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Abstract: A formation of DNA-lipid complexes was studied by molec.docking and dynamics methods 

using the interaction of DNA with phosphatidylserine (PS). We have previously shown that some fatty 

acids and phosphatidylglycerol can specifically bind to oligonucleotide DNA (dA)20•(dT)20. It is shown 

that (dA)20•(dT)20 and phosphatidylserine formed a stable complex with a 6.3 kcal/mol binding energy 

and the PS molecule located in the minor groove of DNA. This complex contains 342 atom groups 

(interatomic distance ≤3.4 Å). The types of bonds in the PS-DNA(oligonucleotide) complex are 

suggested as hydrogen bonds, and hydrophobic and dipole-induced dipole interactions. In our previous 

study, a similar arrangement with close binding energy of 5.8 kcal/mol was shown for 

phosphatidylglycerol complex with the same oligonucleotide (complex contained 354 groups of atoms). 

The present study is of interest due to the importance of such complexes for applied biochemistry and 

biotechnology, genetics and molecular biology, cytology and pharmacology, nanotechnology, and self-

assembly smart materials.  
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1. Introduction 

DNA, proteins, and lipids are widely studied because they are the most important 

biologically active substances (BAS) for all living creatures [1,2]. The numerous interactions 

of DNA with proteins are of great interest in connection with the functions they perform in 

cells and are well established [2]. In contrast, DNA interactions with lipids are just getting to 

become an interesting field of modern research [3,4], while a few earlier general publications 

in this field have been known [5,6]. Some lipid fractions are tightly bound to different nucleic 

acids or oligonucleotides [4-8]. It is assumed that such lipids can form a new information level 

in genomic DNA. The authors accomplished “molec.docking and molec.dynamics simulation” 

(i.e., MD&MDS) calculations to assess the stability of oligonucleotide complexes with 

numerous fatty acids in minor or major grooves [4,8], as well as with some phospholipids [3].  
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MD&MDS allowed us to identify possible contacts and types of bonds between DNA 

and lipids, which is of interest in connection with the functions they perform in the cells of 

living organisms - structural and regulatory [9,10], as well as identification of novel inhibitors 

of SARS-CoV-2 [11].  

It is well-known that phosphatidylserine (PS) is one of the major phospholipids in 

humans, animals, some bacteria, and fungi [1,12-14]. On the acidity scale, PS can be placed 

between phosphatidic acid and phosphatidylethanolamine [13]. PS is concentrated mainly in 

the inner layer of cell membranes. PS is preferentially associated with membrane proteins, 

especially during oxidative stress [15-17]. PS has facilitated some cell responses to biologically 

active substances [12-18]. The PS amount in the human cerebral cortex and cell nuclei 

membrane accounted for 13–15 % [18-20] and 4-9% of the total phospholipids, respectively 

[12].  

The authors [19] are believed that PS receptors (PS-Rs [20]) increase the penetration of 

"enveloped viruses in cells” [19]. A study of the authors [19] indicates that the PS-Rs of 

numerous human cells interact with PS molecules [19]. The authors [21] are believed that 

phosphatidylserine is involved in the "inflammation of COVID-19” [21]. The research [21] 

devoted to the influence of PS on inflammation and coagulation processes will enhance 

therapeutic efforts in disease treatment [21]. For example, phosphatidylserine (in the mixture 

with C20:5 n-3 and C22:6 n-3 acids [22])) exhibits positive effects of "Alzheimer's disease" 

[22], as well as induces one of the major roles in the research concerning medical problems of 

the membrane lipid metabolism disorders [23].  

The phosphatidylserine molecule is also of interest as a precursor of some 

“phospholipids” [12]. In this work, the structure of phosphatidylserine includes linoleic acid 

residues with two double bonds (C18:2), while in nature, there is normally a mixture of 

saturated and unsaturated fatty acids presented.  

In the recent works [24-31], some MD&MDS approaches for BAS-complexes were 

proposed [24-31]. In the recent review [32], the authors provided a historical context and 

compiled suitable methods for DNA–BAC interactions. For example, the authors [33] 

employed some modern spectroscopic techniques, etc. in order to investigate the interactions 

of bishomoleptic and trisheteroleptic “ruthenium (II) polypyridyl complexes with calf thymus 

DNA (CT-DNA)" [33]. These data were proved by MD&MDS, and detailed graphs were 

presented by the authors [33]. The authors [33] calculated the binding energies of these 

complexes with "CT-DNA" [33], which were close to the experimental one (“−7.7 kcal∙mol−1" 

[33]). The authors [34] applied the methods of hybrid localized molecular orbitals (HALMO) 

energy decomposition analysis (EDA) to dissect the interactions within double-stranded DNA.  

The numerous fundamental studies of the theoretical complexes of oligonucleotides, 

native and G-quadruplex DNA with various BAC are promising for novel medical 

formulations, metal-included drugs, etc. [32-36]. In particular, the authors [35] performed an 

estimation of MD&MDS approaches [35]  for BAS-complexes with biological activity [36].  

The work is aimed to study the interaction between phosphatidylserine and (A)20:(T)20-

oligonucleotide by MD&MDS approaches. 
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2. Materials and Methods 

2.1. The ligand’s and complexe’s structure.  

The PS with two linoleic acid residues was obtained from the HIC-Up database [24,25], 

and the structures were constructed using the "Avogadro-program". The structures of double-

helix oligonucleotides containing twenty 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" [26,27]). The atomic coordinates of the complexes are used 

in accordance with the generally accepted nomenclature [26,27]. To prepare initial structure of 

the complex, the PS molecule was placed in a DNA minor groove (in their crystallographic 

configurations) using the "VMD" program. The complex was performed using "AutoDock" 

with the vina.exe application [3,4].  

2.2. MD&MDS   

The molecular dynamics parameters of the system were calculated using the "NAMD" 

program [28]. The bond lengths have been gotten using the "SHAKE" algorithm, which 

allowed using a path calculation time step 2 fs. All results were obtained for temperature 300 

K. Before calculations, all free binding energy and collecting parameters and the system as 

whole was brought to equilibrium for 200 ps. This time value was selected from our previous 

computer experiments [2-4] and remained equal for all our calculations to compare the data 

correctly. Moreover, the selected time 200 ps exceeded the equilibrium time, commonly used 

in most molecular dynamics computer experiments (see 

http://ambermd.org/tutorials/basic/tutorial1/section5.htm  as an example). The resulting data 

were analyzed using the "VMD" software package and using additional scripts written in 

Python programs [37, 38]. When analyzing non-covalent contacts between fatty acyl residue 

and oligonucleotide atoms, we took part the atoms, the distance between which did not exceed 

3.4 Ǻ (a value of 3.4 Ǻ corresponds to the maximum of the van der Waals attraction between 

carbon atoms) [4].  

3. Results and Discussion 

3.1. Results.  

Previously, we studied the interaction of DNA with phospholipids (e.g. 

phosphatidylglycerol [3] and phosphatidylethanolamine [4]) by the MD&MDS methods. In 

our computer experiments, the result of docking of the PS molecule with the DNA oligomer 

(dA)20•(dT)20 (see the Methods section) was the PS displacement from the starting unstable 

position to the “DNA groove” [3,4], with the binding energy value equaled to 6.3 kcal/mol. In 

this area, 342 groups of elements are used (having less than 3.4 Ǻ). with the binding energy 

equaled to 6.3 kcal/mol. In this area, 342 groups of elements are used (with distances less than 

3.4 Ǻ). It is important to highlight that 89 of such pairs are of interest because only these atoms 

show pronounced interactions due to the certain distances between them.  
These are element pairs: O-H (61), N-H (13), O-C (5), N-C (1), O-N (4), O-O (3), and 

pairs with P (2 with P-H). In earlier works [2,4], the complex binding energy for the DNA with 

phosphatidylethanolamine was determined as 6.3 kcal/mol. [4], and for phosphatidylglycerol-
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DNA complex - 5.8 kcal/mol [3]. The structure of the B-form of a DNA oligomer with a PS 

molecule in the minor groove of DNA, obtained as a result of docking, is shown in Figure 1.  

 
Figure 1. MD&MDS of phosphatidylserin-DNA complexes. The structure of the oligomer(dA)20•(dT)20-

phosphatidylserine complex (PS - in the minor groove) obtained by the AutoDock in the "vina.exe" application.  

We calculated the track of atoms in the complex of DNA oligomer and PS with two 

residues of linoleic acid by molecular dynamics methods as described earlier for complexes of 

DNA with linoleic acid [3, 4]. There are changes in the root mean of the structure’s square 

deviation ("RMSD") vs. time (Figure 2).  
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Figure 2. MD&MDS of phosphatidylserin-DNA complexes. Change of the distance (Y, RMSD [4]) in the 

oligomer(dA)20•(dT)20-PS complex at each saved step of the dynamics (X), according to the methods section.  

The dynamics results showed the relative stabilization of the phospholipid-DNA 

complex. At the dynamic’s starting point, significant changes in the molecule’s vibration were 

found. The complex fluctuated insignificantly (within the limits of 1 Ǻ) in the central part. At 

the dynamic’s final stage, the complex fluctuated within 2 Ǻ. There were no sharp changes in 

such vibrations except for the change in the RMSD of the lipid in the middle of the dynamic’s 

second half (˜ 2.5 Ǻ).  

Moreover, we analyzed the starting and last saved steps of MD&MDS for the number 

of pairs of atoms with a distance between ≤3.4 Ǻ. At the starting saved step of the dynamics 

(Figure 3), a total of 213 pairs of atoms were detected (with a distance of less than 3.4 Ǻ), and 

51 of them are of interest because the atoms (between which these distances are observed) are 

capable of interacting.  

 
Figure 3. MD&MDS of phosphatidylserin-DNA complexes. Distance’s change (Y) between the atom pairs (X) 

in the starting step, according to the methods section.  
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These are pairs of atoms O-H (34), N-H (13), O-C (3), as well as the pair of P-H (1). 

Compared to the number of atom pairs during MD&MDS, there are 129 pairs fewer. This is 

because, in the course of the dynamics, the structures constantly fluctuate.  

At the last saved step of dynamics (Figure 4), the distance between them is less than 

3.4 Ǻ, and a total of 196 pairs of atoms were found, of which 51 are of interest due to the fact 

that the atoms (between which these distances are observed) are capable of interacting.  

 

Figure 4. MD&MDS of phosphatidylserin-DNA complexes. Distance’s change (Y) between the atom pairs (X) 

in the last step, according to the methods section.  

These are pairs of atoms O-H (38), N-H (4), O-C (6), O-O (2), and the pair of P-H (1) 

in addition. The number of interatomic interactions was also calculated, i.e., MD&MDS for the 

number of atom pairs with the distance between ≤3.4 Ǻ at each step of the dynamics (Figure 

5).  

 
Figure 5. MD&MDS of phosphatidylserin-DNA complexes. The number of the atom pairs with the distance 

between ≤3.4 Ǻ at each step of the dynamics.  

The minimum number of pairs of atoms (equal to 163) was noted at the end of the 

dynamics, and the maximum (equal to 321) - was at the initial steps of the dynamics. In this 
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case, 12.15% of dynamic steps have up to 200 atom pairs with a distance between ≤3.4 Ǻ, 

66.76% - from 200 to 250 atom pairs, 20.39% - from 250 to 300 atom pairs, 0.7% - from 300 

and more pairs of atoms. If we consider the number of atom pairs in the time of dynamics, then 

1) the number of pairs of atoms falls in the initial half of the dynamics, 2) on average, 20 atom 

pairs less in the second half of the dynamics, after a pronounced change in the RMSD of the 

lipid.  

To analyze the mutual orientation of molecules in the PS–DNAcomplex, we selected 

six pairs of atoms of this complex (Figure 6) because the average distances between them 

during the entire dynamics were less than 3.4 Å: Н4'-О10, О2-H61, H4'- O2, O4'-H60, N3-

H72, O4'-H50.  

 
Figure 6. MD&MDS of phosphatidylserin-DNA complexes. Changes in the distances between atom pairs in the 

course of dynamics with the distance between ≤3.4 Ǻ in the starting and last steps of the dynamics.  

3.2. Discussion.  

Using MD&MDS of phosphatidylserin-DNA complexes, we proposed a relatively 

stable complex structure. In addition, low conformational mobility of the PS ligand in 

oligonucleotide (A)20 (T)20 was found. This can be due to the strong PS bounding by two fatty 

acid residues, as we proposed earlier [4].  

The energy of PS binding to (A)20 (T)20 in the minor groove was about 6.3 kcal/mol. 

Such structure of the phosphatidylserin-DNA complexes (Fig. 1) was firstly obtained by us and 

could be the third example of the structure of molecular complexes of DNA and phospholipid. 

Our previous works presented the structures of the complexes of DNA- phosphatidylglycerol 

[3] and DNA-phosphatidylethanolamine [4]. Our three alternative hyposises of PS positions in 

the DNA before the MD&MDS experiment were the following: in the major groove or in the 

minor groove, as well as the compromised position when each of the fatty acid residues is 

located in the minor and major grooves simultaneously. The minimization of the energy of the 

DNA-PS complex showed that, in the structure with the minimum energy, both fatty acid 

residues bound to the DNA minor groove (Figure 1). However, no significant changes are 

observed in the values of the RMSD parameter in the case of PS in the DNA-PS complex. 

Nevertheless, there are regions in which there are symmetric changes in the RMSD values of 

DNA and PS: for example, there is a rise in the 572 steps (3 Ǻ for phospholipid, 1.5 Ǻ for 

DNA), and for a phospholipid, the value of such a rise is greater than for DNA by 1.5 Ǻ (Figure 

https://doi.org/10.33263/BRIAC133.287
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2), by 644 steps - a decline in the curve of this parameter for DNA and lipid (1 Ǻ - for lipid, 2 

Ǻ - for DNA), and lipid, the value of such a drop is less than for DNA by 1 Ǻ (Figure 2).  

The number and types of interacting atoms at all steps of dynamics reflect the following 

structures of DNA-PS complexes (Figure 5): a) from 212 to 342 pairs of atoms at the initial 

steps of dynamics, b) from 164 to 220 at the final steps of dynamics, c) the maximum in 

intermediate steps is 300. Qualitative analysis shows an increase in the number of OH pairs. It 

should be noted that the distances between atom pairs of DNA and PS at the starting steps of 

dynamics undergo significant changes during  MD&MDS (Figure 5).  

During the dynamics of six selected pairs of atoms, it was revealed (Figure 6) that the 

average minimum distance was observed between pairs of H4'-O2 atoms; the average distance 

between them was 2.85 Å, the minimum was 2.17 Å, and the maximum was 4.57 Å. The 

distance between other pairs of atoms is not much greater. For a pair of H4'-O10 atoms, the 

distance ranges from 2.25 Å to 5.1 Å, the average being 3.3 Å. For the O2-H61 pair - from 2.25 

Å to 5.51 Å, average 3.07 Å, for O4'-H60 - from 2.25 Å to 5.19 Å, average 2.87 Å, for N3-

H72 - from 2.35 Å to 7.23 Å, average 3.2 Å, for O4'-H50 - from 2.42 Å to 6.82 Å, average 3.25 

Å.  

The complex (DNA-PS) was analyzed by reference points of interaction of the PS fatty 

acid residues with the (A)20 (T)20 (Figure 7).  

 
Figure 7. The structure of the complex of oligonucleotide (A)20 (T)20 and PS (neutral form). The oligonucleotide 

chain orientation appeared to be changed to provide a better viewing angle of the complex.  

https://doi.org/10.33263/BRIAC133.287
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The distance between the fatty acid’s and oligonucleotide atoms must be reduced by 

more than 2 angstroms compared to free fatty acids. Presumably, this is due to the presence of 

two fatty acid residues in PS, linked through the glycerophosphate backbone. When a free fatty 

acyl interacts, the distance between atoms of fatty acid and DNA is similar in space (≤2 Å). It 

seems to be due to the steric hindrances created by the glycerol group; that is, the close contact 

of the hydrophilic lipid head is complicated by the glycerol residue, but the hydrophilic tails 

interact closely with DNA.  
The molecular dynamics of the DNA-lipid complex made it possible to reveal one of 

the variable complexes of the interaction between a double-stranded DNA molecule and 

phosphatidylserine. Despite the possibility of DNA interaction with the serine residue in the 

phospholipid, lipid does not converge with DNA in this area. Frequent repulsion of the serine-

containing region of the phospholipid from DNA is observed. This may be due to the 

disadvantageous location of this lipid region relative to the DNA fragment. We can assume the 

possibility of the existence of another location of this lipid region relative to DNA, in which 

the interaction of these parts will be significant. The hydrophobic tails of the PS were more 

mobile than the PE [4]. This is due to the structural features of these phospholipids. In the 

course of the dynamics, a clearer interaction of the lipid with nitrogenous bases in the minor 

groove of DNA was revealed.  

4. Conclusions 

The interactions between oligonucleotide (A)20 (T)20 and phosphatidylserine (as a 

ligand) are found and displayed. It is important to highlight that the PS molecule is arranged in 

the “DNA-groove”. The PS-DNA(oligonucleotide) complex parameters are determined, and 

the differences in comparison with the interaction of the same oligonucleotide with individual 

fatty acids and other phospholipid molecules are discussed in detail. The features of the PS 

arrangement in the nucleic acid double helix are presented. The types of interactions in the PS-

DNA(oligonucleotide) complex are suggested as hydrogen bonds, hydrophobic, and van der 

Waals forces. The present study is of interest due to the importance of such complexes for 

applied biochemistry and biotechnology, genetics and molecular biology, cytology and 

pharmacology, nanotechnology, and self-assembly smart materials.  

Funding 

The work of parts 2.2, 2.3, 3, and 4 were carried out at the expense of a subsidy allocated to 

the Kazan Federal University for the fulfillment of a state task in the field of scientific activity 

and was supported by a grant from the Russian Institute for Advanced Study at Moscow State 

Pedagogical University (M.Y. Ibragimova and R.I. Zhdanov). Preparation of part 1 (S.Yu. 

Zaitsev) was supported by a grant from the Russian Science Foundation (project no. 20-16-

00032) and part 2.1 (S.Yu. Zaitsev) - by the Ministry of Science and Higher Education of the 

Russian Federation (State task registration number 121052600314-1).  

Conflicts of Interest 

The authors declare no conflict of interest.  

 

 

https://doi.org/10.33263/BRIAC133.287
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC133.287  

 https://biointerfaceresearch.com/ 10 of 11 

References 

1. Vale, N. Biomedical Chemistry: Current Trends and Developments, De Gruyter Open Ltd: Warsaw, Poland, 

2016.  

2. Zaitsev, S.Yu.; Belous, A.A.; Voronina, O.A.; Savina, A.A.; Rykov, R.A.; Bogolyubova, N.V. Correlations 

Between Antioxidant and Biochemical Parameters of Blood Serum of Duroc Breed Pigs. Animals 2021, 11, 

2400, https://doi.org/10.3390/ani11082400.    

3. Ibragimova, M.Y.; Aupov, R.K.; Andrianov, G.V.; Zhdanov, R.I.; Zaitsev, S.Y. Interfacial Interactions of 

Phosphatidylglycerol with Oligonucleotide DNA Revealed by Molecular Dynamics Method. Biointerface 

Research in Applied Chemistry 2022, 12, 3238–3246, https://doi.org/10.33263/BRIAC123.32383246.   

4. Zhdanov, R.I.; Kern, D.; Lorenz, W.; Ibragimova, M.Y. Lipid and Fatty Acid Profiles of Pseudomonas 

aurantiaca DNA Bound Lipids Determined by Mass Spectrometry Microbiology 2015, 84, 43–49, 

https://doi.org/10.1134/S0026261714060228.      

5. Harvie, P.; Wong, F.M.; Bally, M.B. Characterization of lipid DNA interactions. I. Destabilization of bound 

lipids and DNA dissociation. Biophys J. 1998, 75, 1040-1051, https://doi.org/10.1016/S0006-

3495(98)77593-9.   

6. Wong, F.M.P.; Reimer, D.L.; Bally, M.B. Cationic lipid binding to DNA: characterization of complex 

formation. Biochemistry 1996, 35, 5776–5763, https://doi.org/10.1021/bi952847r.    

7. Singh, J.K.D.; Darley, E.; Ridone, P.; Gaston, J.P.; Abbas, A.; Wickham, S.; Baker M. Binding of DNA origami 

to lipids: maximising yield and switching via strand-displacement. bioRxiv 2020, 128686, 

https://doi.org/10.1101/2020.06.01.128686  

8. M.Y.; Izotova, E.D.; Akberova, N.I. Molecular dynamics and free energy of linoleic acid binding to DNA in 

an aqueous solution. Reports of the Academy of Sciences (Dokl. Biochem. Biophys.) 2012, 446, 223-228, 

https://doi.org/10.1134/S1607672912050043.   

9. Adeleke, V.T.; Adeniyi, A.A.; Lokhat, D. Coagulation of organic pollutants by Moringa oleifera protein 

molecules: in silico approach. Environmental Science: Water Research & Technology 2021, 241, e247, 

https://doi.org/10.1039/D1EW00247C.  

10. Choudhury, C.; Bhardwaj, A. Hybrid Dynamic Pharmacophore Models as Effective Tools to Identify Novel 

Chemotypes for Anti-TB Inhibitor Design: A Case Study With Mtb-DapB. Frontiers in Chemistry 2020, 8, 

596412, https://doi.org/10.3389/fchem.2020.596412. 

11. Bepari, A.K.; Reza, H.M. Identification of a novel inhibitor of SARS-CoV-2 3CL-PRO through virtual 

screening and molecular dynamics simulation. PeerJ 2021, 9, e11261, https://doi.org/10.7717/peerj.11261.  

12. Gurr, M.I.; Harwood, J.L Lipid biochemistry. 4-th Edition. London Chapman and Hall, 1991.  

13. Cassilly, C.; Reynolds, T. PS, It's Complicated: The Roles of Phosphatidylserine and 

Phosphatidylethanolamine in the Pathogenesis of Candida albicans and Other Microbial Pathogens. Journal 

of Fungi 2018, 4, 1-14, https://doi.org/10.3390/jof4010028.  

14. Kingsley, M.I.; Wadsworth, D.; Kilduff, L.P.; Mceneny, J.; Benton, D. Effects of Phosphatidylserine on 

Oxidative Stress following Intermittent Running. Medicine & Science in Sports & Exercise 2005, 37, 1300-

1306, https://doi.org/10.1249/01.mss.0000175306.05465.7e.  

15. Benton, D.; Donohoe, R.; Sillance, B.; Nabb, S. The Influence of Phosphatidylserine Supplementation on 

Mood and Heart Rate when Faced with an Acute Stressor. Nutritional Neuroscience 2001, 4, 169-178, 

https://doi.org/10.1080/1028415x.2001.11747360.  

16. Jorissen, B.; Brouns, F.; Boxtel, M.V.; Riedel, W. Safety of Soy-derived Phosphatidylserine in Elderly 

People. Nutritional Neuroscience 2002, 5, 337-343, https://doi.org/10.1080/1028415021000033802.  

17. Kim, H.-Y.; Huang, B.X.; Spector, A.A. Phosphatidylserine in the brain: Metabolism and function. Progress 

in Lipid Research 2014, 56, 1-18, https://doi.org/10.1016/j.plipres.2014.06.002.  

18. Glade, M.J.; Smith K. Phosphatidylserine and the human brain. Nutrition 2015, 31, 781-786, 

https://doi.org/10.1016/j.nut.2014.10.014.   

19. Bohan, D.; Van Ert, H.; Ruggio, N.; Rogers, K.J.; Badreddine, M.; Aguilar Briseño, J.A.; Elliff, J.M.; Rojas 

Chavez, R.A.; Gao, B.; Stokowy, T.; Christakou, E.; Kursula, P.; Micklem, D.; Gausdal, G.; Haim, H.; Minna, 

J.; Lorens, J.B.; Maury, W. Phosphatidylserine receptors enhance SARS-CoV-2 infection. PLoS Pathog. 

2021, 17, e1009743, https://doi.org/10.1371/journal.ppat.1009743.   

20. Bohan, D.; Maury, W. Enveloped RNA virus utilization of phosphatidylserine receptors: Advantages of 

exploiting a conserved, widely available mechanism of entry. PLoS Pathog. 2021, 17, e1009899, 

https://doi.org/10.1371/journal.ppat.1009899.   

21. Lind, S.E. Phosphatidylserine is an overlooked mediator of COVID-19 thromboinflammation. Heliyon. 2021, 

7, e06033, https://doi.org/10.1016/j.heliyon.2021.e06033.   

22. Xu, Z.-J.; Li, Q.; Ding, L.; Shi,  H.-H.; Xue,  C.-H.; Mao, X.-Z.; Wang, Yu-M.; Zhang, T-T. A comparative 

study of the effects of phosphatidylserine rich in DHA and EPA on Aβ-induced Alzheimer's disease using 

cell models. Food Funct. 2021, 12, 4411-4423, https://doi.org/10.1039/D1FO00286D.   

23. Torres, M.; Parets, S.; Fernández-Díaz, J.; Beteta-Göbel, R.; Rodríguez-Lorca, R.; Román, R.; Lladó, V.; 

Rosselló, C.A.; Fernández-García P.; Escribá P.V. Lipids in Pathophysiology and Development of the 

https://doi.org/10.33263/BRIAC133.287
https://biointerfaceresearch.com/
https://doi.org/10.3390/ani11082400
https://doi.org/10.33263/BRIAC123.32383246
https://doi.org/10.1134/S0026261714060228
https://dx.doi.org/10.1016%2FS0006-3495(98)77593-9
https://dx.doi.org/10.1016%2FS0006-3495(98)77593-9
https://doi.org/10.1021/bi952847r
https://doi.org/10.1134/S1607672912050043
https://doi.org/10.1039/D1EW00247C
https://doi.org/10.3389/fchem.2020.596412
https://doi.org/10.7717/peerj.11261
https://doi.org/10.3390/jof4010028
https://doi.org/10.1249/01.mss.0000175306.05465.7e
https://doi.org/10.1080/1028415x.2001.11747360
https://doi.org/10.1080/1028415021000033802
https://doi.org/10.1016/j.plipres.2014.06.002
https://doi.org/10.1016/j.nut.2014.10.014
https://doi.org/10.1371/journal.ppat.1009743
https://doi.org/10.1371/journal.ppat.1009899
https://doi.org/10.1016/j.heliyon.2021.e06033
https://doi.org/10.1039/D1FO00286D


https://doi.org/10.33263/BRIAC133.287  

 https://biointerfaceresearch.com/ 11 of 11 

Membrane Lipid Therapy: New Bioactive Lipids. Membranes 2021, 11, 919, 

https://doi.org/10.3390/membranes11120919.  

24. Kleywegt, G.J. Crystallographic refinement of ligand complexes. Acta Crystallogr. D. Biol. Crystallogr. 

2007, 63, 94-100, https://doi.org/10.1107/S0907444906022657.   

25. Choudhury, C.; Bhardwaj, A. Hybrid Dynamic Pharmacophore Models as Effective Tools to Identify Novel 

Chemotypes for Anti-TB Inhibitor Design: A Case Study With Mtb-DapB. Frontiers in Chemistry 2020, 8, 

596412, https://doi.org/10.3389/fchem.2020.596412.  

26. Bray, S.A.; Senapathi, T.; Barnett, C.B.; Gruning, B.A. Intuitive, reproducible high-throughput molecular 

dynamics in Galaxy: a tutorial. Journal of Cheminformatics 2020, 12, 54, https://doi.org/10.1186/s13321-

020-00451-6.  

27. McCammon, J.A. Target flexibility in molecular recognition. Biochim. Biophys. Acta 2005, 1754, 221-224, 

https://doi.org/10.1016/j.bbapap.2005.07.041.   

28. Phillips, J.C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R.D.; Kale, L; 

Schulten, K. Scalable molecular dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781-1802, 

https://doi.org/10.1002/jcc.20289.   

29. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general 

amber force field. J. Comput. Chem. 2004, 25, 1157-1174, https://doi.org/10.1002/jcc.20035.    

30. Marion, A.; Gokcan, H.; Monard, G. Semi-Empirical Born-Oppenheimer Molecular Dynamics (SEBOMD) 

within the Amber Biomolecular Package. J. Chem. Inf. Model. 2019, 59, 206-214, 

https://doi.org/10.1021/acs.jcim.8b00605.   

31. Trott, O.; Olson, A.J. AutoDock Vina: improving the speed and accuracy of docking with a new scoring 

function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455-461, 

https://doi.org/10.1002/jcc.21334.    

32. Ferraz, R.A.C.; Lopes, A.L.G.; da Silva, J.A.F.; Moreira, D.F.V.; Ferreira, M.J.N.; Coimbra, S.V.A. DNA–

protein interaction studies: a historical and comparative analysis. Plant Methods 2021, 17, 1-21. 

https://doi.org/10.1186/s13007-021-00780-z.  

33. Balou, S.; Zarkadoulas, A.; Koukouvitaki, M.; Marchiò, L.; Efthimiadou, E.K.; Mitsopoulou, C.A. Synthesis, 

DNA-Binding, Anticancer Evaluation, and Molecular Docking Studies of Bishomoleptic and Trisheteroleptic 

Ru-Diimine Complexes Bearing 2-(2-Pyridyl)-quinoxaline. Bioinorganic Chemistry and Applications 2021, 

2021, https://doi.org/10.1155/2021/5599773.   

34. Chen, H.; Skylaris, C.-K. Analysis of DNA interactions and GC content with energy decomposition in large-

scale quantum mechanical calculations. Phys. Chem. Chem. Phys. 2021, 23, 8891–8899, 

https://doi.org/10.1039/d0cp06630c.   

35. Dickerhoff, J.; Warnecke, K.R.; Wang, K.; Deng, N.; Yang, D. Evaluating Molecular Docking Software for 

Small Molecule Binding to G-Quadruplex DNA. Int J Mol Sci. 2021, 22, 10801, 

https://doi.org/10.3390/ijms221910801.   

36. Dickerhoff, J.; Dai, J.; Yang, D. Structural recognition of the MYC promoter G-quadruplex by a quinoline 

derivative: insights into molecular targeting of parallel G-quadruplexes. Nucleic Acids Res. 2021, 49, 5905-

5915, https://doi.org/10.1093/nar/gkab330.   

37. Coan, K.E.; Yen, T.W.F.; Carr, A.A.; Evans, D.B.; Wang, T.S. Confirmation of Parathyroid Tissue: Are 

Surgeons Aware of New and Novel Techniques? J. Surg. Res. 2020, 246, 139-144, 

https://doi.org/10.1016/j.jss.2019.08.006.    

38. Hosny, N.A.; Sherif, Y. Molecular Docking Study on Some Isonicotinoyl Hydrazide Derivatives as Potential 

Inhibitors of COVID-19. Letters in Applied NanoBioscience 2020, 9, 1217-1224, 

https://doi.org/10.33263/LIANBS93.12171224.   

 

https://doi.org/10.33263/BRIAC133.287
https://biointerfaceresearch.com/
https://doi.org/10.3390/membranes11120919
https://doi.org/10.1107/S0907444906022657
https://doi.org/10.3389/fchem.2020.596412
https://doi.org/10.1186/s13321-020-00451-6
https://doi.org/10.1186/s13321-020-00451-6
https://doi.org/10.1016/j.bbapap.2005.07.041
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1021/acs.jcim.8b00605
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1186/s13007-021-00780-z
https://doi.org/10.1155/2021/5599773
https://doi.org/10.1039/d0cp06630c
https://doi.org/10.3390/ijms221910801
https://doi.org/10.1093/nar/gkab330
https://doi.org/10.1016/j.jss.2019.08.006
https://doi.org/10.33263/LIANBS93.12171224

