 for the convenience of
discussion. Alignments in the opposite strand are sequen-
tially represented as G11 to T20. Figure 2a shows one of
the models, hereafter referred to as model a, in which each
hydrogen bond between complementary base pairs is
connected completely. Another one shown in Fig. 2b is
referred to as model b in which 8 AT base pairs are
sufficiently dissociated. Using these models, the diffusivity
of DNA fragments is investigated focusing on the hydrated
structures formed around dissociated sites. The GC pairs
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Fig. 1 Schematic illustrations of complementary (a) AT and (b) GC
base pairs. Base atoms N1(A), O2(T), O4(T), N3(C), O2(C), and O6(G)
are focused, which form hydrogen bonds with solvent molecules due to
base pair cleavages
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placed at the edge have a role of GC clamp. In addition,
other sequences in which AT pairs are partly replaced by a
GC pair are also prepared to investigate their effects on the
diffusivity. Some kinds of mutations are prepared, in which
A4T17, A6T15, A8T13, and A10T11 are replaced by
G4C17, G6C15, G8C13, and G10C11, respectively. These
models are respectively referred to as models c, d, e, and f
and their detailed sequences are summarized in Table 1.
Water molecules in the solvent medium are presented by
SPC/E model [39] that is known to be in good agreement
with experimental measurements on pure water. Addition-
ally, covalent bonds caused by H atoms except for
hydrogen bonds are fixed using SHAKE method [40].
Our main purpose is to discuss hydrogen bonds concerned
with water molecules attracted to dissociated base pairs and
is not to investigate the covalent bond breakings. Therefore,
using SHAKE method, the computational labor is expected

to be reduced efficiently. Counter cations of Na+ are
contained in order to neutralize negative charges on the
backbones of DNA. The system is in the periodic boundary
condition of truncated octahedron and is so large that
interactions between DNA fragments in each image cell are
negligible. The amount of water molecules filled in a cell is
between 13998 and 14001, that is determined from the
density of pure water.

MD computations for DNA decamers

In a previous step of MD sampling, structural equilibration
and temperature control are carried out. In the case of b, c,
d, e, and f, the denatured structures of DNA fragments are
developed by hand on the graphical user interface. Their
molecular structures are optimized in water solvent and
several metastable structures that are employed as the initial
conditions of MD computations are found. Figure 2b shows
a metastable denatured structure of the case b. Molecular
structures are equilibrated in isothermal and isovolumetric
conditions. The initial momenta of each molecule are set
according to the Maxwell distribution. The Langevin
thermostat is adopted to maintain the constant temperature
of 300 K. In each case, the systems are relaxed in the
isothermal and isovolumetric condition at first 10 ps.
Continuously, the molecular distributions are equilibrated
under the constant pressure of 0.1 MPa for 100 ps.
Furthermore, the systems are relaxed in the canonical
ensemble for 10 ps . After these equilibration processes,
MD samplings are carried out for 250 ps. A time step in the
MD samplings is suitably chosen at 1.0 fs that progresses
the time evolutions stably maintaining the conservation
laws. VDW and Coulomb interactions are taken into
account up to 10 Å and 30 Å, respectively, those distances
are long enough to ignore each effect from the farther side.
In the equilibrium conditions, MD samplings are performed
under the microcanonical ensemble in which each system is
confirmed to move near the equilibrium states. The
temperature is fluctuated near 300 K. In these MD
procedures, the force field of FF03 [41] is employed for
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Fig. 2 Schematic illustrations of (a) B–DNA and (b) denatured DNA
decamers in water solvent

Table 1 10 bp DNA sequences for MD computations

Model Sequence Condition

a 5’-dCGTATATATA-3’ B–DNA

b 5’-dCGTATATATA-3’ Denatured

c 5’-dCGTGTATATA-3’ Denatured

d 5’-dCGTATGTATA-3’ Denatured

e 5’-dCGTATATGTA-3’ Denatured

f 5’-dCGTATATATG-3’ Denatured
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atomic interactions and the computations are performed
using a computational code Amber 10 [42].

In order to discuss the effect of hydrated structures on
the diffusivity, water molecules that contribute to the
hydration are counted by the radial distribution function:

gðrÞ ¼ nðrÞ
4pr2rΔr

; ð2:1Þ

where the number of water molecules n(r) within a
spherical shell between r − Δr/2 and r + Δr/2 is divided
by the number density of pure water ρ, which is presented
as 0.0333 Å−3 at 300 K. The distribution function is
calculated with the interval of Δx=0.1 Å.

Mean square displacements are evaluated from the
results of MD samplings and the molecular diffusivity is
calculated from the Einstein relation [43]:

D ¼ lim
t!1

1

6t
jRðtÞ � Rð0Þj2

D E
; ð2:2Þ

where, R(t) is a position vector of the center of mass at time
t. The diffusion coefficient of Eq. 2.2 is evaluated from the
average of several trials for each 250 ps sampling. In the
present study, in order to cover the brief samplings of each
trial in the microcanonical ensemble, mean square displace-
ments are evaluated from the average of 6 time trials. Based
on this procedure, linearity of mean square displacements is
well maintained.

Results and discussion

Effects of base pair dissociation and hydrated structures
on diffusivity

Figure 3 shows the radial distribution functions of water
molecules around B–DNA (a) and denatured DNA (b)
decamers, where each distribution presents averaged
amounts of water molecules around 8 AT base pairs.
Differences in the distributions appear remarkably very
near the DNAs. The concentrations of water molecules
around N1(A) and O4(T) are particularly featured because
they lose hydrogen bonds between complementary base
pairs and are activated by the base pair cleavages. In
Fig. 3a, the radial distribution function and the number of
water molecules around N1(A) in a and b are presented. In
this case, apparent differences are obtained between the B–
DNA and the denatured DNA. The distribution of water
molecules is very dilute around N1(A) in a and the density
turns to be lower than that of pure water. Meanwhile, the
distribution drastically increases due to the base pair
cleavages. The high concentration of water molecules,
which is denser than that of pure water, appears at the
distance of near 2.0 Å. This is because water molecules are
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Fig. 3 Radial distribution function and number of water molecules
around (a) N1(A), (b) O2(T), and (c) O4(T). In each case, interactions
between base atoms and water molecules become strong and water
molecules concentrate on these base atoms due to base pair cleavages
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attracted to the dissociated N1(A) and hydrogen bonds are
formed between them. In addition, the difference in the
amount of water molecules is observable over a long
distance. Figure 3b shows the distributions around O2(T) in
a and b. In order to compare the difference between AT and
GC, water molecules concentrated on O2(T) is additionally
counted. O2(T) does not contribute to hydrogen bonds in a
complementary AT pair. Therefore, O2(T) usually attracts
solvent water molecules and the increase of water mole-
cules due to base pair cleavages is very few. The
concentration of water molecules around O2(T) is remark-
able near 1.9 Å. Figure 3c shows the distributions of water
molecules around O4(T). In this case, water molecules
attracted to O4(T) increase as base pairs are cleaved. The
concentration of water molecules is remarkable at the
distance of near 1.9 Å and the density at 1.9 Å is higher
than that of pure water. However, compared with the case
of N1(A), high concentration of water molecules is
observed around O4(T) regardless of whether the base
pairs are bonded or not. Table 2 presents the number of
water molecules within 2.5 Å and 3.4 Å from N1(A),
O2(T), or O4(T). The standard deviations resulting from 6
trials are in parentheses. It is known that the nearest
hydration shell, caused by strong hydrogen bonds, is
mainly formed within 2.5 Å from base atoms [34] and that
the second shell is stabilized by VDW interactions within
3.2 Å [34] or 3.4 Å [44]. Therefore, in the present study, the
amount of water molecules within 2.5 Å and 3.4 Å is
especially focused. As mentioned above, the water mole-
cules attracted by N1(A) drastically increases with the base
pair cleavages. In particular, within 3.4 Å, the number of
2.3 water molecules concentrate on N1(A) in b, which is 10
times as many as that in a. On the other hand, more than
one water molecule usually forms hydrogen bonds with
O2(T) and O4(T) within 2.5 Å. Increase of water molecules
around O2(T) and O4(T) is also obtained in b. O2(T) and
O4(T) approximately attract 3.1 and 3.3 water molecules
within 3.4 Å, respectively. Compared with the double
strand B–DNA, approximately twice the number of water
molecules aggregates near O2(T) and O4(T). Hydration of
water molecules at the dissociated sites is enhanced by base
pair cleavages. It is suggested that the diffusivity of DNA
fragments is influenced by hydrated water molecules. In
previous reports [35, 36, 44–46], the total amount of
hydrated water molecules to a nucleotide pair was evaluated

as about 20 molecules. This indicates that hydration by water
molecules is a long range effect and that base atoms interact
weakly with water molecules over the nearest hydration
shell. In addition, hydrated structures around phosphate
groups on the backbones and the other base atoms were
experimentally and theoretically well investigated [47–49].
However, hydrated structures around denatured base pairs
and their effects on the diffusivity have not been discussed
enough. In this study, the hydration effect is investigated
particularly in the context of diffusivity change which is
expected to be effective for the sequence separations.
Figure 4 shows mean square displacements obtained from
the MD computations for a and b. Each plot is summarized
as the average of 6 trials. Reddy et al. [50] investigated that
the displacements of B–DNA decamer were confirmed to be
approximately 2.0 Å after 600 ps samplings. Compared with
the previous results, our computations are reasonable. In
each trial, it was confirmed that DNA fragments moved near
the equilibrium conditions, although their motions were
driven by collisions with water molecules. During the MD
samplings, the temperature was averagely maintained at
300 K. The linearity of the plots is adjusted by the least
square approximation. According to Eq. 2.2, the diffusion
coefficients of a and b are calculated as 1.4×10−10 and
0.87×10−10 m2/s, respectively. In addition, the standard
deviations of a and b are 0.62×10−10 and 0.26×10−10 m2/s,
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(b). Diffusivity reduction is observed in denatured DNA decamer due
to base pair cleavages

N1(A) O2(T) O4(T)

2.5 Å 3.4 Å 2.5 Å 3.4 Å 2.5 Å 3.4 Å

a 0.1 (0.1) 0.2 (0.3) 1.1 (0.1) 1.6 (0.2) 1.0 (0.1) 1.7 (0.3)

b 1.0 (0.1) 2.3 (0.4) 1.5 (0.1) 3.1 (0.3) 1.7 (0.1) 3.3 (0.3)

Table 2 Amount of water
molecules within 2.5 and 3.4 Å
around N1(A), O2(T) and O4(T).
Standard deviations are in
parentheses
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respectively. The order of these diffusion coefficient
10−10 m2/s is confirmed to be reasonable, compared with
the results of 18-mer of DNA [51] and 6-mer of RNA [52].
The diffusivity of DNA decamer is more reduced in the case
of b than that in the case of a.

The diffusion coefficient of Eq. 2.2 is also represented by

D ¼ kBT

mg
; ð3:1Þ

according to the Einstein relation. Here, the parameters of
m, g, kB, and T are the mass of molecule, a friction
coefficient, the Boltzmann constant, and temperature,
respectively. In constant temperature conditions, the diffu-
sion coefficient depends on the mass and the friction
coefficient. When the diffusion coefficient is affected by the
changes of mass Δm and friction coefficient Δg, an updated
diffusion coefficient D′ is represented as follows:

D0 ¼ kBT

mþ $mð Þ gþ$gð Þ : ð3:2Þ

Here, if ΔmΔg/mg is negligibly small, then

$m

m
þ $g

g
’ D

D0 � 1; ð3:3Þ

where Eq. 3.1 is inserted into Eq. 3.2. In the present case,
the mass is changed by the hydration effect and the friction
coefficient is affected by the morphology changes, although
these effects cannot be separated completely in this study.
Because the friction coefficient should be determined in the
steady states under external force fields. Based on Eq 3.3,
the difference of diffusion coefficients between a and b is
analyzed. If the consideration of Δm/m≫Δg/g is acceptable,
the mass increase is estimated as follows:

Δm

m
¼ 1:4� 10�10

0:87� 10�10 � 1 ¼ 0:61: ð3:4Þ

According to the molecular mass of a and b: 6034, the
increase of mass is estimated as Δm≃3676. This value
corresponds to 204 water molecules that adsorb to b. That
is, approximately 26 (≃ 204/8) water molecules contribute
to the hydration of a base pair cleavage.

Under rough estimation, the increase of hydrated water
molecules can be counted from the radial distribution
functions. In Fig. 3, apparently two peaks are obtained
within 6.0 Å in each case. The first peak near 2.0 Å is
caused by the Coulomb interaction and the second peak
near 4.0 Å is by the VDW interaction. Considering water
molecules attracted by these interactions, the radial ditribu-
tion functions are integrated up to 5.0, 5.8, and 5.8 Å for
N1(A), O2(T), and O4(T), respectively, including the
minima outside the second peaks. As a result, the increase
of water molecules is evaluated as 11, 6, and 6 to N1(A),
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Fig. 5 Radial distribution function and number of water molecules
around (a) N3(C), (b) O2(C), and (c) O6(G). Aggregation of water
molecules near N3(C) is enhanced by melting and water molecules
particularly concentrate on O2(C) and O6(G)
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O2(T), and O4(T), respectively and the total increase is
approximately 23. Therefore, the value of Δm/m in Eq. 3.4
that concludes 26 hydrated water molecules can be
acceptable. As mentioned above, this difference in the
diffusion coefficients partly attribute to the hydration effect
to the dissociated base atoms. On the other hand, it is
considered that complicated conformations caused by the
base pair cleavages increase the hydrodynamic radius of
molecules. Collisions with solvent molecules usually
increase the hydrodynamic resistance as the hydrodynamic
radius increases. In the present case, the hydrodynamic
radius of the denatured DNA fragment is probably larger
than that of the complete double strand structure. Regard-
less of the ratio of the mass increase to the morphology
change, the diffusivity of denatured DNA fragments is
reduced according to Eq. 3.1. Consequently, it is suggested
that the difference of DNA structures is possibly separated.

Characteristics of diffusivity caused by single nucleotide
polymorphisms

Additional MD computations are performed for mutations
of b in order to discuss the influence of SNPs on the
diffusivity. Four types of the substitution in which A4T17,
A6T15, A8T13, or A10T11 are replaced by a GC pair are
prepared. Hereafter, these substitutions are referred to as c,
d, e, and f, respectively. Details of these sequences are
presented in Table 1. Figure 5 shows distributions of water
molecules around N3(C), O2(C), and O6(G) of the
substituted parts. These atoms become bare due to the base
pair cleavages. In each case, water molecules tend to
aggregate near 1.9 Å around O2(C) and O6(G), and near
2.0 Å around N3(C). These peak points seem to be similar
to those at 1.9 Å around O2(T) and O4(T) and at 2.0 Å
around N1(A) as shown in Fig. 3. Figure 5b and c show the
concentrations of water molecules near 1.9 Å from O2(T)
and O6(G) are higher than that of pure water. In addition,
the amount of water molecules concentrated around
dissociated GC pairs shows different characteristics from
those around dissociated AT pairs. Table 3 presents the
number of water molecules within 2.5 Å and 3.4 Å from
N3(C), O2(C), and O6(G) for the same reason with the
previous discussion. The amounts of water molecules
within 2.5 Å around N3(C), O2(C), and O6(G) are 1.2,

between 1.9 and 2.3, and between 1.5 and 1.9, respectively.
VDW interactions also seem to be effective near dissociated
GC pairs. Within 3.4 Å, water molecules that aggregate
around N3(C), O2(C), and O6(G) are approximately 2.9,
3.9, and 3.5, respectively. Each amount is more than that of
N1(A), O2(T), and O4(T) in AT pairs, which is evaluated as
2.3, 3.1, and 3.3, respectively. Water molecules tend to
concentrate more densely around dissociated GC pairs than
around dissociated AT pairs. Differences in hydrated
structures about AT and GC were also discussed by
Chalikian et al. [45] and Schneider et al. [44]. They
indicate that GC tends to attract more water molecules than
AT caused by hydrophilic N2(G) and hydrophobic methyl
group in thymine. Those N2(G) and methyl group may
affect the hydration properties of dissociated GC pairs,
although details of those effects have not been clarified
enough in this study. Figure 6 shows mean square
displacements of c, d, e, and f in the same manner as
Fig. 4. In each model, results from 6 trials show good
linearity. The diffusion coefficients are evaluated as 1.5×
10−10, 1.3×10−10, 1.1×10−10, and 1.3×10−10 m2/s for c, d, e,
and f, respectively. Standard deviations of these diffusion
coefficients are 0.58×10−10, 0.43×10−10, 0.43×10−10, and
0.51×10−10 m2/s, respectively. On the other hand, the
diffusion coefficient of b and its standard deviation are
calculated as 0.87×10−10 m2/s and 0.26×10−10 m2/s,

N3(C) O2(C) O6(G)

2.5 Å 3.4 Å 2.5 Å 3.4 Å 2.5 Å 3.4 Å

c 1.2 (0.2) 3.0 (0.2) 2.1 (0.3) 4.1 (0.5) 1.9 (0.2) 3.8 (0.2)

d 1.2 (0.2) 2.8 (0.4) 2.0 (0.1) 3.6 (0.4) 1.5 (0.2) 3.1 (0.4)

e 1.2 (0.0) 2.8 (0.1) 2.3 (0.1) 4.3 (0.2) 1.5 (0.3) 3.3 (0.6)

f 1.2 (0.1) 2.9 (0.2) 1.9 (0.2) 3.8 (0.3) 1.9 (0.0) 3.7 (0.2)

Table 3 Amount of water mol-
ecules within 2.5 and 3.4 Å
around N3(C), O2(C), and
O6(G). Standard deviations are
in parentheses
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Fig. 6 Mean square displacement of the case b and its single
nucleotide polymorphisms: c, d, e, and f. Diffusivity of these
polymorphisms appears to be larger than that of b
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respectively. The value of b is evaluated smaller than those
of the other substitutions. The increase of diffusion coef-
ficients is obtained by substituting AT with GC in a part of
the sequences. Substitutions of GC for AT are considered to
be sensitive to their diffusivity, although differences between
c, d, e, and f are not clarified in detail. According to the
previous discussion based on Eqs. 3.1–3.4, the difference
between b and c–f seems to be influenced by their differ-
ences of morphology as well as the mass increase by
hydrated water molecules that adsorbed on the dissociated
base molecules. The influence of friction coefficient on the
diffusion coefficient should be clarified in our future study,
investigating steady flows of DNA fragments under external
electric fields. As a result, it is implied that single nucleotide
substitutions influence the diffusivity changes. In this case,
water molecules attracted to N1(A) and N3(C) tend to
increase with the base pair cleavages and cause it to reduce
the diffusivity. Additionally, broken symmetries in the
sequences of c, d, e, and f, compared with a and b, seem
to influence the difference of diffusion coefficients. It is
suggested that denatured DNA fragments are dragged by
aggregated water molecules and that differences in the single
nucleotide polymorphisms contribute to change the diffusiv-
ity. These results appear to contradict the discussion about
mass increases that cause the reduction of diffusivity [13].
On the other hand, our results indicate that the motions of
DNA fragments are more activated by water molecules as
the dissociated base molecules are increasingly hydrated
because the dissociated base pairs turn to be hydrophilic and
attract more solvent water molecules.

Conclusion

In the present study, the diffusivity of 10 bp DNA
fragments in water solvent has been discussed focusing on
the molecular structures and single nucleotide polymor-
phisms. Results from our numerical analyses are summa-
rized as follows. (i) It was clarified that base pair cleavages
changed the diffusivity of DNA fragments. Differences in
the molecular structures of DNAs clearly appeared in the
difference of diffusion coefficients. In particular, the
number of hydrated water molecules increased around
N1(A) in 5’- dCGTATATATA-3’ as AT base pairs were
dissociated and the decrease of diffusion coefficients turned
out to be remarkable due to the base pair cleavages. The
reduction of diffusion coefficients was mainly affected by
the mass increase of hydrated water molecules. This
conclusion was confirmed by the Einstein relation and the
radial distribution functions. (ii) Substitutions of the base
sequence were also effective to change the diffusivity. It
was suggested that the diffusion coefficients of DNA
fragments tended to be increased by substituting AT with

GC. There was a difference in the amount of water molecules
that formed hydrogen bonds with dissociated AT or GC base
pairs. N3(C), O2(C), and O6(G) formed hydrated shell with
approximately 2.9, 3.9, and 3.5 water molecules within 3.4 Å,
respectively, although such a high concentration was not
observed in dissociated AT base pairs. (iii) It is indicated that
dissociated base pairs that enhance making hydrogen bonds
with surroundings are effective in electrophoretic analyses
such as DGGE, TGGE, and CE, and that observations of
SNPs are partly caused by the different characteristics in the
diffusivity of denatured DNAs.
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