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Introduction

HIS work is aimed on a complex study of the DNA immobilization and conformation

processes on the zirconium dioxide (ZrO,) surface. The DNA+ZrO, nanoparticles and
nanosized films were investigated with the molecular dynamics (MD) modeling, experimental
spectral and integral methods, including nuclear physics. Using the MD hybrid classical
and quantum chemistry potentials, for the DNA solvated with water the DNA+ZrO, surface
interactions were simulated We have generated series MD models, thereby simulating a different
scenario of the DNA with possible charge modifications. The DNA charge modification were
introduced in the DNA central region via its two phosphorus atoms, P_and P,, and for several set
of MD models for the relaxed DNA structures we have estimated the positional changes of the
distance D[DNA(P ,P,) - ZrO,(O)] between the phosphorus atoms (P ,P,) and selected oxygen
atoms of the ZrO, surface. The work is aimed to the development of functional heterojunctions
such as a biological molecule - wide-gap dielectric. These heterojunctions are intended for
useing in the field of molecular electronics, in particular, for the creation of biochips, memory
arrays and computer architectures of the future.

Keywords: DNA radiation; DNA conformation and immobilization on the surface, zirconium
dioxide; modular dynamics modeling.

the development of molecular electronics, the

Molecular  modeling

creation of biochips, memory arrays and computer

including  molecualr architectures of the future become real. DNA

dynamics and/or electronic structure methods
[1-2] is widely applied to investigate many
systesm not limited to chemistry, physics, biology
and envrioenmt. Emerging materials as well as
biological molecules are considered among the
most important molecular systems achived by
molecualr modeling [3-8]. The combination of
biomolecules with solid nanoparticles generates a
new class of materials, primarily for new electronic
sensory and optical systems, the prospects for

molecules have good electrical conductivity, are
able to store and transmit by copying terabytes of
information self-reproducing and moving in the
electric field, therefore, are extremely interesting
as a functional element of bioelectronic devices
[9-16]. Zirconium dioxide is a promising material
as a DNA molecules adsorber due to good
biocompatibility and high dielectric constant
(e=25). Wherein, the questions of interaction
with this material of DNA molecules have not
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been studied yet [9-16]. The purpose of this work
is to obtain biologically modified structures by
immobilizing of DNA molecules on the surface
of biocompatible crystals, an experimental and
theoretical study of the fundamental mechanisms
of physico-chemical interaction and dynamics
of the DNA molecule on interfaces with solid
bases under the influence of external electric
fields and radiation fluxes. Based upon the above
consideratiosn as well as previous findings [17-
20], the presnt work is onducted. The tasks of
this work are to include simulations of radiation
induced conformations for the DNA chian on
a zirconia dioxide surface by MD (molecular
dynamics) method.

MD simulation details and struture building
Foratriple system DNA+water +ZrO, surface,
all the interatomic interactions are described with
standard molecular mechanics potentials, as a
sum of two-, three-, and four atom terms. All-
atom interactions include harmonic bonds, angles,
improper torsions, and dihedral angles. The long-
range interactions include Lennard-Jones van
der Waals potentials and electrostatic potentials
between atom-based partial charges [21-22]:

Ur) =Uy+Up + U, + U, + Uy + Uy + Ugs ..

Here valence length potential,

u, = % XK, (r—by)*, the valence

L 2
angle  potential, Up = 7 Lo Ky (6 -6;)

, the torsion dihedral potential,

1
u, =5Emf{m[cos(nqn— &)+ 1] he
Van-der-Waals interaction and hydrogen bonding

potentials are Lennard-Jones (LJ; 12-6) or (12-10)

A B
types, Up; = 255 [r_.__,_ — —5] and
if if
A B )
Uyg = ZEJ [F — rj] , the electrostatics
ij i
_ gid;
U = Zi,}'____L
potential, er; ,  represents  long-

range interactions in the system. For the DNA
solvated with water, based on the experimental
data, ab initio and semiempirical electronic
structure calculations, a number of self-consistent
and well-tested sets of parameters are published
and available (see, for example, all-atom sets
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in CHARMm22; Brooks et al., 1983). For ZrO,
surface we have used Buckingham interaction

r C
potential, ved = Aexl{f ;j ~ 7 with the

interaction parameters 4, C and p [23-24].

All the potential parameters used in the MD
simulations are listed in our previous papers
(Refs. [25-26]). In Fig. 1(a,b) the initial position
of a DNA chain on ZrO, (zirconia dioxide)
surface and the whole system solvated with water
are shown, respectively.

The DNA chain was located at a well-
separated distance from the zirconia dioxide. After
appropriate preparation ofthe DNA+ZrO, surfacea
water box was introduced. The DNA+ZrO, system
was solvated with a SPC water box and relaxed for
500 ps at fixed a DNA position upon ZrO, surface.
The MD relaxation process was reproduced by an
isothermal NVT ensemble, in which the number
of particles, volume, and temperature are fixed.
The total system DNA+ZrO,+water temperature
was controlled with the NVT the Nosé-Hoover
thermostat at T=310 K with a relaxation time of
1.0 ps. A9 A cutoff is used for non-bonded forces
together with the particle mesh Ewald method
for calculating of the long-range electrostatic
interactions. A rectangular box of dimensions
60.0 A by 90.0 A by 64.5A which contained a
single DNA molecule (1260 chemically bonded P,
C, N, O, H atoms), 1152 zirconia dioxide surface
molecules (384 zirconium and 768 oxygen atoms)
and 3200 water molecules (3200x3=9600 OW
and HW atoms) was subjected at the equilibration
steps as described above under multiple MD run.
For all the conducted simulations a time step of
1 fs was used for the integration of the equation
of motion with Verlet leapfrog integrator. The
covalent bonds involving hydrogen atoms
constrained using SHAKE algorithm. The MD
trajectory calculations performed for multiple
DNA+water+ZrO, models were next used to
simulate the effect of the radiation introduced on
a DNA side chain with consequent conformation
changes [25-26].

For the DNA molecule solvated with water and
interacting with the ZrO, surface we have consider
different model structures, thereby simulating
different scenario of the DNA possible charge
modification. From two opposite DNA directions
we have arbitrarily chosen two P (phosphorus)
atoms as shown in Fig. 2-3 as possible damage
sites. The DNA charge modification we have
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introduced in its central region through two set
of MD models (set A and B) for both phosphorus
atoms P_and P, as follows: set A (Model 1 (native
DNA): Q(P)) = +1,1659e|; Model 2 (damaged
DNA): Q(P )= 0; Model 3 (damaged DNA): Q(P))
=-1,1659e|), set B (Model 4 (native DNA): Q(P,)
= +1,1659(e[; Model S (damaged DNA): Q(P,) =
0; Model 6 (damaged DNA): Q(P,) = -1,1659]¢]),
where ¢ is electron charge.

The above choice of phosphates in the DNA
charge modification introduced were due to the
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DNA-ZrO, surfaceinteractionsasinpaper:J.Phys.
Chem. B, 2015, 119 (11030-11040),(https://
pubs.acs.org/doi/10.1021/acs.jpcb.5b01983);
where the authors have studied via molecular
dynamics simulations several DNA phosphate
and surface silanol groups, hydrophobic bonding
between DNA base and silica hydrophobic
region. Also, they have found two major binding
mechanisms to be attractive interactions between
DNA phosphate and surface silanol groups,
hydrophobic bonding between DNA base and

(b)
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Fig. 1(a, b). The system (DNA molecule and ZrO, surface) solvated with water.

Fig. 2. The position of two P (phosphorus) atoms (P, and P ; grey color) of the DNA molecule are shown as possibly

DNA damaged sites.
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Model 1 (native DNA)

Model 2 (damaged DNA)
Q (P)=+1,1659|e| Q (P)=0

Model 3 (damaged DNA)
Q (P)=-1,1659|¢|

Fig. 3. The charge modification on two P (phosphorus) atoms of the DNA damaged sites.

silica hydrophobic region (Fig. 2-3).
The MD simulation results

A general view of the DNA and ZrO, surface is
shown in Fig. 4(a,b), where in the water solvated
system the position of two phosphorus atoms
(grey color) of DNA molecule and one oxygen
atom (red color) of ZrO, surface are indentified.

It should be noted that for all above set of
MD models with the DNA relaxation procedure
we have estimate the positional changes of the
distance D[DNA(P,, P,) - ZrO,(O)] between the
phosphorus atoms (P, P,) and selected oxygen
atoms of the ZrO, surface (Fig. 6(a,b)). In Fig. 5
the MD simulation results for the D[DNA(P) -
Zr0O,(0)] dynamics are shown for the models 1-3.
The distance distribution D[DNA(P)) - ZrO,(O)]
between the phosphorus (P,) and selected oxygen
(O) atoms of the zirconium dioxide surface
are compared for the native DNA (model 1:
Q(P,)=+1,1659¢[) and two damaged versions

o
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®

m
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-
>
I
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(models 2: Q(P)=0 and 3: Q(P)=-1,1659¢l).
The charge state of the phosphorus (P, P,) atoms
mimics the effect of external radiation (UV or
other) induced on the site of DNA, such that the
value of Q(P,) spontaneously vary in the interval
[+1,1659;-1,1659]e|. From the distance diagrams
in Fig. 5 we can see both different DIDNA(P) -
ZrO,(O)] time dependent behavior and different
DNA-surface close contact on a final state.

So far, starting from the same relaxed state
(but with different Q(P,)) the DNA molecule
while interacting with ZrO, surface will undergo
a different conformational shape, thereby
approaching the surface. Below Fig.s 6-8 compare
the DNA conformational behavior (top: side view,
middle: up view; bottom: on the surface) at the
initial and final states. The DNA orientation
dynamics on ZrO, in Fig.6-8 are presented for the
model 1 (native DNA): Q(P ) = +1,1659/e| and
two damaged versions (models 2: Q(P,)=0 and 3:
Q(P )=-1,1659el), respectively.
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Fig. 4 (a, b). The position of two phosphorus atoms of DNA molecule and one oxygen atom of ZrO, surface are

shown.
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Fig. 5. The distance D[DNA(P ) - ZrO,(O)] between phosphorus (P ) and selected oxygen (O) atoms of the zirconium
dioxide surface for the MD models 1-2-3.

Model 1 (native DNA): Q(P )=+1.1659|e
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Fig. 6. The DNA orientation dynamics on ZrO, for model 1 (native DNA): Q(P,)=+1,1659|¢|
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Fig. 7. The DNA orientation dynamics on ZrQO, for model 3 (damaged DNA)
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Model 3 (damaged DNA): QQPE)=-1,1659 e
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Fig. 8. The DNA orientation dynamics on ZrO, for model 2 (damaged DNA): Q(P )=-1,1659|
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In Fig. 9 the MD simulation results for the
D[DNA(P,) - ZrO,(O)] dynamics are shown
for the models 4-6. The distance distribution
D[DNA(P,) - ZrO(O)] between the phosphorus
(P,) and selected oxygen (O) atoms of the
zirconium dioxide surface are compared for the
native DNA (model 4: Q(P )=+1,1659(e|) and
two damaged versions (models 5: Q(P,)=0 and 6:
Q(P,)=-1,1659e|).

Below Fig. 10-11 compare the DNA
conformational behavior (top: side view,
middle: up view; bottom: on the surface) at the
initial and final states. The DNA orientation
dynamics on ZrO, in Fig.10-11 are presented
for two damaged DNA models 5: Q(P,)=0 and
6: Q(P,)=-1,1659el), respectively For the model
4 (native DNA; Q(P,)=+1,1659]¢|) the results are
similar as shown in Fig. 6 above. The MD results
compare the DNA conformational behavior
at the initial and final states and the DNA
orientation dynamics on ZrO, were presented for
the native DNA (Q(P , P,) = +1,1659/e[) and two

damaged versions (Q(P, P,)=0 and Q(P , P )=-
1,1659]e|), respectively. So far, starting from the
same relaxed state (but with different Q(Pa,Pb)
the DNA molecule while interacting with ZrO,
surface will undergo a different conformational
shape, thereby approaching the surface. We
have related the DNA molecular orientations
due to the immobilization process or similar
to the DNA B-Z-transition happening on the
zirconium dioxide (ZrO,) surface. The DNA
conformations arise when the relative orientation
of individual parts of the molecule changes as
a result of the rotation of atoms or groups of
atoms around simple bonds, bending of bonds,
etc. For example, the DNA B-Z-transition can be
stimulated by an increase in the content of ions
in solution (say, zirconium dioxide ZrO, surface)
or by certain proteins that stabilize the Z-form of
DNA. When a molecule transitions from B- to
Z-form, the double helix of DNA unfolds, and
then turns in the other direction, turning from
right-wound into left-wound [27-28].
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dioxide surface for the MD models 4-5-6.
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Fig.9. The distance DIDNA(P,) - ZrO,(O)] between phosphorus (P,) and selected oxygen (O) atoms of the zirconium
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Fig. 10. The DNA orientation dynamics on ZrO, for model 6 (damaged DNA)
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Fig. 11. The DNA orientation dynamics on ZrO, for model 5 (damaged DNA)
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Conclusion

For a triple system DNA + water + ZrO,
surface we built several set of MD models as set
A (Model 1 (native DNA): Q(P )=+1,1659]¢;
Model 2 (damaged DNA): Q(P )=0; Model 3
(damaged DNA): Q(P)=-1,1659e|) and set
B (Model 4 (native DNA): Q(P,)=+1,1659]¢];
Model 5 (damaged DNA): Q(P,)=0; Model
6 (damaged DNA): Q(P,)=-1,1659e|), where
e is electron charge), thereby simulating
different scenario of the DNA possible charge
modification. From two opposite DNA directions
we have arbitrarily chosen two P (phosphorus)
atoms as possible damage sites. The MD results
compare the DNA conformational behavior at the
initial and final states and the DNA orientation
dynamics on ZrO, were presented for the native
DNA (Q(P_,P,) = +1,1659¢|) and two damaged
versions (Q(P,P,)=0 and Q(PP,)=-1,1659el),
respectively. So far, starting from the same
relaxed state (but with different Q(P ,P,) the DNA
molecule while interacting with ZrO, surface will
undergo a different conformational shape, thereby
approaching the surface.

In conclusion, for today the DNA+ZrO,
system emerges itself as a breakthrough potential
material for developing new nano-bio-electronics
tools as well as the interdisciplinary research
target in the field of nanotechnology. Wherein,
the questions of the DNA interaction and
immobilization with the mentioned oxide material
as ZrO, have not been studied yet. The obtained
results for the DNA conformational behavior
through the MD simulation analysis provide a
novel picture for the DNA/ZrO, interaction and
immobilization processes at the atomic/molecular
level. The zirconium dioxide (ZrO,) has seen to be
a promising material as DNA or RNA molecules
absorber due to a good biocompatibility and a
high dielectric constant (4=25). For today the
combination of bio-molecules with solid nano-
particles generates a new class of materials,
primarily for new electronic sensory and optical
systems. The prospects cover the development of
molecular electronics, the creation of biochips,
memory arrays and future computer architectures
as well. In this respect, the DNA and RNA
molecules have good electrical conductivity,
capable to store and transmit by copying terabytes
of information with self-reproducing and moving
in the electric field, therefore, are extremely
interesting as a functional element of bio-
electronic devices [23-24].
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