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ABSTRACT: This paper reports the structural behavior and thermodynamics of the complexation of
siRNA with poly(amidoamine) (PAMAM) dendrimers of generation 3 (G3) and 4 (G4) through fully
atomistic molecular dynamics (MD) simulations accompanied by free energy calculations and inherent
structure determination. We have also done simulation with one siRNA and two dendrimers (2xG3 or
2xG4) to get the microscopic picture of various binding modes. Our simulation results reveal the formation
of stable siRNA—dendrimer complex over nanosecond time scale. With the increase in dendrimer generation,
the charge ratio increases and hence the binding energy between siRNA and dendrimer also increases in
accordance with available experimental measurements. Calculated radial distribution functions of amines
groups of various subgenerations in a given generation of dendrimer and phosphate in backbone of siRNA
reveals that one dendrimer of generation 4 shows better binding with siRNA almost wrapping the dendrimer
when compared to the binding with lower generation dendrimer like G3. In contrast, two dendrimers of
generation 4 show binding without siRNA wrapping the dendrimer because of repulsion between two
dendrimers. The counterion distribution around the complex and the water molecules in the hydration shell
of siRNA give microscopic picture of the binding dynamics. We see a clear correlation between water,
counterions motions and the complexation i.e. the water molecules and counterions which condensed around
siRNA are moved away from the siRNA backbone when dendrimer start binding to the siRINA backbone. As
siRNA wraps/bind to the dendrimer counterions originally condensed onto siRNA (Na™) and dendrimer
(C17) get released. We give a quantitative estimate of the entropy of counterions and show that there is gain in
entropy due to counterions release during the complexation. Furthermore, the free energy of complexation of
1G3 and 1G4 at two different salt concentrations shows that increase in salt concentration leads to the

weakening of the binding affinity of siRNA and dendrimer.

I. Introduction

RNA interference (RNAI) is a regulatory mechanism by which
eukaryotic cells use small double stranded RNA (dsRNA)
molecules to control expression of pathogenic gene or over-
expression of gene activity.'> RNA interference (RNAi) was
discovered by Fire and Mello when they found that they can
silence target genes in Caenorhabditis elegans (C. elegans) by
delivering long, double-stranded RNAs (dsRNAs).? Briefly the
RNAi mechanism can be described as follows:' First, the long,
double-stranded RNAs (either delivered to cells or expressed
intracellularly from plasmids) are processed into short 21—25
base pair (bp) fragments by an RNase III type enzyme called
Dicer. These small double stranded RNA (dsRNA) molecules
are known as small interfering RNAs (siRNA). siRNA has 2-
nucleotide 3'-overhangs at both ends (2 unpaired nucleotides) which
helps them to be recognized by enzyme for further processing.
Then, each siRNA is loaded into an RNA-induced silencing
complex (RISC). Depending on the directionality of siRNA
loading, Ago2, an enzyme component of RISC, cleaves and
discards one strand (passenger) and retains the other (guide) to
activate the mature RISC complex." The siRNA guide strand
then directs RISC to mRNA molecules containing a complemen-
tary sequence. Through Watson—Crick base pairing, the siRNA
strand binds to the complementary portion of the mRNA
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molecule and the endonuclease region of RISC cleaves the
mRNA in this region of homology.* The cleaved mRNA, which
is subsequently degraded by intracellular nucleases, is no longer
available for translation into protein.” It is through this mecha-
nism that long dsRNAs are able to induce gene silencing with
very high specificity. Within a decade of the discovery of RNA
interference (RNAI), it has emerged as an attractive route where
affected gene can be silenced (gene silencing) by delivering siRNA
to the disease cell.*® Several major findings have indicated that
RNAI mechanism can be exploited to control genes associated
with many human disease such as cancer, autoimmune diseases,
dominant genetic disorders and viral infections.””'® This has
made RNAI an attractive choice for future therapeutics. There
are instances of planned human clinical trial as well.

However, the major challenge faced by the siRNA-based
therapy is its delivery/entry to the desired location (affected cell,
tissue or other organs). Like DNA, siRNA is negatively charged
and hence faces significant barrier for its entry to the cell
membrane. Also the sizes of native siRNA make its transfection
through the membrane very slow. It can also get degraded in
serum. One remedy of this problem is the compaction of siRNA
by the virus particle and then the complex can be delivered.
However, viral based delivery of siRNA has similar problems as
encountered in DNA delivery such as unpredictable immune
response and slow transfection. This has prompted the develop-
ment of other synthetic (nonviral) gene delivery systems.'* Non-
viral delivery systems generally consist of compaction of the
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Table 1. Details of the Simulation Condition of the siRNA—Dendrimer Complexes Studied in This Work
total no. of atoms no. of water molecules Na* ions CIl™ ions [NaCl] (mM) box volume (A3) charge ratio (N/P)
1G3 82876 26760 44 32 0 836815 0.72
1G4 151883 49 537 44 64 0 1575738 1.45
2G3 144734 46994 44 64 0 1525726 1.45
2G4 246967 80261 44 128 0 2523460 2.9
1G3 82892 26762 49 37 10 837625 0.72
1G3 83412 26890 117 105 150 841646 0.72
1G4 152534 49568 53 73 10 1583452 1.45
1G4 152781 49567 178 198 150 1582185 1.45

extended, negatively charged siRNA into a dense positively
charged (or neutral) particle which can be transfected to the
target cells via endocytosis.'> RNA compaction can be achieved
in various ways by using various nonviral delivery carriers such as
linear or branched cationic polymers (dendrimer),'®”"® cationic
lipids,'*~?! carbon nanotubes,”* > cell penetrating peptides,”
and a few proteins.”* *° Among these carrier, PAMAM den-
drimer, is a new class of branched polymeric drug delivery
vehicles which possess a well-defined, three-dimensional struc-
ture and a multivalent exterior that can be modified with surface
groups.®’*> Because of this dendritic architecture, multivalent
polycationic surface group, the dendrimer offers a solution to
potent drug delivery.’' Several experiments indicates that lower
toxicity and higher transfection efficiency can be obtained by
using complexes between DNA and dendrimers®* ™ as well as
for the complexes between siRNA and PAMAM dendrimers.*¢~*
There exists several computational studies where complexation
of a PAMAM dendrimer with oppositely charge model poly-
electrolyte have been studied using all atom MD and coarse-
grained MD as well Brownian dynamics simulations.*~*” Earlier
we reported a comprehensive study on the complexation of single
stranded DNA (ssDNA) and PAMAM dendrimers of generation
G2—G4.* It was shown that ssDNA coils around the PAMAM
dendrimer of G4 generation where the positive overcharge on the
dendrimer surface overcomes the bending rigidity of the DNA
leading to a wrapping of the single-stranded DNA on the surface
of the dendrimer. Although there exist several computational
study of the complexation of DNA with dendrimer, study of
dendrimer complexation with siRNA has just caught the atten-
tion of the community. In fact at the time of writing this article, a
paper by Pavan et al.*’ reports the binding of GL3 siRNA with
various generation PAMAM dendrimer and shows that G4
dendrimer has higher binding affinity than G5 and G6. How-
ever, the understanding of structure and dynamics of siRNA—
dendrimer complex still remain very poor. Recent experimental
studies suggest that G3 dendrimer can have better transfection
efficiency for siRNA delivery when dendrimer is conjugate with
a-cyclodextrin.*” Further, the dynamic light scattering and
fluorescence study on DNA complexes with several PAMAM
dendrimers in dilute solution shows significant protection against
DNase.> In this paper, we focused our attention on the structure
of the complexation of siRNA with single G3 and G4 dendrimer.
We also present results when more than one dendrimer is present
during complexation. More specifically the present paper reports
the complexation of siRNA with (i) one PAMAM dendrimer of
generation 3 and 4, (ii) two dendrimers of same generations, and
(iii) one dendrimer of same generations at two different salt
concentrations. Our all atom molecular modeling studies give a
quantitative estimate of the binding affinity of G3 and G4
dendrimer with siRNA and also provide microscopic under-
standing as to how the binding affinity and mechanism changes
in going from one dendrimer to multidendrimer. We have also
studied the nature of the complex at various salt concentrations
to elucidate the role of electrostatic in the complexation process.
The rest of the paper is organized as follows: in the next section we
give the details of system preparation as well as simulation

conditions. In section III, we discuss various results coming out
from our all atom MD simulations and compare them with
existing simulation/theoretical and experimental results where
available. Finally in section IV we give a summary of the results
and conclusions.

I1. Simulation Details

MD simulations reported in this article used the PMEMD
software package’’ with the all-atom AMBERO3 force field
(FF)* for siRNA and Dreiding FF> for the dendrimer. We
have used molecular model of PAMAM dendrimers from our
previous studies.’* The initial structure of 21 base pairs siRNA
was downloaded from Protein Data Bank (pdb code: 2F8S).%
The dendrimer structure of a given generation was placed at the
major groove of siRNA by using the LEAP module in AMBER.
The resulting structures were then solvated in TIP3P water box,
extending 17 A (G3) and 20 A (G4) from the solute in the three
directions. Appropriate numbers of Na* and CI”~ counterions
were added to neutralize the negative charges on the phosphate
backbone of the siRNA structure and positive charges on the
dendrimer amine sites, respectively. Above procedure resulted the
siRNA—dendrimer complexes in a solvated form which contain
siRNA, dendrimer (G3 or G4), water, Na* and CI~ counterions.
Thus, we have generated two 1:1 systems G3 + siRNA and
G4 + siRNA. To study the effect of increasing charge ratio (N/P)
for a given generation, we have also generated the complex system of
siRNA with two dendrimers (e.g. 2xG3+siRNA for G3 and
2xG4 + siRNA for G4) by placing the second dendrimer on
other side of siRNA using the LEAP module in AMBER . Again,
the systems were solvated with a water box extending 20 A (2G3)
and 30 A (2G4) from the solute in the case of 2G3 and 2G4
respectively. Here again some waters were replaced by Na™
counterions to neutralize the negative charge on the phosphate
groups of the backbone of the siRNA structures. Then appro-
priate numbers of C1™ ions were added to neutralize the positive
charges on the dendrimer amine sites. So far, we have prepared
the system with neutral molarities. In order to mimic the experi-
mental salt concentration and to study the effect of salt concen-
tration on the complex formation, we have added 10 mM and
150 mM NaCl to 1:1 complex systems for both the G3 and
G4 case. Since 2G3 and 2G4 systems sizes are very large, we
didnot prepare the multidendrimer system in different salt con-
centration. We believe that the effect of salt concentration on 1:1
case is approximately similar to 2:1. Table 1 gives a summary of
the simulation conditions reported in this paper.

Each resulting solvated structures were subjected to 1000 steps
of steepest descent minimization of the potential energy, followed
by 2000 steps of conjugate gradient minimization. During this
minimization the siRNA and dendrimers were fixed in their
starting conformations using harmonic constraints with a
force constant of 500 kcal/mol/ A% Because of the constraint
on siRNA—dendrimer complexes, the water molecules reorga-
nized themselves to eliminate bad contacts with the siRNA and
dendrimers.

The minimized structures were then subjected to 40 ps of MD, using
a 2 fs time step for integration. While doing the M D, the system
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Figure 1. (a) Structure of siRNA—dendrimer complex for 1G4 case during various stages of the binding process at the interval of few ns. Amines of
various subgenerations are shown in different colors. (b) Evolution of the size of the siRNA and dendrimer as well as of the complex showing the

conformational change during the binding process.

was gradually heated from 0 to 300 K using weak 20 kcal/mol/ A2
harmonic constraints on the solute to its starting structure. This
allows for slow relaxation of the built siRNA—dendrimer struc-
tures. In addition SHAKE constraints®® using a geometrical
tolerance of 5x 10~* A were imposed on all covalent bonds
involving hydrogen atoms. This is needed to prevent dynamically
changes in the NH and OH bonds from disrupting associated
hydrogen bonds. Subsequently, MD was performed under
constant pressure—constant temperature conditions (NPT), with
temperature regulation achieved using the Berendsen weak
coupling method®’ (0.5 ps time constant for heat bath coupling
and 0.2 ps pressure relaxation time). This was followed by
another 5000 steps of conjugate gradient minimization while

decreasing the force constant of the harmonic restraints from
20 (kcal/mol)/A? to zero in steps of 5 kcal/(mol A?). The above-
mentioned protocol produce very stable MD trajectory for such
complex system and earlier was found to be adequate to study
complexation of ssDNA with dendrimer as well as large DNA
nanostructure in solution.**® Finally, for analysis of structures
and properties, we carried out 14—26 ns of NVT MD using a heat
bath coupling time constant of 1 ps.

I11. Results and Discussion

To characterize the complexation of siRNA with dendrimers
we have calculated several kinetic and thermodynamics
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quantities and classified them in the following two major
categories:

1. Kinetics of complex formation
a. Radius of gyration (R,) of the complex as well as
of siRNA and dendrimer in the complex
b. Number of close contacts between siRNA and
dendrimer.
c. Na™ counterion distributions around the siRNA.
d. Number of water in the hydration shell of sSiIRNA.

2. Binding Energy and Structural properties in equilib-
rium state

a. Binding energy between dendrimer and siRNA
using mm-pbsa and two phase thermodynamic
model (2PT).

b. Number of contacts between N and P

c. Radial density distributions function between the
phosphate of siRNA and amine of dendrimer.

II1.1. Kinetics of Complex Formation. [I1.1.1. Size of the
Complex. MD simulations reveal that it takes several nano-
seconds for the siRNA to start wrapping around the den-
drimer and in the next several nanoseconds (more than 15 ns)
siRNA overcomes several energetic and entropic bottlenecks
to find its optimal wrapping patterns on the dendrimer
surface. In Figure la, we show several snapshots of the
systems in a few ns interval to show the various stages in
the siRNA binding process for the case of 1G4. Similar
behavior is visible for other cases as well. Note the significant
conformational change of dendrimer and siRNA even after
16 ns. The radius of gyration (R,) provides a measure of the
conformational change of siRNA as it binds and wraps
around the dendrimer. We have also monitored the size of
the dendrimer during the simulation. These results are shown
in Figure 1b, which shows that the dendrimer expands
noticeably in the early stage in order to optimize electrostatic
interactions with the siRNA whose size also increases as
binds to dendrimer. We find that the radius of gyration for
siRNA or end-to-end length also increases. This causes the
rise between the bases to increase which facilitate its binding
to the dendrimer (see Figure S1 in the Supporting Infor-
mation). Note that this is in sharp contrast to the DNA
binding to the dendrimer where DNA length shortens as it
binds to the dendrimer.

II1.1.2. Number of Close Contacts. We have calculated the
number of close contacts (within in the hydration shell of
siRNA) between siRNA and dendrimer, by using the below
formulas,

Nsirna Npen

ri+34°
3 / 8(r(1) = r,(1)) dr

i=1 j=1

Ne(t) =

Here, Nyry4 and Np,, are the total number of siRNA and
dendrimer (G3 or G4 or 2xG3 or 2xG4) atoms, respectively,
and r;is the distance of /” atom of dendrimer from i atom of
siRNA. The delta function ensures counting of all dendrimer
atoms within 3 A from siRNA atoms. Figure 2a shows the
number of close contacts (N.) between the siRNA and
dendrimer for various cases:

(i) complexation of siRNA with one dendrimer of gener-
ations 3 (G3) and generation 4 (G4);

(i) complexation of siRNA with two dendrimers of
generations 3 and generation 4.

The overall characteristic of all the graphs in the Figure 2a
show almost oscillating and intermittent behavior. We
observe the following interesting features from Figure 2a: for
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Figure 2. Variation of the number of close contact atoms between
siRNA and dendrimer (any contact within in the hydration shell of
siRNA) of (a) generation 3 (1G3) and 4 (1G4) and same generation with
two dendrimers (2G3 and 2G4), (b) generation 3 and 4 at two different
salt concentrations: here points a, b, and ¢ correspond to 0, 10, and
150 mM NaCl concentrations. Lines are guides to the eye only.

one dendrimer case, the number of close contacts (N.) is
larger for G4 when compared to the case of G3. In general,
the affinity for siRINA increases with increasing in dendrimer
generation as the available surface area for binding increases
with the increase of size with generation. Also the charge
ratio between the siRNA and dendrimer increases with the
increase in generation. Hence binding of dendrimer with
siRNA is enhanced for G4 compared to G3. Next we
consider the case of 1G4 and 2G3: size of G3 dendrimer is
smaller when compared to the size of G4 dendrimer®* so for
the case of 2G3, two dendrimers are trying to bind siRNA in
a way by moving themselves oppositely toward the ends of
the siRNA and this way achieve better binding. Even though
dendrimers are moving toward the two ends of siRNA, still
there is a repulsion between these two dendrimers (see the
snapshot given in Figure 3b). Because of this interdendrimer
repulsion, we see the number of contacts for 1G4 case is
higher than that of 2 G3 case. (N, for 2G3 < N, for 1G4).
Finally for the case of 1G4 and 2G4: here although the
charge ratio is increased going from 1G4 to 2G4 the number
of contacts N, decreases because of the repulsion between
the two dendrimers. Furthermore, for G4, the size of one
dendrimer is large enough to almost wrap siRNA (see the
snapshot given in Figure 3c). Because of this repulsion
between two dendrimers, none of these two dendrimers are
able to wrap siRNA; instead, it just binds or sticks to both
sides of siRINA (see the snapshots given in Figure 3d). This
can be compared to the case for G3 dendrimer. In going
from 1G3 to 2G3, the number of contacts N, between the
dendrimer and siRNA is increased. Because of the small size
of G3 dendrimer, single G3 cannot wrap the siRNA fully
(see the structure in Figure 3a); instead, it wraps half of the
siRNA. This is in contrast to the 2G3 case: two dendrimers
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Figure 3. Structures of siRNA—dendrimer complexes: siRNA with (a) one dendrimer of generation 3 (1G3), (b) two dendrimers of generation 3(2G3),
(c) one dendrimer of generation 4 (1G4), and (d) two dendrimers of generation 4 (2G4). Various amines are leveled different colored atoms say blue,
green, purple, tyan correspond to terminal, 2nd, 1st, and core amines in G3 and blue, red, green, purple, tyan correspond to terminal, 3rd, 2nd, 1st, and

core amines in G4.

moved away from each other to avoid maximum repulsion
between them and then they try to wrap the siRNA (see
the snapshot given in Figure 3b). Thus, the number of close
contacts for 2G3 case is higher than that of 1G3 case,
whereas the number of close contacts for 2G4 case is lower
than that of 1G4 case. In Figure 2b we show the average
number of close contacts for 1G3 and 1G4 at different salt
concentrations. We find that as salt concentration increases
the number of contacts N, decreases because of the screening
of the electrostatic interaction between siRNA and dendrimer
at high salt concentration.

111.1.3. Counterion Distribution around the Complex. Pre-
vious theoretical and experimental works have demon-
strated®® % that such complexation between two oppositely
charged polyelectrolytes is also favored by the entropic gain
due to counterion release.®” But this has not been demon-
strated from a microscopic all atom MD simulation, where it
has been explicitly demonstrated that counterions do gain
entropy when such complexation occurs. During the com-
plexation of siRNA and dendrimer, the counterions moved
away from the respective molecules. Initially Na™ ions which
are condensed around siRNA moved away from the siRNA
molecule when dendrimer start binding. In order to see the
above effect we have calculated the number of Na™ counter-
ions for all the cases and we plotted the time dependency of
number of Na™ ions in Figure 4. So far, we observe as the
generation and concentration of dendrimer increases, the charge
ratio increases and hence binding affinity gets increased.

20 J L) T * T ¥ T T ¥
—1G3
1G4

ool 2033 |
2G4

Z 10 1

5_ it

O~ 0 15 20 25 30

Time (ns)

Figure 4. Time variation of the number (N) of Na™ counterions around the
siRNA (within 20 A) of the all the cases. Lines are guides to the eye only.

Because of this higher generation of one dendrimer and two
dendrimers cases show less number of Na* ions and also
decreases rapidly which you can seen in Figure 4. From these
results, one can say that depending upon the binding affinity
the number of counters ions namely Na™ (see Figure 4) are
moved away from siRNA in other words for greater the
binding affinity leads greater the number of ions are moved
away from the molecules and vice versa.

Furthermore, we have calculated the entropy of the Na™
ions which are in the spine of siRNA as well as when siRNA
is in the complex state with dendrimer using 2PT methods.



Article

Table 2. Entropy and Entropy Gain per Na™ Counterion When siRNA
Is Complexed with Dendrimer of Generation 3 and 4“

1G3 1G4
entropy per Na™ ion cal/(mol K) 9.5 9.8
entropy gain per Na™ ion cal/(mol K) 0.5 0.8

“Here, for calculating entropy gain we have used the entropy per
Na™ counterion 9.0 cal/(mol K) (37.96 J/(mol K)) when only siRNA
is present.

Table 3. Thermodynamic Parameters Determined by Molecular
Dynamics along with MMPBSA and 2PT Methods for the Binding
of (i) One Dendrimer of Generation 3 and 4 to siRNA,

(i) Two Dendrimers of the Same Generations to siRNA, and
(iii) One Dendrimer of the Same Generations at Two Different
Salt Concentrations

AH —TAS AG
complex (kcal/mol) (kcal/mol) (kcal/mol)

1G3 —1689.84 +-92.54 5.58 —1684.26 +92.54
1G4 —3672.99 +£225.05 9.35 —3663.64 &+ 225.05
2G3 —3570.95 £ 191.76 —19.41 —3590.36 £191.76
2G4 —6880.43 +373.4 39.8 —6840.63 + 373.4
1G3—10 mM —479.5 £28.53 11.52 —467.98 £ 28.53
1G3—150 mM —198.43 £7.68 3.11 —195.32+ 7.68
1G4—-10mM  —3465.36 £192.27 9.02 —3456.34 4+ 192.27
1G4—150 mM  —2206.73 £110.19 8.24 —2198.49 4+ 110.19

For the case of 1G3 the entropy per Na™ ion is 9.5 cal/(mol K)
which can be compared to the entropy of 9.0 cal/(mol K) per
Na™ ion when only siRNA is present. In this case we find the
gain in entropy per Na*t ion is 0.5 cal/(mol K) which helps in
the complexation (see Table 2). For the case of 1G4 also, we
find the gain in entropy per Na* ion to be 0.8 cal/(mol K) due
to release from the spine of siRNA during the complexation
(see Table 2). A similar gain in entropy for Na™ is also
observed for the case of 2G3 and 2G4. To our knowledge,
this is the first time that a quantitative estimate of the ion
entropy due to their release during the complexation has
been reported. A large gain in entropy due to the release of
Na ™ ions for the case of 1G4 also provide better binding free
energy for the case of G4 compared to the case of G3 as
shown in Table 3.

I11.1.4. Number of Water Molecules in the Hydration shell
of siRNA. The complexation between siRNA and dendrimer
causes removal of not only Na™ ions from the spine of
siRNA but also the some of the water molecules present in
the spine of hydration of siRNA. We have_calculated the
number of water molecules around within 3 A of siRNA for
all the cases reported in this paper and have plotted this
number of water molecules as a function of simulation time
in Figure 5. We see that as simulation time progresses the
degree of binding/wrapping of siRNA increases and water
molecules in the hydration shell of siRNA is expelled to assist
this binding event. This leads to the decreases in number of
water molecules in the hydration shell of siRNA. This picture
is very different in the case of 2G4. The number of water
molecules around siRNA for 2G4 case is approximately
equal to 1G4. This change of trend is due to the special
spatial arrangement of dendrimer: in the case of 2G4, two
dendrimers are not able to wrap the siRNA, they just bind or
stick to siRNA in the two opposite backbone faces of
siRNA, and hence, the water molecules in front and back
face of siRNA are not moved but more water molecules are
moved from backbone sides of siRNA. In contrast, for 1G4,
siRNA wraps the dendrimer, and hence, the number of water
molecules around siRNA is expelled and so the number decreases.

I11.2. Binding Energy and Structural Properties in Equilib-
rium State. [I1.2.1. Binding Energy. We have calculated the
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Figure 5. Variation of the number of water molecules around siRNA
(any molecules within 3 A) when it complex with dendrimer of
generation 3 (1G3) and 4 (1G4) and the same generation with two
dendrimers (2G3 and 2G4).

binding energy for the siRNA—dendrimer complex for all
the cases using the molecular mechanics/Poisson—Boltzmann
surface area method (MM —PBSA) module of AMBERDY along
with the 2PT thermodynamic method for entropy calcula-
tion.®® 7! In general the binding free energy for the noncovalent
association of two molecules may be written as

AG(A+B_’AB) = Gup—G4—Gp

For any species on the right-hand side G(X) = H(X) —
TS(X), in view of this expression, the above binding energy
can be written as

AGping = AHping — TASpina

where AHpjy = AEgus+ AGgo, AHpiug 1s the change in
enthalpy and is calculated by summing the gas-phase
energies (AL,,,) and solvation free energies (AG,,). Where
Egus=Ecie + Evanw + Eiyy, here, E,, is the Electrostatic energy
calculated from the Coulomb potential, E,, is the nonbond
van der Walls energy and E,,, is the internal energy contribu-
tion from bonds, angles and torsions.Gy,;= G, + G5, Where
G, is the electrostatic energy calculated from a Poisson—
Boltzmann (PB) method and G, is the nonelectrostatic
energy calculated as y x SASA + S where y is the sur-
face tension parameter (y = 0.00542 kcal/ A”%) and SASA
is the solvent-accessible surface area of the molecule. Calcu-
lating entropy using normal-mode analysis (as implemented
in mm-pbsa) requires the computation of eigenvectors and
eigenvalues through the diagonalization of the Hessian
matrix and is computationally challenging for large number
of atoms. For the entropy calculation we have used recently
developed two-phase (2PT) thermodynamic model.®3~"!
This method requires only the vibrational density of state
function which can be determined from the Fourier trans-
form of the velocity autocorrelation function. The entropy of
the system is given by

d(In Q)

S =k(nQ)+p~" (a—T)N,V

Here Q is the partition function of the system and it can be
calculated from the partition function ¢4o(v) of a harmonic
oscillator as given below

oo

dvs(v) In guo(v)
0

InQ =

where s(v) is the density of state function and it is decom-
posed into gas phase (described in terms of a hard sphere
model) component and a solid phase. This density of state
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Figure 6. Various enthalpy and its components of all the cases with
corresponding charge ratios. Here a, b, ¢, and d correspond to 1G3,
1G4, 2G3, and 2G4 complexes, respectively. Lines are guides to the eye
only.

function is calculated from the Fourier transform of the
velocity auto correlation function (VAC).®®

k —i2mvt
¢ (e = di
j=1lk=1 -t

where m; is the mass of jth atom and

T
(1) = lim l/ V(W + 0V df

T— 2T ),

is the velocity autocorrelation function of the jth atom in the
k direction. For details of the method, we refer the readers to
the original set of 2PT papers.®®~7!

The above MMPB—SA method was applied to 300 con-
figurations from the last 3 ns of the 20 ns long MD trajectory
to estimate the enthalpy of binding for all the cases. For
calculating entropy using the 2PT method, we did the NV T
simulation for 40 ps using the final restart file from the
previous 20—30 ns long simulation trajectory as the input
with 2 fs time step and atomic coordinates and velocities are
recorded for every 4 fs. Now using the velocity coordinates
the entropy of the system is calculated using the 2PT method.

Table 3 gives the details of the binding enthalpy and
entropy for all the cases. For all the cases the enthalpy of
binding is negative which is favorable for binding and the
entropy of binding is positive except for 2G3 case which
shows negative entropy change due to binding. This increase
in entropy of the system after complexation for the 2G3 case
is due to the larger conformational change and subsequent
bending of siRNA which is clearly visible from the snapshot
given in Figure 3b. The presence of one dendrimer bound to
the siRNA affects the binding of the second dendrimer to
siRNA. For G3, one dendrimer is not enough to wrap
siRNA fully instead it wraps half of the siRNA, so in the
presence of second dendrimer the both the dendrimers move
in opposite direction along the backbone of siRNA due
to interdendrimer repulsion. In the process, each of the
dendrimers tries to wrap siRNA and causes siRNA bending.

In contrast for 2G4, none of the dendrimers are able to
wrap the siRNA, and hence, siRNA behaves like a rigid
substance and hence there is loss of entropy. So, among all
the cases, the 2G3 complex is a better carrier for transfection
and this result is in accordance with the experimental results
of G3 dendrimer which shows better transfection efficiency
for siRNA delivery with increased charge ratio.>” Further-
more, we can say that the recognition between the dendrimer
and siRNA is enthalpically driven by electrostatic interaction
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Figure 8. Binding energies of all the cases with corresponding charge
ratios. Lines are guides to the eye only.

between the protonated amines in dendrimers and phos-
phate groups in backbone of siRNA, which one can observe
from the Figure 6. Also, from Figure 6, one can observe the
following interesting behavior: (i) the van der Waals inter-
action (vdw) and surface contribution (PBSURF) are almost
constant across the charge ratio studied, (ii) the solvent
electrostatic energy is increased positively as the generation
and concentration of dendrimer increased, and (iii) electro-
static energy of the gas phase (solute) also increases but
negatively with an increase in the generation and concentra-
tion of dendrimer. Finally, the enthalpy of the complexes
increases negatively with increasing generation and concen-
tration of dendrimer as shown in Figure 7, demonstrating the
thermodynamic stability of the complex. From the above
analysis, one may infer that though the electrostatic energies
due to solvent phase and gas (solute) phase are increased, the
contribution for negative enthalpy is coming from the electro-
static energy of gas (solute) phase only. Hence, electrostatic
energy is the main contribution for binding between siRNA
and dendrimer and the main cause for this interaction is the
oppositely charged groups of protonated amines and phos-
phates presented in dendrimer and in the backbone of siRNA
respectively. Change in generation and concentration of
dendrimer gives charge ratio variation, and this charge ratio
variation leads the change in electrostatic energy when going from
one generation to other generation and for two dendrimers.
From Figure 8, we see that the binding free energy follows
the same trend as followed by number of contacts N, except for
the case of 2G4. Binding energy for 2G4 is higher than that of
binding energy of 1G4. The larger the negative value of bind-
ing, the greater the binding affinity is between dendrimer and
siRNA. We may conclude that with increases in generation and
concentration of dendrimer, the charge ratio increases and
hence the binding affinity is increased. The trend followed in
the above results are in good accordance with the experimental
results of increase in transfection and silencing when increasing
the charge ratio of the complex.*
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Figure 9. Binding energies of 1G3 and 1G4 with salt concentration.
Here a, b and ¢ correspond to 0 (neutral), 10, and 150 mM NaCl
concentrations, respectively. Lines are guides to the eye only.
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Figure 10. (a) Number of Na™ counterions as a function of distance
from the center of mass (COM) of siRNA at 2 ns (black), 6 ns (red) and
14 ns (blue). Here continuous and dotted lines correspond to 1G3 and
1G4, respectively. (b) Time variation of the number (N) of Na"
counterions around the siRNA (within 20 A) of 1G3 and 1G4 at two
different salt concentrations. Lines are guides to the eye only.

In order to understand the effect of salt concentration
on the binding affinity between siRNA and dendrimer, we
have calculated the binding energy of 1G3 and 1G4 at two
different salt concentrations and have plotted the same in
Figure 9. We see that the binding energy decreases as salt
concentration increases. This is due to the screening effect
produced by counterions. As the salt concentration increases
more and more counterions get condensed on siRNA leading
to the screening of electrostatic interaction. The degree of
counterion condensation as a function of salt concentration
can be studied by calculating the counterion density around
siRNA as a function of time. The counterion density (for
Na™ ions) for the charge neutral case (0 molar case) has been
shown in Figure 10a for the case of 1G3 and 1G4 at various
instant of time. We see that as time progresses more and more
Na* ions are pushed away from the vicinity of siRNA
releasing the condensed counterions. In the process there is
gain in the counterion entropy as will be demonstrated in
section III.1.3. Now while comparing the Na™ ions density
profile for the charge neutral and two different salt concen-
tration cases we find that larger number of Na™ ions are in
the vicinity of siRNA and this number increase as the salt
concentration increases as shown in Figure 10b. The degree
of condensation and release of counterions as a function of
salt concentration give rise to the salt dependence of binding
affinity of siRNA—dendrimer complexation. In the case
of 1G3, at 10 mM salt concentration negative charges on
siRNA is greatly screened and hence the electrostatic inter-
action between the positive charges of the G3 dendrimer and
siRNA is weakened. At the same molarity because of greater
number of positive charges for G4 dendrimer the electro-
static interaction between siRNA and dendrimer is less
affected compared to G3. However, with the further increase
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Figure 12. Average number of contacts between N and P of 1G4 and
1G3 with salt concentration. Here a, b, and ¢ correspond to 0 (neutral),
10, and 150 mM NacCl concentrations, respectively. Lines are guides to
the eye only.

in slat concentration (for example 150 mM) the binding
affinity for G4 is also greatly reduced because of strong
screening of electrostatic interaction which is hard to over-
come even with the large number positive charges on G4.

To get a microscopic picture of the binding, we calculate
the number of contacts between nitrogen in the amine group
of dendrimer and the phosphate in backbone of siRNA. The
results obtained are presented in the next section.

111.2.2. Contacts between N and P. We have calculated the
number of contacts between the nitrogen N in the amine
group of dendrimer and phosphate P in the backbone of
siRNA for all the cases and averaged over last 4 ns of the
production runs (14—20 ns long runs depending on the
dendrimer generation). We have plotted this average number
of contacts for all the cases as a function of charge ratio
(N/P ratio) in Figure 11. From this figure, we observe that as
charge ratio increases the contacts between N and P also
increases. Because of the repulsion between two dendrimers
of generation 3 for the 2G3 case the contacts between N and
P for 2G3 is less than that of 1G4 case. The number of
contacts gives a quantitative estimate of the binding and the
interaction strength between siRNA and dendrimer. Hence,
one can infer that interaction strength between siRNA and
dendrimer increases as the generation increases and also
the concentration of the dendrimer increases. These results
and binding energy as a function of charge ratio show good
agreement with the available experimental results.>® We have
also calculated the number of contacts at two different salt
concentrations for the case of 1G3 and 1G4 and have plotted
the same as a function of molarities in Figure 12. From this
figure, we find that at low salt concentration the number of
contacts between N and P for 1G4 is not affected much when
compared with 1G3. In contrast at higher salt concentration
the number of contacts between N and P decreases for both
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1G3 and 1G4 systems because of screening effect produced by
the counterions. Our calculated binding energy and number of
contacts between N and P at two different salt concentrations
indicate that the interaction between siRNA and dendrimer
strongly depends on the salt concentration. Because of the large
N/P ratio, 1 G4 shows better binding affinity both in the charge
neutral as well as in higher salt concentrations, compared to the
1G3 case under similar solution conditions. This led us to
conclude that the interaction or binding affinity of the com-
plexes having two dendrimers may also depend on salt con-
centration in a similar fashion like the case of single dendrimer.
Even though the complexation of siRNA and dendrimer is
affected by salt concentration, still the binding affinity mainly
depends on generation of dendrimer (N/P ratio between
dendrimer and siRNA) as well as the concentration of dendrimers.
Thus, for the remainder of the analysis such as spatial distribu-
tion of amines, we consider the complexation at charge neutral
case only (0 molarity).

I11.2.3. Radial Distribution Functions. Radial distribution
functions (RDF) between various groups in dendrimer and
siRNA can give a microscopic picture of the binding. We
have calculated the radial distribution function between
various amines in dendrimer and the phosphates in back-
bone of siRNA using the configuration of the last 4 ns long
simulations. RDF can give a physical picture as to how the
amines groups are spatially arranged in space and which
amines group are closer to phosphates in the backbone of
siRNA. Depending on this spatial behavior of amines, one
can conclude whether dendrimer of a given generation is
behaving like flexible or rigid object. This can give informa-
tion as to whether the dendrimer is trying to wrap siRNA
along with binding or it just binds without wrapping. The
plots shown in Figure 13 represent the radial distribution
profiles of various amines groups in dendrimer with the
phosphates in the backbone of siRNA for all the complexes
studied in this paper. In order to distinguish between various
amines distribution profile we have labeled amines of various
subgeneration as follows: NO, N1, N2, N3, and N4 corre-
sponding to core, first generation, second generation, third
generation, and fourth generation amines, respectively. The
first highest peak in all the plots in Figure 13 show that, the
main contribution of binding affinity between dendrimer
and siRNA comes from the terminal amines of the dendrimers.
Another interesting feature from these plots is that depend-
ing on the height of the second highest peak for a given
generation of amines we can infer whether the dendrimer
is wrapping the siRNA or not. For example for the case
of 1G3 and 1G4, the radial distribution profiles reveal
that, terminal amines have highest peak followed by the next
nearest highest peaks with contribution coming either from
core (NO) or from first generation amines (N1) for the case
of 1G4. In the case of 1G3, the second peak has contribu-
tions only from the first generation amines. For the case of
2G3 complex, we have two dendrimers, so we have calcu-
lated radial distribution function of various amines in each
dendrimer separately which is shown in parts ¢ and d of
Figure 13. From these figures, we infer that, for both the
dendrimers among all other amines, terminal amines have
highest peak first which shows the main contribution of
binding affinity between siRNA and dendrimer. Further, the
second highest peak has contribution only from the first
generation amines of first dendrimer in 2G3 complex (see
Figure 13c or the core amines of second dendrimer in 2G3
complex (see Figure 13d). Following very interesting micro-
scopic picture emerges from the radial distribution function
for 1G3, 1G4, and 2G3: phosphates of siRNA are spatially
closer to terminal amines first, and the next closer amines are
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Figure 13. Radial distribution function between phosphate in siRNA
and various amines in dendrimer of (a) 1G3, (b) 1G4, (c) first dendrimer
of 2G3, (d) second dendrimer of 2G3, (e) first dendrimer of 2G4, and
(f) second dendrimer of 2G4.

core and first generation amines, respectively. From this, one
can say that dendrimers are trying to wrap the siRNA, and
thus they act like a flexible substance. But for the case of 2G4,
expect for the terminal amines, other amines do not show any
significant binding affinity to the phosphate as is evident
from the absence of a sharp peak in the radial distribution
profile between amines of lower subgeneration and phos-
phate shown in Figure 13, parts e and f. From this, one can
conclude that, the dendrimers are not wrapping the siRNA,
they just bind or stick to siRNA. This is due to the repulsion
between the dendrimers. So one dendrimer of generation 4 is
enough for wrapping the siRNA, and if the complex has two
dendrimers of generation 4, siRNA acts like a rigid sub-
stance. From this conclusion, one may think of making a
bundle kind of carrier by adding more and more siRNA and
dendrimers of generation 4, which can transfer more than
one siRNA in a single transfection.

IV. Summary and Conclusions

To summarize, we have studied the structural behavior and
energetic of the complexation of siRNA with following systems:
(i) one dendrimer of generation 3 and 4 (1G3 and 1G4), (ii) two
dendrimers of the same generations (2G3 and 2G4) and (iii) one
dendrimer of the same generations (1G3 or 1G4) at two different
salt concentrations through atomistic molecular dynamic simula-
tions in explicit salt water. Our calculated binding energies
suggest that as the dendrimer generation increases (i.e., going
from G3 to G4) binding efficiency increases due to the increase
in N/P charge ratio. For a given generation N/P ratio can be
increased by increasing the number of dendrimer and hence
binding energy also increases in going from one dendrimer to
two dendrimer for a given generation (i.e., 2G3 shows better
binding compared to 1G3). As the charge ratio increases number
of contacts between amine groups of dendrimer and phosphate in
the backbone of siRNA in other words interaction between
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siRNA and dendrimer gets increased and binding energy also gets
increased. From these results, we observe the following features:
(i) Among G3 and G4, G4 shows higher binding affinity and
hence 1G4 is a stable complex when compare with 1G3.
(il) Among 1G3 and 2G3, since charge ratio increases when we
go from one dendrimer to two dendrimers, 2G3 shows better
binding affinity and also 2G3 is a stable complex when compare
with 1G3. (iii) Among 1G4 and 2G4, here also the charge ratio
increased, so 2G4 shows better binding affinity. Furthermore,
our results of 1G3 and 1G4 at two different salt concentrations
show salt dependency on binding affinity between siRNA and
dendrimer. The radial distribution profile of various amines in
dendrimer and phosphate in backbone of siRNA tells us that,
though the charge ratio is increased for 2G4 when compared with
1G4 but dendrimers in 2G4 are not able to wrap the siRNA due
to the repulsion between the dendrimers. Hence, one may say that
the increasing the charge ratio for stable complex is not only
increasing the positives charge of carrier but one should increase
siRNA concentration also. By increasing the siRNA concentra-
tion for multiple dendrimers in the case of generation 4 gives a
suggestion to make a bundle kind of carrier which can carry more
than one siRNA. Our results reveal that, one dendrimer of
generation 4 and two dendrimers of generation 3 shows best
compact complex and two dendrimer of generation 4 shows
strong binding affinity. We believe that the results reported in this
paper will have important consequences in the design of effective
nanocarriers.

The outcomes of this paper propose new line of research to
make bundle kind of carrier which may carry more than one
siRNA at once. In future, we plan to investigate the stability of
complex in serum and also cellular uptake of the complex
through lipid membrane.
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