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Reconfiguration of B-DNA structure induced by ethanol
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Rongri Tan(#% ¢ H)¥, and Huanhuan Qiu(fi £ ¥£)*
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Solution environment can influence the flexible structure of DNA under specific conditions, thereby affecting the
stability of nucleic acids and ultimately impacting critical biological processes such as replication and transcription. Intra-
cellular solution environment is variable, and previous studies have demonstrated that it can enhance the stability of DNA
structures under certain circumstances. In this work, molecular dynamics simulations were conducted on B-DNA (1ZEW,
with a nucleotide sequence of CCTCTAGAGG) derived from human breast cancer cells (MDA-MB231) to explore the ef-
fects of ethanol solution on DNA configuration transformation at different temperatures and concentrations. The calculated
results indicate that ethanol facilitates the transition of 1ZEW from B-DNA to A-DNA at lower temperature. Furthermore,
it is observed that temperature affects DNA structure to some extent, thereby modifying the trend in DNA configuration
transformation. At low temperatures, the ethanol can promote the transformation of B-DNA into A-DNA at higher concen-
trations. While at higher temperatures, the DNA could be in a state of thermal melting. These conclusions presented here
can give valuable insights into how ethanol affects B-DNA configuration transformations.

Keywords: ethanol, molecular dynamic simulation, DNA configuration

PACS: 87.14.gk, 87.15.ap, 87.15.~v, 87.15.hp
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1. Introduction

The human cell environment is a complex and di-
verse intracellular milieu characterized by the presence of
a wide range of small ions, organic compounds, and other
biomolecules.!!'=3! The solution environment constitutes a sig-
nificant portion of the cytoplasmic and endonuclear volumes,
influencing the flexible structure of DNA in various ways. [+
On one hand, they can enhance the stability of DNA structure,
while on the other hand, they can also promote the transition
of DNA configuration, altering the stability of nucleic acids
and impacting crucial biological processes like DNA replica-
tion and transcription.!%”! Moreover, changes in DNA struc-
ture can lead to many diseases.!®”! Therefore, understanding
the effects of solution environment on DNA is essential for
further research in pharmaceutics and medical sciences.!10-12]

Experimental studies have indeed investigated the impact
of solution environment on DNA. Lai ef al. found that ag-
gregation of DNA was necessary to form A-DNA through
changes in the solution.['¥] Yao er al. used the nanopore
single-molecule analytical technique to demonstrate that the
event frequency and translocation time increase with the in-
crease of crowding concentration, indicating a non-monotonic
dependence on the size of the crowding molecules.!'*! Ghosh
et al. proposed a method for predicting the stability of short
DNA duplexes in various cosolutes and determined nearest-

CSTR: 32038.14.CPB.adbed9

neighbor parameters for DNA duplex formation under similar
solution conditions.!">! Furthermore, Shet et al. presented B-
DNA as a biomacromolecular crowding system and found that
the presence of various concentrations of B-DNA from salmon
milt resulted in an 11-fold higher catalytic activity. These ex-
perimental studies provide valuable insights into the effects
of molecular crowding on DNA and contribute to our under-
standing of how crowding molecules influence the structure
and function of DNA in complex cellular environments.!!%]
Additionally, Deng et al. studied Mtb DNA gyrase under
macromolecular crowding conditions by incorporating PEGs
and PVAs into the DNA supercoiling reactions. They discov-
ered that high concentrations of potassium glutamate, glycine
betaine, PEGs, and PVA substantially stimulated the DNA su-
percoiling activity of Mtb DNA gyrase. These findings further
highlight the importance of considering molecular crowding
in understanding the behavior and function of DNA in cellular
environments. ']

Theoretical studies have also investigated the effects of
solution environment on DNA. Kumar ef al. examined the
competition between glycol and water molecules by alter-
ing the molecular crowding in glycol solution and found that
the ion density near DNA increased with the concentration
of ethylene glycol.'"8! Zhang er al. studied the influence of

changing concentrations of ethylene glycol (EG) solution on
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the polymorphism and flexibility of B-DNA, concluding that
a high concentration of EG promotes structural stability.[!°]
Shim et al. employed a three-pronged, systems-molecular ap-
proach to capture dynamic crowding and investigate its in-
fluence on transcription.?”) Khoshbin et al. used MD sim-
ulations to study the influence of temperature and molecular
crowding on the sensitivity of the T30695 aptamer towards
Pb’*, finding that the aptamer is most sensitive in a solu-

(211 Hong et al.

tion with a 5% v/v concentration of ethanol.
used a coarse-grained model of DNA to investigate the kinet-
ics and thermodynamics of DNA duplex and hairpin formation
in crowded environments, discovering that crowders can ele-
vate the melting temperature of DNA structures depending on
the excluded volume fraction and size of the crowder.??!

Most of the previous experimental investigations em-
ployed inert molecules such as ethylene glycol, polyethylene
glycol and so on. While the theoretical researches in the past
decades mainly focused on the effect of dielectric constant of
ethanol, the effect of ethanol solution on DNA configuration
should be investigated. In this work, molecular dynamics sim-
ulations were carried out to investigate the crowding effect of
ethanol solutions on the transition of DNA configuration in hu-
man breast cancer cells at different concentrations and temper-
atures. The axial base and groove feature parameters were cal-
culated using the curves+ and 3DNA program to investigate
the changing trend of DNA configuration. Moreover, the hy-
drogen bonds and radial distribution function (RDF) were cal-
culated to analyze how ethanol affects the transition of DNA
configurations. In addition, we also computed the melting
temperature by using the DINAMelt server program to analyze
the possible DNA melting transition at 320 K. We firmly be-
lieve that this work can give valuable insights into how ethanol
affects B-DNA configuration transformations.

2. Computational methods

Based on our research experiences on the structural sta-
bility of A-DNA in the salt solution of different concentra-
tions using molecular dynamics simulations, >34 three differ-
ent solvent systems consist of water and ethanol, whose vol-
ume concentrations are respectively 40%, 60% and 80%, were
designed to study the conformational transitions of a double-
stranded B-DNA at different temperatures (280 K, 300 K, and
320 K). The B-DNA with a nucleotide sequence of CCTC-
[25-27

TAGAGG is from human breast cancer cells, ! which is

called 1ZEW in the Protein Data Bank. The size of simulation
cubic box including a DNA, ethanol, SPC water molecules!?8!
and Na™ ions is 60 Ax60 Ax60 A, which is big enough to
prevent the interaction between DNA itself and its periodic
images.[>”! Here, the Na™ ions were added into the system to

make sure the solution environment is electrically neutral.

All the simulations were performed using the GROMACS
5.1.5 program with the AMBER99SB force field.3%3!l To
avoid cutoff effects, long range electrostatic interactions were
calculated by the particle mesh Ewald summation method. 3!
All simulations are conducted at a constant pressure of 1 bar,
which are also implemented at different constant temperatures
(280 K, 300 K, and 320 K). Each simulation process lasts 200
nanoseconds with a time step of 2 femtoseconds. The simula-
tion of molecular dynamics involves four key steps. Initially,
energy minimization techniques are employed to ensure there
are no spatial collisions or improper geometric configurations
in the system. Subsequently, NVT equilibration is performed
to stabilize the temperature at the desired value. Additionally,
pressure equilibration is achieved under an NPT ensemble. Fi-
nally, an MD simulation equilibrium is run for 200 ns to obtain
the final structure for analysis.

After simulation, the DNA groove properties and axial
base parameters were analyzed using the curves+ program. [33]
For comparison, the typical A-DNA and B-DNA structures
with the same sequence of CCTCTAGAGG were also gener-
ated using the 3DNA program.*¥ To analyze the DNA melt-
ing transition, the melting temperature was computed by using

the DINAMelt server program. !

3. Results and discussion
3.1. Axial base and groove feature parameters

The axial base[**! and groove feature parameters®”! are
the most fundamental and crucial structural factors that de-
termine the type of DNA. To distinguish and determine the
conformation of DNA at room temperature 300 K, we calcu-
lated the axial base and groove parameters as a function of
increasing ethanol concentration. The axial base parameters
encompass the base pair helix, step length parameters and the
type of base pair sugar puckers. Specifically, the base pair he-
lix parameters include vertical displacement (X-disp), inclina-
tion angle (Inclination), helical rise (H-rise), and helical twist
(H-twist), as shown in Fig. 1. While the step length parame-
ters consist of slide angle (Slide), roll angle (Roll), twist angle
(Twist), and propeller angle (Propeller), as shown in Fig. 2. In
addition, to ensure data reliability, we computed the mean and
standard deviation of each parameter for the last 2 ns after the
system reached equilibrium at 300 K. Then, we added error
bar analysis to the axial base and groove characteristic param-
eters in ethanol solutions of varying concentrations at 300 K.
From the error bar analysis, it can be seen clearly that the data
fluctuate less, which indicates that the data are relatively reli-
able and true.

From Fig. 1(a), it can be seen clearly that the X-disp value
decreases from —1.6 A to —3.24 A when the concentration of
ethanol increases from 40% to 80%, gradually approaching the
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typical A-form DNA structure. For comparative analysis, we
incorporated the DNA structural parameters obtained in pure
water as a reference. The simulation data reveal that within
ethanol concentrations below 40% (v/v), the X-disp values
exhibit minimal variation, demonstrating only a marginal de-
crease from —1.57 A to —1.60 A. The variation trends of the
H-rise and H-twist values on the surface of Figs. 1(c) and 1(d)
are similar to those of X-disp. With the increase of concentra-
tion, the H-rise distance and the H-twist angle decrease from
3.39 A to 3.06 A and 32.6° to 27.8°, respectively. Further-
more, within the concentration range of 0 to 40%, both param-
eters exhibit minimal variation, showing only slight decreases
from 3.42 A to 3.39 A and from 33.8° to 22.6°, respectively.
However, it can be seen from the data in Fig. 1(b) that with the
increase of concentration, the angle of inclination gradually
increases from 3° to 8.9°. The variation in the inclination an-
gle demonstrates consistency with other measured parameters
across the concentration range of 0 to 40%, showing a grad-
ual increase from 2.6° to 3.0° without statistically significant

changes.
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Fig. 1. The average value of DNA base pair helix parameters at 300 K in
pure water and ethanol with the respective concentrations of 40%, 60%, and
80%. (a) X-displacement (X-disp), (b) inclination angle (Inclination), (c) heli-
cal rise (H-rise), and (d) helical twist (H-twist). For comparison, the reference
values for typical A-DNA (grey, square) and B-DNA (red, circle) are given.
The error bars (blue, T-shaped sign) are also marked in the figure.

It is obvious in Fig. 2(a) that the value of slide decreases
from —0.75 A to —1.39 A with the concentration of ethanol
increasing from 40% to 80%, and the trend of change in the
twist angle as shown in Fig. 2(c) is similar to the slide, which
the angle of twist goes down from 32.7° to 27.5° with the in-
crease of concentration. And as the concentration is below
40%, the slide decreases from —0.56 A to —0.75 A while the
twist is still 32.7°. From Fig. 2(b), we can see that when the
concentration increases from O to 40%, the roll value increases
from 1.1° to 1.8°. When the ethanol concentration further in-
creases to 80%, the roll value increases from 1.8° to 4.1°. It
can also be learned from Fig. 2(d) that the trend of change in
the propeller is similar to that of roll, which rises from —12° to
—7.8° as the increase of solvent concentration. when the con-
centration increases from O to 40%, the propeller value rises
from —16.7° to —12°. From the data above, we can learn
that when the temperature is 300 K, the DNA structure didn’t
change much in lower concentration within the range of 0 to

40%, while in high concentration of ethanol from 40% to 80%,
the final structure of the DNA exhibits features of an irregular
A-form. Therefore, at 300 K, higher concentrations of ethanol
favor the transition from B-DNA to A-DNA.

To further confirm this, we analyzed the type of base pair
sugar puckers at 300 K as shown in Table 1, where the struc-
tural data of original 1ZEW, typical A-DNA and B-DNA are
given for comparison. It can be seen clearly from the Table 1
that the sugar puckers in typical B-DNA are predominantly
C2'-endo whereas they are primarily C3’-endo in typical A-
DNA, and the structure of the original 1ZEW is B-DNA. In ad-
dition, when the concentration of the ethanol solution reaches
80%, the proportion of C2’-endo significantly decreases, with
most sugar puckers transitioning to C1’-exo and C3’-endo,
confirming the transformation of 1ZEW into an irregular A-
form.

Roll (°)

Propeller (°)

0 40% 60% 80% 0 40% 60% 80%

18 .

Fig. 2. The average value of DNA step length parameters at 300 K in
pure water and ethanol with the respective concentrations of 40%, 60%,
and 80%. (a) Sliding angle (Slide), (b) rolling angle (Roll), (c) twist
angle (Twist) between base pairs, and (d) the internal deflection angle
of the base pairs (Propeller). For comparison, the reference values for
typical A-DNA (grey, square) and B-DNA (red, circle) are given. The
error bars (blue, T-shaped sign) are also marked in the figure.

It is well established that DNA grooves consist of minor
and major grooves. To further investigate the effect of ethanol
on DNA structure, major and minor groove widths were calcu-
lated using the method developed by Hassan and Calladine. 133!
This method calculates cross-strand P—P distances considering
the direction of the sugar-phosphate backbone. Figure 3(a)
shows that with the increase in ethanol concentration to 40%,
the width of the minor groove expands from 12.2 A to 13.9 A
compared to typical B-type DNA. In the lower concentration
range, the width of the minor groove increases from 12.9 A to
13.9 A when the concentration rises from 0 to 40%. Further-
more, as the concentration of ethanol is increased from 40%
to 80%, a more extensive widening of the minor groove is ob-
served, reaching 16.1 A and gradually approaching the 18.3 A
observed in typical A-type DNA. Compared with the minor
groove width, the major groove width shown in Fig. 3(b) also
widens. As the concentration ranges from 0 to 40%, the major
groove width widens from 6.1 A to 10.8 A. When the concen-
tration increases to 80%, the major groove width further in-
creases to 15.8 A, which is closer to that of the typical A-type
DNA.

088707-3



Chin. Phys. B 34, 088707 (2025)

Table 1. The base pair sugar pucker of the typical A-DNA, typical B-DNA, original 1ZZEW and 1ZEW in different ethanol concentrations

(40%, 60%, and 80%) at 300 K.

Typical A-DNA Typical B-DNA Original 1ZEW 300K
40% 60% 80%
Strand I~ Strand II Strand I~ Strand II Strand I~ Strand II Strand I~ Strand I Strand I Strand II Strand I~ Strand II
C3’-endo  C3’-endo C2'-endo  Cl’-exo C2'-endo C2'-endo Ol’en Cl'ex Ol’en C2'en Ol’en Cllex
C3’-endo  C3’-endo C2'-endo Cl’-exo C2'-endo C2'-endo C2'en Cllex C2'en C2'en Cl'ex C2'en
C3’-endo  C3’-endo C2'-endo  Cl’-exo C2'-endo  C3'-exo Ol’en Cllex Cl'ex C2'en Cl'ex C2'en
C3’-endo  C3’-endo C2'-endo  Cl’-exo C2-endo  C3'-exo C2'en C2'en Cl'ex C3'ex Ol’en Cl'ex
C3’-endo  C3’-endo Cl'-exo  Cl’-exo C2'-endo C2'-endo C2'en C2'en Ol’en Cl'ex Cl'ex Cl'ex
C3’-endo  C3’-endo Cl’-exo  Cl’-exo C2'-endo C2'-endo Cl'ex Cl'ex C2'en C2'en Cl'ex Cl'ex
C3’-endo  C3’-endo Cl'-exo C2'-endo C2'-endo C2'-endo Cl'ex C2'en C2'en Ol’en C3'ex Cl'ex
C3’-endo  C3’-endo Cl'-exo C2'-endo C2'-endo C2'-endo C3'ex Cl'ex Ol’en C3’en Cl'ex Ol'en
C3’-endo  C3’-endo Cl'-exo C2'-endo C2'-endo  C3'-exo Ol’en C2'en C2'en Ol’en C2'en Ol’en
C3’-endo  C3’-endo Cl’-exo C2'-endo C2'-endo  C2'-endo Cl'ex Cllex C2'en Ol’en Cl'ex C3’en

It is noteworthy that we have observed deviations of
1ZEW from the typical B-DNA structure typically found in
pure water. To ascertain the underlying causes of these devi-
ations, we further analyzed the root-mean-square fluctuations
(RMSF) of DNA at 280 K and 300 K, which are shown in
Fig. S1. It can be seen clearly that the RMSF values of DNA
chain in pure water are almost 2.07 nm at 300 K, while the
RMSF values of DNA chain at 280 K are between 2.14 nm
and 2.19 nm in pure water, which are much larger than the
values at 300 K. What’s more, when at 300 K, there are huge
distortions in the structure of DNA chains. The changing part
is located at atoms from 283 to 316 and atoms from 317 to
344, which are derived from base 10 DG and base 11 DC, re-
spectively. In that case, it can be learned that the structural
changes of DNA tend to happen at the ends of DNA chains,
rather than the center part. Based on the data analysis, it can
be inferred that the structural changes happened at the ends
of DNA chains contribute to the deviation of axial base and
groove feature parameters in 1ZEW from those parameters of
typical B-DNA in pure water.

= 22 =
= : ) J18 =
= 20f Beeeenes J16 =
E 18 J14 =
o J12 =
z 16t
8 -= A-DNA {10 2
5 14r -= B-DNA {8 3
5 12f —--300K 6 &
£ 10 L L L L L L L L 14 _§
= 0 40%  60%  80% 0 40%  60%  80% =
=

Fig. 3. At 300 K, the width of (a) the minor and (b) major grooves
in pure water and ethanol with the respective concentrations of 40%,
60%, and 80%. For comparison, the reference values for typical A-
DNA (grey, square) and B-DNA (red, circle) are given. The error bars
(blue, T-shaped sign) are also marked in the figure.

In general, it can be concluded that when at a concentra-
tion of 80%, the final DNA structure most closely resembles
the A-form DNA structure. This indicates that the solution
environment drives the transition from B-DNA to A-DNA,
with structural properties changing in response to increasing
ethanol concentration. These results align with previous study
which proved from the view of free-energy that the configura-
tion of 1ZF1 is transferred from B-DNA to A-DNA when the

concentration reaches 40%.3°1 Additionally, data from lower
ethanol concentrations ranging from 0 to 40% indicate that B-
DNA is more stable in water than in ethanol solutions.

To further examine the impact of temperature on DNA
configuration, the corresponding parameters above were re-
newed at the temperature of 280 K and 320 K, as shown in
Figs. 4-6 and Table 2. It can be observed clearly from Figs. 4
and 5 that the change pattern of all parameters (X-disp, Incli-
nation, H-rise, H-twist, Slide, Roll, Twist and Propeller) with
concentration is almost the same at 280 K and 300 K, while the
change pattern at 320 K is opposite. The structure parameters
for the DNA in the ethanol solution with the concentrations
of 40%, 60% and 80% at 320 K were obtained within the last
1 ns before the two ssDNA strands separate, and we selected
10 DNA structures during the 1 ns.

X-disp (A)

3.3} ,‘h
3.0

H-twist (°) Inclination (°)

H-rise (A)

2.7

24 ‘
0 40%

80% 0

60% 0% 60% 80%

Fig. 4. The average value of DNA structure parameters at 280 K, 300 K,
and 320 K in pure water and ethanol with the respective concentrations
0of 40%, 60%, and 80%. (a) X-displacement (X-disp), (b) inclination an-
gle (Inclination), (c) helical rise (H-rise), and (d) helical twist (H-twist).
For comparison, the reference values for typical A-DNA (grey, square)
and B-DNA (red, circle) are given.

Here, the emphasis is placed on the situation at 320 K. As
shown in Fig. 4(a), the X-disp value increases from —2.78 A
to —1.33 A at 320 K with the increase of concentration, and
the changing trend of the H-rise and H-twist value shown in
Figs. 4(c) and 4(d) is similar to that of X-disp, where the dis-
tance of H-rise rises from 3.03 A to 3.28 A and the angle of
H-twist goes up from 27.2° to 31.4° at 320 K as the concen-
tration of ethanol increases from 40% to 80%. However, we
can learn from the data in Fig. 4(b) that the inclination value
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decreases from 9.2° to 3.2° at 320 K as the concentration in-
creases.

2 4 o
s =
= 3
= -1t &
~ 36f <
= 33 5
a 2
30t g
& &

27} £

0 40% 60% 80% 0 40% 60% 80%

Fig. 5. The average value of DNA structure parameters at 280 K, 300 K,
and 320 K in pure water and ethanol with the respective concentrations
of 40%, 60%, and 80%. (a) Sliding angle (Slide), (b) rolling angle
(Roll), (c) twist angle (Twist) between base pairs, and (d) the internal
deflection angle of the base pairs (Propeller). For comparison, the refer-
ence values for typical A-DNA (grey, square) and B-DNA (red, circle)
are given.

It can be learned from Fig. 5(a) that the value of slide
increases from —1.06 A to —0.46 A with the ethanol concen-

tration increasing from 40% to 80%, and the trend of change
in the twist angle as shown in Fig. 5(c) is similar to the slide,

which the angle of twist rises from 26.8° to 31.3° with the in-
crease of the concentration. However, the roll value decreases
from 4.3° to 1.6° at 320 K when the concentration increases
from 40% to 80% as shown in Fig. 5(b). What is more, it can
be learned from the data shown in Fig. 5(d) that the chang-
ing trend of propeller is similar to that of roll, which declines
from —11.4° to —16.4° at 320 K as the concentration increases
from 40% to 80%.
these results that when the temperature is below 320 K, the

In that case, it can be conclude from

increase in ethanol concentration accelerates the transforma-
tion of 1ZEW into A-DNA, while the opposite phenomenon is
observed when the temperature rises to 320 K.

The types of sugar pucker at 280 K and 320 K are shown
in Table 2, it can be seen clearly that when at 280 K, the
amount of C2’-endo decreases while the amount of C1’-exo
increases when the ethanol concentration ranges from 40% to
80%. Conversely, at 320 K, as the concentration increases
from 40% to 80%, the amount of C2'-endo increases while
C1’-exo decreases, opposite to the trend at 280 K.

Table 2. The base pair sugar pucker of 1ZEW in different ethanol concentrations (40%, 60%, and 80%) at 280 K and 320 K.

280 K 320K
40% 60% 80% 40% 60% 80%
Strand I ~ Strand II Strand I~ Strand II Strand I~ Strand 1T Strand I  Strand II Strand I ~ Strand II Strand I~ Strand 1T
Ol’en Cl'ex Cl'ex Ol’en Cl'ex Cl'ex C4'ex Cl'ex C2'en Cl'ex Cl'ex C3’en
Cl'ex C2'en C2'en C2'en C2'en Cl'ex C2'en Cl'ex C2'en C2'en C2'en C2'en
C4'ex C2'en Ol’en C2'en Ol’en Cl'ex C2'en Ol’en Cl'ex C2'en Cl'ex Ol’en
Ol’en C2'en C2'en Cl'ex Cl'ex Cl'ex Ol’en Cl'ex Ol’en C2'en Ol’en Cl'ex
C2'en Cl'ex Ol’en Cl'ex Cl'ex Cl'ex C2'en C2'en Ol’en Cl'ex Cl'ex C2'en
Cl'ex Cl'ex Cl'ex Cl'ex Cl'ex Cl'ex Cl'ex Cl'ex Ol’en Cl'ex Cl'ex Cl'ex
Cl'ex C2'en C2'en Cl'ex Cl'ex Cl'ex C2'en Ol’en Cl'ex Cl'ex Cl'ex Cl'ex
C2'en Ol’en Cl'ex Cl'ex C2'en Cl'ex C2'en Ol’en C2'en C3’en Ol’en C2'en
Cl'ex Ol’en Ol’en Cl'ex C2'en C2'en C2'en Ol’en Ol’en C2'en C3'ex Cl'ex
Cl'ex C2'en Cl'ex C2'en C2'en C3’en C2'en C2'en Cl'ex C2'en C2'en C2'en

Upon examining Fig. 6(a), it is evident that the width of
the minor groove decreases from 17.14 A to 15.83 A with
an increase in the concentration from 40% to 80% at 320 K.
Meanwhile, as illustrated in Fig. 6(b), the width of the major
groove undergoes a reduction from 16.55 A to 13.8 A as the
solvent concentration rises at the same temperature of 320 K.
At a concentration of 80%, the discrepancy in width between
the major and minor grooves amounts to 2.03 A, deviating
from the characteristic A-DNA width difference of 1.74 A.

[
[=2)

L
= = e
o oot

-
'S

o ©

-
S

Minor groove width (A)
Major groove width (A)

0 40% 60% 80% 0 40% 60% 80%

Fig. 6. At 280 K, 300 K, and 320 K, the width of (a) the minor and (b)
major grooves in pure water and ethanol with the respective concentra-
tions of 40%, 60%, and 80%. For comparison, the reference values for
typical A-DNA (grey, square) and B-DNA (red, circle) are given.

Based on the quantitative analysis of the collected data,
it can be conclusively demonstrated that under lower tem-
perature conditions, ethanol facilitates the transition of B-
DNA into A-DNA when exposed to higher concentrations.
At higher temperatures, the structural modifications observed
in 1ZEW appear to involve more complex conformational
changes beyond a simple DNA configuration transition. To
analyze the underlying mechanisms responsible for these dif-
ferential behaviors, we conducted further systematic analysis
at 320 K.

To elucidate the underlying mechanism responsible for
the contrasting patterns observed at 320 K compared to 300 K,
we investigated the potential DNA melting transition at 320 K.
DNA melting transition generally refers to the process that
double-stranded DNA is chemically or physically converted
to single strands in vitro.[*"! This transition mainly includes:
thermal melting (heat), chemical melting (alkali, low ionic
strength, organic solvents, chaotropes), mechanical melting

088707-5



Chin. Phys. B 34, 088707 (2025)

and electrophoretic melting. We found that the melting tran-
sition of 1ZEW at 320 K is the thermal melting, which is
the most extensively studied and fundamental melting mecha-
nism. During the process of thermal melting transition, the in-
teractions between hydrogen bonds and base pairs in the DNA

double strand gradually weaken, eventually leading to the sep-
aration of the double strand into a single strand. The temper-
ature at which 50% of double-stranded DNA is converted to
single-stranded DNA is referred to as the melting temperature
(Tin) of that DNA.[#1J

— Heat capacity i 7, =323.75 K
0 b P

3t (b) f//z) (c)
,4? s
g 2f
2
a
15}
+ p
g 4
=R g

0 300 : 350

T (K) DNA structure at 300 K DNA structure at 320 K

Fig. 7. (a) Heat capacity as a function of temperature; (b) and (c) DNA structure in pure water after simulations at different temperatures.

Therefore, we analyzed the specific melting temperature
(Thn) of 1ZEW, which was calculated by numerically differ-
entiating the collective free energy and plotted as a tempera-
ture function, as shown in Fig. 7(a). The maximum value was
identified and marked as the melting temperature 7p,. It can
be learned from Fig. 7(a) that the maximum value occurs at
323.75 K, indicating that the T, of 1ZEW is approximately
323.8 K. So when the temperature reaches 320 K, the DNA
system approaches its melting transition state, thereby explain-
ing the contrasting behavior observed at 320 K compared to
300 K. Moreover, the DNA structure in pure water after simu-
lation is shown in Figs. 7(b) and 7(c). It can be learned that the
double-stranded 1ZEW could be converted to single strands at
320 K.

3.2. Hydrogen bonds

The hydrogen bonds between water and DNA play a
crucial role in the transformation of DNA configuration. 4]
Moreover, hydrogen bonds serve as the primary force con-
necting the base pairs between the two strands of DNA, simul-
taneously stabilizing the double-helical structure of DNA.To
quantitatively assess these interactions, we systematically in-
vestigated the concentration-dependent variation of hydro-
gen bond formation between water and DNA presented in
Fig. 8(a). By combining the information we can conclude
that the quantity of hydrogen bonds between DNA and wa-
ter decreases as the concentration increases. To gain deeper
insights into the molecular interactions governing these con-
formational changes, we further analyzed the hydrogen bond-
ing patterns between DNA and ethanol molecules, which are
presented in Fig. 8(b).

The quantitative analysis reveals a distinct correlation be-
tween ethanol concentration and hydrogen bonding patterns:
while the number of DNA—ethanol hydrogen bonds exhibits a
positive correlation with increasing ethanol concentration, the

DNA-water hydrogen bonding shows an inverse relationship.
This observation can be attributed to ethanol’s dual molecu-
lar effects: direct disruption of the DNA’s hydrogen bonding
network, and indirect long-range effects through modification
of the solution’s dielectric properties. Consequently, it can be
concluded that an increase in concentration of ethanol solution
can impede the formation of hydrogen bonds between DNA
and water to some extent, leading to a reduction in the hy-
dration of DNA molecules. This reduction in hydration facil-
itates the entry of Na™ ions into the solvated shell surround-
ing the DNA phosphate group and their interaction with the
DNA chain, ultimately promoting the conversion of B-DNA
to A-DNA configuration. This finding is in agreement with

the previous literature.[*?!

Time (ns)

Fig. 8. (a) Hydrogen bonds between DNA and water molecules and
(b) hydrogen bonds between DNA and ethanol molecules.

3.3. Radial distribution function

The radial distribution function (RDF) is a powerful tool
for describing molecular microstructural changes, as it shows
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how the density of matter varies as a function of distance from
a reference point.!*! To understand the molecular mechanism
underlying the concentration-dependent B-DNA to A-DNA
transition at lower temperatures, we performed a detailed anal-
ysis of RDFs for both water oxygen atoms and Na™ ions
relative to the electronegative oxygen atoms in DNA phos-
phate groups, as presented in Fig. 9. It can be indicated from
Fig. 9(a) that the first peak of the oxygen atoms in water is
taller and narrower, indicating the formation of the first sol-
vation shell around the phosphate group. It can be illustrated
from Fig. 9(b) that Na™ ions exhibit a preference for distribut-
ing within a range of 0.22—0.26 nm from the phosphate group,
characterized by a notably high intensity. The radial distance
of the first peak of the RDFs of Na™ and water is very close,
approximately 0.22-0.28 nm, indicating that the distribution
of Na™t nearly overlaps with the first solvation layer around
the DNA phosphate group. As the concentration of ethanol
increases, the first peak of the RDFs of Na® becomes higher
and higher, indicating a higher density of Na™ surrounding
the phosphate group. This increase in density of both wa-
ter and Na™ around the phosphate group leads to a gradual
increase in the electrostatic interaction between Na™* and the
phosphate group. Furthermore, higher ethanol concentrations
substantially reduce DNA-water hydrogen bonding, leading to
partial dehydration of the DNA structure.*>! This dehydration
effect facilitates Na™ ion penetration into the solvation shell
surrounding the phosphate groups, enabling stronger ionic in-
teractions with the DNA backbone.
of reduced water molecule mobility in the major groove and

The combined effects

backbone regions, coupled with the increased cation migra-
tion toward the DNA backbone at elevated ethanol concentra-
tions, ultimately drive the structural transition from B-DNA to
A-DNA configuration.

(a)] — 0% 8
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6L —60% 4 /-0 i
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Fig. 9. (a) The RDFs of water oxygen atoms and (b) Na* ions around
electronegative oxygen atoms of phosphate groups.

4. Conclusion

In this work, the concentration-dependent conformational
transitions of 1ZEW in ethanol-water mixtures were systemat-
ically investigated through molecular dynamics simulations.
Based on the simulation data, several conclusions can be
drawn. At lower temperatures (below 300 K), higher concen-
trations of ethanol favor transitions from B-DNA to A-DNA.
The primary mechanism underlying the transition from B-
DNA to A-DNA is predominantly associated with the capacity
of ethanol to diminish water activity, which hinders the for-
mation of hydrogen bond between DNA and water molecules
thereby weakening hydration effects and facilitates Na™ ions’
entry into the solvation shell surrounding the DNA phosphate
groups. This interaction ultimately promotes Na' binding
with the DNA chain and leads to its transformation from B-
DNA to A-DNA. At the same time, at higher temperatures
(above 320 K), a lower concentration facilitates the conforma-
tional transition from B-DNA to A-DNA. However, our struc-
tural analysis suggests that this temperature-induced transition
involves more complex mechanisms beyond a simple B-DNA
to A-DNA transformation. Through detailed characterization
of the thermal denaturation profile, we determined the melt-
ing temperature of 1ZEW to be approximately 323.8 K. The
observed structural changes at 320 K can be attributed to the
onset of thermal melting, which accounts for the inverse trend
observed in DNA structural parameters at this specific temper-
ature regime.

Based on the systematic investigation conducted in this
study, we have gained significant insights into the mech-
anistic relationship between solution microenvironment and
DNA conformational dynamics, providing a fundamental un-
derstanding of environmental factors governing nucleic acid
structural transitions. As the transition between A-DNA and
B-DNA configurations represents a highly complex biologi-
cal process involving intricate molecular interactions, contin-
ued research is needed to fully understand the mechanisms
involved so that we can have a better understanding of how
solution environment affects DNA configuration.
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