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The DNA conformational transition depends on both the DNA sequences and environment such as solvent as

well as electrolyte in the solution. This paper uses the AMBERS package to investigate the electrolyte concentration
influence on the dynamics of the A—B conformational transition of DNA duplex d(CGCGAATTCGCG)2. The results
from the restrained molecular dynamics (MD) simulations indicate that the total energies of the systems for A—-DNA
are always higher than those for B-DNA, and that the A—B conformational transition in aqueous NaCl solution is a

downhill process. The results from the unrestrained MD simulations, as judged by the average distance between the

C5’ atoms (average helical rise per ten base pair), show that the concentrated NaCl solution slows down the A—B

conformational transition. This observation can be well understood by analyses of the difference between the counterion

distributions around A-DNA and B-DNA.
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1. Introduction

Deoxyribonucleic acid (DNA) is a very important
substance carrying genetic information in the cells of
animals and plants. When the cell needs a particular
protein, the protein information written on the DNA is
first copied into ribonucleic acid (RNA), and then the
RNA is used directly as templates to direct the pro-
tein synthesis. A systematical investigation on DNA
and RNA duplex conformation stability is helpful for
us to understand their critical biological functions in
the cell. Different from RNA, DNA is hydrolytically
relatively stable due to its conformations.!!) The var-
ious forms of DNA have been identified as A, B, C,
etc. And there have been left only five letters avail-
able to describe any new DNA structure that may be
discovered in the future.! The physical properties of
DNA sequences have been investigated extensively in
Refs. [3] and [4].

It is known that A- and B-forms are two common
conformations of DNA and both of them are double-
stranded and right-handed helix.[>6l The B-DNA is
the dominant biological conformation of DNA in liv-
ing organisms, in which two helically twisted sugar-

phosphate backbones are stuffed with two types of
base pair, AT and GC. The structures of A-DNA
and B-DNA were well determined by the experiments
such as nuclear magnetic resonance (NMR) and x—
ray techniques.[”8] There are major differences be-
tween the canonical A-DNA and B-DNA in the sugar
pucker, parameters relating the base-pairs to the he-
lical axis, the rise between base-pairs and the widths
of the major and minor grooves. The preferred sugar
pucker pseudorotation phase pucker value is C2’-endo
(~ 162°) for B-DNA and C3’-endo (~ 18°) for A-
DNA. The A-helix is shorter and thicker than the
B-helix. The helical rise of the B-DNA is 0.34 nm/bp
while the A-helix is characterized by a rise of only
0.26 nm/bp.[lo_m There is a significant inclination
of the base-pair plane to the axis in A-DNA, result-
ing in an empty channel in the centre. In addition,
there is a little increase in the number of base pair per
rotation and a little reduction in groove width com-
pared to B-DNA. The minor groove width, which was
measured by close interstrand phosphate distances, is
0.11 nm in A-DNA and 0.57 nm in B-DNA for the
Drew-Dickerson dodecamer d(CGCGAATTCGCG)s.
Consequently, the major groove of A-DNA becomes
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deeper than that of B-DNA and the minor groove of
A-DNA becomes shallower.[23 The A-DNA appears
likely only in dehydrated samples of DNA, such as
those used in crystallographic experiments, and pos-
sibly in hybrid pairings of DNA and RNA strands.
Fourier transform-infrared (FT-IR) spectroscopy ex-
periment showed that the sodium salt of the self-
complementary Drew—Dickerson dodecamer persists
in the B-form even the water activity is very low.[4

Although experiments!*®'% are now able to pro-
vide accurate structures of DNA for most sequences,
the analysis of large conformational changes is still a
major challenge for both experimental and theoretical
researchers. Taking the A-B conformational transi-
tion as an example, conformational transition depends
on both the DNA sequences and environment.[*7—24
Since a double-stranded DNA has two negative pri-
mary charges per base pair, both solvent and counte-
rions provide an important role in stabilizing and in
determining its overall conformation. Solvent water
molecules are thought to have the function to sepa-
rate charges by making use of dielectric screening and
to play a conformational role in stabilizing the dou-
ble helix. Counterions provide electroneutrality to a
system and alleviate electrostatic repulsion between
acidic phosphates of DNA by the aid of mean field
effects, sequence-specific binding and water-mediated
structures. To investigate more specific properties of
DNA in various ion buffers, specifically Nat and KT,
many experimental and theoretical studies have anal-
ysed counterion condensation around DNA with re-
spect to sequence-specific features.?2=27) The tran-
sition from B-DNA to A-DNA can be obtained in
vitro in a few particular conditions. It is induced
by equilibrating the samples under reduced relative
humidity or with the increased concentration of or-
ganic solvents such as methanol,?8 ethanol®?! and
trifluoroethanol.[3! Tt is also clear that DNA structure
is very strongly influenced by the salts (electrolytes)
which lead to the conversions between the distinct A—,
B—and Z-DNA structural families to more local struc-
ture effects.[31:32]

Computer simulation is an alternative way to
study structural properties of nucleic acid such as
transformation between A-DNA to B-DNA. Since the
first observation of the transition from A-DNA to B—
DNA in the unrestrained molecular dynamics (MD)
simulation by Cheatham and Kollman,['3! several MD
simulations have shown the conformational transition

[21,33—35]

of DNA in aqueous solution. All the previous

simulation results indicate that the A—B conforma-
tional transition is a downhill process, and that the A—
DNA is not a stable conformation of Drew—Dickerson
dodecamer d(CGCGAATTCGCG); in water. Mazur
observed a conformational transition from B-DNA to
A-DNA by means of MD simulation, in which B-DNA
in several sizes of water drop with different numbers of
Na*t /Cl™ ion pairs. The results lead us to a suggestion
that sodium ions bridging to phosphate strands in the
major groove encourage the conformational transition
from B-DNA to A-DNA.

In this paper, we perform normal pressure and
temperature (NPT) MD simulations on A-DNA and
B-DNA with different electrolyte concentrations us-
ing AMBERS force fields in order to gain new insight
into contribution of a wide range of electrolyte concen-
tration on dynamics of the conformational transition
from A-DNA to B-DNA. We also conducted compre-
hensively comparative analyses of monovalent counte-
rion condensation around DNA and macroscopic in-
fluence of the counterions on the conformational tran-

sition.

2. Model and MD simulation de-

tails

In this section, we use Drew—Dickerson dode-
camer d(CGCGAATTCGCG), as a model DNA in
the simulations, which does not lead us to the compu-
tational difficulty but can obtain reliable conclusions
on A-B conformational transition preference and can
diminish the influence of artificial end-effects. The
3-ns NPT (P = 1.0 bar and 7" = 300 K) MD simula-
tions were performed at different NaCl concentrations
(see Table 1 for particle numbers of each concentra-
tion). For each NaCl concentration four MD simu-
lations were conducted: two for restrained DNA and
two for unrestrained DNA. The AMBERS package and
PARMO99 force field were used for all simulations with
the periodic boundary conditions in x, y, and z direc-
tions.

Table 1.
simulations for each system.

Number of particles used in the MD

name of system NaCl H20  counterion
Na0 0 8154 22
Na60 60 7540 22
Na95 95 7292 22
Nall0 110 7180 22
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The initial configurations (see Fig. 1) for all sim-
ulations were a canonical A-form or a canonical B-
form of d(CGCGAATTCGCG); built by using the
programme “nucgen.” To neutralize charge on DNA,
we added 22 monovalent cations to the DNA, and then
solvated the solute with TIP3P water, in which 22
ions and TIP3P water molecules were placed in the
simulation box on the basis of Leap programme. If
the system contains salt, some additional Na®t/Cl™
ion pairs were positioned in the simulation box by us-
ing Leap programme in the AMBER 8 software pack-
age after above process was finished. The size of all

initial simulation boxes was set to be 62x62x72 A3
(1 A = 0.1 nm). The solvated systems were then opti-
mized, thermalized and pre-equilibrated by using the
Fig. 1. Initial configurations of A-DNA and B-DNA. MD simulation protocol shown in Fig. 2.

place A-DNA or B-DNA,

add counterions, water and Na™ /CL ™ ion pairs

|

minimize water and ions with fixed DNA

l

MD for water and ions with DNA restrained

time: 10 ps

temperature: 0 K — 300 K

I

MD for all atoms with DNA unrestrained

time: 40 ps, T=300 K

| l l

MD for A— or B-DNA MD for A~ or B-DNA

unrestrained restrained

T=300 K T=300 K

Fig. 2. The MD simulation protocol used in this work.
At the beginning of simulation, 1000 steps of minimization were performed with harmonic constraint of
500 kcal - mol~'- A2 on the DNA, and then 2500 steps of additional minimization were performed without any

constraint. At the first equilibration phase of 10 ps, each system was heated from 0 K to aimed temperature
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(300 K in this work) with constraint of 10 kcal- mol~'- A2 on the DNA. In the second equilibration phase
of 40 ps, we conducted MD simulation without any constraint. The subsequent production runs were carried
out for a further 2.95 ns at constant temperature by the Langevin scheme, and constant pressure (1 bar) by
weak-coupling scheme. In the production run, we conducted two types of simulations. One was carried out
with unrestrained DNA, and another was with restrained DNA. In the simulation with restrained DNA, DNA
was restrained with a force constraint of 100 kcal- mol~'- A2, The time step was 2 fs and all bonds involving
hydrogens were constrained using SHAKE procedure. The particle-mesh Ewald (PME) procedurel®d was used
to handle long-range electrostatic interactions with a non-bonded cutoff of 9 A.

3. Results and discussion

3.1. Energies in the restrained MD simulations

We firstly conducted 3 ns restrained MD simulations for A-DNA and B-DNA at four NaCl concentrations.
Figure 3 depicts the evolutions of the total energies for Na60 and Nall0 systems versus time at 300 K and 1.0 bar.
The total energy includes kinetic energy and potential energy of water, C1~, Na™, and DNA. Drops in total ener-
gies for ¢t < 2 ns are found in the figure and the systems reach equilibria at approximation 2 ns. The average total

Table 2. Averaged total energy for each system sampled from ¢ = 2 ns to 3 ns at 300 K.

total energy (E) /(kcal/mol)

DNA
Na0 Na60 Na95 Nall0
fixed A-DNA —70223(18) —T7015(22) —80887(30) —82523(33)
fixed B-DNA —70263(26) —T77192(26) —81075(30) —82690(42)
AFEap —40 —177 —188 —167
—TH.Rp —822p
(a) NaGO (b) Nall0D
- fixed B-DNA - —82.3} fixed A-DNA
— — -fixed A-DNA - = «fixed B-DNA

TT.0F

keal - mol !
|
T
-
-

7/10% keal - mol

E/10%

!
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-~
I

Fig. 3. Evolutions of the total energy versus time for fixed A-DNA and B-DNA in aqueous solution with different
NaCl concentrations at 300 K.

energy for each system was sampled from ¢ = 2 ns to ¢ = 3 ns, and the results are listed in Table 2. From
Table 2 one can see that the A—B conformational transition is a downhill process, and that the B-form is a
stable conformation of the DNA duplex d(CGCGAATTCGCG)z in aqueous NaCl solutions. This result is in
full agreement with all previous MD simulations!*333] and experiments.['4

We have also obtained the spatial distributions n(r) of Nat around fixed A-DNA and fixed B-DNA in
the restrained MD simulations. The spatial distribution n(r) is evaluated by averaging the number of ions
distributed in each coaxial cylinder with 0.05 nm thick and one-DNA turn long (2.8 nm for A-DNA and
3.4 nm for B-DNA) every snapshot. These ion distributions will help us to understand the dynamics of A—B
conformational transitions of the DNA duplex d(CGCGAATTCGCG)2 and the details will be given in the next

subsection.
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3.2. The A—B conformational transitions

The 3-ns unrestrained MD simulations are run which start from a canonical A-DNA or a canonical B-DNA

as shown in Fig. 1. The simulations for Na0O, Na60, and Na95 systems converge to a common structure of

B-DNA within 3 ns. If we increase the simulation time, the unrestrained MD simulations for Nall0 system

also converge to a B-DNA structure. Figure 4 depicts the snapshots of unfixed DNA during the unrestrained
MD simulations starting from the configuration of the canonical A-DNA for the Na95 and Nall0 at 300 K.
The length of the DNA and the inclination of base pair to axis almost changed into the canonical B-DNA at
1 ns for Na95 system. The conformation of the DNA for NallO system are kept A-like form in the 2.95 ns
production run. Nevertheless, its major grooves get larger and larger in the simulation.

Fig. 4. Snapshots of DNA structures starting from A-DNA shown in Fig. 1 for Na95 (top) and NallO (bottom)
systems at 300 K. From left to right: 500 ps, 1000 ps, 1500 ps, 2000 ps, 2500 ps and 3000 ps.

Fig. 5. Definition of the distance between C5’ atoms of
residues 1 and 11.

We need to compare the unfixed A-DNA with the
unfixed B-DNA in the unrestrained MD simulations

in terms of microscopic parameters. Nowadays DNA
axis can be calculated by means of several program, 37
however, there is no defined way to evaluate the accu-
rate DNA axis. In this work we adopt an alternative
approach where the distance (helical rise) between the
C5’ atoms of residues 1 and 11 (I1_11), residues 2 and
12 (la—12), residues 13 and 23 (l33-23), and residues
14 and 24 (l14-24) are used. The C5’ atoms and the
distance between the C5’ atoms of residues 1 and 11
are shown in Fig. 5. Base pair per turn of B-DNA is
10 as well as that of A-DNA is 11, but the canoni-
cal A-DNA is much more compact than the canonical
B-DNA with respect to length. In our simulation all
DNA consist of the same 12 base pairs and the same

sequence and thus the distance (helical rise) discussed
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above is valuable for comparison of length of DNA.
Figure 6 shows the evolutions of the four distances
between different pairs of C5’ atoms during the unre-
strained MD simulation starting from the canonical
A-DNA for Na60 system at 300 K. From the figure
one can see that all distances, I1_11, l2_12, l13_23 and
l14_24, converge to their equilibrium values simultane-
ously. Furthermore the equilibrium value of each dis-
tance is near 3.3 nm. This finding indicates that the
average value of I1_11, ls_192, l13_23 and l14_24 can be
used as a structural indicator for judging whether the

B-form structure has been reached. The evolutions of

|

11,-'"I||I1

I

23,/nm

hig

0.0 0.5 1.0 1.5 2.0 2.5 3.0

the average distance l,, between the C5’ atoms are
shown in Fig. 7 for Na0, Na60, Na95, and Nall0 sys-
tem at 300 K. The A—B conformational transition
can be clearly seen in the figures for Na0, Na60, and
Na95 systems. The time for the A—B conformational
transition is delayed as the NaCl concentration is in-
creased. If we regard the time when the average dis-
tance l,, reaches 3.3 nm as the achievement of the B—
DNA, the A—B conformational transition times are
0.507, 0.909, 0.954, and >3.0 nm for Na0O, Na60, Na95
and NallO systems, respectively.

12,/nm

1o

'
24/ 01N

l14

Fig. 6. Evolutions of the distances between C5' atoms during the unrestrained MD simulations starting from
A-DNA shown in Fig. 1 for Na60 system at 300 K: (a) distance between residues 1 and 11; (b) distance between
residues 2 and 12; (c) distance between residues 13 and 23; (d) distance between residues 14 and 24. Residues 1 to
12 are on one strand whereas residues 13 to 24 are on another strand.

The A—B conformational transition times seem to have nothing to do with the total energy changes listed in
Table 2. To understand how and why concentrated NaCl solution delays the A-DNA to B-DNA conformational
transition, a comprehensively comparative analysis of the ion distributions around fixed A-DNA and fixed B—
DNA is made. The counterion distributions around fixed A-DNA and fixed B-DNA are compared in Fig. 8.
The distributions reveal that the A-DNA first traps the Na™ ions in its inside, and extra ions stay in its vicinity

(r = 1~1.5 nm). One can see from Fig. 8 that there is little difference among the peaks at r = 0~1.0 nm
for Na60, Na95 and Nall( systems, indicating that the major grooves of A-DNA are occupied by Na®. The

counterion distributions around the fixed B-DNA are in the different trends from those around the fixed A-

DNA. No sodium ion is trapped in the centre of B-DNA (r < 0.25 nm), and most Na™ are accumulated in
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the vicinity of the B-DNA (r = 1~1.75 nm). This is close to the distribution functions found in the previous
studies.[3®38] To perform an A—B conformational transition, the counterions inside A-DNA have to move to
the outside of the DNA, and therefore the counterion number inside and outside the DNA will dominate the

dynamics of A—B conformational transition.

I N I
w’

'
av,/nm

{

F
. /%?

Fig. 7. Evolutions of the averaged distance among C5’ atoms during the unrestrained MD simulations started from
A-DNA shown in Fig. 1 at 300 K: (a) Na0O and Na60 systems; (b) Na95 and Nall0 systems.

F Na0

r/nm r/nm

35 (c) 3.5 A (d)
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r/nm r/nm

Fig. 8. Characteristic spatial number distributions of Na® around the fixed A-DNA (solid curves) and fixed
B-DNA (dashed curves): (a) Na0O; (b) Na60; (c¢) Na95; (d) NalloO.

For convenience, we divide the counterion dis- Layer 2 indicates the space around layer 1 with 0.5-nm
tribution around a DNA into three regions (layers).  thick, and layer 3 indicates the space around the layer
Layer 1 indicates the cylindrical space with the radius 2 with 1.0-nm thick. The lengths of the cylindrical or

of 1.0 nm in which the DNA is placed in the centre. coaxial cylindrical space used for sample correspond
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to the base rises per turn of the canonical A-DNA
and the canonical B-DNA. Figure 9 depicts the num-
ber of sodium ions accumulated in layer 1, layer 2 and
layer 3 around fixed DNA at 300 K. Since the ions in
layer 3 are located far from the DNA axis, the impor-
tance for the stabilization of DNA is relatively small.
The increases of the ions in layer 1 and layer 2 for A—
DNA and the ions in layer 2 of B-DNA are two key
factors that influence the dynamics of the A—B DNA

conformational transitions.

25 .
(=) 110
204
2 - g il
— 15F
o1 60 95
210}, r 60
& 60
sk
| 0 0
5 N
Layer 1 Layer 2 Layer 3
40 _{h} 110
Z 30r = 95
b 95
£ 20} 60
= 60
= 95
10k 110
0 60 0 0
0 |
Layer 1 Layer 2 Layer 3

Fig. 9. The number of the ions accumulated in layer 1,
layer 2, and layer 3 around (a) fixed A-DNA and (b) fixed
B-DNA.

For salt free solution, the number of Na* in layer
1 is larger than that in layer 2 and layer 3 for A-—
DNA while the number of Nat is almost the same as
that for B-DNA. In this case, Na®™ can easily move
to layer 2 and layer 3, resulting in a quick confor-
mational transition from A—-DNA to B-DNA. As the
NaCl concentration is increased, the number of Na™
in layer 1 for A-DNA increases while the number of
Nat in layer 1 for B-DNA changes very little. On
the other hand, the number of Na™ in layer 2 and

layer 3 for both A-DNA and B-DNA increases dra-
matically. The variation difference in the number of
Na™ in layer 1 between A-DNA and B-DNA suggests
that more Nat should move from layer 1 to layer 2
or layer 3 in the process of the A—B conformational
transition, and that the increase of Na™ in layer 2 and
layer 3 makes sodium ions move towards outside lay-
ers more difficultly. This perhaps is the reason why
the A—B conformational transition becomes slow in

the high electrolyte concentration.

4. Conclusions

We have carried out the restrained and un-
restrained MD simulations on the DNA duplex
d(CGCGAATTCGCG), in aqueous NaCl solution
starting from the canonical A-DNA or the canoni-
cal B-DNA. All the MD simulations converge to a
common structure of B-DNA which is in very good
agreement with previous simulation and available ex-
perimental results. The results from the restrained
MD simulation at different electrolyte concentrations
indicate that the total energies of the systems for A—
DNA are higher than those for B-DNA, and thus the
A—B conformational transition in aqueous NaCl solu-
tions is a downhill process. As judged by the average
distance between the C5” atoms, the unrestrained MD
simulation results show that the increase of NaCl con-
centration in aqueous solution slows down the A—B
conformational transition of DNA. The effect of elec-
trolyte concentration on the dynamics of A—B con-
formational transition can be well understood by the
counterion distributions around the A-DNA and B-
DNA. With the increasing concentration of NaCl in
aqueous solution, A-DNA accumulates more sodium
ions in its inside and particularly in its vicinity, while
B-DNA only accumulates more sodium ions in its
vicinity. This difference makes the sodium ions move
more difficultly from the inside of A-DNA to the vicin-
ity of B-DNA, and in addition, number of sodium ions
having to move becomes larger as the electrolyte con-
centration is increased. The results of this work pro-
vide a thorough understanding of concentration effect
on sequence-specific structure and dynamics of the
A—B conformational transition of DNA in aqueous

electrolyte solutions.
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