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Abstract

:

New peptide dendrimer with Lys-2Arg repeating units was recently studied experimentally by NMR (RSC Advances, 2019, 9, 18018) and tested as gene carrier successfully (Int. J. Mol. Sci., 2020, 21, 3138). The unusual slowing down of the orientational mobility of 2Arg spacers in this dendrimer was revealed. It has been suggested that this unexpected behavior is caused by the Arg-Arg pairing effect in water, which leads to entanglements between dendrimer branches. In this paper, we determine the reason for this slowing down using atomistic molecular dynamics simulation of this dendrimer. We present that the structural properties of Lys-2Arg dendrimer are close to those of the Lys-2Lys dendrimer at all temperatures (Polymers, 2020, 12, 1657). However, the orientational mobility of the H-H vector in CH   2  -N groups of 2Arg spacers in Lys-2Arg dendrimer is significantly slower than the mobility of the same vector in the Lys-2Lys dendrimer. This result is in agreement with the recent NMR experiments for the same systems. We revealed that this difference is not due to the arginine-arginine pairing, but is due to the semiflexibility effect associated with the different contour length from CH   2  -N group to the end of the side arginine or lysine segment in spacers.
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1. Introduction


Dendrimers are regular polymers branched from a single core. Their repeating units have a fork-like structure, they usually have two (rarely three or more) prongs [1,2,3]. For these reasons, the number of atoms in each next generation is doubled (or tripled), and the dendrimers have an almost spherical shape and many terminal groups available for functionalization. These structural features of dendrimers have led to their widespread use in industry and biomedicine [4,5]. The most popular dendrimers are polyamidoamine (PAMAM), peptide, polypropyleneimine (PPI)) and carbosilane [6,7,8,9]. One of the most important applications of dendrimers in medicine is their use as carriers of drugs [10] and genetic material [11] for gene therapy [12,13]. Gene delivery can be performed using viral [14] or non-viral [15] carriers. The first non-viral carriers were linear cationic homopolymers, block-copolymers [16] and liposomes [17] based on cationic lipids. Cationic polysaccharides [18] and cationic peptides [19,20] were also used for this purpose. In particular, peptides and other polymers enriched with positively charged aminoacid residues such as lysine [21,22], arginine [18], and histidine [23] are popular delivery vehicles.



Synthetic dendrimers (PAMAM, PPI, and others) with positively charged groups have been used in gene delivery for a long time [24,25,26]. To improve gene delivery properties, the terminal groups of dendrimers were sometimes functionalized with charged aminoacid residues, for instance with lysine, arginine and histidine [27]. Lysine dendrimers consisting only of lysine aminoacid residues were used for this purpose as well [28,29,30,31,32,33,34]. Lysine-based dendrimers with terminal lysine residues replaced to arginine or histidine aminoacid residues were also tested as drug and gene carriers [35,36,37,38]. Lysine dendrimers with short terminal peptides were used as multiple antigen peptides (MAPs) [39].



The experimental study of the size of lysine dendrimers in dimethylformamide solvent was carried out in the early 1980s [40,41]. Later, the properties of these dendrimers were studied in water [31,42,43]. The molecular dynamics (MD) simulations of lysine dendrimers have been performed [43,44,45,46,47]. The structure and mobility of lysine dendrimers of different generations have been studied.



Peptide dendrimers were synthesized shortly after the synthesis of lysine dendrimers. Unlike lysine dendrimers, they can consist of any aminoacid residues. More often one, two, or three amino acid residues or short peptide fragments are attached to the terminal groups [35,36,37,38,39] or sometimes they are inserted between neighboring branching points as spacers in regular lysine dendrimers [39,42,48,49,50,51] or even in the dendrimer core.



Recently new lysine-based peptide dendrimers with repeating units Lys-2Lys, Lys-2Gly, Lys-2Arg, Lys-2His, which consist of lysine branching points and dipeptide spacers (2Lys, 2Gly, 2Arg, 2His) between them have been synthesized and studied by NMR [52,53,54]. The unexpected slowing down of the orientational mobility of the side CH   2   groups in 2Arg spacers [53] was found. Applications of these dendrimers for siRNA delivery have been studied as well [55,56]. It was shown that the Lys-2Arg dendrimer is better carrier of genetic material than the Lys-2Gly or Lys-2Lys dendrimers. The authors of the paper [53] suggested that the slowing down of the mobility of the side groups in spacers of Lys-2Arg in comparison with Lys-2Lys is due to the arginine-arginine pairing effect (which is well known for linear arginine peptides [57,58]).



In the literature there are examples of computer simulation of peptide dendrimers using MD [59,60,61], Brownian dynamics (BD) [62,63,64] and numerical self-consistent field (SCF) methods [65,66,67].



The main goal of this work is to perform MD simulation of the Lys-2Arg dendrimer to study its structural and dynamical properties. We compare the simulation data with the results of the NMR study of this dendrimer [53] and with simulation [61] and NMR results [52] for the Lys-2Lys dendrimer to understand the reason for the experimentally observed difference in the mobility of side groups of 2Arg and 2Lys spacers in the Lys-2Lys and Lys-2Arg dendrimers which have the same backbone and similar distribution of charges along it [52,53,54].




2. Materials and Methods


The peptide dendrimer of the second-generation with Lys-2Arg repeating units was studied by the molecular dynamics method. We used the full atomic model of this dendrimer shown in Figure 1. The characteristics of the Lys-2Arg dendrimer are provided in Table 1. The Lys-2Arg dendrimer has an alanine-lysine core (marked by green color in Figure 1), a backbone formed by the main peptide chain of Lys-2Arg repeating units (black), and terminal lysine segments (red). The number of repeating units   N  i n s    is equal to 28 and the number of terminal NH   3 +   groups   N  e n d    is 16. The bulky charged side segments of 2Arg spacers are marked by violet. The cationic Lys-2Arg was placed in a cubic box with periodical boundary conditions filled by water and Cl-counterions. The bare charge of the dendrimer (   Q  b a r e   = + 44  ) consists of the sum of the charge of terminal lysine groups (   Q  e n d   = + 16  ) and the charge of 2Arg spacers (   Q  i n s   = + 28  ). The number of counterions is equal to 44 (see Table 1).



The Gromacs package [68] and the AMBER-99SB-ILDN force field [69] were used in all molecular dynamics simulations. We have used the computer programs to calculate the characteristics of our dendrimer as described in our previous papers on simulation of linear polymers and polyelectrolytes, polymers brushes [70], AFM of linear biopolymers [71], dendrimers and hyperbranched polymers in shear and elongational flow [72,73] and cyclization of linear peptides [74].



The preparation for the simulation consisted of several stages including optimization of the initial molecular structure without solvent and its equilibration in water using several MD simulations runs with different timesteps. This preparation is described in detail [61]. The final MD simulations were carried out with an integration step of 1 fs to get the productive trajectory. The NPT ensemble was implemented via the Nose-Hoover thermostat (at constant temperatures of 280, 290, 300, 310, 320 and 340 K) with the time constant  τ  = 0.4 ps [75] and the Parrinello-Rahman barostat [76] with  τ  = 0.5 ps and with the compressibility of water, weakly dependent on temperature [77]. Four sequential 250 ns simulation runs (1000 ns in total) were carried out at each temperature. The coordinates of the system were saved to a file every 100 fs for further processing.




3. Results


3.1. The Global Characteristics


To characterize the statistical and dynamical behavior of the dendrimer as a whole we calculated its size and shape as well as the time correlation functions of the size fluctuation and the rotation as a whole. The mean-squared radius of gyration   R g   is one of the parameters for estimating the characteristic size of the dendrimer. We can obtain   R g   using static light scattering, small angle neutron scattering and small angle X-ray scattering. In simulation   R g   can be calculated as


   R g  =    1 M   ∑ i   m i   r i 2    ,  



(1)




where   M ,   m i    are the molecular masses of the dendrimer and its i-th atom, correspondingly, and   r i   is the distance from the i-th atom to the center of mass of the dendrimer. In accordance with the physical meaning of   R g   (Equation (1)), it provides information about the distribution of the mass of a dendrimer around its center of mass (the larger   R g  , the lower the rotation time of the dendrimer as a whole).



Equation (1) was used to calculate the instant size of the dendrimer in each time moment (saved every 100 ps in corresponding frames of 1000 ns trajectory file). The time dependence of the radius of gyration shows the pulsation of the dendrimer size (see Figure 2a). It can be seen from that the size fluctuates between 1.7 nm and 2.3 nm. These fluctuations practically do not depend on temperature (not shown) and are similar to those of the Lys-2Lys dendrimer [61].



The fluctuations in the radius of gyration indicate that the dendrimer is not a rigid spherical object with a constant radius, but is a molecule with a radius that pulsate in a rather wide range. This pulsating process can be described using the time autocorrelation function that characterizes the correlation of dendrimer sizes


   C  R g 2    ( t )  =    〈  R g 2   ( τ )  ·  R g 2   ( τ + t )  〉  −   〈  R g 2  〉  2     〈  R g 4  〉  −   〈  R g 2  〉  2     



(2)







The comparison of the functions    C  R g 2    ( t )    for Lys-2Arg (solid black curve) and for Lys-2Lys (dashed black curve) is shown in Figure 2b. It is easy to see that this function for Lys-2Arg decreases with time slower than for the Lys-2Lys dendrimer. We will discuss this question in more detail later.



The rotation mobility of the dendrimer can be estimated using the first-order orientational autocorrelation function (ACF)


   P 1  r o t    ( t )  =    r ( t ) · r ( 0 )    r ( t )   r ( 0 )      



(3)




and the second-order orientational ACF


   P 2  r o t    ( t )  =  3 2      r ( t ) · r ( 0 )  2     r ( t )  2    r ( 0 )  2     −  1 2   



(4)




of the core-to-end vector (the vectors   r ( t )   connect the first branching point in the core of the dendrimer and the C atoms of its terminal NH   3 +   groups). To obtain better statistical results we calculated the orientational ACFs (Equations (3) and (4)) for each of sixteen   r ( t )   vectors (to each terminal group). The averaged time dependencies of these ACFs for Lys-2Arg and Lys-2Lys are shown in Figure 2b. We can see the similar behavior of these curves.



The rotation time of the dendrimer as a whole can be estimated as time   τ  r o t   P 1    where the function    P 1  r o t    ( t )    decays in e times. The rotation times   τ  r o t   P 1    obtained for the dendrimer as a whole are presented in Table 2. For both dendrimers, the rotation time decreases with increasing temperature. The difference in the rotation times of these two dendrimers does not exceed 10 percent, which is close to the calculation error of this value. This means that the global rotational motion of the dendrimer as a whole is very similar for both dendrimers.



For discussion of the rotation of the dendrimer as a whole, it is important to know the shape of the rotating object. The shape of the object is also important in practical applications. For example, it is well known that the penetration of rod-shaped molecules and spherical molecules through cell membranes is different [78]. Many simulation works have shown that the dendrimers of the small generations are asymmetric, but become more spherical as the number of generations increases [79,80,81]. The dendrimer shape can be evaluated using the asphericity parameter  α  according to the following formula [80,82,83]


  α = 1 − 3    I x   I y  +  I x   I z  +  I y   I z      I x  +  I y  +  I z   2    



(5)




where values   I x  ,   I y  ,   I z   are the eigenvalues of the gyration tensor which are equivalent to ellipsoid axes of a prolate or oblate molecule. In the case of a very prolate molecule, for example, for a rod-like molecule, one axis dominates over the others, and the asphericity in this limiting case tends to unity, while for a spherical molecule  α  is close to zero. Table 3 shows the value of  α  for the Lys-2Lys and Lys-2Arg dendrimers obtained from MD simulation at   T = 310   K.



We obtained that the value of  α  for both dendrimers is equal to 0.02, which is very close to 0. It means that we can consider our dendrimers as spherical molecules. We have used the radius of gyration   R g   to characterize the spherical molecule. The temperature dependence of   R g   is presented in Figure 3a. Also, this figure shows the standard deviations from the equilibrium size in the form of errorbars. It can be seen that the dendrimer size   R g   is practically independent of temperature.



The hydrodynamic radius   R h   is another characteristic of the molecule size that can be measured experimentally. The hydrodynamic radius   R h   is usually estimated as the Stokes radius, i.e., it can be calculated using the coefficient of translational diffusion of the center of mass of the dendrimer. Here, we estimated the hydrodynamic radius of the dendrimer from MD simulation using the Kirkwood approximation [84,85]:


   R h  − 1   =    r  i j   − 1     i ≠ j   ,  



(6)




where   r  i j    is a distance between two atoms i and j. The proposed formula can be utilized in several ways. In some works on MD simulation of peptides and proteins only C   α   carbon atoms of the main peptide chain are used. Other methods take into account all heavy atoms in the backbone of a peptide or peptide dendrimer. In addition, all heavy dendrimer atoms and ions or even all heavy dendrimer atoms, ions and oxygen in water molecules that are close to the dendrimer atoms can be considered. We used all of these approaches and found the characteristic ratio    R h  /  R g    for the Lys-2Arg dendrimer as a function of temperature (Figure 3b). In Figure 3b we also indicate two theoretical limits—for a penetrable gaussian coil and for an unpenetrable rigid sphere [86]. In all cases the obtained MD data are between two limiting values for these theoretical models. An increase in the number of types of heavy atoms that are taken into account when calculating the   R h   using Equation (6) leads to a better description of the MD data by the unpenetrable sphere model (upper dashed line).



In addition to   R g   and   R h  , it is important to estimate the position of the outer boundary of the dendrimer in the solvent (i.e., the radial distance between the center of the dendrimer and its spherical surface). This parameter provides a good estimation of the size of the dendrimer as a nanocontainer.



The position of the outer boundary of the sphere can be calculated theoretically as     5 / 3    R g    or through the estimation of the position of the terminal groups   R e  . We can calculate   R e   as the mean square radial distance from the center of the dendrimer to the N atoms at the terminal NH   3 +   groups:


   R e  =    1  N t    ∑  i = 1   N t    r i 2    1 / 2   ,  



(7)







Moreover, in simulation, we can use the effective radius   R  m a x    of the dendrimer as a charged macroion.   R  m a x    is estimated from the position of the slip plane and will be determined below from the electrostatic properties of the dendrimer. All of these characteristics (    5 / 3    R g   ,   R e  ,   R  m a x   ) are given in Table 3. It is interesting to note that the value of   R e   is close to the theoretical value of the radius of the rigid sphere equal to     5 / 3    R g   .




3.2. The Local Structure


3.2.1. The Spatial Symmetry and Atomic Distributions


The local structure of the spherical molecule is described by the density profile, i.e., by the radial distribution of the atomic density   ρ ( r )  :


  ρ  ( r )  =  1  4 π  r 2     ∑ i   m i  δ  r −  r i    



(8)




where  δ  is the Dirac delta function, r is the radial distance from the center of mass of the molecule,   r i   is the radial distance from i-th atom to the center of mass of the molecule. Figure 4a shows the radial distributions   ρ ( r )   for Lys-2Arg dendrimer at different temperatures. In this figure all curves practically coincide. Four main areas can be distinguished on the density profile: (1) the plateau-like region in the center at   0 < r < 0.5  ; (2) the fast decay at   0.5 < r < 1.0  ; (3) the second plateau-like region at   1.0 < r < 2.0  ; 4) the second fast decay at   r > 2.0  . The radial density   ρ ( r )   is always higher near the center of mass of the dendrimer (about   r = 0  ) and decreases with increasing radial distance. These results are very similar to the results for the Lys-2Lys dendrimer with the same backbone and similar distribution of charges along it.



The radial distribution of the number of terminal groups    n t   ( r )    of the Lys-2Arg dendrimer demonstrates whether the terminal groups can bend backward and penetrate into the dendrimer interior (the back-folding effect) or not. The results shown in Figure 4b indicate that the backfolding occurs. This is similar to the backfolding for the Lys-2Lys dendrimer but less than in the usual lysine dendrimer with single Lys aminoacid residue in repeating units [47]. This is because both the Lys-2Arg and Lys-2Lys dendrimers have additional charged groups in 2Arg or 2Lys spacers. The curves are practically independent of temperature and have an almost symmetrical shape (with a slightly longer tail at short distances r) with a maximum at a distance of around 2.6.



The radial distribution functions   ρ ( r )   and    n t   ( r )    have a coordinate r, which is the radial distance from the center of mass of the dendrimer. However, in the spherical coordinate system there are two other coordinates,  ϕ  and  ψ  angles. If the dendrimer atoms are not evenly distributed at given r (i.e., density is not the same at different  ϕ  and  ψ ), then the dendrimer has not quite a homogeneous structure. Such heterogeneity can arise, for example, if the dendrimer in aqueous solution has hydrophobic groups or other groups tend to associate. This property is not expected for the dendrimer under study with positively charged terminal groups (and spacer) that repel each other. However, we calculated the congregation coefficient   k 45   [44] which characterizes the possible inhomogeneity of the distribution of atoms in different spherical sectors. It is known that for the strongly associated terminal groups concentrated in one sector, this parameter is equal to 1. In the case of uniform scattering of terminal groups over all spherical sectors, this parameter is close to zero. The calculated values of this parameter for the terminal groups of the Lys-2Arg and Lys-2Lys dendrimers are presented in Table 3. The congregation coefficient   k 45   for these groups is equal to 0.1. This means that the terminal groups are distributed fairly evenly in both dendrimers.




3.2.2. Electrostatic Interactions


One of the most important properties of electrostatic interactions in a dendrimer is the distribution of the total charge   q ( r )   relative to the center of mass of the dendrimer. We show an example of this distribution for Lys-2Arg dendrimer obtained by MD simulation at temperature   T = 310   K (by red color) in Figure 5a. For comparison, the curve for Lys-2Lys, which has a similar distribution of charges along the dendrimer backbone, is also presented (by black color). This figure clearly shows that the distributions for two dendrimers practically coincide. Furthermore, the total charge distribution curve   q ( r )   includes the positive part with the maximum at   r = 2.6   and the negative part with the minimum at   r = 3.6  . The total charge distribution of this shape is often referred to as the charge distribution of the electrical double layer.



From the total charge distribution   q ( r )  , you can calculate the cumulative charge   Q ( r )  , which is an integral characteristic. Figure 5b illustrates the cumulative charge distribution for the Lys-2Arg and Lys-2Lys dendrimers. We show the position of the maximum   R  m a x    (see Table 3) by the vertical dashed line. The maximum corresponds to the value of the effective (uncompensated) charge   Q *   of the dendrimer (see Table 4). The surface charge density   σ =  Q *  / 4 π  R  m a x  2    [87] and the degree of a charge renormalization of the dendrimer    Q *  /  Q  b a r e     can be calculated as well (see Table 4).



Electrostatic interactions are long-range, and characteristic lengths are used to describe them. One of these characteristics is the Bjerrum length:


   λ B  =   e 2   4 π ϵ  ϵ 0   k B  T    



(9)




where e is the elementary charge,  ϵ  is the relative dielectric permittivity of water (  ϵ ≈ 80  ),   ϵ 0   is the dielectric permittivity of vacuum,   k B   is the Boltzmann constant, and T is the actual temperature. The electrostatic potential distribution   Ψ ( r )   is used to describe the total electrostatic interactions in the system. The   Ψ ( r )   can be found from the solution of the Poisson differential equation for spherical symmetry [87]


     d 2  ψ  ( r )    d  r 2    +  2 r    d ψ ( r )   d r   = − k q  ( r )   



(10)







Here,   ψ  ( r )  =    e /  k B  T  Ψ  ( r )    is the dimensionless electrostatic potential, and   k = 4 π  λ B  / d r   is the dimensionless factor (  d r   [nm] is r increment). For the numerical solution of Equation (10), see our previous work [61]. The results for the electrostatic potential at   T = 310   K are shown in Figure 5c. For a model with the Gaussian smeared charge distribution over a soft bead [88] (from the center of this bead) the shape of the electrostatic potential is quite similar to the electrostatic potential in Figure 5c. This similarity is due to the fact, that the charge distribution   q ( r )   (see Figure 5a) is very close to the form of the Gaussian charge distribution in the reciprocal space (see ref. [88]). The vertical dashed line indicates the position of the cumulative charge maximum corresponding to the position of the outer boundary of the dendrimer   R  m a x    after which the diffusion layer begins. According to modern concepts, this region is a good approximation for the slip plane in which the zeta potential ( ζ  potential, see Table 4) is measured [89].



The dependence of the ratio    Q *  /  Q  b a r e     on temperature is shown in Figure 5d. The theoretically calculated points [90] are added for comparison. Both dendrimers have a similar temperature dependence of relative effective charge and the results obtained from simulation for Lys-2Arg (and Lys-2Lys) are in very good agreement with the theory.



Electrostatic interactions lead to the formation of ion pairs between the positively charged dendrimer groups and the Cl-counterions. We calculated a pair correlation function   g ( r )   for pairs between ions and charged side groups of spacers (Figure 6a) and the ions and charged terminal groups (Figure 6b). The first large peak of these functions corresponds to the formation of ion pairs. As can be seen from the Figure 6, the side groups form more ion pairs than the terminal groups. However, these results were obtained mainly due to the larger number of charged groups (   N  i n s   = 28  ) in 2Arg spacers than in Lys terminal groups (   N  e n d   = 16  ).



We have calculated the average number of ion pairs   〈  n  i o n  p a i r s   〉   by integrating the area under the first peak [61] in Figure 7. The counterions, which reduce the bare charge   Q  b a r e    of the dendrimer to an effective charge   Q *  , penetrate into the dendrimer and form two conditional groups: (i) ions in ion pairs, (ii) osmotic ions (these ions create osmotic pressure inside the dendrimer causing its swelling). The average number of the latter   〈  n  i o n  o s m o t i c   〉   can be easily calculated by the equation    〈  n  i o n  o s m o t i c   〉  = Q −  Q *  −  〈  n  i o n  p a i r s   〉   . The average number of ion pairs   〈  n  i o n  p a i r s   〉   and the average number of osmotic ions   〈  n  i o n  o s m o t i c   〉   inside dendrimers are presented in Table 4.




3.2.3. The Hydrogen Bonds


In this subsection, we focus on calculating the number of hydrogen bonds (HB) that are intermediate in energy between strong and weak interactions. The formation of hydrogen bonds plays an important role in the stabilization of the secondary and tertiary structures of biomolecules [91,92]. The geometrical criteria [92,93] for hydrogen bond formation, which are commonly used in MD simulations, are as follows: the D-A distance must be less than 0.35 nm and the D-H-A angle must be less than 30   ∘   [93].



First, we will consider the formation of hydrogen bonds between the atoms of the dendrimer and water. The distribution of these hydrogen bonds at different temperatures is shown in Figure 7a. It can be seen that with increasing temperature the distribution shifts toward a smaller number of hydrogen bonds.



In order to illustrate the effect of temperature on the formation of hydrogen bonds, we calculated the average number of all dendrimer-water HB   〈  n H  d w   〉   and the side segment-water HB    〈  n H  d w   〉   s i d e    (see Figure 7b). Hydrogen bonds could exist also between donors and acceptors inside the dendrimer. We calculated the total average number of the intra-dendrimer HB   〈  n H  i d   〉   and the average number of hydrogen bonds between arginine residues    〈  n H  i d   〉   s i d e    only. Among all the structural characteristics, only the number of hydrogen bonds decreases with increasing temperature, which is quite predictable. We do not observe a noticeable temperature dependence of the number of intramolecular HB in the dendrimer. Due to this reason, we present the average values of them in Table 5 only for   T = 310   K.



The hydrogen bonds maintain the stability of structures, therefore their lifetime [94,95,96] is an essential characteristic. There are different ways to estimate the HB lifetime [95,96]. In our analysis, we used the continuous hydrogen bond lifetimes [96]: the intra-dendrimer HB lifetime   τ  B F   i d    and the dendrimer-water HB lifetime   τ  B F   d w   . A sophisticated method for estimating these HB lifetimes is based on cubic spline interpolation described in [96]. The HB lifetimes obtained from the simulation data are presented in Table 5 for   T = 310   K. As we can see, the average lifetime of hydrogen bonds is the same in Lys-2Arg and Lys-2Lys.





3.3. The Mobility Characteristics Measured in NMR


In this subsection, we calculate the orientational mobility of the specific CH   2   groups chemically connected to N atoms (marked by dashed circles in Figure 8). In NMR experiment the signals of CH2-N groups can be measured separately. These NMR active CH   2   groups belong to three different types of aminoacid residues of Lys-2Arg dendrimer(inner Lys (branching points) (Figure 8a), side Arg (spacers) (Figure 8b) and terminal Lys (Figure 8c). The NMR data for these types of CH   2   groups in the Lys-2Arg dendrimer were obtained previously [53].



To obtain the orientational mobility of the H-H vector in the CH   2   groups (marked by dashed circles in Figure 8) from MD simulation, we calculated the second-order autocorrelation function ACF    P 2   ( t )    (Equation (4)) for the H-H vectors in these groups by the same way as we did it for the Lys-2Lys dendrimer in [61]. The time dependencies of ACFs    P 2   ( t )    for the H-H vectors in three different CH   2   groups located at inner Lys (Figure 8a), side Arg (Figure 8b) and terminal Lys segments (Figure 8c) are shown in Figure 9a–c. Figure 9d demonstrates ACFs    P 2   ( t )    for the core-to-end vectors. The time dependencies were calculated at different temperatures in the range from 280 K to 340 K.



It easy to see that    P 2   ( t )    for all vectors decrease faster with increasing temperature. The    P 2   ( t )    for the H-H vectors of the inner CH   2   groups decrease very slowly in comparison to the same curves for the terminal CH   2   groups. However, in the Lys-2Arg dendrimer the    P 2   ( t )    for the H-H vectors of the side CH   2   groups is close to the    P 2   ( t )    for the inner CH   2   groups. This fact is in contrast to the results for the Lys-2Lys dendrimer [52,61] where    P 2   ( t )    functions for the side and terminal CH   2   groups are practically the same. The    P 2   ( t )    functions for the core-to-end vectors (Figure 9d) decay at least ten times slower than ones for the inner CH   2   groups (Figure 9a). In addition to ACF    P 2   ( t )   , for the core-to-end vector, we calculated ACF    P 1   ( t )    and    P 1 3   ( t )   . In several papers on the simulation of polymers and dendrimers [43,61,97] it was shown that there is a simple relationship between the 1st order ACF    P 1   ( t )    and the 2nd order ACF    P 2   ( t )   :


   P 2   ( t )  =    P 1   ( t )   3   



(11)







As we can see from Figure 9d the time dependencies of    P 1 3   ( t )    and    P 2   ( t )    almost coincide at all temperatures. Thus the relationship (11) is valid for the core-to-end vector of the Lys-2Arg dendrimer as in other lysine based dendrimers studied earlier.



To compare the mobility characteristics    P 2   ( t )    obtained from MD simulation and NMR experiments we calculated the reduced spin-lattice relaxation rate   1 /  T  1 H     in the susceptibility representation. This characteristic is a function of the variable  ω  (the angular frequency of NMR spectrometer) and is calculated using a linear combination of the spectral densities   J ( ω )   and   J ( 2 ω )   [98,99]:


    1  T  1 H      ω  = ω  J  ω  + 4 J  2 ω    



(12)







The spectral density is calculated by the cosine Fourier transform


  J  ω  = 2  ∫  0  ∞   P 2   ( t )  cos  ω t  d t  



(13)







The frequency dependencies of   1 /  T  1 H     at different temperatures are presented in Figure 10. The vertical dashed line in these plots corresponds to the frequency (   ω H  / 2 π = 400   MHz) of the spectrometer [52,53]. We can see from these plots that frequency dependencies of   1 /  T  1 H     change with temperature. Similarly to the time dependencies, these dependencies for the side groups of 2Arg spacers (Figure 10b) are very similar to   1 /  T  1 H     dependencies for the inner groups (Figure 10a) and differ significantly from those for the terminal ones (Figure 10c). At the same time, for the Lys-2Lys dendrimer studied earlier [52,61], the   1 /  T  1 H     dependencies for the side groups of 2Lys spacers were close to the   1 /  T  1 H     dependencies for the terminal groups. This large difference in the   1 /  T  1 H     behavior of these dendrimers obtained from our MD simulations is very strange. However, this is in good agreement with the NMR experimental results [52,53]. We will discuss this difference in detail later in this paper.



In the NMR experiment, the temperature dependence of   1 /  T  1 H     is measured at the given frequency of the spectrometer. Therefore, in order to obtain a similar dependence from the simulation, we calculate the position of   1 /  T  1 H     at the frequency of the spectrometer at each temperature. We converted the dimensionless of the reduced spin-lattice relaxation rate   1 /  T  1 H     to the susceptibility representation of the   1 /  T  1 H     (measured in the NMR experiment) using the following relationship:


   1  T  1 H    =   A 0   ω H     1  T  1 H      



(14)




where   A 0   is the constant determined by the quantum chemistry parameters and does not depend on frequency or temperature. The theoretical value of   A 0   for CH   2   groups   A 0  t h e o r y    is equal to   0.56 ×  10 10    s    − 2   . At the same time,   A 0   is often used as a fitting parameter (see for example [43,61]). For calculation of the temperature dependence of   1 /  T  1 H     we used the theoretical value   A 0  t h e o r y    for all CH   2   groups except the terminal CH   2   groups of Lys-2Arg (for which the value    A 0  = 0.88 ·  10 10    s    − 2    was used).



The temperature dependencies of   1 /  T  1 H     for the CH   2   groups in the Lys-2Arg and Lys-2Lys dendrimers are plotted in Figure 11. The new simulation results and the experimental NMR data for three types of the CH   2   groups (inner, side and terminal) in the Lys-2Arg dendrimer [53] are in very good agreement Figure 11a. The temperature dependencies of   1 /  T  1 H     for the side CH   2   groups in the Lys-2Arg dendrimer differ from those for the terminal CH   2   groups. At the same time in our previous NMR and simulation papers [52,61], for the Lys-2Lys dendrimer the temperature dependencies of   1 /  T  1 H     for the side and terminal CH   2   groups were practically the same. However, in MD simulation we can calculate the mobility of the terminal and side groups of the Lys-2Lys dendrimer separately. We compared the simulation data both for the Lys-2Arg and Lys-2Lys dendrimers in Figure 11b. We can conclude that the temperature dependency of   1 /  T  1 H     of the side CH   2   groups in 2Lys spacers of the Lys-2Lys dendrimer is close to those of the terminal CH   2   groups of both dendrimers. However, the mobility of the side CH   2   groups of 2Arg spacers of the Lys-2Arg dendrimer is close to the mobility of the inner CH   2   groups of both dendrimers. Thus, the difference between the mobility of the side CH   2   groups in 2Arg and 2Lys spacers is not only quantitative but also qualitative. To understand the reason of this difference we performed the calculation of the mobility characteristics for all CH   2   groups in spacers.




3.4. The Mobility Characteristics of All CH   2   Groups in Side Segments of Spacers from MD Simulation


From previous papers on NMR and MD simulation of different lysine dendrimer [43,61], it was established that the mobility of the inner CH   2   groups significantly differs from the mobility of the terminal groups in the same dendrimers. In [53] and in the present paper we have obtained a similar result for the Lys-2Arg dendrimer both from the NMR experiment and from the simulation. The mobility of the CH   2   groups of the Lys-2Lys dendrimers was practically the same as the mobility of the terminal groups [52,61]. However, in the Lys-2Arg dendrimer both the NMR experiment [53] and the MD simulation demonstrate that the mobility of the side CH   2   groups significantly differ from the mobility of the terminal CH   2   groups and is close to the mobility of the inner CH   2   groups.



It was assumed [53] that a possible reason for this difference in the mobility of the side segments in the Lys-2Arg and Lys-2Lys dendrimers [52,53] could be the arginine-arginine pairing [57,58], which leads to cross-linking of the Lys-2Arg dendrimer branches. The Arg-Arg pairing effect is well known for arginine dimers and short linear arginine homopeptides. However, it is not clear whether it can play a significant role in the case of dendrimers or not. Another possible reason is that the NMR active CH   2   groups (C   δ  H   2   in Figure 8b) in 2Arg spacers of Lys-2Arg and CH   2   groups in 2Lys spacers (C   ϵ  H   2   in Figure 8c) in Lys-2Lys occupy the different structural positions from the ends of the side segments (the topological distance). In other words, the topological distance from the C   δ  H   2   group to the end of the side Arg segment (three bonds) is not the same as the distance from the C   ϵ  H   2   group to the end of side Lys segment (two bonds).



If the difference between the mobility of the side segments of Lys-2Arg and Lys-2Lys is due to the Arg-Arg pairing or other types of interaction that lead to effective cross-linking of the neighboring branches of Lys-2Arg, then the orientational mobility of the different CH   2   groups of the side segments will be approximately the same. Otherwise, we can observe the dependence of the mobility of the different CH   2   groups in the same side segment (Arg or Lys) on the distance from a particular CH   2   group to the end of this side segment.



To understand the reason for the different mobility of the NMR active CH   2   groups, from the MD simulation we calculated the mobility of all CH   2   groups in each Arg (C   β  H   2  , C   γ  H   2  , C   δ  H   2  , Figure 8b) and Lys segment (C   β  H   2  , C   γ  H   2  , C   δ  H   2  , C   ϵ  H   2  , Figure 8d) of spacers.



To characterize the mobility of these additional CH   2   groups we calculated the 2nd order ACF    P 2   ( t )   . The results of these calculations are presented in Figure 12a. It can be seen that the time dependencies of    P 2   ( t )    for the CH   2   groups located at different topological distances from the end of the side segment in the Lys-2Arg (solid lines) and Lys-2Lys (dashed lines) dendrimers differ. It is important to note that the    P 2   ( t )    for the CH   2   groups of these dendrimers located at the same topological distance (marked by the same color in Figure 12a and in Figure 8) practically coincide. The first of these two results means that our suggestion about the possible cross-linking of dendrimer branches due to the arginine-arginine pairing is not valid (otherwise,    P 2   ( t )    for all CH   2   groups in spacers of the same dendrimer should be approximatly the same).



The second result means that the topological distance is the main parameter which determines the NMR relaxation of the H-H vectors in CH   2   groups of both spacers.



For illustration of these results, we performed a rough evaluation of the relaxation times for each CH   2   group in 2Arg and 2Lys spacers of the dendrimers under study. In Table 6, the results of this evaluation are presented as a function of the number of chemical bonds from the C atom of a given CH   2   group to the N atom of the end NH   2   (for Arg) or the end NH   3   group (for Lys) in the side segments of spacers in the Lys-2Arg or Lys-2Lys dendrimers, correspondingly. In the side segments of 2Arg spacers, there are the CH   2   groups located at the topological distances equal to the length of 3, 4 and 5 chemical bonds. In the side segments of 2Lys spacers, there are the CH   2   groups located at the topological distances equal to the length of 1, 2, 3, and 4 chemical bonds. The shortest and longest (the statistical error is about 10%) characteristic times for the terminal and inner CH   2   groups in each dendrimer are presented in the second and last columns in Table 6, respectively. It is easy to see that characteristic times arranged in this way are very similar for both dendrimers.



In NMR experiments [52,53] we considered the side CH2 groups that remoted from the end of the side segment at the distance of one (for Lys-2Lys) and three (for Lys-2Arg) chemical bonds. Therefore, the reason for the difference in the spin-lattice relaxation rates of these side groups measured by NMR [52,53] is the different topological distance.



To compare our simulation results and the experimental NMR data for all CH   2   groups in side segments of 2Arg and 2Lys spacers of both dendrimers, we converted the calculated time dependencies of    P 2   ( t )    to the frequency dependencies of   1 /  T  1 H     (using Equation (12)). The frequency dependencies of   1 /  T  1 H     for these CH   2   groups are shown in Figure 12b. We can see that the frequency dependencies of   1 /  T  1 H     for the CH   2   groups with the different structural positions differ within the same dendrimer. However, the frequency dependencies of   1 /  T  1 H     for the CH   2   groups located at the same topological distance from the ends of the side segments in these two dendrimers practically coincide. This result confirms our conclusion, based on the comparison of the time dependencies of    P 2   ( t )    for the NMR active CH   2   groups in 2Arg and 2Lys spacers, that the difference in the mobility of these groups is due to their different topological positions from the end of the corresponding side segment.



Finally, we calculated the temperature dependencies of the spin-lattice NMR relaxation rate   1 /  T  1 H     for all side CH   2   groups in 2Arg and 2Lys spacers of both dendrimers by analogy with [52,53]. These dependencies are presented in Figure 13a for the Lys-2Arg dendrimer and in Figure 13b for the Lys-2Lys dendrimer. According to these figures, in general, the temperature dependencies of   1 /  T  1 H     looks rather similar for both dendrimers if we compare, for instance, the curves for the side CH   2  -N groups.



We see that with distance from the end of the side segment, the mobility decreases. This behavior is related to the NMR semiflexibility effect of hyperbranched macromolecules [100,101,102] and is discussed in some detail for lysine dendrimers [43].





4. Conclusions


Recently, it was shown that a novel peptide dendrimer with Lys-2Arg repeating units developed for gene delivery has better transport properties than the new similar dendrimers with Lys-2Gly and Lys-2Lys repeating units [55,56]. In this work, we performed MD simulation of the Lys-2Arg dendrimer studied earlier by NMR [53]. Moreover, we compared the structure and the mobility of Lys-2Arg with characteristics of the Lys-2Lys dendrimer obtained from the previous NMR experiments and MD simulation [52,61]. We found that the size and shape of the Lys-2Arg dendrimer are very close to those of Lys-2Lys. The internal structure of both dendrimers is similar. The terminal groups of these dendrimers are evenly distributed over the surface of both dendrimers. Lys-2Arg and Lys-2Lys have similar electrostatic characteristics (charge distribution, zeta potential etc.). Most of the structural and electrostatic properties of both dendrimers are also independent of temperature, i.e., these dendrimers form similar stable nanocontainers.



The local orientational mobility of the inner and terminal lysine groups in each dendrimer is different. In addition, the difference in the mobility is approximately the same in both dendrimers and very close to that one obtained from NMR [52,53]. However, the MD simulation carried out in this paper confirms the significant difference in the mobility of the side CH   2  -N groups in the Lys-2Arg dendrimer in comparison with the same CH   2  -N groups in the Lys-2Lys dendrimer [52,53]. We have revealed that this difference is due to the larger distance from the NMR active side CH   2  -N group to the end of the side segment in the 2Arg spacer than the distance from a similar group in 2Lys spacer. We obtained that the Lys-2Arg and Lys-2Lys dendrimers are difficult to distinguish by measuring their properties. Nevertheless, the difference in the mobility of the side groups CH   2  -N in spacers of these similar dendrimers makes it possible to detect and distinguish them in aqueous solution by NMR.
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Figure 1. The chemical structure of the Lys-2Arg dendrimer. The dendrimer core is marked by green color, the backbone by black color, the side Arg segments by violet color and the terminal lysine segments by red color. 
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Figure 2. (a) The time evolution of the mean-squared gyration radius   R g   for the Lys-2Arg dendrimer at   T = 310   K, (b) the autocorrelation functions (ACFs) for Lys-2Arg and Lys-2Lys: the orientational ACFs    P 1  r o t    ( t )    and    P 2  r o t    ( t )    for the core-to-end vector and the ACF for the pulsation of   R g 2   values at temperature   T = 310   K. 
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Figure 3. The global characteristics for Lys-2Arg as functions of temperature: (a) the mean-squared radius of gyration   R g  , (b) the characteristic ratio   R h   (in the Kirkwood approximation) to the radius of gyration   R g   for Lys-2Arg for three alternative ways of calculations: taking into account the heavy atoms of this dendrimer only, for heavy atoms in the dendrimer and ions, for all heavy atoms in the system (carbons, nitrogens, and oxygens of the dendrimer; Cl ions; oxygens of water molecules). 
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Figure 4. The radial density distribution function of the Lys-2Arg dendrimer atoms (a) and the radial distribution function of the number of terminal atoms (b) at different temperatures. Both functions are counted from the center of mass of the dendrimer. 
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Figure 5. (a) The total charge distribution   q ( r )  , (b) the cumulative charge distribution   Q ( r )  , (c) the electrostatic potential   Ψ ( r )   for Lys-2Arg and Lys-2Lys at   T = 310   K; (d) the temperature dependencies of the relative effective charge    Q *  /  Q  b a r e     for Lys-2Arg. 
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Figure 6. The ion pairs radial distribution function at different temperatures between (a) ions and the side charged groups; (b) ions and the terminal charged groups. 
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Figure 7. (a) The distribution of the dendrimer-water HB at different temperatures. (b) The average number of the dendrimer-water HB and the side segment-water HB as functions of temperature for the Lys-2Arg and Lys-2Lys dendrimers. 
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Figure 8. The structures of (a) inner Lys, (b) side Arg in spacers, and (c) terminal Lys segments of the Lys-2Arg dendrimer and (d) side Lys segment in spacers of the Lys-2Lys dendrimer. The side CH   2   groups located at different distance from the ends of the side segments of Lys-2Arg (b) and Lys-2Lys (d) are marked by different colors: at the distance (contour length) equal to the length of one chemical bond from the end—by blue color, two bonds—by navy, three bonds—by green, four bonds—by red, five bonds—by gray. 
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Figure 9. The time dependencies of ACF    P 2   ( t )    for (a) inner, (b) side, (c) terminal CH   2   groups. (d) The time dependencies of ACFs    P 2  r o t    ( t )    and     P 1  r o t    ( t )   3   for the core-to-end vectors. All data are presented for the Lys-2Arg dendrimer at the temperature range from 280 to 340 K. 
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Figure 10. The frequency dependencies of   1 /  T  1 H     for (a) inner, (b) side, (c) terminal CH   2   groups; and (d) core-to-end vector. The vertical line correspond to the frequency    ω H  / 2 π = 400   MHz. 
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Figure 11. The    1  H NMR spin-lattice relaxation rate   1 /  T  1 H     as a function of inverse temperature   1000 / T   for the inner, side and terminal CH   2   groups at the fixed frequency    ω H  / 2 π = 400   MHz: (a) from the simulation and experimental data for Lys-2Arg, (b) from the simulation data for Lys-2Arg and Lys-2Lys. 
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Figure 12. (a) The 2nd order ACF    P 2   ( t )    and (b) the frequency dependencies of   1 /  T  1 H     in the susceptibility representation for H-H vector in the inner and the different types of CH   2   groups in side segments at   T = 310   K. 
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Figure 13. The    1  H NMR spin-lattice relaxation rate   1 /  T  1 H     as a function of inverse temperature   1000 / T   for the different CH   2   groups at the fixed frequency    ω H  / 2 π = 400   MHz for (a) Lys-2Arg, (b) Lys-2Lys. 
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Table 1. The characteristics of Lys-2Arg dendrimer: the molecular mass M, the charge   Q  b a r e   , the number of terminal NH   3 +   groups   N  e n d    and their charge   Q  e n d   , also the number   N  i n s    and the charge   Q  i n s    of inserted aminoacid residues, and the total number   N   H 2  O    of water molecules in the system.
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	Dendrimer
	M (g/mol)
	   Q  b a r e     (e)
	    N  e n d     
	   Q  e n d     (e)
	    N  i n s     
	   Q  i n s     (e)
	    N   H 2  O     





	Lys-2Arg
	6479.64
	+44
	16
	+16
	28
	+28
	13,182
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Table 2. The characteristic times   τ  r o t   P 1    (ns) of the Lys-2Arg and Lys-2Lys dendrimers.
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	Temperature
	Lys-2Arg
	Lys-2Lys





	280 K
	11.9
	13.7



	290 K
	10.0
	10.5



	300 K
	8.9
	9.0



	310 K
	7.5
	7.0



	320 K
	6.4
	5.5



	340 K
	6.1
	5.1
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Table 3. The characteristics of the Lys-2Arg and Lys-2Lys dendrimers: the asphericity parameter  α , the radius of inertia   R g   (nm), the hydrodynamic radius   R h   (nm), the ratio    R h  /  R g   , the rigid-sphere-approximation     5 / 3    R g    (nm), the position of terminal groups   R e   (nm), the radius   R  m a x    (nm) and the congretation coefficient   k 45   at temperature 310 K.






Table 3. The characteristics of the Lys-2Arg and Lys-2Lys dendrimers: the asphericity parameter  α , the radius of inertia   R g   (nm), the hydrodynamic radius   R h   (nm), the ratio    R h  /  R g   , the rigid-sphere-approximation     5 / 3    R g    (nm), the position of terminal groups   R e   (nm), the radius   R  m a x    (nm) and the congretation coefficient   k 45   at temperature 310 K.





	Dendrimer
	   α   
	    R g    
	    R h    
	     R h  /  R g     
	      5 / 3    R g     
	    R e    
	    R max    
	    k 45    





	Lys-2Arg
	0.02
	2.0
	1.6
	0.8
	2.6
	2.6
	3.1
	0.1



	Lys-2Lys
	0.02
	2.0
	1.7
	0.8
	2.6
	2.7
	3.1
	0.1
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Table 4. The local characteristics of Lys-2Arg and Lys-2Lys dendrimers: the average number of ion pairs   〈  n  i o n  p a i r s   〉   between the counterions and the charged groups in the dendrimer, the effective dendrimer charge   Q *   (e), the degree of a charge renormalization of the dendrimer    Q *  /  Q  b a r e    , the surface charge density  σ  (e/nm   2  ), and  ζ  potential (mV) at temperature   T = 310   K.
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	Dendrimer
	    Q *    
	     Q *  /  Q bare     
	   σ   
	   ζ   
	    〈  n  ion  pairs   〉    
	    〈  n  ion  osmotic   〉    





	Lys-2Arg
	13.7
	0.3
	0.1
	17.4
	6.2
	24.1



	Lys-2Lys
	13.2
	0.3
	0.1
	17.3
	5.7
	25.1
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Table 5. The hydrogen bond characteristics of Lys-2Arg and Lys-2Lys: the average number of the inter-dendrimer HB   〈  n H  i d   〉   and the dendrimer-water HB   〈  n H  d w   〉  , HB between the side segments and water    〈  n H  d w   〉   s i d e    (per side segment     〈  n H  d w   〉   s i d e   /  N  i n s    ); the lifetime of the intra-dendrimer HB   τ  B F   i d    and the dendrimer-water HB   τ  B F   d w    at   T = 310   K.
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	Dendrimer
	    〈  n H id  〉    
	    〈  n H dw  〉    
	     〈  n H dw  〉  side    
	      〈  n H dw  〉  side  /  N ins     
	   τ  BF  id    (ps)
	   τ  BF  dw    (ps)





	Lys-2Arg
	3.7
	220.5
	165.9
	5.9
	110
	51



	Lys-2Lys
	1.5
	179.2
	123.9
	4.4
	110
	51
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Table 6. The characteristic times [ps] of different CH   2   groups in the side segments of the Lys-2Arg and Lys-2Lys dendrimers at T = 310 K.






Table 6. The characteristic times [ps] of different CH   2   groups in the side segments of the Lys-2Arg and Lys-2Lys dendrimers at T = 310 K.





	Dendrimer
	Terminal
	1 Bond
	2 Bonds
	3 Bonds
	4 Bonds
	5 Bonds
	Inner





	Lys-2Arg
	10
	-
	-
	70
	100
	165
	160



	Lys-2Lys
	10
	15
	20
	70
	110
	-
	140
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