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Molecular dynamics simulations of A-DNA in
bivalent metal ions salt solution
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A-form DNA is one of the biologically active double helical structure. The study of A-DNA structure has an extensive
application for developing the field of DNA packaging in biotechnology. In aqueous solution, the A-DNA structure will
have a free transformation, the A-DNA structure will be translated into B-form structure with the evolution of time, and
eventually stabilized in the B-DNA structure. To explore the stability function of the bivalent metal ions on the A-DNA
structure, a series of molecular dynamics simulations have been performed on the A-DNA of sequence (CCCGGCCGGG).
The results show that bivalent metal ions (Mg2+, Zn2+, Ca2+) generate a great effect on the structural stability of A-DNA in
the environment of high concentration. As the interaction between metal ions and electronegative DNA chains, the stability
of A-DNA in solution is gradually improved with the increasing solution concentration of ions. In metal salt solution with
high concentration, metal ions can be easily distributed in the solvation shells around the phosphate groups and further
lead to the formation of shorter and more compact DNA structure. Also, under the condition of the same concentration
and valency of the metal ions, the stability of A-DNA structure is different. The calculations indicate that the structure of
A-DNA in CaCl2 solution is less stable than in MgCl2 and ZnCl2 solution.

Keywords: transition of DNA structure, bivalent metal ions, molecular dynamics simulations, effect of con-
centration

PACS: 87.14.gk, 87.15.ap, 87.15.–v, 87.15.hp DOI: 10.1088/1674-1056/ac3caa

1. Introduction
Deoxyribonucleic acid (DNA) is an important nucleic

acid in biological cell.[1] DNA, which stores genetic informa-
tion, is an essential and necessary biological molecule for daily
activities of living organisms.[2,3] Human biological charac-
teristics are determined by DNA in the cell nucleus. By tran-
scription and translation, the genetic information in DNA can
guide the process of protein synthesis, to ensure normal physi-
ological activities. DNA is double helix structure consisting of
two antiparallel polydeoxynucleotide chains.[4] Deoxyribonu-
cleotide is the basic unit of DNA, including a nitrogenous base,
a phosphate group and a deoxyribose, as shown in Fig. 1(a).[5]

Four kinds of nitrogen-containing nucleobases are cytosine,
guanine, adenine and thymine. The folded form of sugar group
is called sugar pucker.[6] In a real environment, sugar moiety
is not a standard plane, C atom will always offset from the
plane of sugar moiety to form the sugar pucker.[7] When the
C3 atom and C5 atom offset from the plane of sugar moiety
in the same direction, the sugar pucker is C3’-endo, which is
the representative sugar pucker of A-form DNA. The sugar
pucker type will be defined as C3’-endo, when the phase an-
gle of pseudorotation range is 0◦–36◦. As shown in Fig. 1(b),
it means that the C2 atom and C5 atom offset from the plane
of sugar moiety in the same direction and its phase angle of
pseudorotation range is 144◦–180◦, when the sugar pucker is
C2’-endo.[8] It can be seen from Fig. 1(c), sugar-phosphate

backbone and base stacking will cause the formation of minor
groove and major groove. Three typical DNAs are A-DNA,
B-DNA, Z-DNA.[9] B-DNA, which is the commonest DNA,
has C2’-endo sugar pucker. For B-DNA, the major groove is
wider than minor groove.[10] The structure of A-DNA, similar
to the B-DNA, has a right-handed double helix. A-DNA, in
which the width of major groove is close to the minor groove,
has more significant C3’-endo sugar pucker than C2’-endo. Z-
DNA is a left-handed double helix, its whole helical structure
is a zigzag pattern.[11] Based on the difference of DNA struc-
ture characteristics, the DNA type can be defined.

Understanding the dynamics of DNA structure and its in-
teractions with other molecules becomes crucial for the stud-
ies of gene regulation, protein expression. The studies of DNA
structure have significant meaning for the fields of DNA drugs
and gene therapy which are developing rapidly now.[12–14] Ex-
cept for the biological fields, DNA structure researches also
are of importance to the DNA nanotechnology fields. For ex-
ample, functionalized gold nanoparticles can be used for DNA
sensing by using the characteristics of A/B form DNA confor-
mational changes.[15] In pure water, B-form DNA is the stable
configuration of DNA.[16] While A-DNA is only seen under
low-humidity environments, sometimes a phenomenon can be
found such that A-DNA is bound to certain proteins. Most
importantly, the structure of DNA is sensitive to the presence
of salt. Experimental studies on DNA structure have shown
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that A/B form transitions can be induced by changing DNA
environments.[17] DNA structure always adopts the B-form in
high relatively humidity conditions, but DNA structure can be
reversibly driven to the A-form in certain low humidity en-
vironments. When some certain organic solvents are intro-
duced as a cosolvent, DNA structure will exhibit reversible
A/B transitions.[18]

In the previous years, Cheatham and Kollma investigated
the transition from A-DNA to B-form DNA in aqueous so-
lution by MD simulations.[19] Many researchers made series
related discussion about the transform of A-DNA structure.
From both experimental and theoretical aspects, these studies
show that A-form structure could be stabilized in salt solu-
tion such as KCl, NaCl solution or under dehydrating condi-
tions such as with the addition of ethanol.[20,21] A majority of
studies of DNA structure are carried out on the interplay be-
tween B-DNA and monovalent cations, while relatively little
research is implemented on the A-DNA structure and divalent
ions like Mg2+ ions.[22,23] As a matter of fact, divalent ions
have stronger interactions with DNA chains compared with
univalent ions.

In this work, a molecular dynamics (MD) simulation
method is employed to analyze the transition of A-form DNA
in different solvents.[24] The conformation of A-DNA struc-
ture will be investigated in pure water and different salt solu-
tions, such as MgCl2, ZnCl2, CaCl2. The detailed structural
properties of A-DNA will be provided and the rule of the in-
teraction of divalent metal ions with A-DNA will also be dis-
closed.
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Fig. 1. (a) The plane structure of deoxyribonucleotide. (b) The C2’-
endo sugar pucker and the C3’-endo sugar pucker. (c) The major groove
and the minor groove of DNA structure. (d) The double helix structures
of A-DNA (left) and B-DNA (right).

2. Computational procedures
The initial state of A-DNA duplex with a nucleotide se-

quence of (CCCGGCCGGG) comes from the entry 1ZEX in
the Protein Data Bank (PDB).[25] The reason why chose this
DNA structure is high CG content. As known to all, high CG
will contribute to stabilize A-DNA conformations.[26,27]

All MD simulations were carried out by GROMACS
5.0.7 program with interaction potential taken from AMBER
bsc0 force field.[28,29] During the simulations, the standard
molecular dynamics techniques were used, including periodic
boundary conditions and the velocity Verlet integrator. Long-
rang electrostatic interactions were calculated by the particle
mesh Ewald summation method to avoid cutoff effects.[30] The
size of the simulation cubic box (57 Å× 57 Å× 57 Å) is large
enough to ensure that the DNA does not interact with its pe-
riodic images, containing one A-DNA, metal ions and water
molecules.[31] All of simulations are implemented at constant
temperature 300 K and constant pressure 1 bar. The time step
is 2 fs and each of the simulations process runs 50 ns. First,
DNA structure is solvated in the simulation cubic box, and
equilibrated by energy minimization of the solvent to ensure
that the system has no steric clashes or inappropriate geometry.
Experiencing NVT equilibration, the temperature can be sta-
bilized at the desired value. Then the equilibration of pressure
is conducted under an NPT ensemble. After the two equilibra-
tion phases, MD simulation is run at the desired temperature
and pressure.

After simulations, DNA structural parameters were an-
alyzed by the program 3DNA, which can generate the typi-
cal A-DNA and the typical B-DNA structure with the (CC-
CGGCCGGG) nucleotide sequence. Among the structure pa-
rameters, groove width and sugar pucker type are crucial fac-
tors and essential standards to determine DNA type. Mi-
nor and major groove widths use directly the P–P distance,
which takes into account the direction of the sugar-phosphate
backbones.[32] The sugar pucker type is determined by the
phase angle of pseudorotation.

3. Results and discussion
3.1. The transition of A-DNA in aqueous solution

The MD simulations of A-DNA in aqueous solution
have been performed as a reference. There are 5506 water
molecules and 9 Mg2+ counter ions in this system.

As is known to all, the root-mean-square deviation
(RMSD) can represent the changes of structure and a little
change of DNA structure can cause large fluctuating RMSD
values.[33] From Fig. 2(a), it can be seen that RMSD values
present large fluctuation relative to the initial 1ZEX structure
and gradually decrease in comparison to the typical B-form
DNA. This means that the structure of DNA gives rise to a
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great change during the process of evolution. Compared with
the previous work by Cheatham and Kollma,[19] the RMSD
values of A-DNA structure is 3.1 Å to 3.6 Å away from the
B-DNA after 1 ns simulations in their experimental data. In
Fig. 2(a), the RMSD values relative to the typical B-DNA are
around 0.3 nm in the initial phase, which are in agreement
well with the previous data, and gradually stabilize at 0.2 nm.
After experiencing 49.5 ns MD simulations, we collected the
last 500 ps data to analyze the change of DNA sequence in
comparison with the initial structure, as shown in Fig. 2(b).
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Fig. 2. (a) The RMSDs of the DNA trajectories with respect to the 1ZEX
structures (black) and to the typical B-form DNA (red) during 50 ns in aque-
ous solution. (b) The 1ZEX structure and the overall facade structure of
DNA in aqueous solution.

It can be seen obviously that the last structure of DNA
sequence is rather extended than compact compared to the
initial state. Phosphate groups are hydrophilic, so the bind-
ing of water molecules to the phosphate group is more fa-
vored than to base. In pure water, the water activity is high,
the phosphate group can be fully and separately hydrated. In
consequence, the phosphate groups of DNA are far apart and
are independently hydrated, tending to the form of compact
DNA structure.[34] The structure parameters of DNA include
the types of sugar pucker, the width of minor groove and ma-
jor groove, X-displacement (X-disp), helical rise (H-rise) and
slide, as shown in Table 1 and Table 2.[35,36] The sugar puckers
of DNA starting structure are all C3’-endo, which is the typical
characteristic of A-DNA. The width of minor groove is wider
and close to that of major groove for the starting DNA. After
evolution of time, most of the sugar pucker types have become
C1’-exo and C2’-endo, which are the typical characteristics of

B-DNA.[37] Its major groove width is much wider than minor
groove. In addition, the other structure data are rather close to
typical B-form DNA than A-form DNA.[38] The structure pa-
rameters are close to those in the experiment by Cheatham and
Kollma, where the minor groove width was reduced to around
13 Å, and the X-disp rised was up to around 2.5 Å.

Therefore, it can be identified basically that the last struc-
ture of DNA appears B-like features. It can be easily drawn
a conclusion that the structure of A-DNA will transfer into
B-like form in aqueous solution, which is consistent with the
previous work.[39]

Table 1. The DNA structural parameters, including the DNA in aqueous
solution, 1ZEX, A-form DNA and B-form DNA.

1ZEX
A-DNA B-DNA

Origin In aqueous solution
Minor groove 17.52 13.02 18.36 12.58
Major groove 17.62 20.82 16.62 16.50

X-disp –4.68 –2.76 –4.49 0.51
H-rise 2.86 3.02 2.54 3.37
Slide –1.81 –0.84 –1.38 0.47

Table 2. The base pair sugar puckers of DNA structure, including DNA
structure in aqueous solution and the starting DNA structure 1ZEX.

1ZEX In aqueous solutionn
Strand I Strand II Strand I Strand II

C3’-endo C3’-endo C3’-exo O4’-endo
C3’-endo C3’-endo C1’-exo C2’-endo
C3’-endo C3’-endo C1’-exo C1’-exo
C3’-endo C3’-endo C2’-endo O4’-endo
C3’-endo C3’-endo C2’-exo C2’-endo
C3’-endo C3’-endo C2’-endo C4’-exo
C3’-endo C3’-endo O4’-endo C2’-endo
C3’-endo C3’-endo C2’-endo C1’-exo
C3’-endo C3’-endo C1’-exo C1’-exo
C3’-endo C3’-endo C1’-exo O4’-endo

3.2. Metal ions concentration and A-DNA conformation

In pure water, the structure of A-DNA is unstable and
experiences a transition from A-form to B-form. However,
the previous experimental studies supported that the structure
of A-DNA structure can be held in Na+ ions solution with
high concentration.[40] A deep investigation was implemented
to examine the influence of different concentrations of MgCl2
salt solution on the structural stability of A-DNA. Figures 3(a)
and 3(b) present respectively the RMSDs of the DNA trajec-
tories with respect to the starting 1ZEX structure and to the
typical B-form DNA in the different concentrations of MgCl2
solution, such as 1 M, 3 M and 5 M. It can be seen clearly
from Figs. 3(a) and 3(b) that the RMSD values exhibit a great
considerably fluctuation and the largest value with respect to
the 1ZEX structure when the concentration is 1 M, while the
corresponding RMSD values is the smallest compare to B-
DNA among three different concentrations of 1 M, 3 M and
5 M. Furthermore, all of the RMSD curves are smoother and
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smoother with the increase of Mg2+ ions concentration. The
RMSD values hardly change when the concentration is 5 M.
It indicates that the structure of A-form DNA is more stable
in the solution with higher concentration. We can see that
the RMSD values with the respect to the 1ZEX are around
0.1 nm when the concentration of MgCl2 solution is 5 M dur-
ing the process of evolution. It demonstrates that the struc-
tural changes of DNA are comparatively small and the DNA
exhibits the state of A-form characters in the MgCl2 solution
with 5 M.
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Fig. 3. (a) The RMSDs of the DNA trajectories with respect to the
1ZEX and (b) to the typical B-form DNA in three concentrations (in-
cluding 1 M, 3 M, 5 M) of MgCl2 solution. (c) The overall facade
structures of 1ZEX (red) and the DNA in MgCl2 salt three concentra-
tion (including 1 M (green), 3 M (gray), 5 M (blue)) MgCl2 solution.

Figure 3(c) shows the overall facade structures of DNA
in MgCl2 salt solution with different concentrations. It can
be easily observed that the averaged DNA structures becomes
closer and closer to the starting 1ZEX structure with the in-
creasing concentration. Combining with the RMSF (root mean

square fluctuation) of DNA chains shown in Fig. 4(a), the
changes of the DNA structure tend to happen in both ends of
DNA chains instead of the center part of DNA chains. As
the quantity of Mg2+ increases, this kind of change becomes
much weaker.
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Fig. 4. (a) The RMSF of DNA chains in three concentration (including
1 M, 3 M, 5 M) MgCl2 solution. The inset shows the enlarged view of
the 1 M MgCl2 system. (b) The structural parameters of DNA struc-
tures in three concentration (including 1 M, 3 M, 5 M) MgCl2 solution
and the horizontal dashed lines indicate the reference values of typical
A (cyan) and B (orange) forms and the short red line shows the param-
eters of the 1ZEX.

The DNA structure parameters are provided in details for
different concentrations of MgCl2, as shown in Table 3 and
Table 4. From Table 3, it can be seen clearly that the major
groove width becomes narrower from 21.24 Å to 19.12 Å and
the minor groove is wider and wider from 13.40 Å to 17.18 Å
with the increasing concentration from 1 M to 5 M. In the en-
vironment of higher concentration, the difference of width be-
tween major groove and minor groove is only 1.94 Å, which
is similar to 1.74 Å in the typical A-DNA. On the other hand,
we can describe the type of A/B-form DNA from the three
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characteristic quantity such as X-disp, H-rise and slide. The
value of X-disp decreases from −2.84 Å to −3.77 Å and the
change trend of the H-rise and slide value is similar to the
X-disp when the concentration increases. It is worth mention-
ing that the H-rise value comes to 2.70 Å at 5 M, which is
fairly close to 2.86 Å of 1ZEX and 2.54 Å of typical A-form.
The change trend of different parameters are also depicted in
Fig. 4(b). From these data, it is reasonable to believe that
the structure of DNA tends to become the starting structure
of 1ZEX or the typical A-DNA with the increasing concentra-
tion of metal ions. From Table 4, DNA structures appear more
and more C3’-endo sugar pucker with the increasing concen-
tration. In the environment of low concentration, the C3’-endo
sugar puckers did not appear. Here, we calculated additionally
some data in the concentration with 0.9 M to explain clearly
the change of the structure. When the concentration of MgCl2
up to 1 M, the C3’-endo sugar puckers begin to appear and
Mg2+ ions begin to have a direct effect on the stability of A-
form DNA. The number of C3’-endo reaches 8 in 5 M MgCl2
solution. In comparison with the previous work by Pan et
al.,[41] there were less C3’-endo sugar pucker in their simu-

lations, most phase angles were larger in higher concentration
of salt solution. In 4M NaCl solution, most phase angles of
DNA structure are around 100◦–160◦, i.e., the phase angles of
C2’-endo and C1’-exo.

From the comparison of the above results, it is not diffi-
cult to find that the bivalent Mg2+ ions work more effectively
on the stability of A-DNA structure than the monovalent Na+

ions. Even in the same concentration, this conclusion can be
drawn. We can draw the conclusion that the presence of bi-
valent metal ions contributes to the stability of A-DNA in so-
lution. The reason why the bivalent metal ions have great in-
fluences on the structure of A-DNA can be explained in the
following.

Table 3. The structural parameters of DNA structures in three concentra-
tions (including 1 M, 3 M, 5 M) of MgCl2 solution.

1ZEX
A-DNA B-DNA

Origin 1 mol/L 3 mol/L 5 mol/L
Major groove 17.62 21.24 18.43 19.12 16.62 16.50
Minor groove 17.52 13.40 13.98 17.18 18.36 12.58

X-disp –4.68 –2.84 –3.11 –3.77 –4.49 0.51
H-rise 2.86 3.11 2.99 2.70 2.54 3.37
Slide –1.81 –0.76 –1.41 –1.46 –1.38 0.47

Table 4. The base pair sugar pucker of DNA structures in three concentrations of MgCl2 solution (including 1 M, 3 M and 5 M).

1ZEX 0.9 mol/L 1 mol/L 3 mol/L 5 mol/L
Strand I Strand II Strand I Strand II Strand I Strand II Strand I Strand II Strand I Strand II

C3’-endo C3’-endo O4’-endo C2’-endo O4’-endo O4’-endo C1’-exo C1’-exo
C3’-endo C3’-endo O4’-endo C1’-exo C2’-endo O4’-endo C1’-exo C1’-exo O4’-endo O4’-endo
C3’-endo C3’-endo O4’-endo C2’-endo C2’-endo C2’-endo C1’-exo C2’-endo O4’-endo C2’-endo
C3’-endo C3’-endo C2’-endo C4’-exo O4’-endo O4’-endo O4’-endo C2’-endo C3’-endo C3’-endo
C3’-endo C3’-endo C2’-endo C2’-endo C3’-endo C1’-exo C4’-exo C4’-exo C2’-exo C3’-endo
C3’-endo C3’-endo C1’-exo C2’-endo C2’-endo C1’-exo C3’-endo O4’-endo C2’-exo C3’-endo
C3’-endo C3’-endo O4’-endo C1’-exo C1’-exo C2’-endo C3’-endo C3’-exo C1’-exo C2’-exo
C3’-endo C3’-endo C2’-endo O4’-endo C1’-exo C4’-exo C3’-endo C1’-exo C3’-endo C3’-endo
C3’-endo C3’-endo C4’-exo C1’-exo C2’-endo O4’-endo C2’-endo C1’-exo C3’-endo C3’-endo
C3’-endo C3’-endo C2’-endo C1’-exo C1’-exo C1’-exo C2’-endo C4’-exo

Generally speaking, DNA molecule can hydrate with wa-
ter molecules in both pure water and solution, so the hydra-
tion shells will be formed around phosphate groups of DNA,
the space distribution and the volume slice of water molecules
around phosphate groups of DNA are given in Figs. 5(a) and
5(b). Then, the water ridge will also be formed in both DNA
major grooves and minor grooves. As the presence of metal
ions in solution, in fact, the ion atmosphere will be formed
around DNA strands. Metal ions can enter the deep and narrow
major groove of A-form helix to clamp the two adjacent phos-
phate backbones, and consequently can stabilize more com-
pact A-form structure.[40,42–44] For electronegative phosphate
groups, electropositive metal ions can enter into solvation
shells of phosphate groups, and interact with electronegative
phosphate groups. It contributes to decline the electrostatic
repulsion between DNA chains, which is beneficial to the for-
mation of shorter and more compact DNA structure.[45,46] As

we know, the radial distribution function (RDF) describes how
the density of matter varies as a function of distance from a
reference point, which is a power tool to describe the change
of molecular micro structure. Figures 6(a) and 6(b) show the
RDFs of Mg2+ ions and oxygen atoms of water around elec-
tronegative oxygen atoms of phosphate groups. It can be seen
obviously from Fig. 6(a) that the first peak of the oxygen atoms
of water is tall and narrow, which means that the first solvation
shell is formed around the phosphate groups. While the Mg2+

ions tend to be distributed at 0.18–0.19 nm from phosphate
groups and have higher intensity, as shown in Fig. 6(b). From
the comparison of the RDFs of Mg2+ with water, the radial
distances of first peak are very close, almost 0.17–0.19 nm.
It indicates that the distribution of Mg2+ almost overlaps the
first solvation shell around DNA phosphate groups. With the
concentration increasing, the first peak of RDFs of Mg2+ be-
comes higher and higher, while the density of Mg2+ is stronger
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around phosphate groups. The number of Mg2+ ions and wa-
ter molecules in the first solvation shell are given in Fig. 6(c),
which indicates that the number of Mg2+ ions around phos-
phate groups increases while that of water decreases with the
increasing concentration of MgCl2 solution. Certainly, the
electrostatic interaction between Mg2+ and phosphate groups
are also gradually strengthen as the concentration increasing.
Therefore, it is not difficult to understand that the metal ions
can easily enter into the solvation shells around phosphate
groups of DNA and interact with DNA chains.

(a) (b)

Fig. 5. (a) The space distribution of water molecules around phosphate
group. (b) The volumeslice of 3D view of water molecules around phos-
phate group.
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Fig. 6. (a) The RDFs of Mg2+ ions and (b) water oxygen atoms around electronegative oxygen atoms of phosphate groups. (c) The
number of Mg2+ ions and water molecules around 0.2 nm of phosphate groups. (d) The electrostatic interaction between Mg2+ and
phosphate groups of DNA structure.

3.3. Different bivalent metal cation and A-DNA

To understand deeply and comprehensively the influence
of metal ions on the stability of A-DNA structure, we made
some investigations in the presence of the various bivalent
metal cation such as Mg2+, Zn2+ and Ca2+ ions. Here, we
made a choice of 3 M strength according to the calculations
above. Because it is easy to form cluster phenomenon if
the concentration of metal ions is too high. Sometimes, too
high concentration will cause the break of the hydrogen bond,
in turn, producing a great influence on the stability of DNA
structure.[47] It will be impossible for us to analyze correctly
the physical process. The method and process in Subsec-
tions 3.1 and 3.2 are the same. The RMSDs of the DNA trajec-
tories with respect to the 1ZEX structure and typical B-DNA
in the three various bivalent metal cation salt solutions at 3 M
strength are given in Figs. 7(a) and 7(b), they are the solutions
of Mg2+, Zn2+ and Ca2+ ions. Compared to Zn2+ and Mg2+

ions, the RMSD values of the Ca2+ ions solution have larger

ranges of fluctuation. This suggests that the 1ZEX structure

is unstable in Ca2+ ions solution. Figure 7(c) shows the final

overall averaged facade structures of DNA in the salt solution

of MgCl2, ZnCl2 and CaCl2. Although there are slight dif-

ferences among three averaged DNA structures, the ends of

DNA chains in MgCl2 and ZnCl2 solutions are much more in

accord with the initial structure. The similar parameters of

DNA structure are given in Tables 5 and 6 detailedly in the

three kinds of bivalent ions salt solution. From Table 5, it can

be observed clearly that the sugar puckers of base pairs in the

solutions of MgCl2 and ZnCl2 are almost same and hardly ap-

pear in the solution of Ca2+. As a reference, the widths of the

major and minor grooves, X-disp, H-rise and slide are more

close to A-form DNA in the solution of MgCl2 and ZnCl2, but

it seems to be exception in the solution of CaCl2, where the

width of minor groove is 12.56 Å as same as 12.58 Å of B-
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form DNA. From this perspective, it seems that the structure
of DNA is more unstable in the CaCl2 solution than the other
two kinds of solution. This phenomenon may be caused by
the increase in the radius of calcium ions. Comprehensively,

it indicates that Zn2+ and Ca2+ ions have the same effect on
the stability of DNA structure as Mg2+ ions from the changed
characteristics of the RMSD values and DNA structure param-
eters.

0 10 20 30 40 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

R
M

S
D

 (
n
m

)

Time (ns)

 MgCl2
 ZnCl2
 CaCl2

0 10 20 30 40 50
0.2

0.3

0.4

0.5

0.6

R
M

S
D

 (
n
m

)

Time (ns)

 
 
 

MgCl2
ZnCl2
CaCl2

MgCl2 (gray) ZnCl2 (cyan)CaCl2 (yellow)

(a) (b) (c)

Fig. 7. (a) The RMSDs of the DNA trajectories with respect to 1ZEX and (b) to the typical B-DNA in three 3 M salt solutions (including MgCl2,
ZnCl2 and CaCl2). (c) The overall facade structures of 1ZEX (red) and the DNA in 3 M salt solutions of MgCl2, ZnCl2 and CaCl2.

Table 5. The base pair sugar pucker of DNA structure in three 3 M salt solutions (MgCl2, ZnCl2 and CaCl2).

1ZEX Mg2+ Zn2+ Ca2+

Strand I Strand II Strand I Strand II Strand I Strand II Strand I Strand II

C3’-endo C3’-endo C4’-exo C3’-exo C1’-exo C2’-endo

C3’-endo C3’-endo C1’-exo C1’-exo C2’-endo C3’-endo C2’-endo O4’-endo

C3’-endo C3’-endo C1’-exo C2’-endo O4’-endo C4’-exo C1’-exo C2’-endo

C3’-endo C3’-endo O4’-endo C2’-endo C1’-exo O4’-endo C1’-exo O4’-endo

C3’-endo C3’-endo C4’-exo C4’-exo C4’-exo C3’-exo C2’-endo C1’-exo

C3’-endo C3’-endo C3’-endo O4’-endo C1’-exo O4’-endo C2’-endo C3’-exo

C3’-endo C3’-endo C3’-endo C3’-exo C1’-exo C3’-endo O4’-endo C2’-endo

C3’-endo C3’-endo C3’-endo C1’-exo C3’-endo O4’-endo C2’-endo C2’-endo

C3’-endo C3’-endo C2’-endo C1’-exo C1’-exo O4’-endo C2’-endo C1’-exo

C3’-endo C3’-endo C1’-exo C4’-exo C1’-exo C2’-endo

Table 6. The structural parameters of DNA structures in 3 M salt solu-
tions of MgCl2, ZnCl2 and CaCl2.

1ZEX
A-DNA B-DNA

Origin Mg2+ Zn2+ Ca2+

Minor groove 17.52 13.98 13.25 12.56 18.36 12.58

Major groove 17.62 18.43 23.18 21.28 16.62 16.50

X-disp –4.68 –3.11 –3.87 –3.85 –4.49 0.51

H-rise 2.86 2.99 2.74 2.82 2.54 3.37

Slide –1.81 –1.41 –1.24 –1.24 –1.38 0.47

It is obvious that different metal ions have different influ-
ences on DNA structure even in metal ions solution with same
concentration and valency, which is related to metal ions in-
herent nature and characteristics. Because of the electrostatic
interaction between metal ions and DNA chains, the metal
ions are not distributed homogeneously in solution, most of
the metal ions distribute around the DNA chains. In salt solu-
tions, ions will form ionic atomsphere around DNA. The size
of metal ions in salt solutions is an important factor to affect
their distribution around DNA chains, which means that these
ions with larger radii are difficult to enter the major and minor
grooves of DNA.[48] We can see clearly from Fig. 8(a) that the

peaks of RDF appear at the position of 0.18 nm for the solu-

tion of Mg2+ and Zn2+ ions while the corresponding position

at 0.26 nm for the solution of Ca2+ ions. It indicates that Mg2+

and Zn2+ ions bind with phosphate groups more compact and

their distribution is closer to phosphate groups. As a fact, the

radius of Zn2+ ions is very similar to Mg2+ ions, while the ra-

dius of Ca2+ ions is greater than Mg2+ and Zn2+ ions. Thus,

Ca2+ ions are harder to enter into the grooves of DNA dou-

ble helix. The interaction force is also conducted to analyze

the influence on the configuration of DNA due to the effect

of metal ions. As shown in Fig. 8(b), the electrostatic force

plays a major role in these systems, where their proportion is

almost as high as 95%. The energy of interaction does not

present a rule of increasing or decreasing when the ions radius

increases. Here, the energy of interaction displays a maximum

in the solution of Zn2+ ions with the radius of 74 pm, the en-

ergy of interaction presents a minimum in the solution of Ca2+

ions with radius of 100 pm. In fact, the radius of Mg2+ is the

smallest one, 72 pm, but the energy of interaction does not

appear the maximum.
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Fig. 8. (a) The RDF of metal ions around electronegative oxygen atoms
of phosphate groups in 3 M salt solution of MgCl2, ZnCl2 and CaCl2.
(b) The electrostatic energies and total interaction energies between
metal ions and DNA chains in 3 M salt solutions of MgCl2, ZnCl2 and
CaCl2.

4. Conclusion

In summary, we have studied the structural transitions and
the relevant theory of A-DNA in different metal ionic solutions
using the molecular dynamics simulations. Based on the data
from simulations, some conclusions can be drawn as follows.
In aqueous solutions, the structure of A-DNA will eventually
stabilize at the B-like DNA structure over time. However, with
the addition of bivalent ions (included Mg2+, Zn2+, Ca2+)
in solutions, A-form DNA can have relatively stable struc-
ture and is not transformed to B-form. The important reason
should be placed on the interaction force between electropos-
itive metal ions and electronegative phosphate groups. Most
metal ions distribute around the DNA chains in high concen-
tration salt solutions. Metal cations can enter into the solva-
tion shells around the phosphate groups of DNA and generate
a great electrostatic interaction with the electropositive DNA
molecule. The metal ions in groove can connect neighbor-
ing phosphate groups along the DNA chains, which is con-
ducive to the stability of more compact DNA structure. In
other words, these metal cations can weaken electrostatic re-
pulsion force of DNA chains and finally lead to the forma-
tion of shorter and wider A-DNA structure. Furthermore, the
higher the ion concentration, the stronger the interaction force,
and the more stable the structure of A-DNA.

Furhter, an important conclusion can be drawn that differ-

ent cations have different influences on DNA though under the
condition of same concentrations. The calculations indicate
that the structure of A-DNA is less stable in CaCl2 solution
than in ZnCl2 and MgCl2 solutions. The radius of Ca2+ ions
is larger than Zn2+ and Mg2+ ions, therefore, it is more dif-
ficult for Ca2+ ions to enter into the grooves of DNA chains.
From the RDFs of metal ions, it is very clear that Zn2+ and
Mg2+ ions would like to combine with phosphate groups and
their distributions is more close to phosphate groups.

In fact, the transition of DNA structure is a complex
process.[49–53] In the future, we will continue to investigate
deeply the influence of metal ions on A-DNA structure under
different conditions of temperature and concentration.

Acknowledgements
This work was supported by the National Natural Sci-

ence Foundation of China (Grant No. 11564015), the Foun-
dation of Educational Committee of Jiangxi Province, China
(Grant No. GJJ211112), and the Fund for Distinguished Young
Scholars of Jiangxi Science & Technology Normal University
(Grant No. 2015QN-BJRC002).

References
[1] Thanbichler M, Wang S C and Shapiro L 2005 J. Cell. Biochem. 96 506
[2] Patel D J, Pardi A and Itakura K 1982 Science 216 581
[3] Nugent C I and Lundblad V 1998 Genes Dev. 12 1073
[4] Watson J D and Crick F H 1953 Nature 171 737
[5] Wilkins M H, Stokes A R and Wilson H R 1953 Nature 171 738
[6] Lavery R, Moakher M, Maddocks J H, Petkeviciute D and Zakrzewska

K 2009 Nucl. Acids. Res. 37 5917
[7] Kilpatrick J E, Pitzer K S and Spitzer R 1947 J. Am. Chem. Soc. 69

2483
[8] Altona C and Sundaralingam M 1972 J. Am. Chem. Soc. 94 8205
[9] Dickerson R E, Drew H R, Conner B N, Wing R M, Fratini A V and

Kopka M L 1982 Science 216 475
[10] Ghosh A and Bansal M 2003 Acta Crystall. D: Biol. Crystallogr. 59

620
[11] Wu H M, Dattagupta N and Crothers D M 1981 Proc. Natl. Acad Sci.

USA 78 6808
[12] Daley J 2019 Nature 576 S12
[13] Gibson D 2002 Pharmacogen. J. 2 275
[14] Oram M, Sabanayagam C and Black L W 2008 J. Mol. Biol. 381 61
[15] Seeman N C and Sleiman H F 2017 Nat. Rev. Mater. 3 1
[16] Wolk S, Thurmes W N, Ross W S, Hardin C C and Tinoco I Jr 1989

Biochemistry 28 2452
[17] Omichinski J G, Clore G, Schaad O, Felsenfeld G, Trainor C, Appella

E, Stahl S and Gronenborn A 1993 Science 261 438
[18] Zimmerman S B and Pheiffer B H 1979 J. Mol. Biol. 135 1023
[19] Cheatham III T and Kollma P 1996 J. Mol. Biol. 259 434
[20] Waters J T, Lu X J, Galindo-Murillo R, Gumbart J C, Kim H D,

Cheatham T E and Harvey S C 2016 J. Phys. Chem. B 120 8449
[21] Lai C T and Schatz G C 2018 J. Phys. Chem. B 122 7990
[22] Pasi M, Maddocks J H and Lavery R 2015 Nucl. Acids Res. 43 2412
[23] Yoo J and Aksimentiev A 2012 J. Phys. Chem. B 116 12946
[24] Alder B J and Wainwright T E 1959 J. Chem. Phys. 31 459
[25] Hays F A, Teegarden A, Jones Z J, Harms M, Raup D, Watson J, Cav-

aliere E and Ho P S 2005 Proc. Natl. Acad. Sci. USA 102 7157
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Lindahl E 2015 Softwarex 1 19
[29] Cornell W D, Cieplak P, Bayly C I, Gould I R, Merz K M, Ferguson

D M, Spellmeyer D C, Fox T, Caldwell J W and Kollman P A 1995 J.
Am. Chem. Soc. 117 5179

048702-8

https://onlinelibrary.wiley.com/doi/full/10.1002/jcb.20519
https://www.science.org/doi/10.1126/science.6280281
http://genesdev.cshlp.org/content/12/8/1073
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171738a0
https://doi.org/10.1093/nar/gkp608
https://doi.org/10.1021/ja01202a069
https://doi.org/10.1021/ja01202a069
https://doi.org/10.1021/ja00778a043
https://doi.org/10.1126/science.7071593
https://doi.org/10.1107/s0907444903003251
https://doi.org/10.1107/s0907444903003251
https://doi.org/10.1073/pnas.78.11.6808
https://doi.org/10.1073/pnas.78.11.6808
https://doi.org/10.1038/d41586-019-03716-9
https://doi.org/10.1038/sj.tpj.6500133
https://doi.org/10.1016/j.jmb.2008.05.074
https://doi.org/10.1038/natrevmats.2017.92
https://pubs.acs.org/doi/10.1021/bi00432a016
https://pubs.acs.org/doi/10.1021/bi00432a016
https://www.science.org/doi/abs/10.1126/science.8332909
https://www.science.org/doi/abs/10.1126/science.8332909
https://doi.org/10.1006/jmbi.1996.0330
https://doi.org/10.1021/acs.jpcb.6b02155
https://doi.org/10.1021/acs.jpcb.8b04573
https://doi.org/10.1093/nar/gkv080
https://doi.org/10.1021/jp306598y
https://doi.org/10.1063/1.1730376
https://doi.org/10.1073/pnas.0409455102
https://doi.org/10.1021/jp2052568
https://doi.org/10.1080/07391102.2012.713780
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/ja00124a002
https://doi.org/10.1021/ja00124a002


Chin. Phys. B 31, 048702 (2022)

[30] Darden T, York D and Pedersen L 1993 J. Chem. Phys. 98 10089
[31] Berendsen H, Grigera J and Straatsma T 1987 J. Phys. Chem. 91 6269
[32] Liu J H, Zhang X, Bao L, Zhang X H and Tan Z J 2019 Biophys. J. 117

74
[33] Hyndman R J and Koehler A B 2006 Int. J. Forecast. 22 679
[34] Barciszewski J, Jurczak J, Porowski S, Specht T and Erdmann V A

1999 Eur. J. Biochem. 260 293
[35] Bao L, Zhang X, Shi Y Z, Wu Y Y and Tan Z J 2017 Biophys. J. 112

1094
[36] Zgarbova M, Jurecka P, Sponer J and Michal O 2018 J. Chem. Theor.

Comput. 14 1319
[37] Drew H R, Wing R M, Takano T, Broka C, Tanaka S, Itakura K and

Dickerson R E 1981 Proc. Natl. Acad. Sci. USA 78 2179
[38] Heinemann U, Alings C and Bansal M 1992 EMBO J. 11 1931
[39] Richmond T J and Davey C A 2003 Nature 423 145
[40] Fu H, Zhang C, Qiang X W, Yang Y J, Dai L, Tan Z J and Zhang X H

2020 Phys. Rev. Lett. 124 058101
[41] Pan F, Roland C and Sagui C 2020 Nucl. Acids Res. 42 13981

[42] Drozdetski A V, Tolokh I S, Pollack Lois, Baker N and Onufriev V
1986 Phys. Rev. Lett. 117 028101

[43] Tolokh I S, Pabit S A, Katz A M, Chen Y, Drozdetski A, Baker N,
Pollack L and Onufriev A V 2014 Nucl. Acids Res. 14 2737

[44] Wu Y Y, Zhang Z L, Zhang J S, Zhu X L and Tan Z J 2015 Nucl. Acids
Res. 43 6156

[45] Long M P, Alland S, Martin M E and Isborn C M 2011 J. Phys. Chem.
B 115 14713

[46] Nishimura Y, Torigoe C and Tsuboi M 2020 Phys. Chem. Chem. Phys.
22 5584

[47] Eichhorn G L and Clark P 1965 Proc. Natl. Acad. Sci. USA 23 050502
[48] Pasi M, Maddocks J H and Lavery R 2015 Nucl. Acids Res. 43 2421
[49] Feig M and Pettitt B M 1999 Biophys. J. 77 1769
[50] Tan Z J and Chen S J 2006 Biophys. J. 90 1175
[51] Madhumalar A and Bansal M 2003 Biophys. J. 85 1805
[52] Soliva R, Luque F J, Alhambra C and Orozco M 1999 J. Biomol. Struct.

Dyn. 17 89
[53] Bujold K E, Lacroix A and Sleiman H F 2018 Chem 4 495

048702-9

https://doi.org/10.1063/1.464397
https://doi.org/10.1021/j100308a038
https://doi.org/10.1016/j.bpj.2019.05.018
https://doi.org/10.1016/j.bpj.2019.05.018
https://doi.org/10.1016/j.ijforecast.2006.03.001
https://doi.org/10.1046/j.1432-1327.1999.00184.x
https://doi.org/10.1016/j.bpj.2017.02.022
https://doi.org/10.1016/j.bpj.2017.02.022
https://doi.org/10.1021/acs.jctc.7b00926
https://doi.org/10.1021/acs.jctc.7b00926
https://doi.org/10.1073/pnas.78.4.2179
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC556652
https://doi.org/10.1038/nature01595
https://doi.org/10.1103/PhysRevLett.124.058101
https://doi.org/10.1093/nar/gku1107
https://doi.org/10.1103/PhysRevLett.117.028101
https://doi.org/10.1093/nar/gku756
https://doi.org/10.1093/nar/gkv570
https://doi.org/10.1093/nar/gkv570
https://doi.org/10.1021/jp2052568
https://doi.org/10.1021/jp2052568
https://doi.org/10.1039/c9cp06844a
https://doi.org/10.1039/c9cp06844a
https://doi.org/10.1073/pnas.53.3.586
https://doi.org/10.1093/nar/gkv080
https://doi.org/10.1016/S0006-3495(99)77023-2
https://doi.org/10.1529/biophysj.105.070904
https://doi.org/10.1016/S0006-3495(03)74609-8
https://doi.org/10.1080/07391102.1999.10508343
https://doi.org/10.1080/07391102.1999.10508343
https://doi.org/10.1016/j.chempr.2018.02.005

	1. Introduction
	2. Computational procedures
	3. Results and discussion
	3.1. The transition of A-DNA in aqueous solution
	3.2. Metal ions concentration and A-DNA conformation
	3.3. Different bivalent metal cation and A-DNA

	4. Conclusion
	References

