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Studies on the solution structure dynamics of RNA/DNA are becoming crucially impor-
tant. The phenomena of SSCP (single-strand conformation polymorphism), small RNA
dynamics in a cell, and others can be related to the conformational changes of single-
stranded (ss) RNAs/DNAs in solution. However, little is known about those dynamics.
Only the intra-structural transition of ssDNAs in solution has been reported based on
Watson-Crick (W-C) base-pairing. Here,we found a general feature of the SSCPphenom-
enon by studying the simpler molecules of ss-oligodeoxyribonucleotides. A single base
substitution or a positional exchange of nucleotide in a highly homologous series of
ss-dodecanucleotides led to a change in the mobility-in-gel. This was unexpected,
sincemost of thesenucleotides [suchasd(A11G)ord(A11C)]havenopossibility of forming
W-C base-pairing. MD (molecular dynamics) experiments revealed differences in shape
and size between the dynamic structures of these molecules which could affect their
mobility-in-gel. Inaddition,ahighcorrelationwasobservedbetweentheelectrophoretic
mobility and the size-related parameters such as end-to-end distance obtained fromMD
simulations. Because the simulation was considerably shorter (nanosecond) than the
experimental time-scale (second), the result must be considered conservatively; but it
is nevertheless encouraging for utilizing MD simulation for structural analysis of
oligonucleotides.

Key words: gel electrophoresis, molecular dynamics, oligonucleotides,
single-strand conformation polymorphism, solution structure dynamics.

A single nucleotide difference in single-stranded DNAs
(ssDNAs) can affect the ssDNA folding and, hence, can
be detected as a difference in electrophoretic mobility
performed under appropriate conditions (1, 2). This phe-
nomenon is termed single-strand conformation polymorph-
ism (SSCP) (2). It has been extensively used in thousands of
works to analyze point mutation and SNP (single nucleo-
tide polymorphism). However, studies on this phenomenon
are remarkably few (3–6), because conventional technolo-
gies such as X-ray diffraction and NMR are currently
useless in studying the dynamically unstable structures
involved. In contrast, solution structures of double-
stranded DNA (dsDNA) have been studied intensively,
leading to the development of the reptation model (7),
the static model (8) and others (9, 10). These approaches
that deal with dsDNAs do not need to consider sequence
effects, because the structure composed of Watson-Crick
(W-C) base pairing is entirely stable. This fact enables us
to describe the behavior of dsDNA in terms of a small
number of parameters such as the size and the persistent

length. Dealing with ssDNA, however, is not so simple.
The relevant facts elucidated in this field are as follows.
First, the unstable structure of a four-base paired
double-stranded sequence (50GGCC/30CCGG), the canoni-
cal structure for restriction enzyme HaeIII recognition,
was formed for brief periods and was thus cleaved in solu-
tion structure dynamics as clarified by the investigation
using ssDNA (11). Second, single-strand conformation
dynamics for ssDNAs of more than 100 nucleotides (nts)
were reported, which showed that these relatively
unstable structures were responsible for the difference in
the SSCP phenomenon (3). Third, sequence-specific
mobilities of oligodeoxyribonucleotides in gel were
observed for quite different sequences of oligodeoxyribonu-
cleotides (4), indicating the conformational effect on
mobility.

Here, we report that even highly homologous oligonu-
cleotides such as d(TTTTTTATTTTT) and d(TTTTTTTT-
TTTA) exhibit the SSCP phenomenon, i.e., sequence-
dependent differences in electrophoretic mobility under
nondenaturing conditions. To explain the principle nature
of this phenomenon, we systematically studied the effects
of a single base substitution in a series of highly homo-
logous dodecanucleotides by gel electrophoresis and
molecular dynamics (MD) simulation and examined the
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relative differences in the structural dynamics among
them. Discrete changes in electrophoretic mobility of
dodecanucleotides were observed and interpreted in
terms of the divergent dynamic structures in solution, as
governed by intra-molecular interactions between differ-
ent parts of a single-strand, which were further confirmed
by direct structural comparison of statistical averages
obtained from nanosecond MD structures of the oligonu-
cleotides studied. Furthermore, we made an unexpected
finding that nanosecond MD may semi-quantitatively
predict the mobility-in-gel of an oligonucleotide. Based
on these observations, the SSCP phenomenon could be
more generally interpreted, applying the results for
very simple oligonucleotides to much larger ssDNAs. The
knowledge and approach established here with regard to
solution structure dynamics of ssDNA appear to be
beneficial for not only technological purposes of separating
DNAs but also understanding various phenomena
related to RNAs, such as systematic translational
regulations performed in a cell by small non-coding

microRNAs (12), which are believed to form not only a
particular structure but also various secondary structures
in solution.

MATERIALS AND METHODS

Oligodeoxyribonucleotides—All synthetic oligodeoxyri-
bonucleotides used here (listed in Table 1) were
commercially obtained from ESPEC Oligo Service Corp.
(Ibaraki, Japan) in an HPLC-purified form. The concentra-
tions were determined by measuring absorption at 260 nm
and using specific extinction coefficients for A, T, G and C.
Prior to electrophoresis, all were dissolved in nuclease-free
water to concentrations ranging from 1 to 10 mM. Oligo-
deoxyribonucleotides labeled at their 50-positions with Cy3
were also used for confirmation experiments.
Gel Electrophoresis—Slab gel electrophoresis was car-

ried out using different concentrations of polyacrylamide
gel (5% to 30% at a constant ratio of acrylamide:bis = 19:1)
in 90 mM TBE (Tris-borate-EDTA) buffer with or without

Table 1. Properties of G-, C-, A-, and T-series single-stranded dodecanucleotides obtained by experiment or simulation.

S. No Mnemonic Dodecamers seq. (50 to 30) MWa mb (10-4 cm2 V-1 s-1) de-e
c (Å) rces

d (Å) trces
f (ns) RMSDe (Å) gRMSD

g (ns)

1 G12 GGGGGGGGGGGG 1.141 0.459 – 0.006 18.26 14.34 0.5 8.96 0.2

2 G6CG5 GGGGGGCGGGGG 1.129 0.480 – 0.002 32.28 18.89 1.4 7.36 0.6

3 G11C GGGGGGGGGGGC 1.129 0.477 – 0.004 32.02 17.24 1.9 6.44 0.5

4 G6AG5 GGGGGGAGGGGG 1.136 0.464 – 0.004 19.56 16.04 0.6 9.56 0.2

5 G11A GGGGGGGGGGGA 1.136 0.466 – 0.006 26.49 16.38 0.7 6.82 0.2

6 G6TG5 GGGGGGTGGGGG 1.134 0.468 – 0.002 26.55 16.45 0.9 7.70 0.3

7 G11T GGGGGGGGGGGT 1.134 0.459 – 0.005 21.88 15.97 1.7 7.83 0.5

8 C6GC5 CCCCCCGCCCCC 1.012 0.487 – 0.002 13.71 14.49 0.3 10.49 0.1

9 C11G CCCCCCCCCCCG 1.012 0.479 – 0.001 10.85 13.15 0.7 9.44 0.2

10 C12 CCCCCCCCCCCC 1.000 0.492 – 0.003 21.96 17.01 2.6 8.69 1.1

11 C6AC5 CCCCCCACCCCC 1.007 0.492 – 0.003 18.73 13.83 0.4 9.59 0.1

12 C11A CCCCCCCCCCCA 1.007 0.488 – 0.001 15.46 13.40 1.0 10.79 0.3

13 C6TC5 CCCCCCTCCCCC 1.004 0.490 – 0.001 16.76 14.62 1.3 8.94 0.4

14 C11T CCCCCCCCCCCT 1.004 0.486 – 0.002 13.27 13.90 0.5 9.23 0.1

15 A6GA5 AAAAAAGAAAAA 1.089 0.497 – 0.001 15.44 13.20 0.3 9.46 0.1

16 A11G AAAAAAAAAAAG 1.089 0.492 – 0.002 11.50 12.73 0.1 10.01 0.0

17 A6CA5 AAAAAACAAAAA 1.078 0.503 – 0.000 21.94 15.79 2.1 8.34 0.8

18 A11C AAAAAAAAAAAC 1.078 0.505 – 0.003 24.05 15.99 1.3 7.79 0.4

19 A12 AAAAAAAAAAAA 1.085 0.504 – 0.003 31.81 19.09 2.9 7.16 1.2

20 A6TA5 AAAAAATAAAAA 1.082 0.504 – 0.001 34.26 19.47 4.1 5.98 5.3

21 A11T AAAAAAAAAAAT 1.082 0.501 – 0.003 19.48 15.90 0.8 8.31 0.3

22 T6GT5 TTTTTTGTTTTT 1.060 0.425 – 0.001 21.86 15.83 1.0 8.71 0.3

23 T11G TTTTTTTTTTTG 1.060 0.419 – 0.002 18.63 14.84 0.1 9.31 0.0

24 T6CT5 TTTTTTCTTTTT 1.048 0.434 – 0.001 33.29 19.06 2.3 6.45 1.0

25 T11C TTTTTTTTTTTC 1.048 0.436 – 0.003 33.85 20.40 1.6 7.17 1.8

26 T6AT5 TTTTTTATTTTT 1.055 0.440 – 0.000 16.21 14.87 1.3 7.83 0.4

27 T11A TTTTTTTTTTTA 1.055 0.433 – 0.003 19.55 15.64 0.6 8.36 0.1

28 T12 TTTTTTTTTTTT 1.053 0.430 – 0.003 27.64 17.62 1.8 7.46 0.9

29 T3GT4GT3 TTTGTTTTGTTT 1.067 0.423 – 0.002 13.71 13.20 0.3 8.74 0.1

30 T3CT4GT3 TTTCTTTTGTTT 1.056 0.434 – 0.001 16.99 14.29 1.7 7.77 0.5

31 T3GT4CT3 TTTGTTTTCTTT 1.056 0.435 – 0.000 17.46 15.50 1.2 9.71 0.3

32 T3CT4CT3 TTTCTTTTCTTT 1.044 0.442 – 0.001 26.35 17.95 3.0 7.53 1.5

33 T3AT4AT3 TTTATTTTATTT 1.058 0.461 – 0.003 23.57 15.02 2.9 7.65 1.4
aRelative molecular weight to that of C12 (3,408 Dalton). bAbsolute electrophoretic mobility with standard deviation values through a 20%T
native gel, calculated from more than 3 independent experimental trials. c,d,eAverage simulation values of end-to-end distance, radius of
completely enclosing sphere, and root mean square distance, respectively obtained by MD calculation starting wih B-form structure. fHalf
transition times observed in the trajectories of rces (see text). gTime ratio for extended versus folded conformations observed during their
5 ns trajectories of RMSD.
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8 M urea. This buffer concentration was adopted since rela-
tive mobilities of dodecanucleotides are basically not
affected by TBE buffer concentrations in the range of
45–450 mM (13). The temperature was controlled at
20�C for non-denaturing gel or at 60�C for denaturing
gel using a circulating water bath. All gels were
freshly cast prior to the experiments. The amounts of
polymerization initiators, TEMED and ammonium persul-
fate, were adjusted for each gel concentration to ensure gel
polymerization within 30 min. Gels were subjected to a
prerun until the electric current stabilized. After electro-
phoresis, oligodeoxyribonucleotides were visualized by
silver staining as described elsewhere.

In cases of multiple bands in G-series, which were
observed to be dependent on the concentration of
migrating sample (Biyani et al., GENE, in press), assigning
of the monomer band was performed by changing the
concentration of monomers and confirmed by analyzing
the Cy3-labelled oligodeoxyribonucleotides. All gel images
were captured by scanning the gels using a fluoroimager
(Quantity One; Bio-Rad, USA), then processed by image-
analysis software, which enabled accurate measurement of
differences in relative mobility. The electrophoretic mobi-
lity (m) was calculated as m = d/Et (in cm2/V·s), where d is the
distance of migration (cm), E is the electric field strength
(V/cm), and t is the duration of electrophoresis (s).
Molecular Dynamics Simulations—All molecular

dynamics (MD) simulations were performed using the
sander module of the AMBER 7 molecular simulation pro-
gram package (14, 15). AMBER 94 force field (16) was
adopted in all calculations with the GB/SA continuum sol-
vation model (17), and a Debye-Huckel approximation was
used to account for salt effects (incorporated into version 7
of the AMBER package). All the parameters for GB/SA
calculations were taken from those established by Tsui
and Case (18), while the salt concentration was set at
0.2 M. Direct comparisons had already shown (18–21) a
reasonable accord between the GB (Generalized Born) sol-
vation model and the explicit solvent model, which was
confirmed in this study by showing the qualitative simila-
rities in structural transitions calculated using the explicit
solvent and GB/SA models for few oligodeoxyribonucleo-
tides.All calculationswereperformedonONYX-3400super-
computers (SGI) at the Information Processing Center of
Saitama University.

Prior to MD simulation, two independent setups were
prepared for each single-stranded DNA. In one case, a
starting geometry was generated using the AMBER7/
nucgen module in a helical conformation. For this, the coor-
dinates of the atoms for starting structures of single-
stranded dodecanucleotide DNA (e.g., see inset in Fig. 3)
were built up from the corresponding duplex geometries
simply by first constructing canonical right-handed A- or
B-forms of standard nucleic acids duplexes and then delet-
ing the atoms of the complementary strand to the desired
single-stranded oligonucleotides. Thus the stability of the
helix in initial starting structures for a single-stranded
DNA in a A- or B-form is governed by the stacking inter-
actions between the adjacent bases. The coordinates of the
missing hydrogen atoms were added to the nucgen struc-
tures using the AMBER7/tleap editing program. In the
other case, the initial structure used was an unstacked
random-coiled (nonhelical) conformation obtained by a

high temperature (900 K) dynamics simulation beginning
with a single-stranded helical structure and then selected
after 100 ps. Prior to MD simulation under physiological
conditions, the starting conformation was subjected to two
rounds of 500 steps of steepest descent energy minimiza-
tion in order to remove any possible local atomic clashes.
The first round was performed to minimize the potential by
displacing the position of hydrogen atoms, keeping all
heavy atoms in each residue constrained to their original
positions (ntr = 1) using a harmonic potential with a force
constant of k = 5 kcal/mol/Å2. The second round was carried
out for the whole structure without any harmonic
restraints. The atomic systems were then subjected to a
10 ps equilibration with a continuously-reducing energy
constraint (2 to 0.1 kcal/mol/Å2). SHAKE (22) was applied
to all bonds involving hydrogen atoms. The translational
and rotational motion was removed at every nscm =
1,000 steps. During equilibration the temperature of the
system was gradually raised from 0 to 293 K. The final
structure, attained after the equilibration process, was
used as the starting structure for MD at 293 K. Each system
was then simulated for 5 ns and some were tested up to
50 ns.

For evaluating nonbonded interactions and to reduce the
time spent on computing long-range interactions, the
cut-off distance with nrespa variables (which allows eva-
luation of slowly-varying terms involving derivatives with
respect to the effective radii and pair interactions whose
distances are greater than the cutoff) were used. In
AMBER, the cutoff parameter for GB simulations controls
not only the truncation of Coulombic and Lennard-Jones
parameters but also the exclusion of distant pairs of atoms
in computing the effective Born radii. Inclusion of nrespa
variables allows the reciprocal part of the Ewald procedure
to be carried out while evaluating short-range interactions.
The use of a 10-Å cutoff with nrespa = 2 and dt = 0.002 ps is
known to be effective for GB simulations. In recent studies,
use of the GB model with cutoff has been shown to yield
results closely mimicking those from a corresponding
GB simulation with no cutoff (19, 23). This applicability
was further examined in advance by carrying out GB
simulations of several oligodeoxyribonucleotides (G12,
G6AG5, G6TG5, G6CG5 for G-series and C6GC5, C6AC5,
C6TC5, C12 for C-series) with (10 Å) or without (300 Å)
cutoff values. The use of a cutoff worked well for GB
simulations and reduced the computing time spent on
long-range interactions by a factor of more than four.
The correlation coefficient between with and without
cutoffs in terms of half-ransition time for each series
was 0.97.

The average and instantaneous temperatures and var-
ious energies were monitored over the course of the simula-
tion and atomic coordinates were saved every picosecond.
All other simulation properties were derived from analyses
of these snapshots. The RMSD value for each point on a
trajectory was calculated against the initial starting struc-
ture using the AMBER7/Carnal module. Snapshots from a
trajectory were illustrated with a molecular visualization
program, such as VMD (24) or RasMol (25), for visual
inspection.
Measures Used for Quantitating Structural Dynamics—

To characterize the structural dynamics of oligodeoxyribo-
nucleotides, here we introduced and employed three
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measurements: the radius of completely enclosing sphere
(rces), end-to-end distance (de-e) and half-transition time (t1/

2). The overall shape of a single-stranded oligodeoxyribo-
nucleotide was determined by the size of rces, which repre-
sents the radius of a sphere that encloses 95% of the atoms
with its center located at the center of mass; and by de-e,
which is the distance between the backbone-end atoms
(non-hydrogen) of a single-stranded oligodeoxyribonucleo-
tide. The half-transition time, t1/2, is the midpoint of the
collapse starting from an extended state to a folded one. The
calculation of rces and de-e was performed using in-house
programs, while the others were calculated with AMBER7/
Carnal module.

RESULTS

Distinctive Mobility-in-Gel of Dodecanucleotides Differ-
ing by One Base—Homododecanucleotides with a single
base substitution were serially studied. Base substitu-
tion in this series resulted in different mobility during
non-denaturing gel electrophoresis (Fig. 1). Remarkably,
oligodeoxyribonucleotides having the same nucleotide
composition but with different positional arrangements
can be separated, as shown by the pairs, G6TG5/G11T
C6GC5/C11G, C6AC5/C11A, T6GT5/T11G, and T6AT5/T11A.
These results were surprising, and even though we
had observed the SSCP phenomenon previously [in
which mainly transient Watson-Crick interactions are
working and thus point-substituted ssDNAs can have

different mobilities due to differences in the overall
dynamic structures (4)], it seemed unlikely that these
small molecules would form significant structures. This
observation suggested that, although the premise of the
previous interpretation is probably correct, a greater con-
tribution of non-W-C interactions should be considered.
These non-W-C interactions must include not only
well-established interactions (for example, Hoogsteen-
type interactions), but also interactions yet not recognized
(hydrogen bonding and base stacking). This point is rein-
forced by the current findings.

Figure 1 also shows that: (i) a single base replacement
causes, more or less, a mobility shift during gel electrophor-
esis, as in X6YX5 and X11Y, where X (= G, C, A or T) is the
homododecanucleotide type and Y is the substituted
nucleotide type other than X; (ii) double-base substitu-
tions resulted in a greater mobility shift (Fig. 1e; e.g.,
T12 < T6CT5 < T3CT4CT3); (iii) a single base replacement
with G in homododecanucleotides [d(C)12, d(A)12, and
d(T)12] caused a decrease in mobility while a single base
replacement with C in homododecanucleotides [d(G)12,
d(A)12, and d(T)12] caused an increase in mobility. These
interesting observations are novel, as none of the previous
reports discussed such short and simple oligodeoxyribonu-
cleotides (1–4, 26). The closest notion previously estab-
lished is that of sequence-dependent mobility profiles,
which states that each oligodeoxyribonucleotide behaves
specifically with regard to mobility when subjected to a
temperature gradient due to dynamic W-C interactions (11).

(a)

(b)

(c)

(d)

(e)

Fig. 1. SSCP of simple single-stranded
oligonucleotides. Homo-dodecanucleo-
tides possessing a single base substitution
at thecenter,near thecenterorat the30-term-
inal were subjected to electrophoresis under
non-denaturing conditions on 20% neutral
polyacrylamide gel and visualized by silver
staining (Ref. 45). Separation of G series
(a), C series (b), A series (c), T series (d) and
double base substitution T series (e) are
shown. In case of the G series with G6XG5

type dodecanucleotides, several intense
bands (representing multi-stranded species)
appeared above the monomer band, while
with G11X type dodecanucleotides, ladder
pattern bands (representing aggregated
lower mobility structures (Ref. 46), not
shown here) appeared (where X denotes
non-guanine base). In case of multiple
bands, an arrow shows the monomeric form
of the parent sequence band assigned by
another iterative experiment. Reproducibil-
ity of relative migration order was tested by
more than 3 independent experiments. Dou-
ble base substitution T series were performed
to further confirm the effect of specific-base
substitution type.
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Remarkably, Bowling et al. reported a phenomenon in
which the difference in the 30-terminal dideoxynucleotides
(ddN) of ssDNA resulted in different mobilities during gel
sequencing (27), and is thus consistent with our results that
a 30-terminal C allows the ssDNA to migrate faster, while a
30-terminal T causes slower migration (in addition, in our
experiment, a 30-terminal G was shown to decrease
mobility substantially).

These results clearly indicate that a conformational fac-
tor is responsible for this phenomenon. In addition, this
conformation must be less stable, because there are no
known stable structures that would allow separation of
T6GT5 and T11G (both dodecanucleotides composed of
11Ts and one G). Therefore, for such simple molecules,
the only rational interpretation is the assumption that
there are intra-molecular ‘conformational dynamics’
which lead to effectively different (time-averaged) molecu-
lar shapes, since it is evident that mainly intra-molecular
interactions without W-C base pairings are working in
these homo-dodecanucleotide series, as there are 4, 3, 3,
and 2 distinct possibilities for forming at least two hydro-
gen bonds between two homo base pairs of G, A, T, and C,
respectively (28). This intra-molecule hypothesis is sup-
ported by the observation here (unpublished data) that
the denaturant negated this phenomenon by reducing
the relative frequency of intramolecular interactions
(29). If this is the case, MD simulation may be able to
demonstrate this phenomenon, although seconds-to-
minutes simulations are not presently available. Recently,
the modeling calculation on single-stranded DNA has
shown very encouraging results to understand to what
extent the DNA sequence, strand length, backbone modi-
fication and ion-strand interaction influences its structural
and dynamics conformation (30, 31). We therefore per-
formed realistic calculations for nanosecond MD, expecting
to find clues to interpret the experimental results.
Simulation Measurements for Structural Dynamics—

All dodecanucleotides (33 species) used in electrophoresis
were then analyzed by MD calculation (see Table 1). The
simulation results were analyzed in terms of root-mean-
squared deviation (RMSD), end-to-end distance (de-e),
radius of completely enclosing sphere (rces), and snapshots,
as described in ‘‘MATERIALS AND METHODS.’’
Root-Mean-Square Deviation—The root-mean-squared

deviation (RMSD), which describes the ‘‘distance’’ between
two conformations, may able to indicate the flexibility and
range of conformational space during dynamics simula-
tions. We have compared the overall structural features
by looking at the time evolution of RMSD values with
respect to each starting B-form of all the studied dodeca-
nucleotides [Fig. 2, only the X6YX5 series is shown, where X
(=G, C, A or T) is the homododecanucleotide type and Y is
the substituted nucleotide type]. Initial fluctuations are
large in magnitude, associated with short or long-term
drift, which later vanishes in all cases, and then remain
constant for the remaining duration of the simulation
(this continued up to 50 ns for nucleotides tested). So, in
general, each dodecanucleotide underwent passage from a
helically stacked starting conformation to a folded confor-
mation through unstacking and/or restacking processes
and tended to shift to conformations of finite RMSD
value within period of 4 nanoseconds of simulation.
Interestingly, this parameter (rate of transition between

starting B-form to folded conformation) is observed to be
dependent on the specific type of base substitution, e.g., a
single base substitution with C at the center of the all
four homonucleotides results in more fluctuation (both
band-width and transition delay time) than one substitu-
tion with G, illustrating the concept of ‘‘single base-induced
difference in conformation dynamics.’’ If these observa-
tions have any relationship with macroscopic phenomena,
a quantitative study of the base substitution effect is
desired.

Essentially the same results were obtained for different
initial starting structures (i.e., B-form, A-form and
stretched conformation) (as partly shown for G-series in
Supplementary Figure S1 (see: http://gp.fms.saitama-u.ac.
jp/jb-suppli.html/), i.e., the order of half-transition times
(G12 < G6AG5 < G6TG5 < G6CG5) remains the same for
all three cases). This means that the trajectory of conforma-
tion occurring during simulation is most likely to be
induced by a specific single-base substitution and indepen-
dent of the initial starting structure. This also suggests
that there is a local stability minimum (trough) in the
conformation space, which all these simple dodecanucleo-
tides are able to attain in nanosecond trials (5 ns) with this
potential. Although it is unknown whether this is a global
minimum or a case of entrapment in a local minimum, it
appears to be sufficiently stable on a nanosecond time scale.
Recognizing Intramolecular Interactions—Direct visua-

lization of snapshot images of simulated oligodeoxyribonu-
cleotides after their collapse into globular structures was
used to analyze all possible intramolecular hydrogen bond-
ing (Hoogsteen type) and base-stacking interactions. A
relaxed definition of the hydrogen bond is used in the
present study. The definition is that the maximum distance
allowed between the atoms bearing the donor and acceptor
atoms is 2.5 Å. The averaged snapshot at the later stages of
the nanosecond trajectory revealed that both ends of the
dG12 strand were sufficiently close to form a semi-stable
hairpin-like folded structure (with a type of base-stacking
and possible intramolecular hydrogen bonding) (Fig. 3;
time-averaged images for G-series are shown). Visual
inspection confirmed that the hairpin-like structure dom-
inates. The appearance of this structure depended on the
type and position of the single base substitution. Substitu-
tion with a C at the center (i.e., G6CG5) or at the 30-terminal
(i.e., G11C) of dG12 resulted in a less self-folded and more
extended conformation due to the lower degree of stacking
of this conformation, whereas A- or T-substitution at the
center or at the 30-terminal of dG12 enhanced the tendency
for self-folding (Fig. 3). If the stretched conformer
migrates faster than the folded one (Supposition A), then
(although this observation is in the order of only nanose-
conds) the above observations are consistent with the
second-to-minute behavior of gel experimental results
(Table 1; e.g., serial # 1–7, relative differences between
electrophoretic mobility and simulated values for almost
all sequences in G-series and Ref. 27). This consistency
appears to be coincidental, because there is no theoretical
basis for accordance between nanosecond structures and
second-to-minute phenomena. In other words, we first
need to know the entire landscape of conformational
space of oligodeoxyribonucleotides, which can be used to
determine whether a particular stable structure is in
the global minimum. Nevertheless, we can conservatively
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state that this brief, nanosecond simulation may have
attained the global minimum for the oligodeoxyribo-
nucleotides used (Supposition B) because they have
such small and simple structures. Therefore, the cur-
rent observations regarding nanosecond structures of
oligodeoxyribonucleotides may be applicable to second-to-
minute behavior, which is further supported by the follow-
ing observations.
Overall Size of Oligodeoxyribonucleotides—The same

series was further analyzed in terms of rces (radius of
95% enclosing sphere) (for definition, see ‘‘MATERIALS AND

METHODS’’ section) for those oligodeoxyribonucleotides
which appeared in Fig. 1. Due to the molecular simplicity
of the studied oligodeoxyribonucleotides, which had almost
identical molecular weights, we opted to use the rces term
for analysis instead of the Rg (radius of gyration) term. In
almost all cases, we observed a single sharp transition from
a swollen (B-form) to a compact (folded) structure in terms
of rces within 5 ns in the simulation (see Supplementary
Figure S1: http://gp.fms.saitama-u.ac.jp/jb-suppli.html).
The majority finished the main transition before the 4-ns
step, and then remained constant with small ripples (tested
up to 50 ns for a few sequences). A general feature of the
homo-dodecanucleotide series generated by a single-base
substitution near the center of sequence was observed,
i.e., the order of half-transition times from a swollen
(initial) to a compact structure. For the homo-G, homo-T
and homo-C series it is X6GX5 < X6AX5 < X6TX5 < X6CX5,

Fig. 3. Snapshots of G-series single-stranded dodecanucleo-
tides. These averaged snapshots were taken as the final
structure from the last half nanosecond of 5 ns simulations.
DNA backbone is shown in ribbon with 50- and 30- termini

drawn in red and yellow spheres, respectively. The substituted
base is sterically drawn. Inset: helically-stacked single-
stranded conformation of the B-form used as starting structure is
shown.

(a)

(b)

(c)

(d)

Fig. 2. Time-evolution of the root-mean-square deviation
(RMSD) of single-stranded homo-oligodeoxyribonucleo-
tides. The four series of homo-dodecanucleotides having a single
base substitution near the center of the sequence [d(G6YG5),
d(C6YC5), d(A6YA5), and d(T6YT5) (top to bottom) where Y = G, C,
A or T] are depicted. The type of substitution is shown by color [G
(black), C (pink), A (green), and T (blue)]. The arrows indicate the
half-transition time. Plots were made for 1 ps running average.
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where X = G, C, or T, while a minor difference was
observed in the homo-A series (i.e., A6GA5 < A6CA5 <
A12 < A6TA5). In order to test the reproducibility of the
final values in the 5-ns simulation, two different and inde-
pendent setups (starting with different conformations than
B-form) were prepared and subjected to MD analysis. For
the homo-G and -A series, all four X6YX5 type
oligodeoxyribonucleotides starting from different initial
conformations (i.e., B-form, A-form, and stretched confor-
mation) show basically similar results in terms of half-
transition time (see Table 2), i.e., order of transitions,
indicating that the long-time-elapsed shape of the oligo-
deoxyribonucleotides is less dependent on their initial
structures. The homo-dodecanucleotide series with a
single-base substitution at the 30-terminal was also
examined and analyzed data are listed in Table 1. The
most notable observation in this series was that
G-substitution resulted in a rapid formation of intramole-
cular interactions and thus more bent (or folded) struc-
tures, which probably corresponds to the low mobility
during gel electrophoresis.
End-to-End Distance Fluctuations—All oligodeoxyribo-

nucleotides possessing a single nucleotide difference
were well separated on polyacrylamide gels, suggesting
that they differ in shape depending on the type of
base substitution. To characterize each conformation, the
distance between the two ends of each single strand was
measured based on the computed trajectories, and these
data are shown in the form of a spectrum in Fig. 4. This
enables us to recognize differences in the conformation
dynamics between highly homologous oligodeoxyribonu-
cleotides. Each homododecanucleotide type (X) has a spe-
cific distribution of end-to-end distances depending on the
substituted nucleotide type (Y). In general, during electro-
phoresis, molecules migrate through a matrix of pores
which are large enough for the molecule. The DNA-
matrix interactions modulated by the structure of DNA
influence the absolute mobility (32). Therefore, more
and/or stronger contacts reduce the electrophoretic mobi-
lity of DNA. Consistently, the slowly migrating sequences
appear to have more bent structures, which are associated
with a retardation effect. As shown in Fig. 4, the distribu-
tion of end-to-end distances for the slowly migrating
sequences (i.e., a single base substitution by G in each

homododecanucleotide type) shifts further toward shorter
distances than those of the faster migrating sequences (i.e.,
a single base substitution by C in each homododecanucleo-
tide type). The possibility of non–W-C intra-molecular base
interactions supports this interpretation, since substitu-
tion by a G base results in a higher possibility of
Hoogsteen-type hydrogen bonding and base-stacking inter-
actions with neighboring nucleotides in a strand than sub-
stitution by a non-G base (such as C). This means that
substitution by one G in homododecanucleotide series
can cause a higher rate of exchange via intra-molecular
interactions and shift the end-to-end distribution towards
shorter distances, i.e., towards compact conformation,
while in contrast substitution by one C leads to a lower
rate of exchange via intra-molecular interactions and,
therefore, a higher value of end-to-end distribution.
Numerically, the average end-to-end distances for the fas-
ter migrating oligodeoxyribonucleotides are larger than
those for the more slowly migrating oligodeoxyribonucleo-
tides (see Table 1). These findings support the significant
correlation between the experimental results and those of
the simulation.
Correspondence of Simulation and Gel Electrophoresis

Experiments—Because the simulated values can be sup-
posed to have a relationship with mobility-in-gel during
electrophoresis, the average values of end-to-end distance
and time ratio for extended versus folded conformations
from RMSD trajectories over the entire simulation were
calculated and compared with experimental values, i.e.,
mobility-in-gel (m) for all oligodeoxyribonucleotides tested
here, as shown in Fig. 5a. A parallel relationship was found
to exist for almost all values between the experimental
values (mobility) and the two types of simulation-derived
values (de-e and gRMSD). This is more clearly shown in
Fig. 5b by drawing two curves with maximum overlapping,
and is extremely unlikely to have happened by chance [The
correlation coefficients between the experimental (mobi-
lity) and simulated (de-e) values is 0.93 for the G-series
and 0.91 for the C-series]. The correspondence between
the snapshot images (shapes) and the mobility-in-gel, as
discussed above, suggests that nanosecond MD may be able
to depict the structural dynamics of oligodeoxyribonucleo-
tides, and may be used to quantitatively obtain average
molecular sizes and shapes. A possible conclusion is that
the phenomena (i.e., structural dynamics) observed in the
nanosecond simulation-time range may be applicable to
estimate the phenomena in the experimental time range
(second-to-minute). This may be particularly true for mole-
cules with simple, less stable structures like homooligo-
deoxyribonucleotides. It should be easy to survey the
entire conformational range of these molecules, which is
rather diminished due to their relative simplicity.

DISCUSSION

We have developed a novel approach to examine the rela-
tionship between the structure and the dynamics of ssDNA
in solution by means of gel electrophoresis and molecular
dynamics simulation. Based on these data, we can con-
struct the following general model for solution structure
dynamics of ssDNA (possibly RNA also). If we define a
structure as a molecular state that is held for a fixed

Table 2. Conserved orders of structural transitions
beginning with different initial conformations among
oligonunucleotides.

Mnemonic
Half-transition time (ns)a

B-form A-form Stretched

G-series

G12 0.5 (1) 0.3 (1) 0.1 (1)

G6AG5 0.6 (2) 0.5 (2) 0.3 (2)

G6TG5 0.9 (3) 0.6 (3) 0.7 (3)

G6CG5 1.4 (4) 1.5 (4) 1.9 (4)

A-series

A6GA5 0.3 (1) 0.3 (1) 0.4 (2)

A6CA5 2.1 (2) 1.2 (2) 0.5 (3)

A12 2.9 (3) 1.7 (3) 0.3 (1)

A6TA5 4.1 (4) 2.2 (4) 0.6 (4)
aHalf-transition times observed in the trajectories of rces. Ordering
of transitions are shown in parentheses.
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amount of time (minimum life time; tmin, though arbitrary),
we can count the number of structures a particular
molecule of ssDNA will form in a finite period of time
(we must adopt an approximation of the identity of a struc-
ture. In other words, we have to assign a range of similar
structures to a single structure). Some structures are held
for longer periods due to the stability of the canonical
double-stranded (ds) structure and the hairpin structure;
some are held for less time due to shortened or mismatch-
containing ds structures (11); while others are formed to
break via W-C pairings (4) or non-W-C pairings (which
include both hydrogen bonding and base stacking) as
shown in this paper. If a structureSi of a life-time ti appears
ni times within the duration of To, then;

Nm ¼
Ximax

i¼1

ni ð1Þ

�tt ¼
Ximax

i¼1

ti · ni=Nm ð2Þ

Ximax

i¼1

ti ·ni ¼ �tt ·Nm <T0 ð3Þ

where Nm and t�are the total number of structures and the
average life time of the structures, respectively, regarding
molecule m.

This situation is schematically illustrated in Fig. 6. The
distribution of dynamic structures depends on the sequence
of the ssDNA and the definition of tmin. Therefore, the novel

SSCP phenomenon reported in this paper shows the
significance of negligibly weak, previously neglected,
intra-molecular interactions between adjacent nucleotides
of a strand, which can and do contribute to the distribution
of dynamic structures by generating structures having
short life times (near tmin). In other words, models that
consider only stable structures of ssDNA are not able to
reach correct conclusions and often overlook such phenom-
ena as that reported here. [Our preliminary experiments
performed by changing gel concentration and operation
temperature support this discussion (data not shown): rais-
ing temperature and gel concentration (leading to smaller
pore sizes) resulted in less distinct mobilities among
oligodeoxyribonucleotides, probably meaning that they
reduced the contribution of intra-molecular binding inter-
actions to the whole ensemble of structural dynamics. Note
that gels of smaller pore sizes lead to higher frequency of
inter-molecular interactions between DNA–DNA and
DNA–gel (32).]

Based on this structural dynamic model of ssDNA
(possibly RNA also) in solution, we will now be able to
interpret more quantitatively the rates and efficiencies of
hybridization-related reactions, such as general PCR (33,
34), RNA interference (35), RNA splicing (36), ribozyme/
deoxyribozyme (37), antisense DNA/RNA (12, 38), and
sequencing-related phenomena (27). For this purpose,
the effectiveness of the present ns-MD is very encouraging,
because ns-MD may substantiate the entire image of
dynamic structures. This rather optimistic prospect is

Fig. 4. Distribution of end-to-end distance of homo-
dodecanucleotides possessing a single-base substitution at
the center of the sequence. X denotes the homododecanucleotide

type, while Y denotes the base substitution type. Each distribution is
calculated from MD simulation of 2 ns (G-series), 5 ns (C- and A-
series) or 3 ns (T-series), which corresponds to half-transition period.
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(a)

(b)

Fig. 5. Comparison of experimental and
simulation results. (a) Mobility in gel (m),
average end-to-end distance (de-e) and time
ratio for extended and folded conformations
from RMSD trajectories are plotted for each
dodecanucleotide. All the dodecanucleotide
series are aligned in a fixed order: center G
(X6GX5; filled square), 30-G (X11G; hollow
square), center C (X6CX5; filled diamond),
30-C (X11C; hollow diamond), center A
(X6AX5; filled triangle), 30-A (X11A; hollow tri-
angle), center T (X6TX5; filled circle), 30-T
(X11A; hollow circle), while four homododeca-
nucleotides are shown by enlarged symbols.
For m, the error bars are omitted for clarity
(see Table 1). (b) Emphasized presentation of
the correspondence. The graph for G and C
series is re-drawn with proportionally
enlarged and adjusted scale of m so as to get
a maximum fit with the scale of de-e.

based on the fact that the nature of a large biopolymer (e.g.,
DNA) is, in principle, similar to the linear combination of its
elementary segments (e.g., oligodeoxyribonucleotides).
Therefore, detailed analysis of oligodeoxyribonucleotides,
which remains possible by this type of simulation, may be
able to assist in elucidation of structural dynamics of larger
and more complex DNAs/RNAs.

The folding problem of single-stranded DNA and RNA
has received less attention than that of proteins, partly
because rather primitive structures, such as the stem
and loop, seem to be satisfactory for such problems
and partly because the roles of DNA/RNA do not appear
to be as diverse as those of proteins, which require a
diverse range of structures. The current notion is that
single-stranded DNA (RNA) forms solution structures
mainly based on W-C base pairing, which is the thermo-
dynamically stable conformation [computer algorithms
have obtained secondary structures for DNA/RNA
(39, 40)]. Therefore, to date, stable structures of DNA/
RNA have been investigated since the discovery of
double-stranded DNA by Watson & Crick about 50 years
ago (41). However, the situation is drastically changing
owing to the recent discovery of non-coding RNAs,
which have been widely found in genome sequences
(42–44). It is hoped that this paper may help to direct atten-
tion to the solution structure dynamics of single-stranded
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DNA (RNA), which must contribute to understanding
systematic translational regulations performed by non-
coding RNAs and to establishing the way to control gene
networking.

CONCLUSIONS

First, we reported the novel phenomenon of non-identical
mobility of similar oligodeoxyribonucleotides. Next, we
clarified a possible correlation between the conformational
properties of oligodeoxyribonucleotides obtained by mole-
cular dynamics simulations and their mobilities obtained
by gel electrophoresis. Our results showed that the diver-
sity of molecular conformation of ssDNA is determined by
its sequence and is influenced by even a single base sub-
stitution. The structural dynamics of ssDNA in solution can
be precisely described only by considering its unstable
structures, which may be obtained using nanosecond mole-
cular dynamics.
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