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DNA-PAMAM dendrimer complexes with structures similar to those in a nucleosome can form
at low salt concentration, but have two different handedness when most dendrimer surface amine
groups are nonacetylated.
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ABSTRACT

We use Monte Carlo simulations to determine the influence of poly(amido amine) (PAMAM)
dendrimer size and charge on its interactions with double-stranded DNA conformation and
interaction strength. To achieve a compromise between simulation speed and molecular detail,
we combine the coarse-grained DNA model of de Pablo et al." which resolves each DNA base
using three beads — and thereby retains the double-helix structure — with a dendrimer model with
resolution similar to that of the DNA. The resulting predictions of the effects of dendrimer
generation, dendrimer surface charge density, and salt concentration on dendrimer—-DNA
complexes are in agreement with both experiments and all-atom MD simulations. The model
predicts that DNA wraps a fully charged G5 or G6 dendrimer at low salt concentration (10 mM)
similarly to a histone octamer, and for the G5 dendrimer, DNA super helices with both
handednesses occur. At salt concentrations above 50 mM, or when a high fraction of dendrimer
surface charges are neutralized by acetylation, DNA adheres but does not compactly wrap the
dendrimer, in agreement with experimental findings. We are also able to simulate pairs of
dendrimers binding to the same DNA strand. Thus, our mesoscale simulation not only elucidates
dendrimer-DNA interactions, but also provides a methodology for efficiently simulating

chromatin formation and other cationic macroion — DNA complexes.
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1. Introduction

Extensive experimental studies, e.g., cryo-TEM,>? small angle X-ray scattering,’ and dynamic
light scattering,™® have recently been performed to investigate the size and morphology of
complexes of cationic poly(amido amine) (PAMAM) dendrimer with double-stranded DNA.
This interest is driven by the ability of this dendrimer to condense dsDNA, opening up possible
applications in gene delivery.”® Since the strongest interaction between cationic dendrimers and
DNA is electrostatic, the size as well as the morphology of the complex are highly dependent on
salt concentration,” pH,* and dendrimer surface groups.'® Therefore, a dendrimer — DNA model
that captures the electrostatic interaction correctly, and with appropriate resolution, would
stimulate deeper understanding of the physical properties of the complexes and help in the design
of novel dendrimers for gene delivery. In addition, dendrimers of generation 5 or larger are
roughly comparable in size to histone octamers and so can model DNA-histone interactions, and
help in understanding DN A-protein interactions more generally.

However, accurate all-atom molecular dynamics (AAMD) simulations can only be applied

11,12

routinely to fairly small dendrimer — DNA systems, since AAMD simulations are

computationally expensive. On the other hand, widely used coarse-grained (CG) models,'*
which use bead-spring or bead-rod chains to model dsDNA as an effectively single-strand linear
polyelectrolyte, can simulate binding and wrapping of DNA around a dendrimer. However since
the diameter of dsDNA is almost the same as the radius of the dendrimer, the double-helix
structure of DNA might be critical for local arrangement of the DNA along the dendrimer
surface and thereby strongly affect the structure of the dendrimer — DNA complex. To the best of
our knowledge, only the recent work of Cao et al.,'” which employs Savelyev and Papoian’s

double stranded coarse-grained DNA model,'® discusses how a double helix polyelectrolyte can

3
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be captured by a charged nanosphere, thus providing a simplified model of DNA condensation
by a macroion. Note that in Savelyev and Papoian’s DNA model, DNA melting and sequence-
dependent bending were not allowed and a hard sphere with hundreds of charges evenly
distributed over its surface was used for the macroion. Such a model, while useful especially for
DNA condensation by hard, uniform nanoparticles, does not describe details of local DNA
structures adsorbed to flexible nanoparticles such as dendrimers, and cannot describe local DNA
melting. To study DNA local bending and melting caused by strong attractions between a
dendrimer and DNA, a finer-scale, yet still coarse-grained, DNA model is necessary, one that
captures the double helix structure of dsDNA, allowing DNA double strand super-coiling,
melting and re-association. Such a model, called the “3SPN” coarse-grained model, was

developed by de Pablo and co-workers, "+'*2%%!

in which a single bead represents each of the
phosphate, sugar, and bases, reducing the number of degrees of freedom significantly relative to
atomistic models. Moreover, this “3SPN” model can generate accurate DNA sequence-
dependent melting curves as well as an accurate persistence length for double stranded DNA.
Thus, the 3SPN model makes it easily affordable to study the interactions of a relatively long
strand of dsDNA (e.g., 144 bp) with dendrimers of various generations without sacrificing the
DNA local double helical structure. Another main advantage of the 3SPN model is that the
electrostatic force is treated using the Debye-Hiickel theory which can easily be adapted (as we
do here) to compute the electrostatic interactions with other molecules, in particular, charged
dendrimers. However, since the 3SPN model is based on the classical B-form dsDNA structure,
Hogsteen interactions are not included in this DNA model.

It is worth mentioning that a CG model that incorporates both this 3SPN DNA model and a CG

dendrimer model with similar resolution has not heretofore been published. Thus, here, we



Soft Matter

combine the charged bead-spring dendrimer model of Muthukumar and coworkers' with the
3SPN DNA model by choosing an appropriate repulsive force between DNA and dendrimer
beads that leads to a good match to the free energy of dendrimer — DNA binding found in all-
atom MD simulations.'” As will be discussed below, the combination of Muthukumar and
dePablo model does not significantly disrupt the local double helix structure of the DNA.

Using this coarse-grained model, which we call the 3SPN-WM (Welch, Muthukumar'*) model,
we seek to study systematically DNA-dendrimer complex formation as a function of dendrimer
generation, dendrimer surface charge density, and salt concentration, and to validate our coarse-
grained model by comparing these simulation results to our previous experimental work.® Our
coarse-gained model could also be extended to describe other DNA — macroion complexes, such
as the DNA — histone complex, which is of great biological importance. Compared to recent

coarse-grained models of DNA — histone complexes,” **

our new coarse-grained model
presented here should give more detailed information regarding sequence-dependent bending of
DNA for relatively long DNA sequences (>146 bp). Hence, our dendrimer — DNA (3SPN-WM)
model is not only of interest in its own right, but is a good starting point for developing a new
CG model of the DNA — histone complex which can bridge the gap between an all-atom model
and a simpler bead-spring model of this complex.”* Such a CG model can help in the design of
dendrimers with optimal surface charge density, which might increase transfection efficiency.

2. Simulation model and method

Dendrimer model

In this paper, a PAMAM dendrimer with an ethylenediamine core was modeled by a bead-

spring, so-called “united-atom” model."”* An ethylenediamine (EDA) core PAMAM dendrimer

has 33% more terminal groups than the same-generation ammonia-core PAMAM dendrimer
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simulated by Welch and Muthukumar', and thus is less flexible than the ammonia-core
dendrimer. For an ethylenediamine-core dendrimer, the relationship between the number of

dendrimer beads (Np) in the CG model and the dendrimer generation number (G) is:

ND:N.

int erior

+ Ngpmina = (2777 =2) +297 (1)
where Niyerior and Niermina are the number of interior and terminal beads, respectively. Fig. 1
shows how a generation 1 (G1) dendrimer is modeled, where the interior and terminal beads are
rendered in magenta and cyan, respectively. The mass of each bead is 113 (amu). (Assignment of
specific atoms to CG beads of each color in Fig. 1 was not attempted, and bending and torsional
potentials were not included in the dendrimer model, although they are present in the DNA
model of de Pablo and coworkers; see Eqs 8~14.) The CG model of an ammonia-core dendrimer
by Welch and Muthukumar contains only a single bead at the center, attached to three branches,
rather than the pair of beads attached to four branches for the ethylenediamine-core dendrimer

depicted in Fig. 1. Apart from this difference, the CG model used here is identical to that of

Welch and Muthukumar.
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Fig. 1 Depiction of the bead-spring model for a generation 1 (G1) PAMAM dendrimer. This, and
other molecular depictions, were generated using Jmol: an open-source Java viewer for chemical

structures available at 3D. http://www.jmol.org/.

Here, we include only three forces: bond stretching, excluded volume, and Coulombic. As
described in Ref. 13, we used the finitely extensible nonlinear elastic" (FENE) force to model the

bond stretching energy (Eq. 2).

L-1,)
z ” 2)

where Urgyr is the total bond stretching energy for the dendrimer; K, set to 20.0//; , is the spring

Y \
—FENE — —KR*) log|1-
or - KR (

constant; and /; is bond length of the ith bond. Also /, = (lmax +1

min

)/ 2, where /.y and [nin are the
maximum and minimum bond lengths respectively, and R=/__—/,. In all our simulations, /pnax

was set to 1.0/g and /i, to 0.4/, where I3 is the Bjerrum length (Eq. 5) which is 7.1 A at 25 °C
in water which are the same values as used by Welch and Muthukumar'. Np is the number of
dendrimer beads.

The electrostatic repulsion force between the charged dendrimer terminal beads is computed
using the Debye-Hiickel potential: " (Egs. 3-5 explicitly demonstrate that the electrostatic
interaction terms from de Pablo et al. and from Welch and Muthukumar are identical. The

second term in Eq. 3 was used in the work of de Pablo et al., while the third term was used in

Welch and Muthukumar)
Ue ec & qzq 'eczeimj il qzq ‘eim[j
=3 — L) 3)

kT g 4EE°€(ZC)’3/kBT: i<j Ty

where U, is the electrostatic energy and « is inverse Debye length, which is defined by:
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The Bjerrum length /zis given by:

2
e

l, = ¢ 5
" 4ne€(T,Ck,T ©)

Here r; is the distance between the ith and jth beads and ¢; and ¢g; are the number of charges on
the ith and jth beads, respectively. N, is Avogadro's number; € is the vacuum permittivity, and
€(7,C) is the temperature (T) and salt-concentration (C)-dependent dielectric constant. Since all
the simulations were carried out at 25 °C, the dielectric constant only depends on salt
concentration. The definition of €(7,C) can be found somewhere else”. e. and [ are the
elementary charge and ionic strength, respectively. N7 is the number of charged terminal groups
on the dendrimer.

To avoid overlapping of dendrimer beads, the excluded volume potentials between all dendrimer

beads were computed using the Morse potential °, as shown in Eq. 6:

i<j
where o=k, T/0.7; a”' =1,/24 and d =0.8/,. Again, Np is the total number of dendrimer
beads. For 7;>9 A, the excluded volume potential was cut off.
DNA model (3SPN.1 force field)
We used the coarse-grained model of dsDNA developed by de Pablo and coworkers'”' (3SPN.1
force field) to simulate the DNA. For completeness, we list below all equations used. The
constants used in these equations and further details about this force field can be found in the
original papers'®"'.

The bonded interactions of the 3SPN.1 force field are given by:
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M=ﬁf[k1(d1 _dOi)2+k2(d1_d0i)4] v

bend ﬁnbzd 9[ 9[0 (8)
Users _ 'gnz k,[1—cos(¢,— ¢, )] v
kT i= §

Here Upong, Upena, and Uy, represent bond stretch energy, bending energy, and dihedral energy

respectively, with g =1/k,T . The nonbonded, pairwise interactions between DNA beads are

given by
U 12 6
Nyek O.. O..
stck — 48 _u _| Y 10
w2 ("J (rJ "

12 10
(liba;f :'Bf4gbi 5(%] _6[%J (11)
B

12 6
Oy Oy

U,. g | 4E {—] —(—J te ifr<r,,

nal — r, 7, 12
= L) (12)

0 ifr,2r,,

U Nelec B K}'}/- Neler ; Ae*lﬂ”“/

elec __ Z 4 q/ lB Z q q./ (13)

k,T < dze E(TC)rkT =~

ij

Ui Z & [1 e—a‘(n-;—rs)]z s (14)

l<j

Both the base-stacking effects (Ugx), and the intra-strand interaction and hydrogen-bonding
interactions between DNA complementary base pairs (Upue) contribute to the stiffness of the
DNA double-strand helix. A complementary base-pair is considered to be hydrogen-bonded only
when the distance between those two base beads is less than (opi+2.0 A). The excluded volume

9
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potential between DNA beads was included in the nonnative contact potential U,,,. The
electrostatic repulsions between DNA phosphate beads were calculated from a Debye-Hiickel
potential, as is the case with charged dendrimer beads; i.e., Eq. 13 is the same as Eq. 3. The
solvent-induced energy U,,, was used to capture electrostatic correlation effects along the
DNA®. A complete description of how to determine the parameters and DNA related potentials
can be found in Sambriski et al'.

Dendrimer-DNA interaction

Since the attractive force between DNA and the PAMAM dendrimer is dominated by
electrostatic interactions,'' for simplicity, we only considered two different forces between DNA
and dendrimer beads, namely the electrostatic and excluded volume forces. We again used the
Debye-Hiickel potential to model the electrostatic attraction between DNA and dendrimer beads
(Eq. 15). Compared to the dendrimer and DNA macroions, the salt ions and water molecules are
small enough that an implicit model for their effect hopefully provides an adequate description.

*K}"»

Ny Np ee i if

P _2247:6 €Tk, ZZ (15)

i=l j=1

Note Np here is the number of charged DNA beads, that is, the number of phosphate beads. Eq.
15 is the same as Eqgs. 3 and 13, except that it is summed over only the cross-interactions
between a DNA bead with a dendrimer bead.

The excluded volume potential between PAMAM dendrimer beads and DNA beads was

modeled by a truncated Lennard-Jones potential:

12 6
o' o'
e Doloyldel | — | —|— | |[+¢& ifr<r,,
Yercutes ,[)’Z Z v, Error! Reference source not found.

y
i=l j=1

0 lf l" - rcutoff

(16)
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where o'=27" 6rcumff where ¢ in the above takes the same value as assigned to this symbol in

Egs. 10 and 12. To determine 7.5 we compared the potential of mean force (PMF) computed
from our CG model for a generation 3 (G3) PAMAM dendrimer interacting with a 24 base pair
dsDNA (Figure 4a) with the corresponding PMF for the interaction of these molecules from an
all-atom molecular dynamics simulation.'” The DNA base pair sequence used in these
simulations is CGCGAATTCGCGCGCGAATTCGCG'*?.

Simulation methods

We employed a Monte-Carlo simulation method in a canonical ensemble using the classical
Metropolis sampling method to simulate the CG DNA-PAMAM dendrimer interaction. The trial
displacements of each bead Ax, Ay, Az were randomly distributed uniformly within the range (-
0.35A, 0.35A). The acceptance probability of our simulation was around 33%. Note we use an
implicit solvent model, and periodic boundary conditions were not used.

For our umbrella sampling simulations, the reaction coordinate was defined as the distance
between the dendrimer center of mass and the center of mass of the two base pairs in the middle
of the 24 bp DNA. A harmonic potential with a force constant of 0.25 kcal/mol/A* was applied
along the reaction coordinate over each of 90 successive windows in 1-A increments. Force
constants of 0.5 kcal/mol/A? were also used for limited runs, and showed similar results to those
obtained with a constant of 0.25 kcal/mol/A%. For each window, the system was equilibrated for
3x10° Monte Carlo steps (MCS), where a single step consists of an attempt to move a single
bead. Larger force constants (e.g., above 1 kcal/mol/A?) resulted in poorer overlap of the
histograms, which caused bigger errors for the specific simulation time used here. The potential
of mean force (PMF) was obtained using the weighted histogram analysis method (WHAM).*

3. Results and discussion

11
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3.1 PAMAM dendrimer simulations

As described above, we use the dendrimer model of Welch and Muthukumar® to simulate a
PAMAM dendrimer with an ethylenediamine (EDA) core. To test the suitability of the model,
we report here the radii of gyration (R;) of EDA-core dendrimers of generations G3 through G6,
and for G5 dendrimers acetylated to different extents. The largest dendrimer that we simulate
(G6) is represented by 510 beads.

Dendrimer generation and salt concentration effects. As shown in Fig. 2, G3-G6 PAMAM
dendrimers show a 12% (G3) to 21% (G6) decrease in the radius of gyration (R,) as the salt
concentration increases from 10 to 1,000 mM. As expected, dendrimers of higher generation
shrink more as salt concentration increases, and repulsive forces of charged terminal groups are
reduced by ion screening. Table 1 compares values of R, from our simulations with those from
small angle x-ray scattering (SAXS) experiments and from molecular dynamics simulations. The
good agreement shows that the CG model of Welch and Muthukumar can be used to obtain the
correct size of the EDA-cored PAMAM dendrimers considered here, as well as the ammonia-
core dendrimers considered by Welch and Muthukumar.

Note that increasing salt concentration has similar effects on dendrimer size as does increasing
pH, since at high pH only a fraction of the dendrimer terminal amine groups is protonated, which
weakens the repulsion between these terminal groups relative to those with fully charged surface
groups at low pH. However, the molecular dynamics simulations of a G4 dendrimer by Liu et

al.?’ show only a 4.9% decrease in R, when the pH increases from low (5) to high (>10).

12
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Fig. 2 Radii of gyration of PAMAM dendrimers as a function of salt concentration. (The error

bars are standard deviations).

TABLE 11 Radii of gyration R, (in A) for EDA-core PAMAM dendrimers®

Dendrimer  Number Total number Radius of gyration (R,)

ti f bead fch
generation ot beads — OLCHATESS s work IM [Na']  Maitiet  Leeetal®® SAXS®

a1.30,31

G3 62 32 13.94+0.60 11.23%° 15.8
G4 126 64 17.1940.41 17.01£0.10°! 17.1
G5 254 128 21.05+0.52 22.19£0.14%"  25.1%0.1 24.1
G5-90%Ac 254 13.7+4.0 20.78+0.37 21.120.1
G6 510 256 25.96+1.06 27.28+0.39°" 26.3

* Debye length in a 1M [Na'] solution is 3 A. The R, values from the work of Maiti et al.***' were obtained at high

salt concentration with Debye length equal to 4.3 A. The R, values from Lee et al.**were obtained by MD
simulations with no salt. SAXS experiments were carried out in methanol solutions.

Acetylation effects. The surface charge density of a dendrimer affects its ability to condense
DNA as well as its cytotoxicity. For example, a dendrimer with a higher surface charge density
has a higher transfection efficiency,’® but could be more cytotoxic as it can generate pores on the
cell membrane. Thus, adjusting the dendrimer charge density by surface modifications such as

PEGylation or acetylation is of great interest. Since we adopted a coarse-grained dendrimer

13
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model and the acetyl functional group is small compared to the size of dendrimer CG beads, we
simulate the acetylated dendrimer simply by randomly assigning zero charges to some of the
terminal beads of the dendrimer. The R, of the resulting acetylated dendrimers are plotted against
percentage acetylation in Fig. 3. For each degree of acetylation, three runs at 10 mM salt
concentration were averaged together. For a low degree of acetylation (<50%), R, decreases
almost linearly. For higher degrees of acetylation, a near-plateau in dendrimer size is eventually
attained. A fully neutralized G5 dendrimer has a 22% smaller radius of gyration than a non-
acetylated dendrimer, which is a somewhat greater reduction than shown by corresponding

atomistic MD simulations (~16%). *

28

o Acetylated G5 dendrimer

261

Rg (A)

22+

20-

0O 20 40 60 80 100
Acetylation percentage

Fig. 3 Radius of gyration of PAMAM dendrimer as a function of acetylation percentage. (The
error bars are standard deviations).

3.2 DNA simulations

We verified our code by simulating a 38 bp dsDNA and comparing its persistence lengths at

different salt concentrations to the results of de Pablo and coworkers,' using the same method

14
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—s/l

described in their paper. The persistence length in that paper was defined by <ﬁ(0) ﬁ(s)) =e 7,

where #i(s) is the unit tangent vector at relative position s along the DNA, and I, is the

persistence length. Since different persistence length formulas give different results for
macromolecular chains,®® we only compare our persistence length results to those of de Pablo et
al. Our DNA sequence is chosen to be the same as that used by Nandy and Maiti ''. The results
are presented in table 2 (fcg is CG content of DNA), which agree with the results of de Pablo and
coworkers. The increase in persistence length (/,) of DNA when salt concentration is reduced to
10 mM is caused by the stronger repulsions between phosphate beads of DNA. Because
obtaining /, using Monte-Carlo (MC) simulations is computationally expensive, we do not obtain
[, for longer DNA using our MC code.

TABLE 22 List of DNA simulations and persistence length determinations

Nu  fea Base pair sequence (5 to 3") [Na'l(M) [, (nm)
0.150 4313

38 0.659 GCCGCGAGGTGTCAGGGATTGCAGCCAGCATCTCGTCG 0.100 39+6
0.010 74+2

3.3 Potential of mean force (PMF) of dendrimer — DNA binding

The free energy change or potential of mean force (PMF) of a G3 PAMAM dendrimer binding to
a 24-bp DNA molecule was obtained by umbrella sampling and the results are plotted in Fig. 4b.
The PMFs were used for parameterization of the dendrimer — DNA interaction. Specifically, we
compared the PMFs from our CG model with various excluded volume cut-off distances
(defined in Eq. 16) to results from all-atom MD (AAMD) simulations.'? We then chose a cut-off
distance giving good agreement to the PMF from the AAMD simulations for the G3-DNA
interaction, and used this for higher generation dendrimers as well, since the dendrimer terminal

groups were the same and were represented by the same bead type regardless of the generation.

15
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However, to confirm that this potential is adequate for other generations of dendrimer, structural
parameters such as the radius of gyration of the DNA-dendrimer complex should also be
compared to results from AAMD simulations. As shown in Fig. 4b, when reyor = 10 A, the
minimum of the PMF curve is located between 20 and 30 A, and free energy change of binding
reaction is -10 kcal/mol, which agree well with AAMD results (-10.9~-13.5 kcal/mol)."
Therefore, here we use 7cuorr = 10 A for all our simulations. The large difference between the
curves in Fig. 4b indicates that the binding free energy is very sensitive to this cut-off, reyofr. This
sensitivity arises from the strong distance dependence of the electrostatic interactions between
dendrimer and DNA beads. The simple cut-off scheme is chosen, despite the sensitivity to the
cut-off parameter, because our coarse-grained model cannot capture the atomic-level interactions
that determine the actual local structure. Hence we use a cut-off tuned to ensure that at least we
obtain the same PMF as is found in the all-atom simulations, so that model correctly the net

attractive interaction between DNA and dendrimer.

16
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Fig. 4 a) Image of G3 PAMAM dendrimer binding a 24 bp DNA. b) Corresponding potential of
mean force (PMF) curves for different cutoff distances (7cutoft)-

3.4 PAMAM dendrimer — DNA complex formation

Snapshots of a 144 bp dsDNA binding to a G6 dendrimer are shown in Fig. 5. Since all our
simulations were carried out using a Monte-Carlo simulation method, this binding process does
not necessarily show the actual dynamics but only one path to the final structure. A G6
dendrimer is of similar size and charge density to a histone octamer. Therefore, just as histones
do not form the classical nucleosome structures with DNA at salt concentrations as low as 10
mM, a G6 dendrimer attracts DNA too strongly for an equilibrium complex structure to be
achieved. The dendrimer — DNA complex shown in Fig. 5c is only one of the multiple
metastable structures we obtained in our simulations (others not shown) after simulations up to

1.6x10” Monte Carlo steps (MCS). While the structure in Fig. 5c is a right-handed helix, others

17

Page 18 of 38



Page 19 of 38 Soft Matter

have different handedness, or disordered structures. These metastable structures are sufficiently
long-lived that their properties, such as R,, could be averaged over a long enough time to obtain
meaningful results. Since dendrimer-DNA complex formation might also be kinetic-controlled in
experiements,” the metastable structures determined here by simulation might provide physically
realistic structural information of the complexes. In the simulation depicted in Fig. 5, we used the

same 144 DNA base-pair sequence given elsewhere.'

a)
. Srailh % e e s me roy e (Soaelfastit, fIER
i RS P D

b) !

Fig. 5 Snapshots of 144bp dsDNA — G6 dendrimer interaction at 10 mM salt concentration: a)
after 6x10* MCS, b) after 6x10° MCS, ¢) after 1.6x10” MCS.

Effects of dendrimer generation and salt concentration

To further validate our CG model, we investigated the condensation of a 38 bp DNA (see Table
2) by G3, G4, and G5 dendrimers at various salt concentrations and compared the results to those
of AAMD simulations'" directly. We define 7charge by Eq. 17:

_ number of positive charges on dendrimer

}/;:harge -

(17)

number of negative charges on DNA

Note that 7charge 1s less than unity for G3 — 38bp DNA and G4 — 38 bp DNA complexes but larger
than unity for the G5 — 38 bp DNA complex. We also simulated a G5 — 72 bp DNA complex, for
which 7charge < 1. The base-pair sequence of the 72 bp DNA is the same as the central 72 base-

pairs of the 144 bp DNA discussed above. We limited ourselves primarily to #charge < 1 to study

18
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DNA condensation by dendrimers rather than decoration of DNA by dendrimers. The effects of
dendrimer generation and salt concentration on complex formation are summarized in Fig. 6-9.

As shown in Fig.6, a DNA molecule wraps around a dendrimer tightly at low salt concentration
(10 mM), but is much straighter at high salt concentration (100 mM), due to the stronger ion
screening effects at higher salt concentration. On the other hand, for a given salt concentration
the DNA compacts more tightly with a higher generation dendrimer. Therefore, a high
generation dendrimer at high salt concentrations behaves like a lower generation dendrimer at
lower salt concentration, in agreement with observations by cryo-TEM.” (Unlike the larger
dendrimer-DNA complex (G6-144bp DNA), the specific structures in Fig.6 can be achieved in

repeat runs.)

10 mM

Fig. 6 38 bp DNA condensed by G3, G4, and G5 dendrimers at salt concentrations of 10, 50, and
100 mM.
Radii of gyration (R,) of complexes and of the dendrimers and DNA molecules within those

complexes are plotted in Fig. 7. Error bars in Fig. 7 are the standard deviations of R, from 500
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sampling points where bead coordinates were recorded every 1x10* MCS after 5x10° MCS
equilibration. Our R, results for G4/G5 dendrimer-38bp DNA complexes at 10 mM salt
concentration are similar to the AAMD results'!, which further validates our CG model of the
dendrimer — DNA interaction. AAMD simulation results for longer DNA dendrimer complexes
are unavailable. Note that the R, values of these complexes are very sensitive to the salt
concentration. The R, of the dendrimer alone increases monotonically when salt concentration is
reduced because the electrostatic repulsion within the dendrimer molecule becomes stronger. But
the R, of the DNA in the complex and the R, of complex itself both decrease monotonically with
decreasing salt concentration because of increased attraction between DNA and dendrimer at the
lower salt concentration. And for 10 mM salt, even a G3 dendrimer is able to condense a 38 bp

DNA significantly.
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Fig. 7 R, of complexes (black) as well as of dendrimers (blue) and DNA molecules (red) within

those complexes as functions of salt concentrations. a) G3 — 38 bp DNA, b) G4 — 38 bp DNA, ¢)

Salt concentration (mM)

Salt concentration (mM)

G5 - 38 bp DNA, d) G5 — 72 bp DNA. (The error bars are standard deviations).

The fractions of DNA phosphate beads adsorbed to the dendrimer surfaces for different
complexes are plotted in Fig. 8a. An “adsorbed” DNA phosphate bead is defined as one whose
distance to the nearest dendrimer bead is less than /g7 = 17.1 A. As shown in Fig. 8a, the

adsorption in all four complexes decreases monotonically with increasing salt concentration, as
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expected. To quantify the arrangement of adsorbed DNA segments on the dendrimer surface, we

17,36
use a curvature order parameter ' ~° defined by:

‘Z@ ’7i,i+l X 7[+1,i+2 (1 8)
n= N,

1

r .
where 7, :‘Ll, r' rha—r, r'.:(r. +7 )/ 2, Ny is the number of adsorbed DNA

] 1 l l+}’lbm(,

7

i,i+1
phosphate bead pairs, 74 1s the total number of base pairs of the DNA, 7; is the ith phosphate

bead position, and r,, is the phosphate bead position of the complementary base. Note that
base
Eq. (18) only accounts for the cross product of adjacent vectors 7., and 7, ,,, for which the ith,

(i+1)th, (i+2)th base pairs were all adsorbed onto the dendrimer (the ith base pair was considered
as “adsorbed” when either ith or i+n,,s. phosphate bead was adsorbed onto the dendrimer). The
order parameter defined in Eq. 18 is zero when the DNA conformation is straight, and when it is
randomly coiled. The curvature order parameter would be unity if the backbone of the DNA
were to bend an angle of 90° at each basepair, always in the same direction, forming a tight
helix. This order parameter was originally designed for a single-strand helix-forming molecule,**
and when applied to each strand of a straight dsDNA molecule, taking the position vectors to be
phosphates, yields an order parameter of # = 0.4271. For straight B-form dsDNA with position
vectors taken to be the midpoints between the paired phosphate beads as assumed in Eq. 18, the
order parameter is nearly zero (7 = 0.0076494).( For the dsDNA, the order parameter defined in

Eq. 18 describes supercoiling of double strand DNA..)

Disordered complexes, where the DNA chain is adsorbed to the dendrimer surface randomly,

produce small values of the order parameter 7 (e.g., <0.05'7). Our results (Fig. 8b) shows that the
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degree of DNA order decreases with decreasing salt concentration, due to more severe bending
of DNA at low salt concentrations. The error bars in Fig. 8 are standard deviations over 500
sampling points, which were taken every 1x10* MCS after equilibration. The standard deviation
in the order parameter is much larger than of the adsorption fraction because there are many
microstates with similar adsorption fraction but quite different order parameter, since the system
energy is mainly controlled by the electrostatic attraction. The standard error of the mean is

much smaller than the standard deviations shown by the error bars in Fig. 8.
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Fig.8 a) Fraction o of adsorbed DNA phosphate beads and b) order parameter n in dendrimer —

DNA complexes as functions of salt concentration. The error bars represent standard deviations

taken over 500 sampling points of the simulation.

24



Soft Matter

Since a dendrimer can induce global bending of DNA double strands through strong electrostatic
interactions, it can also alter the local structure of DNA or even disrupt the DNA complementary
base-pairs. To quantify this effect, we measured the DNA base-pair denaturing ratios (1-®) over
500 sampling points, which were taken every 1x10* MCS after equilibration. We define
denaturation, or hydrogen-bond breakage, as occurring when the distance between the two
complementary base beads becomes larger than (oy,;+2.0 A). The results are presented in Fig. 9,
where the error bars are the standard errors of those 500 sampling points. The denaturation
fraction for a 38 bp DNA double-strand is larger than for a 72 bp DNA, because the melting
temperature of a short DNA molecule is lower than that of a long one, and all our simulations
were carried out at the same temperature. More complementary base-pairs denature in the DNA
molecules condensed by the dendrimer than in free DNAs because of bending induced by the
dendrimer. Note that all these denaturation ratios were around 0.1. Therefore, although the
bending or distortion introduced by dendrimers bound to the DNA might cause local base-pair
melting, this DNA denaturing is not strong for salt concentrations ranging from 10 mM to 100
mM. This finding perfectly agrees with our previous circular dichroism (CD) experiments®
showing that DNA molecules remain in the classical B-form in dendrimer — DNA complexes.
Unlike some other synthetic nanoparticles’’, no strong hydrophobic force exists between
dendrimer and DNA bases. Therefore, PAMAM dendrimer can condense the dsSDNA effectively

without disrupting the local complementary base-pair structure, as confirmed by our simulations.
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Fig. 9 Fraction of base-pair denaturation of free DNAs or DNAs condensed by dendrimer
molecules as a function of salt concentration. The small error bars shown are the standard errors
of the mean.

Dendrimer surface charge density effects

One of our objectives in developing this CG model of dendrimer — DNA complexation is to
investigate how the surface charge density of a dendrimer affects the condensed dsDNA
structure with improved resolution over earlier results that used more coarse-grained models."*™"
By varying pH or salt concentration, the interaction between DNA and the dendrimer can be
changed significantly. However, changing pH or salt concentration might also change DNA
structure, which is not captured in DNA models that do not include base-pairing, such as
effectively single-strand polyelectrolyte models. More importantly, to condense or compact

DNA molecules for gene delivery, the range of pH and of salt concentration is constrained to

avoid cell damage. Thus, modifying the surface charge density of a dendrimer, or more
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generally, any DNA carrier, through acetylation or PEGylation, can be a better method of
controlling macroion — DNA interaction, than adjusting pH or salt concentration.

Here we only consider acetylation. But as discussed recently,’® it is easy to extend our model to
study PEGylated dendrimer — DNA interactions. As discussed above, here we account for
acetylation of a dendrimer terminal group by simply randomly “switching off” the dendrimer
terminal bead charges with probability corresponding to the fraction of neutralized charges. The
radii of gyration (R,), adsorption ratios (w), and order parameters (1) were obtained by averaging
over three independent runs for each acetylation ratio. Because charges of dendrimer terminal
beads were randomly set to zero, there were different numbers of charges on the dendrimer in
each of the three simulations. This allows us to account for dispersion in properties of the
complexes (e.g., Rg) due to non-uniformity in dendrimer charge, which is present in
experimentally synthesized dendrimers.

Average properties as well as standard deviations of acetylated G5 complexes at 10 mM salt
concentration are plotted in Fig. 10. As shown in Fig. 10a, the R, of the complex increases with
the acetylation fraction, as a result of decreasing dendrimer-DNA attraction. However, the R, of
the complex increases very slowly when the acetylation is less than 40%, but it increases rapidly
above about 50%. This R, vs. acetylation curve explains well our dynamic light scattering
results® that only when the acetylation is less than 50% is there a clear one-peak relaxation time
distribution of the dendrimer — DNA complex. When the acetylation of the dendrimer was larger
than 50%, two peaks in the relaxation time distribution were observed, similar to that of free
DNA, with no dendrimer present at all. The two peaks represent the internal motion and
translational motion of the free DNA or of the complexes. The persistence of these two peaks for

DNA interacting with highly acetylated dendrimers implies that, rather than strongly condense
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DNA, weakly charged G5 dendrimers only slightly bend DNA double strands, as predicted by
our CG model, thereby allowing DNA to retain its internal motion.

As discussed above, in 10 mM salt, adsorbed DNA phosphate beads neutralize the positive
surface charges of the dendrimer. As a result, the fraction of DNA adsorption decreases almost
linearly as dendrimer acetylation increases, as shown in Fig. 10b.

As shown in Fig. 10c, the order parameter # for dendrimers acetylated to different extents
remains higher than 0.05, which indicates that 72bp dsDNA curves around the dendrimer. The
order parameter # increases as acetylation increases from 30% to 90%, but is constant for the less
acetylated dendrimers, for which we report two values of the order parameter in Fig. 10c, to be

discussed in the next section.
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Fig. 10 a) Radius of gyration of DNA, dendrimers, and complexes vs. acetylation fraction at 10
mM salt. b) Adsorption fractions of DNA phosphate beads onto dendrimer surface and c) order
parameters of DNA in dendrimer — DNA complexes. (The error bars are standard deviations.)
Handedness of DNA — dendrimer complexes

Complexes between DNA and any high generation (>5) dendrimer are unlikely to achieve the
global free energy minimum because of strong electrostatic attraction, which makes it difficult
for the complexes to explore configurational space and escape local free energy minima.
However, for a fully charged G5 dendrimer interacting with a 72 bp DNA, after equilibration at
10 mM salt concentration, we observe that the complex eventually relaxes to either a “left-
handed” (Fig. 11a) or a “right-handed” (Fig. 11b) superhelix. Although in these complexes,
DNA lengths are only half that in a nucleosome, the complex structures seemed to be the similar
to those in a nucleosome. However, the DNA supercoiling in a nucleosome is left-handed, as
resolved by Luger et al,”® although recent research has revealed that the right-handed nucleosome
can sometimes exist both in vitro and in vivo.*® The mechanism of chirality selection in the
nucleosome is still not fully understood, especially since simulations of nucleosome assembly
from free DNA and histones remains very challenging.

Our CG simulations of dendrimer — DNA complexes suggest that macroions with no chirality,
such as dendrimers, are not able to compact DNA into superhelices with a specific handedness,
although the wrapping energy might not be completely symmetric, because of the chirality of
DNA. In fact, we find that the order parameter # of the left-handed wrapping is 0.09+0.01, while
n for the right-handed complex is 0.16+0.01 (errors are standard deviations) for dendrimers
acetylated to 20% or less, as shown in Fig. 10c. When the acetylation ratio is high (>50%), the

dendrimer adheres poorly to DNA, so that the complexes have no handedness. At intermediate
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acetylation (between 20% and 50%), the handedness of the DNA wrapping can be discerned, but
the wrapping is incomplete and fluctuating, leading to a fluctuating order parameter, as indicated

by the results in Fig. 10c.

side

Fig. 11 a) “Left-handed” G5 dendrimer — 72 bp DNA complex. b) “Right-handed” G5 non-
acetylated dendrimer — 72 bp DNA complex (at 10mM salt concentration).

Multiple dendrimers on one DNA

Since no periodic boundary conditions are applied in any of our simulations and so we have no
box size limitations, we can study spatially extended structures, so as two dendrimers interacting
with a single DNA molecule to assess dendrimer-dendrimer interactions along the DNA. To
compare results for dendrimers of different generation, we choose three systems with the same
Tcharge, @8 shown in Fig. 12. The radius of gyration of a G3 dendrimer is only about 1.6 nm, less
than the diameter of dsDNA, which is about 2.2 nm. Therefore, in a G3 — DNA complex, the
DNA molecules tend to remain linear (see Fig. 12a) because of the repulsion between DNA
segments as well as the repulsion between the two G3 dendrimers. In a G4 — DNA complex, on
the other hand, the DNA can form a zig-zag structure (see Fig. 12b), and remains in the same
plane. Since the R, of the G5 dendrimer is larger than the diameter of DNA, the DNA can cover

a larger fraction of the G5 surface than of the G3 surface. Thus, a nucleosome-like complex can
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form, as shown for the G5 complex in Fig. 12c. These results show the differences in the local
structure of complexes between dendrimers of different generation for the same values of 7charge.
These results are a starting point to help explain the differences in structure of the much larger
complexes formed experimentally when DNA is condensed by dendrimers of different
generation at the same 7charge, as observed under cryo-TEM.2 In particular, for large dendrimers,
such as G6, large globular aggregates of size 100 nm are observed, while for smaller G4 and G2
dendrimers, a transition occurs to folded bundles and eventually toroids. The structures we see in
simulations might be the precursor sub-structures that assemble into the larger experimental
structures, with the more linear and planar structures seen for G3 and G4 in Fig. 12a&b
assembling into bundles or toroids, while the globular structures formed by G6 in Fig. 12¢ might
condense into large globular aggregates. Of course, this is speculation at this point, but the
results presented here at least point the direction for further work to determine the hierarchy of
structures formed by DNA/dendrimer complexes, and their possible analogies to the hierarchies
present in DNA/histone structures. A good future step would be to design a coarse-grained
model that predicts correctly the two-dendrimer/DNA structures shown in Fig. 12, but is cheap

enough to simulate complexes formed by much longer DNA interacting with many dendrimers.
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Fig. 12 a) Two G3 dendrimers on a 36 bp DNA; b) two G4 dendrimers on a 72 bp DNA; and c)
Two G5 dendrimers on a 144 bp DNA.

CONCLUSIONS AND FUTURE WORK

We combined the 3SPN.1 course-grained (CG) DNA model of de Pablo ! with the CG dendrimer
model of Welch and Muthukumar," to define a hybrid CG model that can be used to simulate
PAMAM dendrimer — DNA complexes much more rapidly than possible for atomistic
simulations, but with resolution of the double helical structure of DNA. Using this CG model,
we were able to investigate the effect of dendrimer generation, salt concentration, and dendrimer

surface charge density on the structure of the complex. Our simulations confirm that at low salt
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concentration (10 ~100 mM) PAMAM dendrimers of various generation are able to condense
dsDNA significantly without disrupting the local DNA double helix structure, in agreement with
experimental studies.” But when the number of charges on the dendrimer are reduced to less than
10 by acetylation, at least for generation G5, the dendrimer no longer induces DNA wrapping,
but merely attaches to the DNA. A similar transition from strong to weak DNA attachment has
been observed as the number of charges is reduced to below 15 or 10, for other condensing

! The structure of the complex

agents, including charged nanoparticles®” and polyelectrolytes.*
depends strongly on both the charge and size of the dendrimer. A fully charged G5 dendrimer at
low salt (10 mM) is wrapped by DNA as in the nucleosome, but with either left- and right-
handed DNA superhelices. The simulation method is fast enough to simulate pairs of dendrimers
binding to a single long DNA strand, which begins to mimic the smallest scales of chromatin-
like structures. The use of accelerated Metropolis schemes using cluster moves, faster simulation
methods, faster computers, and/or coarser-grained models tuned to capture the effects reported
here, should open the door to simulating larger structures containing multiple dendrimers and
longer pieces of DNA. This new CG model can also easily be extended to other interesting

37,4142 - . - - . -
4142 a5 well as dendrimers with different surface modifications.”® Using a

polyelectrolytes
coarse-grained protein model with appropriate resolution,* and a new version of the 3SPN force
field recently incorporated into LAMMPS,” the model could be adapted to simulate the
dynamics of protein — DNA binding, including the initial phases of chromatin formation. Since
electrostatic interactions in our simulations are estimated using the Debye-Hiickel theory, our

model has limitations and likely becomes inaccurate at high salt concentrations. Nevertheless, a

mesocale model with a resolved DNA double helix, combined with mesoscale models of large
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condensing agents could be very helpful to understand cationic macroion/DNA interaction
generally, as suggested by our simulations.
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