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Abstract: An interaction of DNA with lipids is of great interest because of their functions. As fatty
acids and lipids can specifically bind to nucleic acids forming a code sequence of the genomic DNA, it
is important to study the interaction of the oligonucleotide DNA (dA)2e(dT) with
phosphatidylglycerol by the molecular dynamics method. Molecular docking has shown that these
components form a stable complex with 5.8 kcal/mole binding energy, wherein the lipid is located in
the DNA minor groove. This configuration marks 354 atom groups separated by a distance less than
3.4 A. The van der Waals and hydrophobic interactions play the leading part in the DNA-phospholipid
complex stabilization along with hydrogen bonds.
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1. Introduction

The interfacial interactions of DNA with lipids are of great interest in connection with
the functions they perform in cells: from the structural components of cell membranes and
cellular organoids to signaling molecules in the processes of transcription, replication, and
repair [1, 2]. Obviously, lipidomics is actively developing in large-scale projects: "Lipid
Metabolites and Pathways Strategy (LIPID MAPS)", "COBRE in lipidomics and
pathobiology"”, "Kansas Lipidomics Research Center" at the University of Kansas (USA) etc.
However, these projects do not manifest enough attention to studying cell nucleus
phospholipids, particularly DNA-bound lipids [3]. At the same time, there are fractions of
phospholipids tightly bound to genomic DNA [4], which bind to DNA sequence specifically
[5]. It is assumed that such lipids can form a new information level in genomic DNA. DNA-
membrane and DNA-lipid interactions and complexes are realized in DNA-membrane
contacts, in eukaryotic chromatin located at the inner nuclear membrane around nuclear pores,
during signal transmission, as well as in mitochondria [6, 7]. We performed computer
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calculations as part of the molecular mechanics' approach to assess the stability of DNA
complexes with linoleic and other C18 fatty acids in minor or major grooves [4,7].

The choice of phosphatidylglycerol (PG) as a model lipid molecule is connected with
its presence in the majority of prokaryotic cells as one of the simplest natural phospholipids
(consisting of glycerol, fatty acids, and phosphate “building blocks” [8-12]).
Phosphatidylglycerol is an important lipid not only in various bacteria (as one of the major
components of the membranes), but also in plants (as a valuable part of the photosynthesis
thylakoids) and animals (as pulmonary surfactant spreading over the lung cellular surface area,
etc.) [10]. Two PG molecules by some biosynthetic processes can form cardiolipin (CL), the
constituent molecules of cell walls and membranes of some bacteria and the mitochondria [11].
For example, the contents of PG/CL (% in the membranes of some bacteria) are the following:
46.1/38.8 (Micrococcus lysodeikticus), 58.8/31.0 (M. tetragenus), 74.5/25.5(M. roseus),
64.6/34.8 (M. roseus R27), 88.1/9.6 (M. varlas), 62.7/31.0 (Micrococcus sp.), 69.5/27.4 (M.
conglomerates), 52.5/10.0 (M. caseolyticus), 61.7/2.0 (M. rhodochrous), 55.6/36.5 (Sarcina
flava), 89.6/1.1 (S. lutea), 31.4/14.5 (S. ventriculi), 32.2/3.0 (S. maxima), 72.1/27.9 (S. ureae),
77.8/3.6 (Bacillus subtilis) [9-14]. Thus, PG is a very important lipid for various membrane
modeling systems and methods [8-14], as well as the part of the formulations for inactivation
of SARS-CoV-2 (“a potential treatment for COVID-19”) and other “enveloped viruses” [15-
19].

In the recent works [20-26] "a high-throughput molecular dynamics (MD) simulation”
approaches for BAS complexes were proposed, and "the output from AutoDock Vina" was
used to improve docking results [20-26].

From these data and according to experimental computer results, using the molecular
docking method [4, 5, 7], it follows that DNA complexes with fatty acids in the minor groove
are most stable. The same result was obtained in the study of molecular dynamics and free
energy of DNA binding with linoleic acid [7]. The creation of models of DNA complexes with
fatty acids, especially phospholipids, is an important achievement (“at the junction” of colloidal
and supramolecular chemistry) both in fundamental and applied aspects. The mathematical
description of such complexes is a fundamental achievement in the field of “surface sciences”.
The obtained data can be considered as a reference for comparison with experimental values
that facilitate their practical use in biomedical fields.

The aim of this work is to study the interaction of phosphatidylglycerol with DNA
oligonucleotide (A)20°(T)20 by docking and molecular dynamics methods.

2. Materials and Methods

2.1. The measurements of the structure of ligands and complexes.

The structural parameters of phosphatidylglycerol (PG) with two linoleic acid residues
(containing two double bonds each residue) were obtained from the HIC-Up database [27], and
the structures were constructed using the Avogadro molecule reader. The structures of double-
chain oligonucleotides consisting of 20 A-T pairs (dA)20(dT)20 were generated using the NAB
utility programs from the AmberTools software package (“AMBER 11, University of
California, San Francisco, 2010” [28-32]). The atomic coordinates of the complexes are given
in accordance with the generally accepted nomenclature [28].

To obtain the initial structures of the complexes, the PG was placed in a DNA minor
groove (in their crystallographic configurations) using the VMD program. The complex was

https://biointerfaceresearch.com/ 3239


https://doi.org/10.33263/BRIAC123.32383246
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.32383246

dissolved in a rectangular periodicity cell using the TIP3P model of water molecules so that
the distance between periodic images of the complex was at least 15 A. To ensure the electro
neutrality of the system, the necessary amount of sodium ions was added. For the resulting
structure, energy was minimized using the conjugate gradient method in the NAMD program
[29]. When generating the DNA structure, the AMBER99 program was used [30], and the
GAFF (“General Amber Force Field” [28-32]) program with AM1-BCC charges [4, 7, 31-32]
was used to characterize the ligands.

2.2. Molecular docking.

To identify the energetically favorable position of phosphatidylglycerol in the DNA
grooves and obtain the complexes' initial structures, molecular docking of PG in DNA (in their
crystallographic configurations) was carried out using AutoDock with the vina.exe application
[4, 33].

2.3. Molecular dynamics.

The molecular dynamics trajectory was calculated using the NAMD software package
[29]. The bond lengths were fixed using the SHAKE algorithm, which allowed using a
trajectory calculation time step 2 fs. All trajectories were calculated for a temperature of 300
K. Before calculating the free binding energy and collecting parameters, and the system was
brought to equilibrium for 200 ps. This time was chosen in our previous experiments [4, 7] and
remained the same in all our works to compare the data obtained correctly. Moreover, the
proposed time of 200 ps exceeded the equilibrium times, commonly used in most of the
modeling experiments of molecular dynamics (see
http://ambermd.org/tutorials/basic/tutoriall/section5.ntm as an example). The resulting
trajectories were analyzed using the VMD software package, as well as using additional scripts
written in Python [34, 35]. When analyzing non-covalent contacts between fatty acid and
oligonucleotide atoms, we considered the atoms, the distance between which did not exceed
34 A (a value of 3.4 A corresponds to the maximum of the van der Waals attraction between
carbon atoms) [7].

3. Results and Discussion

3.1. Results.

Previous work on the DNA interaction with linoleic acid [7] confirmed only the fact of
complex formation. We showed the binding of oleic acid along a minor groove of the DNA
both by spectroscopy methods and computer simulation. For phosphatidylethanolamine, the
interaction of phospholipids with the DNA was previously studied by molecular dynamics and
docking methods. In our computer experiments, the result of PG molecule docking with a DNA
oligomer (dA)202(dT)20 (see the methods section) was the following: fatty acids of PG were
paced into the DNA minor groove, at that the binding energy is 5.8 kcal/mol. Our previous
work [4] determined the binding energy for the DNA oligomer complex with
phosphatidylethanolamine, which was 6.3 kcal/mol [4].

The structure of the B-form of a DNA oligomer with PG molecule in the DNA minor
groove (obtained as a result of docking) is presented in Figure 1. We calculated the trajectories
of atoms in the PG complex (with two linoleic acid residues) with a DNA oligomer by
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molecular dynamics methods as previously described in the works for DNA complexes with
linoleic acid [4, 7]. The results of a change in the “root-mean-square deviation (RMSD) ” [4]
of the structure coordinates over time are presented in Figure 2. Dynamics results showed good
stability of the DN A-lipids complex. At the beginning of the dynamics, an insignificant change
in the vibration of the molecules was observed. In the middle of the dynamics, the system
fluctuated within insignificant limits (x1.5 A). At the end of the dynamics, the system fluctuated
within 3 angstroms. No sharp changes were noted in the molecular vibrations; the only
exception is a change in the lipid RMSD at the end of the dynamics by about 3 A,

We have analyzed the first and the last saved molecular dynamics steps by the number
of pairs of atoms, the distance between which is less than 3.4 A. At the first saved step of the
dynamics, with the distance between atoms of less than 3.4 A, we detected a total of 343 pairs
of atoms. It is important to highlight that only 90 of such pairs are of interest because only these
atoms can be pronounced interactions due to the specific distances between them. These are
the pairs of O-H (60), N-H (15), O-N (1), N-C (1), O-C (5), O-O (5) atoms, as well as the pairs
P-O (1) and P-H (2). If we compare them with the number of pairs of atoms during docking,
there are 11 pairs fewer.

At the last saved step of the dynamics, with the distance between atoms of less than 3.4
A, we detected a total of 187 pairs of atoms. But only 42 of such pairs are of interest because
only these atoms are capable of pronounced interactions due to the specific distances between
them. These are the pairs of O-H (34), N-H (1), O-C (4), O-O (1) atoms, as well as the pairs P-
H (2).

We also found the number of “interatomic” interactions by additional calculation, i.e., the
number of pairs of atoms, the distance between which during the course of dynamics was less
than 3.4 A. The largest number of such pairs of atoms (namely, 354) turned out to be at the 39"
saved step of dynamics.

The minimum number of atomic pairs (equal to 151) is noted at the end of dynamics,
whereas about 434 atomic pairs are noted at the initial dynamics steps. At the same time, 8.79%
of the dynamics steps had up to 200 pairs of atoms (the distance between which was less than
3.4 A); 46.75% had from 200 to 250 pairs; 16.08% - from 250 to 300 pairs; 19.28% - from 300
to 350 pairs; 9.09% - from 350 and more pairs. If we consider the number of atomic pairs in
the dynamics time, the greater number of atomic pairs falls on the first half of the dynamics.
After a sharp change in the lipid RMSD, there are on average 80 atomic pairs less in the second
half of the dynamics.

To analyze the mutual orientation of the molecules in the DNA — PG complex, we
selected six pairs of DNA and PG atoms. The coordinates of the O4'(166)-H4(1331) pair
fluctuate strongly and, apparently, it could appear in this sample by chance (since the necessary
distance between them, less than 3.4 A, is observed several times during the dynamics’ process)
that follows from the data presented at Figure 3. The oxygen atom (LIG41:02) of the lipid is
located between two DNA atoms: the hydrogen atom (DT31:H1) (the average distance all along
the entire dynamics is 2.54 A) and the hydrogen atom (DT33:H4) (2.77 A) (Figure 4).
Moreover, the oxygen atom of the lipid is located closer to one of the hydrogen atoms by 0.23
A (Figure 4). The hydrogen atom of the lipid (LIG 41:H49) is located between two DNA atoms:
the oxygen atom (DA10:04) and the nitrogen atom (DA9:N3) with the distance between
oxygen - 2.84 A, nitrogen - 2.79 A (the contact with nitrogen is closer by 0.05 A).
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3.2. Discussion.

The results of studying the molecular dynamics of the PG-DNA complex indicate that
this complex is a stable structure. Moreover, the dynamics of the PG-DNA complex are
characterized by low conformational mobility of the PG ligand in DNA. Apparently, the main
explanation for this is that the phospholipid is bound to the DNA molecule by two residues of
fatty acids.

The PG binding energy in the “minor groove” [4] of the oligodeoxyribonucleotide
(A)20%(T)20 1s 5.8 kcal/mol. The structure of the DNA complex with the PG molecule in the
minor groove (Figure 1) has been obtained for the first time. It has no analogs in the available
literature, except the DNA — phosphatidylethanolamine complex presented in our previous
work [4]. Before the computer experiment, we presented three alternative locations of PG in
the DNA double helix: either in the major (minor) groove or one of the fatty acid residues in
the minor groove, but other FA residues — in the major groove. Minimizing the DNA-PG
complex energy showed that in the structure with minimal energy, both linoleic acid residues
are located in a minor groove (Figure 1).

Figure 1. Molecular Dynamics of DNA Complexes with Phosphatidylglycerol. The structure of the DNA
oligomer (dA)20+(dT)20 with a phosphatidylglycerol molecule in the minor groove as a ligand. The optimization
was carried out by molecular docking method using AutoDock in the “vina.exe” application.

Although there are no significant changes in the values of the RMSD parameter for the
PG molecule in the DNA-PG complex, there are areas with symmetrical changes in the RMSD
values of DNA and PG. For example, for DNA and lipid (1 A for lipid, 1.5 A for DNA), the
curve decline of this parameter falls on the 1900" step, and for lipid, the magnitude of this fall
is less than 0.5A for DNA (Figure 2).
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Figure 2. Molecular Dynamics of DNA Complexes with Phosphatidylglycerol. Change in “the root-mean-
square deviation (RMSD)” [4] of the structures of the molecule and the ligand in the DNA complex
(dA)20°(dT)20 and PG at each saved step of the dynamics. By X is a step dynamics, by Y is a change in A (see
methods section).

The number and types of interacting atoms at the initial and final stages of the dynamics
reflect the transition of structures to a more stable complex (from 14 to 254 pairs of atoms).
The maximum at the intermediate steps is about 380 atom pairs. Qualitative analysis shows the
increase in the number of O-H pairs. The distances between pairs of DNA and PG atoms at the
initial steps of dynamics undergo a change during the entire dynamics (Figure 3). Despite this,
some pairs of atoms can vary in insignificant ranges during the course of dynamics.
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Figure 3. Molecular Dynamics of DNA Complexes with Phosphatidylglycerol. Change in the distances between
pairs of atoms during dynamics, the distance between which was less than 3.4 A in the first and the last steps of
dynamics.
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During the course of dynamics, the average smallest distance is observed between pairs
of O1P-H3 atoms (Figure 4). The average distance value between them is 1.65 A, the minimum
- 1.42 A and the maximum - 2.9 A. The average distance between other pairs of atoms differs
by about 1 A.In particular, for the pair of O4'-H49 atoms, the distance varies from 2.29 to 5.48
(the average is 2.93 A); for the H4'-O2 pair, the distance varies from 2.24 to 5.41 (the average
is 3.21 A); for H4'-O3 the distance varies from 2.18 to 5.45 (the average is 2.96 A); for N3-
H49 the distance varies from 2.33 to 5.06 (the average is 2.91 A); for H1'-O2 - from 2.05 to
4.65 (the average is 2.56 A).

Figure 4. Molecular Dynamics of DNA Complexes with Phosphatidylglycerol. The structure of the complex of
DNA oligomer and PG (neutral form). DNA chain orientation is changed to provide a better viewing angle of
the complex.

The reference points for the interaction of fatty acids (neutral and anionic forms of
linoleic acid) and PG with DNA are analyzed (Figure 4). The results showed that due to the
presence of two fatty acids in the PG, the distance between the atoms of its fatty acids and the
DNA atoms decreases by more than 2 angstroms than free fatty acids. Presumably, this is due
precisely to the presence in PG of two fatty acid residues linked through the backbone of
glycerophosphate. When free fatty acid interacts, the distance between the spatially similar
fatty acid atoms and DNA is less than 2 angstroms. This is due to steric hindrances created by
the glycerol group, i.e., close contact of the hydrophilic lipid head is complicated by glycerol,
while hydrophobic tails, on the contrary, interact tightly with DNA.

4. Conclusions

For the first time, the interaction between a relatively long part of the DNA molecule
and phosphatidylglycerol (as a ligand) along a minor groove of the DNA in aqueous solutions
is shown. The structural parameters of the complex of phosphatidylglycerol with DNA are
determined; the differences compared with DNA interaction with free fatty acid are explained.
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The features of the phosphatidylglycerol molecule location in the double helix of DNA are
shown based on the structural peculiarities of this molecule.
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