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Abstract — Biocompatible peptide dendrimers and
dendrigrafts have useful properties for application in
biomedicine. In previous papers the computational
approach for study lysine dendrimers and
dendrigrafts as well as their complexes with various
medical peptides was used. In this paper the
comparison of complex formation between molecules
of therapeutic AEDG tetrapeptide and novel K2R
peptide dendrimer or DG2 dendrigraft of near the
same size and charge was fulfilled. The systems
consisting of 16 therapeutic AEDG tetrapeptide
molecules and one dendrimer or one dendrigraft were
studied by molecular dynamics simulation. Full
atomic models of these molecules in water with
explicit counterions were used for this goal. First of
all, the process of complex formation was studied. It
was obtained that peptide molecules were attracted by
both branched molecules and were quickly adsorbed
by them. Times of complexes formation as well as size,
anisotropy and structure of each complex were
calculated. It was demonstrated that both K2R
dendrimer and DG2 dendrigraft are effective for
complexation of these peptide molecules but new
dendrimer complex is more stable than dendrigraft
complex because it has almost twice more hydrogen
bonds with peptide molecules and 33% more ion pairs
with their charged groups.

Key-Words: - AEDG tetrapeptide, complex, K2R
peptide dendrimer, lysine dendrigraft.

I. INTRODUCTION
It is well known that therapeutic peptide (AEDG)
consisting of 4 aminoacid residues Ala-Glu-Asp-Gly has
neuroprotective properties [1-3]. But since it has a
negative charge, it is difficult for it to penetrate cell
membranes that have a charge of the same sign.
Elaboration of novel carriers for gene and drug delivery
is important direction in pharmaceutics now. Highly
branched molecules including dendrimers and
dendrigrafts are good candidates for this goal. Lysine
dendrimers [4] are well known regularly branched
molecules with single branching center (core).
Dendrigrafts are also highly branched molecules but they
have several branching cores located on very short linear
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peptide chain. Lysine dendrigrafts are not as regular
molecules as lysine dendrimers but their 3d structure is
similar with that of dendrimers. These branched
molecules could be functionalized by other aminoacid
residues (for example by arginine or histidines) or by
short peptides or by other bioactive groups or molecules
[5-8]. Usually, functionalization is carried out for the
terminal groups of dendrimers and dendrigrafts [9], but
here the functionalized of dendrimer volume was done.
The pairs of arginine residues (2Arg) were inserted
between all adjacent branch points of a conventional
lysine (Lys (or K in one letter notation)) dendrimer
resulting in a peptide dendrimer with a Lys2Arg (K2R in
one letter notation) repeating branched unit.

Both lysine peptide dendrimers and lysine dendrigrafts
have many positively charged groups. That’s why they
are suitable for use as antiviral and antibacterial drugs
[10,11] and in drug and gene delivery.

Main aim of our paper is to study complex formation and
structure of complex made by K2R dendrimer or lysine
dendrigraft with AEDG tetrapeptide molecules.

II. METHOD of MOLECULAR DYNAMICS
The method of molecular dynamics (MD) is widely used
for study all biopolymer systems including proteins,
peptides, DNA and RNA as well as different
polysaccharides and lipid membranes. This method uses
numerical solution of Newton equations for each atom of
simulated system.
In this paper MD simulation was performed for systems
containing lysine dendrigraft or lysine dendrimer and 16
AEDG peptides. Dendrigraft of second generation DG2
has charge +48 (48 charged NH3+ groups), K2R peptide
dendrimer of similar molecular mass has repeatimg units
K2R (lysine-2arginine) and charge +44 (+28 from
internal arginine aminoacid residues and +16 from 16
lysine terminal groups). Each of 16 AEDG peptides has
charge -2 (consisting of charge —1 of COO- side group of
Glu (E) and Asp (D) aminoacid residues). Periodical
cubic simulation cell filled by water with addition of
counterions to keep system electroneutral was used.
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Figure 1. Snapshots of conformations at a) initial time
(t=0) and after time b) t=4ns and ¢) t=10ns of simulation
of lysine dendrigraft of generation G=2 (DG2) and 16
AEDG tetrapeptides. Dendrigraft is marked by black
color and tetrapeptides by different colors.

The initial conformations of lysine dendrigraft DG2 and
K2R dendrimer were chosen from our previous MD
calculations of single DG2 or K2R branched molecule in
water (no tetrapeptide molecules). For all tetrapeptide
molecules the same initial conformation (dihedral angles
corresponding to beta-sheet conformation of main peptide
chain of all aminoacid residues) was prepared using
molecular editors. Initial energy minimization and all MD
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Figure 2. Snapshots of conformations at (a) initial time
(t=0) and after time b) t=10ns and c) t=25ns of simulation
of dendrimer of generation G=2 (K2R) and 16 AEDG
tetrapeptides. Dendrigraft atoms are shown as beads of
different color.

calculations use GROMACS package and
AMBER99SB-ildn version of forcefields [13].

LINCS algorithm to constraint all valence bonds and
particle mesh Ewald algorithm (PME) for -correct
calculation of electrostatic interactions in systems with
periodical boundary conditions were used in all
simulations. All calculations consisted of 100-200ns

trajectories for both systems and have shown that

[12]
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equilibration in both of them occur very quickly. Thus,
we divided full trajectory for two parts: initial part for
complex formation and second part for calculation of
equilibrium properties (size, shape and internal structure)
of complex. In all MD calculations the NPT ensemble
was used. Temperature was equal 300 K and pressure
was equal 1 ATM.

The main details about MD sinulation of linear
polyelectrolytes is described in [14, 15, 17]. Similar
information about MD simulation of lysine dendrimers
could be found in [39-40] and information about MD
simulation of new peptide dendrimers could be found in
papers [60-62].

Futher information on simulation of linear polymers and
polyelectrolytes [14-35], branched and hyperbranched
polymers [36-62] and complexes of branched molecules
with peptides [63-70] have been described earlier and
could be found there.

III. COMPLEX FORMATION

Snapshots of DG2 dendrigraft with tetrapeptide
molecules as well as K2R dendrimer with the same
tetrapeptide molecules at different time moments are
shown on Fig. 1 and Fig.2, correspondingly (water and
counterion molecules are not shown for clarity. It is
clearly seen that at the beginning of simulation (Fig. la
and Fig.2a) all peptide molecules are far from dendrigraft
and dendrimer correspondingly. After short simulation
time (t=4ns in Fig.1b and t=10ns in Fig. 2b) almost all
molecules of tetrapeptide are adsorbed and after t equal
10ns and 25ns correspondingly (Fig.lc and Fig. 2c) all
tetrapeptide molecules are adsorbed completely.

To characterize the size of the subsystem consisting of
DG2 dendrigraft or K2R dendrimer together with
tetrapeptide molecules the instant square of radius of
gyration Rg2(t) was used. The value of instant radius of
gyration Rg were calculated using g_gyrate function of
GROMACS package.

The time dependences of Rg(t) for these subsystems
describe the process of equilibration and demonstrates the
kinetics of complex formation (if formation of complex
occurs). It can be seen from Fig. 3a and Fig4a, that in the
beginning of simulation (t=0) the value of Rg is rather
large for both subsystems. After that the radius of
gyration of the subsystems become smaller and smaller
because It is easy to see that at the beginning of
simulation this function is equal 0 in both systems
because tetrapeptide molecules are far from dendrigraft or
dendrimer and due to this reason do not have contacts
with them. When some tetrapeptide molecules become
closer to dendrigraft or dendrimer the first contacts
between them appears and number of hydrogen bonds
increase with time. peptide molecules are attracted by
dendrigraft and dendrimer and become more and more
close to it due to strong intermolecular interactions. The
slope of initial part of time dependence of Rg(t) where it
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decreases with time could characterize the rate of
complex formation. After initial decrease, the value of
Rg(t) fluctuates but its average value practically doesn’t
change with time. It means that Rg(t) goes to plateau
value because all peptide molecules become adsorbed on
dendrigraft surface. It occurs at time about 10 ns in Fig.
3a and 25 ns in Fig.4a correspondingly.

The time dependences of distance between K2R
dendrimer or dendrigraft and peptide molecules (Fig.3b
and Fig.4b, correspondingly) also demonstrates how
quickly peptide molecules become adsorbed by
dendrigraft and dendrimer. Function “distance” was
calculated using g _bond function of GROMACS
package. Its behaviour is similar to that of radius of
gyration (see previous plots Fig.3a and Fig.4a). The
distances again are rather big at the beginning of
simulation than they quickly decrease during first 10 ns
and 25ns correspondingly and after that go to plateau.
Thus the time dependence of distance is similar with
behavior of radius of gyration for each system. Due to
this reason one can assume that after first 10ns and 25 ns
correspondingly both systems are close to equilibrium
statet  and  calculate  equilibrium  values  of
Rg=sqrt(<Rg?(t)> (where <> mean average on
equilibrium (plateau) and mean square distances between
dendrigraft or dendrimer using second part of trajectory
(for example, time t>30ns).

Another quantity that can demonstrates kinetic of
complex formation and confirm that the dendrigraft or
K2R dendrimer adsorbs tetrapeptide molecules is
the time dependence of number of hydrogen bonds
between dendrigraft or dendrimer and peptide molecules.
This characteristic was calculated using g hbonds
function of GROMACS package (Fig.3c and Fig.4c for
dendrigraft-tetrapeptides and dendrimer- tetrapeptides,
correspondingly).

Another quantity that can demonstrates kinetic of
complex formation and confirm that the dendrigraft or
K2R dendrimer adsorbs tetrapeptide molecules is the
time dependence of number of hydrogen bonds between
dendrigraft or dendrimer and peptide molecules. This
characteristic was calculated using g_hbonds function of
GROMACS package (Fig.3c and Fig.4c for dendrigraft-
tetrapeptides and dendrimer- tetrapeptides,
correspondingly). It is easy to see that at the beginning of
simulation this function is equal 0 in both systems
because tetrapeptide molecules are far from dendrigraft or
dendrimer and due to this reason do not have contacts
with them. When some tetrapeptide molecules become
closer to dendrigraft or dendrimer the first contacts
between them appears and number of hydrogen bonds
increase with time. After time t become close to 10 ns for
dendrigraft and about 25ns for dendrimer this function
goes to almost its maximum value for the first time
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Figure 3. a) Time dependences of: a) gyration radius Rq
of dendrimer (black) & complex (red) (b) distance d and
(c) number of H-bonds (nHb) between DG2 dendrigraft
and tetrapeptide molecules.

because all peptide molecules are already in contact with
dendigraft. At larger times the number of hydrogen bonds
fluctuates (due to rearrangement of tetrapeptide
molecules on surface of dendrigraft/dendrimer) but its
average values almost don’t change with time. It means
that these characteristics reached their plateau value for
each system (near 50 and 100 H-bonds correspondingly)
and become close to their equilibrium values.

IV. EQUILIBRIUM COMPLEX
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Figure 4 a) Time dependences of: a) gyration radius Rq of
dendrimer (black) & complex (red), (b) distance d and,
(c) number of H-bonds (nHb) between K2R dendrimer
and tetrapeptide molecules.

Equilibrium values of Rg of DG2 dendrigraft or
K2Rdendrimer and their components in complexes (see
also Fig3a and Fig4a and more detailed information about
Rg for similar dendrimer-peptide complexes [67-71]).

The shape anisotropy calculated as ratio Rg®/Rg!! of
longest Rg* and shortest Rg!! axes of equivalent ellipsoid
of branched molecules and complexes as a whole are
shown in table 1. The size of free DG2 dendrigraft and
R2K dendrimer in water are equal 1.8 nm and 2.0 nm
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correspondingly. Thus, their sizes in complex are 1.18
and 1.40 times less in complexes with the same
tetrapeptides than in free state in water. It means that
dendrimer in complex is more compacted than
dendrigratft.

Table 1. Values of Rg!!, Rg??, Rg**, Ry (nm) and anisotropy
for dendrigraft DG2 and its complex with 16AEDG and
for dendrimer K2R and its complex with 16AEDG
peptide molecules.

System R/ R2 R® R, RAR,!
DG2 1.05 129 138 153 1.3l
DG2 +16AEDG 121 144 157 173 1.30
K2R 091 123 130 142 143
K2R+16AEDG  1.00 129 139 151 1.39

It is easy to see that the size of the complex of DG2
with 16 AEDG peptide molecules is 1,13 times larger
than the size of the dendrigraft DG2 in the complex. At
the same time the size of dendrimer-terapeptides complex
is only 1,05 times greater than size of dendrimer. It
means that peptide molecules are slightly closer to center
of dendrimer than to center of dendrigraft. These result
correlates also with the 1.15 greater size of complex with
dendrigraft than complex with dendrimer.
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Figure 5 a) Radial density) of complex (3), DG2
dendrigraft (2) and peptides (1) and b) Binary function:
NH3+ groups of dendrigraft and COO- groups of
tetrapeptides.
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The shape of dendrigraft and dendrimer in both
complexes and of the complexes as a whole can be
evaluated by ratio of main largest and smallest
components (Rg33/ Rgll) of equivalent ellipsoid for
given system. For dendrigraft DG2 this value is equal to
1,31 and for dendrimer in complex it is equal 1.43, For
the complex of DG2 and 16 AEDG peptides it is equal to
1,30 and for complex with dendrimer it is equal 1.39.
Thus, the shapes of dendrigraft in complex and of its
complex and dendrimer in complex and of its complex
are very close to each other. Dendrimer and its complex
slightly more anisotropic than dendrigraft and its
complex. But the shape in all cases only slightly deviates
from spherical shape so it is possible to treat both
dendrigraft and dendrimer and their complexes as nearly
spherical objects in the rest of the paper and study their
radial density distribution functions.

Information about the internal structure of the
equilibrium complex could be obtained using radial
density distribution function of different subsystem of
atoms relatively center of inertia of system r. These
dependences were calculated using g rdf function of
GROMACS package.
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Figure 6 a) Radial density of complex (3), K2R
dendrimer (2), peptides (1), b) Binary function positively
charged groups of K2R and COO- groups of
tetrapeptides.
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Fig.5a and Fig.6a demonstrates that atoms of dendrigraft
and dendrimer (curve 2, Fig.5a and Fig.6a) are located
mainly in the center of the complex (close to radial
distance r=0). The radial distribution of the dendrigraft
density is close to the distributions obtained earlier in
separate dendrimers and dendrigrafts of the 2nd
generation in water and in their complexes with
oppositely charged oligopeptides. At the same time, the
density distribution of the new arginine-containing K2R
dendrimer is extremely unusual. Earlier, neither for
individual lysine dendrimers and dendrigrafts of the 2nd
generation in water nor for their complexes with opposite
peptides was it possible to obtain such a pronounced
minimum of the radial density of distribution of
dendrimer atoms in the complex. This result can be
explained by the fact that in conventional lysine
dendrimers, only terminal lysine amino acid residues are
charged, and the inner part of the dendrimer is rather
hydrophobic. Therefore, water molecules cannot
penetrate deeply into lysine dendrimer. In the new K2R
peptide dendrimer, hydrophilic arginine spacers are
inserted between all internal branch points of the
dendrimer. This leads to an increase in the hydrophilicity
of the dendrimer and a greater penetration of water
molecules into the dendrimer and a decrease in the
density of atoms of the dendrimer in the complex. Peptide
atoms (curve 1) could penetrate into dendrimer and there
is wide plateau of density for them in both complexes
between r=0.5nm and 1.5nm from center of dendrigraft or
dendrimer. Due to positive charge of internal arginine
spacers in K2R dendrimer the density of tetrapeptides
(curve 1) is greater inside it than in dendrigraft.

The other characteristic of interaction between
dendrigraft and peptides in complexes is the pair
distribution function between positively charged groups
of dendrigraft or dendrimer and negative (COO-) groups
of peptide molecules as function of distance between
them. Fig. 5b and Fig.6b shows these dependences. It is
clearly seen from fig.5 that there is a sharp peak (curve
1), corresponding to the direct contact (ion pairs) between
positively charged groups of dendrigraft or dendrimer
and negatively charged COO- groups of in tetrapeptide
molecules. Big peak in curve 1 confirms the stable strong
electrostatic  interactions between dendrigraft or
dendrimer and tetrapeptide molecules and their great
contribution to stabilization of both complexes. Because
this peak is about 1.33 times higher for K2R dendrimer it
has more ion pairs and thus more stable complex.

V. CONCLUSION
The process of complex formation of 16 AEDG peptide
molecules with lysine dendrigraft or with K2R dendrimer
of similar molecular mass and charge was studied. It was
shown that stable dendrigraft-tetrapeptide and dendrimer-
tetrapeptide complexes were formed very quickly.
General structure of complex is similar for both systems:
dendrimer/dendrigraft atoms stay mainly in center of
complex while tetrapeptide atoms are closer to its
surface. In this article, it was shown for the first time that
the atomic density of a peptide dendrimer with positively
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charged arginine spacers in a complex with oppositely
charged tetrapeptides can have a pronounced minimum.
Radial density distribution of AEDG tetrapeptide
molecules in dendrigraft and dendrimer complexes also
have rather unusual broad plateau range between r=0.5
nm and 1.8 nm relatively center of complex. The
complexes exist in both cases due to strong electrostatic
interactions. In particular there are strong contacts.due to
hydrogen bonds (with twice more H-bonds in complex
with new dendrimer than in complex with dendrigraft).
Ionic pairs between dendrigraft or dendrimer positive
charges and COO- groups of tetrapeptide molecules give
another important contribution to stability of complexes
(with about 1.7 times higher first peak for new dendrimer
complex in comparison with dendrigraft complex). Thus,
it was obtained that complex of tetrapeptide molecules
with dendrimer K2R is more stable than with dendrigraft
of second generation having similar molecular mass and
charge. It means that branched polymers with charged
internal spacer are better suited to deliver oppositely
charged drug molecules. This result can be used to
improve the delivery of such drugs.
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