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On the Possibility of Facilitated Diffousion of Dendrimers Along 
DNA

Emel Ficici and Ioan Andricioaei
Department of Chemistry, University of California, Irvine, CA 92697

Abstract

We investigate the electrostatics, energetics and dynamics of dendrimer-DNA interactions that 

mimic protein-DNA complexes as means to design facilitated mechanisms by which dendrimers 

can slide and search DNA for targets. By using all-atom molecular dynamics simulations, we 

calculated the free energy profiles of dendrimer-binding around the DNA via umbrella sampling. 

We also calculated electrostatic interaction maps in comparison to proteins, as well as the 

dynamical changes induced by DNA-dendrimer interactions via NMR-measurable order 

parameters. Our results show that for dendrimers to go around DNA there is a free energy barrier 

of 8.5 kcal/mol from the DNA major groove to DNA minor groove, with a minimum in the major 

groove. This barrier height makes it unlikely for an all-amine dendrimer to slide along DNA 

longitudinally, but following a helical path may be possible along the major groove. Comparison 

of the non bonded interaction energy and the interaction free energy profiles reveal a considerable 

entropic cost as the dendrimer binds to DNA. This is also supported by the mobility patterns 

obtained from NMR-measurable order parameter values, which show a decreased mobility of the 

dendrimer N-H bond vectors in the DNA-binding mode.
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Introduction

Proteins that bind DNA have critical functions in many genetic transactions, including DNA 

replication, unwinding, supercoiling, recombination, and damage repair, to name just a few.1 

These vital biological processes rely on the fast search for binding targets along DNA by the 

proteins. For example, DNA transcription factors recognize a target sequence of just a few 

DNA base pairs within a couple of seconds; after taking into account the length of DNA and 

typical transcription factor concentration, this corresponds to an average scanning rate of 

about 105 sites per second.2,3

The phenomenology of search and recognition has been puzzling for decades due to the 

remarkable speed and accuracy involved. Such a fast search creates a speed-stability 

paradox, given the mutually exclusive energy requirements for fast searching and for high 

stability of the protein-DNA complex.4 It is thought that behind the observed speed and 

accuracy of the facilitated search process lies the ability of the proteins to use a combination 

of four different modes of searching, i.e., sliding, hopping, jumping, and intersegmental 

transfer.4–7 A combination of these search modes will determine the speed with which a 

protein finds its target. Several studies tackled this issue by taking into account factors such 

as protein conformational change upon binding,4,8 complementarity of the DNA and protein 

charge patterns,9 shape of the protein and its charge distribution,10 and the location of the 

target site.11 Some other studies questioned the existence of speed-stability paradox12 and 

argued that this so called paradox is an artifact of continuum models of the protein search 

process, which are only valid for scanning lengths significantly greater than the size of the 

binding site.12 By introducing the scanning length as a critical parameter, the authors 

developed a discrete-state stochastic model which allows different scalings for search times 

as a function of DNA length for different search regimes. However, existing studies of 

protein-DNA interactions have not provided, as of yet, an effective atomistic picture of this 

nonspecific protein-DNA interaction or of the resulting search process.

Our study herein targets a biomimetic approach to the facilitated diffusion of DNA binding 

proteins in which we are interested in replacing proteins with dendritic nanoparticles that 

bind DNA. Related studies13–15 suggest that the protein-DNA interaction is dominated by 

electrostatic interactions when the protein is in its nonspecific search mode. Therefore, with 

the proper adjustment of surface charge density and distribution of a charged nanoparticle, 

the theoretical possibility exists to mimic the facilitated search process of DNA-binding 

proteins.

Our chosen model for the proteins are poly-amidoamine (PAMAM) dendrimers,16 which are 

highly charged functional nano-particles that can be considered as artificial proteins for 

targeted delivery of drugs and genetic material into cells. Their size, charge, and surface 

properties can be easily controlled synthetically.17 Because of their interesting properties, 

they have potential in areas such as gene transfection, drug delivery, in vivo imaging, and 

biosensing.18–21 The interaction of dendrimers with DNA has been explored recently.22–32

A factor that affects the sliding ability of a protein is the shape of the free energy landscape 

along the DNA. Using detailed theoretical analyses, Slutsky et al.4 showed that the 
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experimentally reported rapid search is possible when a three-dimensional search process is 

combined with a one-dimensional search along DNA, and that the optimum search time is 

obtained when the time spent on the one-dimensional search is equal to the time spent on the 

three-dimensional search. While the three-dimensional search time is determined by 

nonspecific interactions between the protein and the DNA phosphate backbone, the one-

dimensional search time may additionally depend on sequence-specific interactions.

The nonspecific binding energy contribution to the total binding energy is estimated to be in 

the range 10kBT – 15kBT for proteins (from an Arrhenius-type dependence of the 

dissociation rate).4 Moreover, by assuming that the specific binding energies can be 

described by a Gaussian distribution with variance σ2, it can be shown4 that one-

dimensional search can be described by normal diffusion with a diffusion constant that 

depends exponentially on σ, with σ being a measure of the roughness of the specific binding 

energy landscape as the protein slides along DNA. Because of this exponential dependence, 

the diffusion constant decays rapidly with σ. For rapid search to be possible, the specific 

binding energy landscape must be smooth, such that σ ≲ 2kBT .4,33 For example, 

experiments done with proteins hOgg134 and p5335 reported values of σ < kBT for sliding 

along DNA, supporting this argument. On the other hand, Slutsky and et al.4 also estimated 

that the high stability requirement at the target site requires s to be at least 5kBT for a 

genome of about 106 base pair long. This requirement for stability is obviously in 

contradiction with the speed requirement. In order to address this paradox, a two state model 

was developed.4,8 This model suggests a conformational difference between non-specific 

protein-DNA interactions and specific protein-DNA interactions. It emphasizes the 

significance of conformational flexibility in nonspecific searches. Several studies showed 

that the existence of disordered domains in protein structures promotes the speed in the 

nonspecific search process. For example, the p53 core domain that recognizes a specific 

DNA sequence has a slower search compared with the disordered C-domain.36 The 

disordered tails are also shown to promote intersegmental transfer through a ‘monkey bar’ 

mechanism, which can help the protein explore more distant regions and to reduce the 

redundancy in one dimension.37

Besides the free energy landscape and the existence of flexible regions, another factor that 

affects the search speed is the electrical charge. For example, the disorder as well as the 

positive charge on certain domains is shown to increase the non-specific search speed for 

p53;36,38 p53 is shown to maintain constant contact with DNA as it slides.35 A considerable 

difference in the electrostatic potential surface of a DNA binding protein when it is in 

complex with nonspecific DNA sequence versus when it is in complex with specific DNA 

sequence has been found.39 In the former case, there are negatively charged pockets 

scattered among positively charged regions on the DNA binding face of the protein. In the 

latter case, however, positive charges are observed to focus more on the DNA binding 

regions. This shows that charge redistribution plays an important role in distinguishing 

between specific and nonspecific complexes.

Due to the low affinity of nonspecific protein-DNA complexes, there are available only a 

few nonspecifically-bound protein-DNA structures, including EcoRV,40 BamHI,39 BstYI,41 

and Lac Repressor.15 A structural analysis of these complexes indicates that the interactions 
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are mainly between negatively charged phosphate groups and positively charged protein 

domains.14 In addition, a comparison of salt dependence of the interaction, as well as 

hydration differences between specific and nonspecific complexes show that nonspecific 

interactions are dominated by electrostatic interactions.14

With the lessons learned from DNA-sliding proteins in mind, we seek to find if and how 

nanoparticles can be used, instead of proteins. Functionalized nanoparticles hold great 

promise for various biomedical applications, which include their potential use as biosensors, 

cell-labeling agents, imaging or contrast agents, artificial catalytic sites, and DNA/protein 

microarrays, to name just a few.42,43 They can also be used in targeted gene or drug 

delivery.17–19,21,44–47 For our purposes, we propose that polyamidoamine (PAMAM) den-

drimers,16,17,19 which are charged nanoparticles, can serve as first model systems to mimic 

the electrostatic nature of protein-DNA interactions.

PAMAM dendrimers (Figure 1), often referred to as “artificial proteins”,20 resemble proteins 

in their chemical structure. Their size and surface chemistry can be controlled and their 

toxicity can be reduced by adjusting the surface charge size or core chemistry.44,48 They can 

be conjugated with different surface modifiers such as amino acids49 and in principle they 

can be used to mimic the non-specific search along DNA, the firm binding to a target 

sequence and possibly subsequent catalytic events. For many such possible applications of 

dendrimers, it is crucial to explore the dendrimer-DNA interactions in general, and the 

diffusion properties of dendrimers along DNA in particular, in atomistic detail.

Cationic dendrimers of generation 5 (G5) or larger are shown to bind to DNA 

irreversibly24,26 and can condense DNA. On the other hand, there is evidence from 

computational studies that cationic dendrimers of generation 3 slightly bend DNA locally, 

but do not condense it.23 Moreover, sliding of third generation (G3) and fourth generation 

(G4) dendrimers along DNA, until they find an ideal binding location, has been reported in a 

molecular dynamics study.25 Considering the fact that G3 is highly flexible and positively 

charged (at physiological pH), it can be an ideal candidate to mimic the nonspecific search 

process along DNA. Moreover, importantly, the energy landscape it sees along and around 

DNA can be modified by adjusting its terminal charges. Therefore, the flexibility of a lower 

generation dendrimer combined with optimum terminal charges have the potential to 

overcome the strong attraction due to DNA that would lead to balancing association and 

dissociation, which is necessary for nonspecific search mechanism.

In a previous study, we computed the binding free energy profile along the radial direction 

for an all-amine terminated G3 dendrimer interacting with DNA; the profile exhibited a 

well-depth of −13.5 kcal/mol.23 When this value is compared with the nonspecific binding 

energy required for facilitated search of DNA binding proteins (estimated to be in the 10kBT 
– 15kBT range, or 5.93 – 8.895 kcal/mol at room temperature4) G3 has about two times 

higher a nonspecific binding energy than typical proteins. A similar study done with G3 

(surface charge +32) and higher generation dendrimers G4 (surface charge +64) and G5 

(surface charge +128) reported that the binding free energy increases almost linearly with 

the generation.27 While a dendrimer of such charge size is unlikely to dissociate from DNA 

in the radial direction, we should also note that the free energy depends on the tension on 
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DNA. It has been shown that as the tension on DNA increases, the free energy barrier 

decreases for a given dendrimer size and charge.23 This information can be used as a starting 

point and the linear dependence can be used to estimate an optimum charge size that would 

facilitate diffusion along DNA. For this purpose, we setup to explore the free energy profiles 

along longitudinal sliding pathways. The organization of the rest of this paper is as follows: 

In the next section (Theory and Methods), we describe the system setup and simulation 

details after which we provide a theoretical framework for potential of mean force and NMR 

order parameter calculations. We then continue with a Results section, in which we compare 

electrostatic potential maps for some DNA binding proteins and dendrimer interacting non-

specifically with DNA. We also present potential of mean force and NMR order parameter 

calculation results for dendrimer interacting with DNA in the Results section. We end with a 

Concluding Discussion.

Theory and Methods

Simulation Methods

In all simulations, CHARMM 27 all-atom force field for nucleic acids50,51 was used with 

the CHARMM software (Chemistry at HARvard Macromolecular Mechanics), version 

c34b2.52–54 Langevin dynamics is used with a friction coefficient of 10 ps−1 applied on non-

hydrogen atoms and an implicit solvent model (GBMV2)55 is used. The accuracy of 

generalized Born methods rely highly on the accuracy of the Born radii, i.e. the distance of a 

charge location from the solvent boundary in a given molecule. GBMV2 method is shown to 

give highly accurate Born radii such that the relative error in total electrostatics solvation 

energy is shown to be ≤ 1% between GBMV and Poisson theory.56,57 The nonbonded cutoff 

distance was 21 Å, with a switching function from 16 Å to 18 Å. The SHAKE algorithm 58 

was used to constrain the distance of covalent bonds to hydrogen atoms, enabling a 2 

femtosecond time step. A third generation PAMAM dendrimer, G3, with all-amine 

terminations was generated using parameters obtained as described in C. V. Kelly et al.59 

Double stranded B-DNA, 48 base pairs in length and a repeat of the CGAT sequence was 

generated using the program NAB.60 This sequence was used as a model for a “generic” 

DNA sequence61 that mixes all possible base pairings. DNA and G3 were initially prepared 

separately as follows. Each one was first minimized in vacuum using 1000 steps of steepest 

descent and 2000 steps of adopted basis Newton-Raphson (ABNR). This was followed by 

2000 steps of ABNR in implicit solvent. It was then heated for 50 ps while a harmonic 

constraint with a force constant of 1 kcal/mol/Å2 was applied on all atoms. This was 

followed by an equilibration for about 2 ns with all the harmonic constraints were gradually 

removed. For DNA only, after the removal of constraints, the relative distances between 

complimentary base pairs at each end were restrained with a harmonic potential by using 

NOE-type restraints in order to prevent fraying.

The DNA axis was defined by the line connecting the center of geometry of the 

(DNA1)29th-(DNA2)68th base pairs and the center of geometry of the (DNA1)19th-

(DNA2)78th base pairs. Three separate systems were prepared by combining the dendrimer 

and DNA at three distances of 25 Å, 35 Å, and 45 Å, which we label as r25, r35, and r45, 

respectively. Intermolecular distances were calculated from the dendrimer center of mass 
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(COM) to the middle of the DNA axis. The longest axis of the dendrimer was placed to be 

parallel to the DNA axis. For each system, the dendrimer was then rotated rigidly around the 

defined DNA axis by 10 degrees to obtain multiple windows. Rotation was done in such a 

way that the same side of the dendrimer was facing the DNA. Figure 2 shows a snapshot of 

system r45 where the dendrimer is positioned at a dihedral angle value of 180 degrees 

defined by the dummy atoms and the dendrimer center of mass (P1:P2:P3:G3 COM). The 

entire range of the dihedral values (0–360°) was sampled. For each system, after a brief 

equilibration period of 40 ps, DNA atoms were harmonically restrained to their most recent 

positions with a harmonic force constant of 100 kcal/mol/Å2 in order to maintain DNA 

shape and orientation with respect to the dendrimer. Additional windows are added as 

needed for PMF calculations which resulted in 61 windows for system r25, 129 windows for 

system r35, and 155 windows for system r45.

Potential of Mean Force

The umbrella sampling method62 was used to obtain a potential of mean force (PMF)63 

around the DNA. A reaction coordinate was defined between two states, then the reaction 

coordinate was divided into multiple overlapping windows and the system was restrained 

around each window with a harmonic biasing force. This helps to sample all regions, 

including the higher energy regions which are difficult to sample within the accessible time 

scale of molecular dynamics simulations.

The biasing potential

(1)

was used, where r is the radial distance between DNA axis and the dendrimer center of 

mass, z is the displacement of the dendrimer center of mass along the DNA axis, and ϕ is the 

pseudo dihedral angle as defined by the three fixed points and the dendrimer center of mass 

(See Figure 2). For all PMF simulations, z0 = 0 and r0=25 Å, 35 Å or 45 Å. The force 

constants kr and kz are 500 kcal/mol/Å2. We used various values for the force constant kϕ 
which varied between 2.5, 10, 25, 50, 100, 200, and 250 kcal/mol/rad2, depending on the 

overlap of the probability distribution of the reaction coordinate between neighboring 

windows. The length of the simulations for the different windows varied between 4 ns and 

25 ns because of the difference in the force constant values. The weighted histogram 

analysis method (WHAM)64,65 was used to unbias the simulation results, with multiple 

restraints handled through a minor modification in the WHAM code.

In order to investigate the sliding of a PAMAM dendrimer along DNA, the free energy 

profile along one DNA turn was obtained. In our previous study,23 we showed that the 

interaction of the dendrimer with DNA bases is not significant and is nonspecific. Here, we 

are mostly interested in the change in interaction due to minor and major groove variations 

and not due to larger DNA conformational differences. Therefore we want to avoid changes 

in DNA conformations, such as untwisting, bending, groove width differences etc. along 
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sliding pathways. This can be achieved by taking advantage of the helical symmetry of 

DNA. Accordingly, for an ideal DNA, the sliding surface along a line parallel to DNA axis is 

periodic with a period of one DNA turn. The landscape that would be seen for longitudinal 

sliding should be identical to the surface that would be seen in the case of rotation around 

the DNA on a plane orthogonal to DNA axis. A similar approach has been previously used 

in calculating the variation of electrostatic binding energy with respect to the minor and 

major groove interactions of a BamHI-DNA complex.66 Therefore, we define our reaction 

coordinate along a circular path of constant radius around DNA axis on a plane 

perpendicular to DNA axis. This reaction coordinate is defined to be a pseudo dihedral angle 

with respect to the fixed points represented in Figure 2.

Calculating NMR Order Parameters

The MD simulations were used to compute NMR-based order parameters, which have been 

previously used to characterize the dynamics of biomolecules.67–69 According to the Lipari-

Szabo model,70 the degree of spatial restriction of motion and the rate of that motion for 

subnanosecond motion was described by the model-free NMR order parameters S2 and τe 

respectively, where S2 is a generalized order parameter and τe is an effective correlation 

time. Order parameter values can further be used to estimate the configurational entropy 

change due to bond vector motions.71

NMR order parameter S2 for the dendrimer N1-H5 bond vectors were calculated from the 

molecular dynamics trajectories. The equilibrium expression,72,73

(2)

was used, where μi represent the Cartesian coordinates of the normalized internuclear vector 

after alignment of the MD snapshots with respect to the dendrimer core carbon and nitrogen 

atoms. Alternatively, S2 was also calculated from the tail values of internal correlation 

functions using the following relation assuming internal and overall motions are not 

correlated and internal fast and slow motions are not correlated:67,68

(3)

Here,  corresponds to the tail value of the correlation function and f and s 
indicate ”fast” and ”slow” motions, respectively.

Poisson-Boltzmann Calculations

The PBEQ module in CHARMM was used to solve the linearized Poisson-Boltzmann 

equation numerically.74 The dielectric boundary was determined from the molecular surface 

with a probe radius of 1.4 Å and atomic Born radii values calculated from free energy 
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calculations for standard amino acids and DNA75,76 were used. A grid spacing of 1 Å before 

focusing and 0.5 Å after focusing was used. A dielectric constant of 1 was used for the 

molecules, and a value of 80 was used for the solvent. Salt concentration was 0.15 M. 

Images were obtained by using PyMOL.77

Results

Electrostatic Potential Surfaces

As Honig and Nicholls78 point out, the surface electrostatic potential is influenced not only 

by the charge size or distribution near the molecular surface, but also by surface geometry. 

For example, narrow regions or clefts (as found in many DNA binding proteins or DNA 

minor groove) are shown to enhance the electrostatic potential,79 an effect known as 

“electrostatic focusing”.79 Therefore, in order to understand the role of electrostatics in 

protein sliding, it is useful to compare the surface electrostatic potential map of the 

dendrimer-DNA complex to proteins complexed with DNA nonspecifically. We obtained 

electrostatic potential surface maps for the following nonspecific protein-DNA structures: 

BamHI (PDB ID: 1ESG),39 BstYI (PDB ID: 2POJ)41 EcoRV (PDB ID: 2RVE),40 and Lac 

Repressor (PDB ID: 1OSL).15

As shown in Figure 3, a large positive charge concentration is evident on the DNA binding 

surface of proteins. While positively charged regions are dominant on these surfaces, there 

are some smaller pockets of negatively charged regions scattered among positive regions as 

well. It is possible that the existence of these negatively charged regions may be needed to 

help the protein dissociate easily from a nonspecific DNA site.

For comparison with these proteins, we also generated the electrostatic potential surface map 

for the G3-DNA system, using the same method as described above for the proteins (See 

Figure 3(e)). Based on the comparison, it can be argued that although a high attraction is 

expected between the positively charged dendrimer terminals and the negatively charged 

DNA sugar phosphate backbone, the repulsion due to the observed negative regions located 

on the branches may reduce this attraction to some extent. Another interesting property of 

the dendrimer is that since its branches are very flexible, the branches are observed to repel 

each other when they get closer. This effect also prevents the dendrimer to stick to the DNA. 

Therefore the theoretical possibility exists for the dendrimer to mimic the sliding motion of 

proteins along DNA, likely following a helical path.

Interaction Energy

To map the energy profile for the interaction between the two molecules in three 

dimensional space, the interaction energy was calculated along various radial as well as 

angular coordinates as follows. First we kept the distance constant at 45 Å, and calculated 

the interaction energy map around the DNA axis for two different planes orthogonal to the 

DNA axis positioned at half DNA turn apart. The interaction energy was calculated as the 

sum of electrostatic and van der Waals energies:

(4)
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Figure 4 shows the variation of the interaction energy around DNA at an intermolecular 

distance of 45 Å at two different planes orthogonal to DNA axis: the z = 0 plane (red), which 

is the plane that intersects the DNA axis orthogonally at its center, and the z = 17 plane 

(blue), which is separated from the former by 17 Å, i.e., half DNA turn. The sugar-

phosphate group is marked with arrows to distinguish minor and major groove positions on 

the z = 0 plane. Note that the angle measure on the minor groove side is about 1453, 

consistent with typical B-form values. The nonbonded interaction, which is predominantly 

electrostatic in nature, is significantly more favorable (by about 100 kcal/mol) when the 

dendrimer center of mass is on the minor groove. This is consistent with previous 

electrostatic potential calculations of B-form DNA, which show that the electronegative 

potential is enhanced in the narrow minor groove due to electrostatic focusing.79,80 Also 

noticeable is a shift of the pattern when the dendrimer is placed on the z = 17 plane. This is 

expected due to the helical symmetry of the DNA structure, verifying that the observed 

interaction pattern is due to the positions of negatively charged phosphates on DNA 

backbone.

Interaction energies for intermolecular distances of 25 Å and 35 Å were also calculated on 

the z = 0 plane to gauge how the energy profile changes as the dendrimer gets closer to 

DNA. Figure 5(a) shows that while the interaction energy values are much lower at distances 

closer to DNA (as expected), the shape of the energy profile in angular directions is 

maintained. Table 1 lists the values of the interaction energy and its components at minor 

and major grooves for three intermolecular distances. Finally, starting from a distance of 45 

Å, the dendrimer is pulled towards the DNA axis along the radial direction with a constant 

force of magnitude 10 pN for various dihedral angle values (See Figure 5(b)). These 

interaction energy profiles around the DNA and in the radial direction show that the 

difference between dendrimer-minor groove interaction and dendrimer-major groove 

interaction is amplified as the dendrimer gets closer to DNA. The difference in the DNA-G3 

interaction energy at the minor groove and major groove is about 100 kcal/mol for r45, 300 

kcal/mol for r35, and 600 kcal/mol for r25.

The closest distance at which the dendrimer approaches the DNA when the dendrimer is 

restrained to the z = 0 plane and at various dihedral values when no distance restraint 

applied, varied between 17 Å and 28 Å over a simulation of length 4 ns (data not shown). 

Therefore a distance of 25 Å can be safely considered to represent a binding mode.

Figure 6 shows a comparison of the electrostatic component of the total energy value (Figure 

6(a)) for the dendrimer-DNA system with the electrostatic contribution to the generalized 

Born solvation energy as obtained from the GBMV2 module55 in CHARMM (Figure 6(b)); 

anticorrelated behavior is observed. Total electrostatic, van der Waals and generalized Born 

solvation energy contributions are also calculated for r35 and r45, which are reported in 

Table 2. The generalized Born solvation energy is a continuum approximation to the 

electrostatic contribution to solvation energy.55 According to Figure 6(b), solvation energy at 

the minor groove is higher than the solvation energy at the major grove. In other words, in 

the region where interaction energy, which is predominantly electrostatic in nature, is more 

favorable (minor groove), solvation energy is less favorable. This opposite behavior of 

solvation energy and electrostatic energy is in agreement with Honig et al. in that the 
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charged or polar groups are a source of destability for molecules or complexes in aqueous 

solutions.78 This is because desolvation costs for binding of opposing charges are larger than 

Coulombic attractions.

In another computational study of dendrimer-DNA interactions performed in explicit 

solvent, the authors reported a total electrostatic energy of −22400 kcal/mol for a complex 

consisting of G3 and a 38 basepair DNA including the interactions due to ions and water.25 

In our implicit solvent simulations, this corresponds to the sum of the total system 

electrostatic energy and the electrostatic contribution to generalized Born energy, which are 

listed in Table 2. Since the DNA we use in our study is longer, i.e. 48 basepairs, we expect 

the total electrostatic energy in our system to be slightly lower. As expected, for an 

interaction distance of 25 Å, we find −22720 kcal/mol and −22733 kcal/mol for major 

groove and minor groove binding modes, respectively. While a one-to-one comparison 

cannot be made due to the different number of DNA atoms in the two studies, this close 

agreement in total electrostatic energy values suggest that the use of implicit solvent model 

used in our study yields results consistent with explicit solvent simulations.

Another similar molecular dynamics study which compared the non-bonded interactions of a 

charged nano-particle with DNA minor groove versus major groove reported a preference 

for the major groove.81 In that study, gold nanoparticles functionalized with thiolated alkane 

ligands carrying a small charge of +6 (AuNP-NH3) were used. The authors reported an 

electrostatic energy difference of 658.36 kJ/mol between minor and major groove 

electrostatic interactions, which corresponds to 157.2 kcal/mol overall or 26.2 kcal/mol per 

amine charge. Our results for a distance of 25 Å show a difference of 641.36 kcal/mol 

overall or 20.04 kcal/mol per amine charge, which is comparable to the above results in 

magnitude, but contradict them in terms of the preferred region. While we did not observe 

much difference between the van der Waals interactions for both modes of binding, the gold 

nanoparticle study reported a difference of 330.08 kJ/mol in the van der Waals interactions 

between the two modes of interactions, which favor the minor groove. The difference in 

nano-particle composition, size and flexibility may be a factor in explaining this difference 

in the two studies. Another explanation of this difference may be that in the mentioned 

study, DNA was free to move, resulting in DNA bending and adjustment of the groove 

width. In our study, on the other hand, DNA is kept straight and the widths of the minor and 

major grooves are maintained.

Based on the results mentioned above, we infer that for a longitudinal sliding motion along 

DNA to be possible, a free energy barrier is expected between the minor groove and major 

groove positions. Its height will determine whether or not the barrier can be scaled by 

thermal fluctuations, resulting in a random or, respectively, a helical sliding motion.

While the calculations reported above are useful to understand binding vs. sliding, the 

interaction energy values mentioned above are only enthalpic contributions to the free 

energy profiles. In order to include the entropic contributions, further calculations of the 

potentials of mean force around DNA are needed.
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Potentials of Mean Force

The potential of mean force around DNA for G3-DNA center of mass separations of 25 Å, 

35 Å, and 45 Å along the pseudo-dihedral angle reaction coordinate are shown in Figure 7. 

Contrarily to the interaction energy patterns described above, the free energy minimum was 

located in the major groove. While the free energy is almost smooth at a distance of 45 Å, 

the preference for the major groove starts to be felt at a distance of 35 Å with a barrier of 

about 2 kcal/mol. When the dendrimer is at a distance of 25 Å, the free energy barrier gets 

close to 8.5 kcal/mol.

For comparison of our results with protein-DNA interactions, we need to consider studies of 

PMF that explore the free energy profiles along possible sliding pathways along DNA. For 

example, Marklund et al.82 explored the PMF for LacI head domain nonspecifically 

interacting with DNA along a helical reaction coordinate and in the radial direction. In the 

radial direction, they found the barrier to be 12kBT ( or 7.15 kcal/mol at room temperature), 

which is within the theoretically estimated range for facilitated diffusion of proteins.4 This is 

almost half of the value we reported for G3 (13.5 kcal/mol) in a previous study.23 Marklund 

et al. also obtained the PMF along the helical direction, and they found it to be periodic, 

with a periodicity of one base pair, and a barrier of no larger than 3.5 kBT (or 2.1 kcal/mol). 

This value is close to the estimated value required for facilitated diffusion, which is 

estimated to be less than 2kBT.4

Based on the PMF results for G3, it is unlikely that G3 will dissociate from DNA due to the 

high barrier in the radial direction. In the longitudinal direction, we identified the major 

groove as the region of more favorable interaction, with a barrier of 8.5 kcal/mol, which is 

high enough to make the motion in this direction also unlikely. There exists the possibility, 

however, that the dendrimer may follow a helical path, similar to some DNA binding 

proteins such as LacI,82 human hOgg1, BstYI. MutY, E. coli MutM M74A, and BamHI, 

etc.83 Free energy profiles along helical coordinates will need to be determined to verify 

this. In any case, we believe that based on the assumptions mentioned earlier about the 

almost linear dependence of PMF barrier along radial direction, if the dendrimer charge size 

is reduced by half, this may result in cutting the barriers in both radial direction and sliding 

direction by half, which in turn may result in values close to the ones reported for LacI 

above.

We note that our study uses implicit solvent and therefore, does not include any structural 

effects of water or salt. An earlier study showed the important effects of ordered water layers 

in dendrimer-DNA interactions.22 Due to the dominant electrostatic nature of the 

interactions, the role of salt will also be important. However, these effects can be assumed to 

have effects of similar magnitude for major and minor grooves such that the relative 

interactions reported here are still valid.

NMR Order Parameters

In order to understand the dendrimer dynamics as the dendrimer interacts with DNA, we 

calculated NMR generalized order parameters S2 for the dendrimer N-H bond vectors at 

multiple positions around DNA using both the equilibrium expression and the tail value of 
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the autocorrelation functions (See Methods). The tail values were calculated from the 

average of the last 300 ps of the trajectory. Sample correlation functions are shown in the 

Supporting Information (Figure S1) for system r25. Except for residues 7 and 16, all 

correlation functions converge on the nanosecond time scale. This is because dendrimer 

motions are well sampled within this time scale.

According to the model-free approach,70 the lower S2 value for a given residue corresponds 

to more mobile motion, whereas a higher S2 value corresponds to more restricted motion. 

For a protein, the residues closer to the N-terminal and C-terminal are more mobile while 

the residues in the interior regions are more restricted. This results in a “frowning” pattern in 

which the residues closer to the two termini have lower S2 values and the residues closer to 

the central regions have higher S2 values. In contrast, dendrimers have a different pattern of 

mobility, in which all termini are flexible, not just the C- and N-termini in the protein case. 

Figure 8(b) shows the pattern of order parameter values, which are color coded according to 

generation as shown in Figure 8(a) for one prototypical example. More S2 plots for various 

positions of dendrimer around DNA are included in the Supporting Information (Figures S2 

– S7). Accordingly, N-H bonds in the innermost layer (generation 0), have consistently 

higher S2 values compared with bonds in the outer layers (generations 1 – 3). That is, the 

motion is more restricted in the inner layers than in the outer layers, as expected from the 

branching geometry. Moreover, S2 values approach zero for the terminals showing 

unrestricted motion.

When the mobility patterns at different dendrimer-DNA interaction distances are compared, 

it is observed that S2 values for an interaction distance of 25 Å are usually higher than S2 

values for interaction distances of 35 Å and 45 Å. This shows that mobility is more restricted 

as the dendrimer gets closer to DNA and as the terminals start to make more contacts with 

the DNA. This behavior is consistent with that of many (but not all) proteins, which are 

known to show a rigid behavior upon binding,84–86 resulting in higher S2 values.

Our findings in the area of bond motion via S2 could be readily verifiable by NMR liquid 

state experiments,67,87 in which one can label the nitrogens with 15N isotopes, and can 

reveal binding dynamics through the measurement of order parameters.

Concluding Discussion

In this study, we analyzed the potential use of cationic PAMAM dendrimers to mimic the 

facilitated search mechanism of proteins along DNA. With this goal in mind, we investigated 

the energetics and dynamics of dendrimer-DNA binding interactions. We calculated the 

interaction energy by using all-atom molecular dynamics simulations and mapped the free 

energy along a circular reaction coordinate around DNA via umbrella sampling. We also 

calculated NMR order parameters, first time to our knowledge for a PAMAM dendrimer, to 

understand the dynamics in different binding modes, comparing minor and major groove 

binding.

Based on a comparison of energetics, we concluded that, despite considerably more 

favorable electrostatic interactions in the minor groove, the free energy is lower in the major 
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groove than minor groove. This can be explained by a high entropic cost as the dendrimer is 

attracted to DNA in the minor groove. The higher values of NMR order parameters when the 

dendrimer is in minor-groove binding mode supported this explanation. The free energy 

barrier between the minor and major groove interactions was found to be about 8.5 kcal/mol, 

a value high enough to likely inhibit a possible sliding motion along DNA axis. Our result 

not only quantifies the free energy barrier introduced due to major groove-minor groove 

variations in DNA landscape, but also identifies the helical path along DNA major groove as 

a suitable reaction coordinate to study possible diffusion of dendrimers. The possibility of a 

sliding motion along a helical axis (similarly to some DNA-sliding proteins) will be dictated 

by the PMF along a helical axis spiraling through the major groove. Alternatively, the 

overall charge size may be reduced to half of its current value to obtain free energy values 

comparable to proteins. This is the first study to our knowledge, in which a potential of 

mean force of interaction around DNA is calculated for a cationic, flexible molecule. This 

information will benefit various fields of DNA nanotechnology, in which not only dynamic, 

but also static DNA structures are used for various potential applications, some of which 

involve the interaction of DNA with other molecules similar to dendrimers. Moreover, our 

PMF profile is a significant contribution in itself in any area that involves dendrimer-DNA 

interactions. Our results can be used in the fields of bionanomedicine and 

bionanotechnology that involve dendrimer-DNA interactions and in designing artificial 

walking molecules.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We kindly acknowledge the National Institutes of Health for partial support of work presented herein via grant 
5R01GM089846. We also thank NERSC and XSEDE for the computational resources made available to us by the 
Department of Energy and the National Science Foundation, respectively.

References

1. Lodish, H., Berk, A., Zipursky, SL., Matsudaira, DB., Darnell, J. Molecular Cell Biology. Freeman; 
New York: 2004. 

2. Hu L, Grosberg AY, Bruinsma R. Are DNA Transcription Factor Proteins Maxwellian Demons? 
Biophys J. 2008; 95:1151–1156. [PubMed: 18456820] 

3. Riggs AD, Bourgeois S, Kohn M. The Lac Represser-Operator Interaction: III. Kinetic Studies. J 
Mol Biol. 1970; 53:1–17401. [PubMed: 5485918] 

4. Slutsky M, Mirny LA. Kinetics of Protein-DNA Interaction: Facilitated Target Location in 
Sequence-Dependent Potential. Biophys J. 2004; 87:4021–4035. [PubMed: 15465864] 

5. Berg OG, Winter RB, von Hippel PH. Diffusion-Driven Mechanisms of Protein Translocation on 
Nucleic Acids. 1. Models and Theory. Biochemistry. 1981; 20:6929–6948. [PubMed: 7317363] 

6. Winter RB, von Hippel PH. Diffusion-Driven Mechanisms of Protein Translocation on Nucleic 
Acids. 2. The Escherichia Coli Repressor–Operator Interaction: Equilibrium Measurements. 
Biochemistry. 1981; 20:6948–6960. [PubMed: 6274381] 

7. Halford SE. How Do Site-Specific DNA-Binding Proteins Find Their Targets? Nucleic Acids Res. 
2004; 32:3040–3052. [PubMed: 15178741] 

8. Mirny L, Slutsky M, Wunderlich Z, Tafvizi A, Leith J, Kosmrlj A. How a Protein Searches for Its 
Site on DNA: The Mechanism of Facilitated Diffusion. J Phys A: Math Theor. 2009; 42:434013.

Ficici and Andricioaei Page 13

J Phys Chem B. Author manuscript; available in PMC 2017 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Cherstvy AG, Kolomeisky AB, Kornyshev AA. Protein-DNA Interactions: Reaching and 
Recognizing the Targets. J Phys Chem B. 2008; 112:4741–4750. [PubMed: 18358020] 

10. Florescu AM, Joyeux M. Dynamical Model of DNA-Protein Interaction: E3ect of Protein Charge 
Distribution and Mechanical Properties. J Chem Phys. 2009; 131:105102.

11. Kolomeisky AB, Veksler A. How to Accelerate Protein Search on DNA: Location and 
Dissociation. J Chem Phys. 2012; 136:125101. [PubMed: 22462896] 

12. Veksler A, Kolomeisky AB. Speed-Selectivity Paradox in the Protein Search for Targets on DNA: 
Is It Real or Not? J Phys Chem B. 2013; 117:12695–12701. [PubMed: 23316873] 

13. Misra VK, Hecht JL, Yang AS, Honig B. Electrostatic Contributions to the Binding Free Energy of 
the LambdacI Repressor to DNA. Biophys J. 1998; 75:2262–2273. [PubMed: 9788922] 

14. Givaty O, Levy Y. Protein Sliding Along DNA: Dynamics and Structural Characterization. J Mol 
Biol. 2009; 385:1087–1097. [PubMed: 19059266] 

15. Kalodimos CG. Structure and Flexibility Adaptation in Nonspecific and Specific Protein-DNA 
Complexes. Science. 2004; 305:386–389. [PubMed: 15256668] 

16. Tomalia DA, Baker H, Dewald J, Hall M, Kallos G, Martin S, Roeck J, Ryder J, Smith P. a New 
Class of Polymers: Starburst-Dendritic Macromolecules. Polym J. 1985; 17:117–132.

17. Tomalia DA, Huang B, Swanson DR, Brothers HM, Klimash JW. Structure Control Within 
Poly(amidoamine) Dendrimers: Size, Shape and Regio-Chemical Mimicry of Globular Proteins. 
Tetrahedron. 2003; 59:3799–3813.

18. Esfand R, Tomalia DA. Poly(amidoamine) (PAMAM) Dendrimers: From Biomimicry to Drug 
Delivery and Biomedical Applications. Drug Discov Today. 2001; 6:427–436. [PubMed: 
11301287] 

19. Kukowska-Latallo JF, Bielinska AU, Johnson J, Spindler R, Tomalia D, Baker JR. E3cient Transfer 
of Genetic Material into Mammalian Cells Using Starburst Polyamidoamine Dendrimers. Proc 
Natl Acad Sci. 1996; 93:4897–4902. [PubMed: 8643500] 

20. Tomalia D, Reyna LA, Svenson S. Dendrimers As Multi-Purpose Nanodevices for Oncology Drug 
Delivery and Diagnostic Imaging. Biochem Soc Trans. 2007; 35:61–67. [PubMed: 17233602] 

21. Bosman AW, Janssen HM, Meijer EW. About Dendrimers: Structure, Physical Properties, and 
Applications. Chem Rev. 1999; 99:1665–1688. [PubMed: 11849007] 

22. Mills M, Orr BG, Banaszak Holl MM, Andricioaei I. Attractive Hydration Forces in DNA–
Dendrimer Interactions on the Nanometer Scale. J Phys Chem B. 2013; 117:973–981. [PubMed: 
23234339] 

23. Mills M, Orr B, Banaszak Holl MM, Andricioaei I. Microscopic Basis for the Mesoscopic 
Extensibility of Dendrimer-Compacted DNA. Biophys J. 2010; 98:834–842. [PubMed: 20197037] 

24. Yu S, Li M, Choi S, Baker J, Larson R. DNA Condensation by Partially Acetylated Poly(amido 
amine) Dendrimers: E3ects of Dendrimer Charge Density on Complex Formation. Molecules. 
2013; 18:10707–10720. [PubMed: 24005965] 

25. Nandy B, Maiti PK. DNA Compaction by a Dendrimer. J Phys Chem B. 2011; 115:217–230. 
[PubMed: 21171620] 

26. Ritort F, Mihardja S, Smith S, Bustamante C. Condensation Transition in DNA- Polyaminoamide 
Dendrimer Fibers Studied Using Optical Tweezers. Phys Rev Lett. 2006; 96:118301. [PubMed: 
16605879] 

27. Nandy B, Maiti PK, Bunker A. Force Biased Molecular Dynamics Simulation Study of E3ect of 
Dendrimer Generation on Interaction with DNA. J Chem Theory Comput. 2012:722–729. 
[PubMed: 26589067] 

28. Örberg ML, Schillén K, Nylander T. Dynamic Light Scattering and Fluorescence Study of the 
Interaction Between Double-Stranded DNA and Poly(amido-amine) Dendrimers. 
Biomacromolecules. 2007; 8:1557–1563. [PubMed: 17458932] 

29. Qamhieh K, Nylander T, Ainalem ML. Analytical Model Study of Dendrimer/DNA Complexes. 
Biomacromolecules. 2009; 10:1720–1726. [PubMed: 19438230] 

30. Chen W, Turro NJ, Tomalia DA. Using Ethidium Bromide to Probe the Interactions Between DNA 
and Dendrimers. Langmuir. 2000; 16:15–19.

Ficici and Andricioaei Page 14

J Phys Chem B. Author manuscript; available in PMC 2017 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. Ottaviani MF, Furini F, Casini A, Turro NJ, Jockusch S, Tomalia DA, Messori L. Formation of 
Supramolecular Structures Between DNA and Starburst Dendrimers Studied by EPR, CD, UV, and 
Melting Profiles. Macromolecules. 2000; 33:7842–7851.

32. Yu S, Larson RG. Monte-Carlo Simulations of PAMAM Dendrimer–DNA Interactions. Soft 
Matter. 2014; 10:5325. [PubMed: 24924736] 

33. Zwanzig R. Diffusion in a Rough Potential. Proc Natl Acad Sci US A. 1988; 85:2029–2030.

34. Blainey PC, van Oijen AM, Banerjee A, Verdine GL, Xie XS. A Base-Excision DNA-Repair 
Protein Finds Intrahelical Lesion Bases by Fast Sliding in Contact with DNA. Proc Natl Acad Sci 
US A. 2006; 103:5752–5757.

35. Tafvizi A, Huang F, Leith JS, Fersht AR, Mirny LA, van Oijen AM. Tumor Suppressor P53 Slides 
on DNA with Low Friction and High Stability. Biophys J. 2008; 95:L01–L03. [PubMed: 
18424488] 

36. Tafvizi A, Huang F, Fersht AR, Mirny LA, van Oijen AM. A Single-Molecule Characterization of 
P53 Search on DNA. Proc Natl Acad Sci US A. 2011; 108:563–568.

37. Vuzman D, Azia A, Levy Y. Searching DNA via a “Monkey Bar” Mechanism: The Significance of 
Disordered Tails. J Mol Biol. 2010; 396:674–684. [PubMed: 19958775] 

38. Khazanov N, Levy Y. Sliding of P53 Along DNA Can Be Modulated by Its Oligomeric State and 
by Cross-Talks Between Its Constituent Domains. J Mol Biol. 2011; 408:335–355. [PubMed: 
21338609] 

39. Viadiu H, Aggarwal AK. Structure of BamHI Bound to Nonspecific DNA: A Model for DNA 
Sliding. Mol Cell. 2000; 5:889–895. [PubMed: 10882125] 

40. Winkler FK, Banner DW, Oefner C, Tsernoglou D, Brown RS, Heathman SP, Bryan RK, Martin 
PD, Petratos K, Wilson KS. The Crystal Structure of EcoRV Endonuclease and of Its Complexes 
with Cognate and Non-Cognate DNA Fragments. EMBO J. 1993; 12:1781–1795. [PubMed: 
8491171] 

41. Townson SA, Samuelson JC, Bao Y, Xu S, Aggarwal AK. BstYI Bound to Noncognate DNA 
Reveals a “Hemispecific” Complex: Implications for DNA Scanning. Structure. 2007; 15:449–
459. [PubMed: 17437717] 

42. Zeng F, Zimmerman SC. Dendrimers in Supramolecular Chemistry: From Molecular Recognition 
to Self-Assembly. Chem Rev. 1997; 97:1681–1712. [PubMed: 11851463] 

43. Duncan R. The Dawning Era of Polymer Therapeutics. Nat Rev Drug Discovery. 2003; 2:347–360. 
[PubMed: 12750738] 

44. Malik N, Wiwattanapatapee R, Klopsch R, Lorenz K, Frey H, Weener JW, Meijer EW, Paulus W, 
Duncan R. Dendrimers: Relationship Between Structure and Biocompatibility in Vitro, and 
Preliminary Studies on the Biodistribution of 125I-Labelled Polyamidoamine Dendrimers In Vivo. 
J Controlled Release. 2000; 65:133–148.

45. Ferruti P, Marchisio MA, Duncan R. Poly (amido-amine)s: Biomedical Applications. Macromol 
Rapid Commun. 2002; 23:332–355.

46. Behr J. Synthetic Gene-Transfer Vectors. Acc Chem Res. 2001; 26:274–278.

47. Jang W, Kamruzzaman Selim KM, Lee C, Kang I. Bioinspired Application of Dendrimers: From 
Bio-Mimicry to Biomedical Applications. Prog in Polym Sci. 2009; 34:1–23.

48. Duncan R, Izzo L. Dendrimer Biocompatibility and Toxicity. Adv Drug Delivery Rev. 2005; 
57:23–23.

49. Navath RS, Menjoge AR, Wang B, Romero R, Kannan S, Kannan RM. Amino Acid-
Functionalized Dendrimers with Heterobifunctional Chemoselective Peripheral Groups for Drug 
Delivery Applications. Biomacromolecules. 2010; 11:1544–1563. [PubMed: 20415504] 

50. Foloppe N, Mackerell AD. All-atom Empirical Force Field for Nucleic Acids: I. Parameter 
Optimization Based on Small Molecule and Condensed Phase Macromolecular Target Data. J 
Comput Chem. 2000; 21:86–104.

51. MacKerell AD, Banavali NK. All-atom Empirical Force Field for Nucleic Acids: II. Application to 
Molecular Dynamics Simulations of DNA and RNA in Solution. J Comput Chem. 2000; 21:105–
120.

Ficici and Andricioaei Page 15

J Phys Chem B. Author manuscript; available in PMC 2017 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



52. Brooks BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan S, Karplus M. Program for 
Macromolecular Energy, Minimization,and Dynamics Calculations. J Comput Chem. 2004; 4:187–
217.

53. Brooks BR, Bruccoleri RE, Olafson DJ, States DJ, Swaminathan S, Karplus M. CHARMM: A 
Program for Macromolecular Energy, Minimization, and Dynamics Calculations. J Comput Chem. 
1983; 4:187–217.

54. MacKerel, AD., Jr, Brooks, CL., III, Nilsson, L., Roux, B., Won, Y., Karplus, M. CHARMM: The 
Energy Function and Its Parameterization with an Overview of the Program. In: Schleyer, RP., et 
al., editors. The Encyclopedia of Computational Chemistry. Vol. 1. John Wiley & Sons; 
Chichester: 1998. p. 271-277.

55. Lee MS, Feig M, Salsbury FR, Brooks CL. New Analytic Approximation to the Standard 
Molecular Volume Definition and Its Application to Generalized Born Calculations. J Comput 
Chem. 2003; 24:1348–1356. [PubMed: 12827676] 

56. Feig M, Chocholoušová J, Tanizaki S. Extending the Horizon: Towards the E3cient Modeling of 
Large Biomolecular Complexes in Atomic Detail. Theor Chem Acc. 2005; 116:194–205.

57. Bashford D, Case DA. Generalized Born Models of Macromolecular Solvation Effects. Annu Rev 
Phys Chem. 2000; 51:129–152. [PubMed: 11031278] 

58. Ryckaert J, Ciccotti G, Berendsen HJC. Numerical Integration of the Cartesian Equations of 
Motion of a System with Constraints: Molecular Dynamics of N-Alkanes. J Comput Phys. 1977; 
23:327–341.

59. Kelly CV, Leroueil PR, Nett EK, Wereszczynski JM, Baker JR, Orr BG, Banaszak Holl MM, 
Andricioaei I. Poly(amidoamine) Dendrimers on Lipid Bilayers I: Free Energy and Conformation 
of Binding. J Phys Chem B. 2008; 112:9337–9345. [PubMed: 18620450] 

60. Macke, TJ., Case, DA. Molecular Modeling of Nucleic Acids. American Chemical Society; 
Washington, DC: 1997. p. 379-393.

61. Nummela J, Andricioaei I. Energy Landscape for DNA Rotation and Sliding Through a Phage 
Portal. Biophys J. 2009; 96:L29–L31. [PubMed: 19217842] 

62. Torrie GM, Valleau JP. Nonphysical Sampling Distributions in Monte Carlo Free-Energy 
Estimation: Umbrella Sampling. J Comput Phys. 1977; 23:187–199.

63. Kirkwood JG. Statistical Mechanics of Fluid Mixtures. J Chem Phys. 1935; 3:300.

64. Kumar S, Rosenberg JM, Bouzida D, Swendsen RH, Kollman PA. the Weighted Histogram 
Analysis Method for Free Energy Calculations on Biomolecules. I. The Method. J Comput Chem. 
1992; 13:1011–1021.

65. Grossfield, A. WHAM: The Weighted Histogram Analysis Method”, Version 2.0.6. http://
membrane.urmc.rochester.edu/content/wham

66. Sun J, Viadiu H, Aggarwal AK, Weinstein H. Energetic and Structural Considerations for the 
Mechanism of Protein Sliding Along DNA in the Nonspecific BamHI-DNA Complex. Biophys J. 
2012; 84:3317–3325.

67. Musselman C, Zhang Q, Al-Hashimi H, Andricioaei I. Referencing Strategy for the Direct 
Comparison of Nuclear Magnetic Resonance and Molecular Dynamics Motional Parameters in 
RNA. J Phys Chem B. 2010; 114:929–939. [PubMed: 20039757] 

68. Salmon L, Bascom G, Andricioaei I, Al-Hashimi HM. A General Method for Constructing 
Atomic-Resolution RNA Ensembles Using NMR Residual Dipolar Couplings: The Basis for 
Interhelical Motions Revealed. J Am Chem Soc. 2013; 135:5457–5466. [PubMed: 23473378] 

69. Levy, RM., Karplus, M. Trajectory Studies of NMR Relaxation in Flexible Molecules. ACS; 
Washington, D.C: 2009. p. 445-468.

70. Lipari G, Szabo A. Model-Free Approach to the Interpretation of Nuclear Magnetic Resonance 
Relaxation in Macromolecules. 1. Theory and Range of Validity. J Am Chem Soc. 1982; 
104:4546–4559.

71. Wrabl JO, Shortle D, Woolf TB. Correlation Between Changes in Nuclear Magnetic Resonance 
Order Parameters and Conformational Entropy: Molecular Dynamics Simulations of Native and 
Denatured Staphylococcal Nuclease. Proteins. 2000; 38:123–133. [PubMed: 10656260] 

Ficici and Andricioaei Page 16

J Phys Chem B. Author manuscript; available in PMC 2017 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://membrane.urmc.rochester.edu/content/wham
http://membrane.urmc.rochester.edu/content/wham


72. Markwick PRL, Bouvignies G, Blackledge M. Exploring Multiple Timescale Motions in Protein 
GB3 Using Accelerated Molecular Dynamics and NMR Spectroscopy. J Am Chem Soc. 2007; 
129:4724–4730. [PubMed: 17375925] 

73. Chandrasekhar I, Clore GM, Szabo A, Gronenborn AM, Brooks BR. A 500 Ps Molecular 
Dynamics Simulation Study of Interleukin-1β in Water: Correlation with Nuclear Magnetic 
Resonance Spectroscopy and Crystallography. J Mol Biol. 1992; 226:239–250. [PubMed: 
1619653] 

74. Im W, Beglov D, Roux B. Continuum Solvation Model: Computation of Electrostatic Forces from 
Numerical Solutions to the Poisson-Boltzmann Equation. Comput Phys Commun. 1998; 111:59–
75.

75. Nina M, Beglov D, Roux B. Atomic Radii for Continuum Electrostatics Calculations Based on 
Molecular Dynamics Free Energy Simulations. J Phys Chem B. 1997; 101:5239–5248.

76. Banavali NK, Roux B. Atomic Radii for Continuum Electrostatics Calculations on Nucleic Acids. 
J Phys Chem B. 2002; 106:11026–11035.

77. The PyMOL Molecular Graphics System, Version 1.5.0.2. Schrödinger, LLC; 

78. Honig B, Nicholls A. Classical Electrostatics in Biology and Chemistry. Science. 1995; 268:1144–
1149. [PubMed: 7761829] 

79. Rohs R, West SM, Sosinsky A, Liu P, Mann RS, Honig B. The Role of DNA Shape in Protein-
DNA Recognition. Nature. 2009; 461:1248–1253. [PubMed: 19865164] 

80. Rohs R, Jin X, West SM, Joshi R, Honig B, Mann RS. Origins of Specificity in Protein-DNA 
Recognition. Annu Rev Biochem. 2010; 79:233–269. [PubMed: 20334529] 

81. Railsback JG, Singh A, Pearce RC, McKnight TE, Collazo R, Sitar Z, Yingling YG, Melechko AV. 
Weakly Charged Cationic Nanoparticles Induce DNA Bending and Strand Separation. Adv Mater. 
2012; 24:4261–4265. [PubMed: 22711427] 

82. Marklund EG, Mahmutovic A, Berg OG, Hammar P, van der Spoel D, Fange D, Elf J. 
Transcription-Factor Binding and Sliding on DNA Studied Using Micro- and Macroscopic 
Models. Proc Natl Acad Sci US A. 2013; 110:19796–19801.

83. Blainey PC, Luo G, Kou SC, Mangel WF, Verdine GL, Bagchi B, Xie XS. Nonspecifically Bound 
Proteins Spin While Diffusing Along DNA. Nat Struct Mol Biol. 2009; 16:1224–1229. [PubMed: 
19898474] 

84. Iwahara J, Zweckstetter M, Clore GM. NMR Structural and Kinetic Characterization of a 
Homeodomain Diffusing and Hopping on Nonspecific DNA. Proc Natl Acad Sci. 2006; 
103:15062–15067. [PubMed: 17008406] 

85. van Tilborg PJA, Czisch M, Mulder FAA, Folkers GE, Bonvin AMJJ, Nair M, Boelens R, Kaptein 
R. Changes in Dynamical Behavior of the Retinoid X Receptor DNA-Binding Domain upon 
Binding to a 14 Base-Pair DNA Half Site. Biochemistry. 2000; 39:8747–8757. [PubMed: 
10913286] 

86. Lee AL, Kinnear SA, Wand AJ. Redistribution and Loss of Side Chain Entropy upon Formation of 
a Calmodulin–Peptide Complex. Nat Struct Mol Biol. 2000; 7:72–77.

87. Nikolova EN, Bascom GD, Andricioaei I, Al-Hashimi HM. Probing Sequence-Specific DNA 
Flexibility in A-Tracts and Pyrimidine-Purine Steps by Nuclear Magnetic Resonance 13C 
Relaxation and Molecular Dynamics Simulations. Biochemistry. 2012; 51:8654–8664. [PubMed: 
23035755] 

Ficici and Andricioaei Page 17

J Phys Chem B. Author manuscript; available in PMC 2017 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Structure of generation 2 dendrimer. A generation number is defined as the number of 

branching points.
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Figure 2. 
The dendrimer is shown at a pseudo dihedral value of ϕ = 180° and a distance of r = 45 Å, 

defined by three points and the dendrimer center of mass: P1:P2:P3:G3 COM.
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Figure 3. 
Electrostatic potential surfaces as calculated with PBEQ module of CHARMM shown for 

proteins: (a) BamHI (PDB ID 1ESG); (b) BstYI (PDB ID 2POJ); (c) EcoRV (PDB ID 

2RVE); and (d) Lac Repressor (PDB ID 1OSL) complexed with DNA nonspecifically; and 

(e) G3. Images were made by PyMOL. Negative regions are shown with red, and positive 

regions are shown with blue. Heat map color scale is from −15.0 kT/e to 15.0 kT/e.
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Figure 4. 
Interaction energy plots for G3-DNA separation of 45 Å at two different planes orthogonal 

to DNA axis: the z = 0 plane (red) and the z = 17 Å plane (blue) in cartesian 4(a) and polar 

4(b) representations. In 4(a) smoothing line is used to guide the eye. In 4(b) the positions of 

sugar-phosphate group is marked with arrows to distinguish minor and major grooves on the 

z = 0 plane. Note that the radius is proportional to the magnitude of the interaction energy.
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Figure 5. 
5(a) A comparison of interaction energy calculated at three G3-DNA separation around 

DNA axis. 5(b) Dependence of interaction energy on radial distance for various dihedral 

angle values.
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Figure 6. 
Electrostatic 6(a) and Generalized Born 6(b) components of total energy for G3-DNA 

separation of 25 Å
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Figure 7. 
Potentials of Mean Force along circular reaction coordinates around DNA axis for 

dendrimer-DNA distances of 25 Å, 35 Å, and 45 Å.
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Figure 8. 
The dendrimer placed at a distance of r = 25 Å and a dihedral angle of ϕ = 150° is shown in 

8(a) color coded by generation as follows: generation 0 (red), generation 1 (green), 

generation 2 (blue), and generation 3 (purple). The core is shown in silver color. 

Corresponding S2 values are shown in 8(b).
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Table 1

Contributions of electrostatic and van der Waals energies to interaction energy at minor and major grooves.

Electrostatic (kcal/mol) vdW (kcal/mol) Interaction En. (kcal/mol)

r25

Minor Groove −2787.17 −17.5468 −2804.72

Major Groove −2344.03 −16.5974 −2360.63

r35

Minor Groove −937.139 −0.642 −937.139

Major Groove −624.75 −0.449 −625.199

r45

Minor Groove −140.382 −0.028 −140.410

Major Groove −28.196 −0.0016 −28.194
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Table 2

Contributions of electrostatic and van der Waals energies to total system energy and electrostatic contribution 

to Generalized Born solvation energy.

Electrostatic vdW Total Nonbonded Gen. Born Electr. Solvation Energy

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

r25

Minor Groove −2325.35 −464.2 −2789.55 −20407.8

Major Groove −1683.99 −461.66 −2145.65 −21036

r35

Minor Groove −415.27 −442.772 −858.04 −22304.7

Major Groove −126.82 −444.38 −571.21 −22588.4

r45

Minor Groove 526.5 −446.88 79.62 −23298.8

Major Groove 581.952 −452.75 129.2 −23251
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