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Abstract. Lysine dendrimers could be used in many biomedical applications. For example 
these dendrimers could be used for delivery of short regulatory peptides consisting of several 
aminoacid residues. We investigated earlier interactions between lysine dendrigraft of 2nd 
generation and molecules of KED peptide. In present paper we study interaction of lysine 
dendrimer and molecules of KED peptide. The system containing one dendrimer of 2nd 

generation and 8 molecules of KED in water with explicit account of counterions was studied 
by computer simulation. The method of molecular dynamics was used for this goal. We 
obtained that formation of complex consisting of the dendrimer and all peptide molecules 
occurs during initial time (t < 40 ns) of simulation. The size, anisotropy of shape and radial 
density profile of stable complex (after t > 40ns) were studied also. We have shown that 
formation of complex occurs due to electrostatic interaction between oppositely charged 
dendrimer. At the same time other interactions, for example hydrogen bonds, also give their 
contribution to this process. Stable dendrimer-peptide complex has size close to 1,5nm and 
small shape anisotropy. Density of dendrimer atoms is highest in the centre of complex while 
density of peptides atoms has maximum at radial distance  r=1nm.   It total we have shown  
that lysine dendrimers is suitable carrier for molecules of KED peptide.  

1.  Introduction 
Dendrimers are hyperbranched molecules with regular spherically symmetric branching from central 
core [1]. Different types of dendrimers were  used earlier for multiple biomedical applications [2]. 
Lysine dendrimer consist of many lysine aminoacid residues.  Its terminal residues have positively 
charged amine groups [3] and strongly interact with oppositely charged molecules including  DNA, 
RNA and some peptides.  Molecules of KED peptide (Lys-Glu-Asp) have one positively (Lys) and 2 
negatively (Glu and Asp) charged aminoacid residues [4-5]. This regulatory peptide molecules have 
antioxidant and geroprotective properties. 
The main task of this paper is to perform molecular dynamics simulation of interaction of lysine 
dendrimer with KED molecules and check does complex formation between them occurs. 
 
2. Method and Materials 
2.1 Molecular dynamics method 
We apply molecular dynamics (MD) simulation approach for study the dendrimer-peptide system. 
These method use mechanical bead-spring of bead-rod models of polymers and biopolymers and  was 
described in many paper. Most recent realizations of MD method include the use of standard packages 
with contemporary force fields. Our MD simulation was performed using the GROMACS software 
and one of the most reliable AMBER_99SB-ildn force fields [6,7]. 
 
2.2 Model and details of calculations 
Model system consists of one lysine dendrimer of 2nd generation, 8 KED peptide molecules , water 
molecules and Cl- and Na+ counterions in a cubic cell with periodic boundary conditions. The charge 
of dendrimer termilal groups was equal +16 and charge of each peptide was equal -1. The initial 
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conformation for peptide with peptide dihedral angles of fi, psi and theta corresponding to beta- sheet 
was prepared by Avogadro molecular editor. Peptide molecules were placed near each vertex of the 
periodic cubic cell.  The system was minimized first in vacuum using general AMBER force field and 
later in water using GROMACS and AMBER_99SB-ildn force fields. The details of simulation 
approach used in this paper for lysine dendrimer and peptides were described earlier in several papers: 
on MD and BD simulation of non-charged polymer chains [8-21, linear polyelectrolytes [22-27] as 
well as of dendrimers and other highly branched polymers like hyperbranched polymers [28-53]  or 
polymer brushes [54-57]. In several papers we used for simulation of similar branched polymers the 
numerical calculations on the base of method of self consistent field (SCF) and scaling approach [58-
61]. We used NPT ensemble with pressure 1 ATM and temperature 300 K. For calculation of 
electrostatic interactions we used PME algorithm. 
 
3. Results and discussion 
3.1 Snapshots 
Snapshots of a system consisting of dendrimer of second generation, peptides, ions and water during 
simulation are shown on Fig. 1 (water molecules are not shown for clarity). Atoms of dendrigmer are 
shown as grey beads with diameter equal to their van der Waals radii. Backbones of KED-peptide 
molecules are shown by thick black line. It is easy to see that in the initial conformation (see Fig,1a, at 
simulation time t=0) all peptides are far from dendrimers and from each other. At the same time in 
final conformation (see Fig,1b, after full simulation time t=100ns) all peptides are on surface of 
dendrimer. Thus visual evaluation of this pictures and of  more frequent snapshots made every 10 ps 
of simulation (not shown) demonstrate that at the end of simulation (as well as at all other simulation 
times t>40ps) peptide molecules are attached to dendrimer surface and form stable complex with 
dendrimer.      

 

                                     a                                                                                 b  

Fig. 1. Stages of the complex formation (initial and final) between dendrimer and 8 molecules of KED 
peptide at time: t = 0 (a); t = 100 ns (b). 
 
3.2 Complex formation 
To characterize the size of the subsystem consisting of dendrimer  and peptide molecules we use the 
radius of gyration  Rg(t). We calculate it by g_gyrate function of GROMACS package. It is easy to see  
in Fig.2a that  Rg   value decreases during first 40ns of (see Fig. 2) and after that slightly fluctuate but 
its average value almost does not change with time. It means that process of formation of complex 
between dendrimer and peptide occurs during first 40ns of simulation. At times greater 40ns (in 
interval of time between 40 and 100 ns of simulation) the stable complex already exist.   
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                                         a                                                                        b  
 
Fig. 2. Time dependence Rg(t) for dendrimer DG2+8 molecules of KED peptides (a) and for 
dendrimer DG2 only (b). 
 

The distance beween dendrimer and peptide molecules (fig.2b) also decrease during about 40 ns 
and than goes to plateau value.  This behavior is in agreement with behavior of snapshots and Rg 
values and confirms that complex formation occurs during first 40ns and after this time the stable 
complex is already formed. 

We could  monitor the complex formation also by number of hydrogen bonds (N) between 
dendrimer and peptide molecules. We calculated it using g_hbonds function of GROMACS package. 
The time dependence of this value is shown in Fig. 3a. It is easy to see that N increases during first 
40ns and after that goes to plateau value. The behavior of this function confirms results obtained in 
Fig1 and Fig 2 that complex formation occur during 40ns. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

                                                a                                                                           b 
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Fig. 3.a) Number of hydrogen bonds N between G2 dendrimer  and 8 molecules of KED peptide vs 
time  (b), b) radial density profile p(r) for: all atoms (1), dendrimer atoms (2), peptide atoms in 
complex (3). 

 
3.3 Equilibrium characteristics of complex 
 
We calculated equilibrium characteristics of stable complex using interval of simulation times between 
40 and 100ns. The values of mean square sizes (Rg), main components of inertia tensor (Rg

11, Rg
22 and 

Rg
33) and axial ratio Rg

33/Rg
11 of complex and dendrimer are shown in table 1. 

 
Table 1.Size Rg, main components of inertia tensor Rg11, Rg22 and Rg33 and axial ratio Rg33/Rg11 
 

System Rg
11, 

(nm) 

Rg
22, 

(nm) 

Rg
33, 

(nm) 

Rg, 

(nm) 

Rg
33/Rg

11 

G2+8KED 0,85 1,35 1.43, 1,52 1,68 

G2 0,59 0,89 0,95 1,00 1,61 

 
Comparison of sizes of the complex G2+8KED  and dendrimer G2 (see Table) shows that: 1) size 

of complex is about 1.5 time larger than size of dendrimer.  The shape of the complex  was evaluated 
using  ratio of longest and shortest Rg 33 / Rg11. This ratio is equal 1.68 for dendrimer and 1.61 for 
complex. Thus the anisotropy of shape of dendrimer and complex is close to each other and shapes not 
far from spherical ones.  
We also calculated radial density profile, i.e. distribution of atoms of dendrimer, peptides and all 
atoms relatively center of inertia of dendrimer using g_rdf function of GROMACS (see Fig. 3b). It is 
easy to see that distribution of dendrimer atoms have maximum in the center (close to distance r=0), 
atoms of peptides near r=1nm which is close to distance from center to dendrimer surface. Distribution 
of all atoms of complex is between distribution for dendrimer atoms and for peptide atoms. Thus these 
functions confirm that peptides could not penetrate deeply to center of complex and stay mainly on its 
surface. 
 
4. Conclusion 
In this paper we used MD simulation to study interaction of lysine dendrimer G2 with molecules of 
peptide KED in water and formation of dendrimer-peptide complex. We also have studied its 
equilibrium size and shape as well as radial density profile inside it. We have shown that both 
dendrimer and complex have similar shape close to spherical but radial density distribution for 
dendrimer and peptide molecules are rather different and peptide molecules could not penetrate to core 
of dendrimer. 
 
Acknowledgments 
We performed this work using the HPC computing resources of Lomonosov Moscow State University 
supported by the project RFMEFI62117X0011 [62]. I.N. is thankful for the support of Government of 
Russian Federation (grant 08-08) and RFFI (grant 19-03-00715). 

References 
 
[1] Frechet J.M.J.,Tomalia D.A., 2001, Dendrimers and Other Dendriric Polymers, (West Sussex: 

John Wiley&Sons Ltd.) 
[2] Mendes L.P., Pan J., Torchilin V.P., 2017, Molecules, 22, 1401 



MMCTSE 2019

IOP Conf. Series: Journal of Physics: Conf. Series 1334 (2019) 012012

IOP Publishing

doi:10.1088/1742-6596/1334/1/012012

5

 
 
 
 
 
 

[3] Denkewalter R.G., Kolc J., Lukasavage W.J., US Patent, 1983, № 4410688. 
[4] Kozina L.S., 2008, Antioxidant action of geroprotective peptide bioregulators, dissertation, St. 

Petersburg 
[5] Anisimov V.N., Khavinson V.K., 2009, Biogerontology, 11, 139 
[6] Hess B., Kutzner C., Lindahl E., Spoel, D., 2008, J. Chem. Theor. & Comput., 4, 435 
[7] Hornak V., Abel R., Strockbine D., Okur A Roitberg A., Simmerling C., 2006, Prot., 65, 712 
[8] Gotlib Y.Y., Balabaev N.K., Darinskii A.A., Neelov I.M., 1980, Macromol., 13, 602 
[9] Darinskii A.A., Gotlib, Y.Y. Lyulin A.V., Neelov I.M.,, 1980, Vysokomolek. Soed., A22, 123. 
[10] Gotlib Y.Y., Darinskii A.A., Klushin L.I., Neelov I.M., 1984, Acta Polymerica, 35, 124 
[11] Lyulin A.V.,  Al-Barwani M.S., Allen M.P., Neelov I.M.,  Macromol., 31, 4626-4634 (1998). 
[12] Darinskii A., Gotlib Yu., Lyulin A., Neelov I., 1991, Vysokomolek. Soed.. Ser., 33, 1211 

(transl.:Polym. Sci., 33,1116) 
[13] Darinskii A.A., Gotlib Y.Y., Lyulin A.V., Neelov I.M., 1992, Polym. Sci., 34, 11 
[14] Darinskii A., Lyulin A., Neelov I., 1993,  Makromol. Chem. Theory and Simul. (Macromol. 

Theory and Simul.), 2,  523 
[15] Darinsky A., Gotlib Y., Neelov I. et al, Application of Scattering  Methods to the Dynamics of 

Polymer Systems, 1993, Progr. in  Coll. and Polym. Sci., 91, 13 
[16] Darinskii A.A., Zarembo A., Balabaev N.K., Neelov I.M., Sundholm F., 2003, 

Phys.Chem.Chem.Phys., 5, 2410  
[17] Neelov I.M., Adolf D.B.,  Lyulin A.V. et al,  2002, J. Chem. Phys., 117, 4030 
[18] Neelov I.M., Adolf  D.B., McLeish T.C.B., Paci E., 2006, Biophys. J., 91, 3579 
[19] Falkovich S.G., Neelov I.M., Darinskii A.A., 2010, Polym. Sci. Ser. A, 52, 662 
[20] Yudin, V.E., Dobrovolskaya I.P., Neelov I. M., et al, 2014, Carbohydrate  Polymers,  108, 176 
[21] Gowdy, J., Batchelor, M., Neelov, I., Paci, E., 2017, J. Phys. Chem. B, 121, 9518 
[22] Ennari J., Neelov I., Sundholm F., 2000, Polym. (Netherlands), 41, 4057 
[23] Ennari J., Elomaa M., Neelov I., Sundholm F., 2000, Polym. (Netherlands),  41, 985 
[24] Ennari J., Neelov I., Sundholm F., 2000, Comput. Theor. Polym. Sci.,10, 403 
[25] Ennari J., Neelov I., Sundholm F., 2000, Polym. (Netherlands),  41, 2149 
[26] Ennari J., Neelov I., Sundholm F., 2001, Polym. (Netherlands), 42,  8043 
[27] Ennari J., Neelov I., Sundholm F., 2004, Polym. (Netherlands), 45, 4171 
[28] Sheridan P.F., Adolf D.B., Lyulin A.V., Neelov I.M., et al , 2002, J. Chem. Phys., 117, 7802 
[29] Neelov I.M., Adolf D.B., 2003, Macromol., 36, 6914 
[30] Neelov I.M., Adolf D.B., 2004, J. Phys. Chem. B, 108, 7627 
[31] Mazo M.A., Shamaev M.Y., Balabaev N.K, Neelov I.M., 2004, Phys. Chem. Chem. Phys., 1285 
[32] Neelov, I. M.; Janaszewska, A.; Klajnert, et al, 2013, Curr. Med. Chem., 20, 134 
[33] Falkovich S.G., Markelov D., Neelov I., 2013, J. Chem. Phys., 139, 064903 
[34] Neelov I.M., Markelov D.A. , Falkovich S.G. , et al, 2013, Vysokomolec. Soed. Ser. A , 55, 963 
[35] Neelov, I. M., Markelov D.A, Falkovich S.G., et al, 2013, Polym. Sci., 55, 154 
[36] Neelov, I., Markelov D., Falkovich S.G.,, et al 2013, Dendrimers in Biomedical Applications, 

(London: RSC),  99-114 
[37] Markelov D.A., Falkovich S.G.,, Neelov, I. M., et al, 2015, Phys. Chem. Chem. Phys., 17, 3214 
[38] Sheveleva N.N., Markelov D.A., Tarasenko I.I., Neelov I.M., 2018, Sci. Rep.,8, 8916 
[39] Sheveleva N.N., Markelov D.A., Vovk M.A., Tarasenko I.I, Neelov I.M., E.Lähderanta, 2018, 

RSC Adv. 9, 18018 
[40] Sheveleva N.N., Markelov D.A.,  Vovk M.A., Tarasenko I.I, Mikhailova M.E., Ilyash M.Yu., 

Neelov I.M., 2019, Molecules, 24 2481 
[41] Okrugin B., Ilyash M., Markelov D., Neelov I., 2018, Pharmaceutics,10, 129  (2018)  
[42] Neelov, I. M., O.V. Shavykin, Ilyash M.Y., et al, 2018, Supercomputing Frontiers and 

Innovations, 5, 60 
[43] Popova E., Okrugin B., Neelov I., 2016, Natural Science, 8, 499   
[44] Neelov I.M., Popova E.V., 2017, Int. J. Biol. Biomed., 2, 6      



MMCTSE 2019

IOP Conf. Series: Journal of Physics: Conf. Series 1334 (2019) 012012

IOP Publishing

doi:10.1088/1742-6596/1334/1/012012

6

 
 
 
 
 
 

[45] Neelov I., Popova E., 2017,  Int. J. of Materials, 4, 16-21 
[46] Neelov I., Popova E., Khamidova, D. Tarasenko I., 2017, Int. J. Biol. Biomed. Eng. 11, 194 
[47] Neelov I., Popova E., Khamidova D., Komilov F., 2017, Int. J Biol. Biomed. Eng. 11, 95 
[48] Khamidova D.N.,Bezrodnyi V.V.,Neelov I.M.,Popova E.V.,2018,Int.J.Biol.Biomed.Eng. 12, 45 
[49] Khamidova D.N.,Bezrodnyi V.V.,Neelov I.M.,Popova E.V.,,2018,Int.J.Biol.Biomed. Eng. 12, 7 
[50] I.Neelov,D.Khamidova, V.Bezrodnyi,S.Mikhtaniuk, 2019, Int. J Biol. and Biomed. Eng. 13, 26 
[51] Popova E., Khamidova D., Neelov I., et al 2018 Chapter 3. “Lysine Dendrimers and Their 

Complexes with Therapeutic and Amyloid Peptides: Computer Simulation”, in “Dendrimers 
Fundamentals and Applications”,( IntechOpen), 29-45.        

[52] Shavykin O.V., Neelov, I. M.,   Darinskii A.A., 2016, Phys. Chem. Chem. Phys., 18, 24307 
[53] Shavykin O.V., Mikhailov I.V., Neelov I.M., et al, 2018, Polym. (Netherland), 146, 256.     
[54] Neelov I.M., Binder K., 1995, Macromol. Theory and Simul., 4,  1063 
[55] Neelov I.M., Binder K., 1995, Macromol. Theory and Simul., 4, 119 
[56] Neelov I.M., Borisov O.V., Binder K., 1998, Macromol. Theory and Simul., 7, 141. 
[57] Neelov I.M., Borisov O.V., Binder K., 2018, J. Chem. Phys., 108, 6973 
[58] Okrugin B.M., Neelov I.M., Leermakers F.A.M.,  Borisov O.V., 2017, Polym. ( Netherland), 

125, 292  
[59] Shavykin O.V., Leermakers F.A.M., Neelov I.M., et al,  2018, Langmuir, 34, 1613 
[60] Okrugin B.M., Richter R.P., Leermakers F.A.M., Neelov I.M., Borisov O.V.,  Zhulina E.B.,  

2018, Soft Matter, 14, 6230 
[61] Zhulina E.B., Neelov I.M., Sheiko S.S., Borisov O.V., 2018, Polym. Sci., Ser. C, 60, 76. 
[62] Sadovnichy V., Tikhonravov A., Voevodin V., Opanasenko V., 2013, Contemporary High 

Performance Computing: From Petascale toward Exascale, (Boca: Raton), 283 
 
 
 


