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Nucleic acid interaction with nanoscale objects like carbon nanotubes (CNTs) and dendrimers is of fundamental
interest because of their potential application in CNT separation, gene therapy and antisense therapy. Combining
nucleic acids with CNTs and dendrimers also opens the door towards controllable self-assembly to generate various
supra-molecular and nano-structures with desired morphologies. The interaction between these nanoscale objects also
serve as a model system for studying DNA compaction, which is a fundamental process in chromatin organization. By
using fully atomistic simulations, here we report various aspects of the interactions and binding modes of DNA and
small interfering RNA (siRNA) with CNTs, graphene and dendrimers. Our results give a microscopic picture and
mechanism of the adsorption of single- and double-strand DNA (ssDNA and dsDNA) on CNT and graphene. The
nucleic acid—CNT interaction is dominated by the dispersive van der Waals (vdW) interaction. In contrast, the
complexation of DNA (both ssDNA and dsDNA) and siRNA with various generations of poly-amido-amine
(PAMAM) dendrimers is governed by electrostatic interactions. Our results reveal that both the DNA and siRNA
form stable complex with the PAMAM dendrimer at a physiological pH when the dendrimer is positively charged due
to the protonation of the primary amines. The size and binding energy of the complex increase with increase in
dendrimer generation. We also give a summary of the current status in these fields and discuss future prospects.
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1. Introduction

Nucleic acids (DNA and RNA) are the key components in
many functions of the cell in living organisms and form the
basis of life (Saenger 1984; Bloomfield et al. 2000; Rich and
Zhang 2003). Nucleic acids undergo large structural trans-
formations during many of the cell functioning operation
such as transcription, translation and replication. These large
structural transformations of nucleic acids are essentially
triggered by protein binding or selective macromolecule
binding to DNA. Double-stranded DNA (dsDNA) has many
stable forms such as A-DNA, B-DNA and Z-DNA depend-
ing on the solvent condition and complexation with biomo-
lecules such as proteins or enzymes. Thermodynamic
stability of dsDNA in various such forms is essential for
many biological functions (Jacobomolina et al. 1993; Kiefer
et al. 1998; Jones et al. 1999; Lu et al. 2000). At physiolog-
ical conditions, the B-form is favourable for dsDNA and
A-form for RNA (Watson and Crick 1953; Wilkins et al.
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1953; Franklin and Gosling 1953; Saenger 1984; Bloomfield
et al. 2000; Klug 2004). However, for many biological
functions, and for some biological organization, the A-
form and Z-form of DNA are required (Saenger 1984;
Bloomfield et al. 2000; Rich and Zhang 2003). Specific
protein binding to the native B-DNA can trigger the transi-
tion from B- to A- or Z-DNA and stabilize the A-DNA and/
or Z-DNA form (Jacobomolina et al. 1993; Kiefer et al.
1998; Jones et al. 1999; Lu et al. 2000). ssDNA and dsDNA
interactions with CNTs have been studied by several groups
which have found promising applications in CNT separation
and sensing within cells (Zheng et al. 2003a; Zheng et al.
2003b; Chou et al. 2004; Heller et al. 2006; Johnson et al.
2008; Zhao and Johnson 2007). However, it is not yet
known whether CNTs or graphene can induce B- to A- or
Z-DNA transition.

DNA compaction is one of the most important phenom-
enon in living organism where, DNA is stored in very
compact form and some of its functions depend on the
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degree of compaction. In some extreme cases, DNA is com-
pacted a hundred times more than an unfolded form of DNA
(Livolant 1991). One of the most well-known examples of
DNA compaction is the individual nucleosome: a nucleo-
some protein complex with 147 base pairs of DNA is
wrapped 1.65 times around a disk-shaped octamer of histone
proteins (Schiessel 2003). The case of bacteriophage heads
provides another example where DNA condensation is me-
diated by multi-cationic species, as reported in recent in vitro
studies (Zinchenko and Chen 2006). Studies of DNA com-
paction by artificial nanoscale templates like synthetic den-
drimers and nanotubes are inspired by the DNA-histone
complex and are not yet well understood. When we deal
with nanoscale templates, DNA condensation happens near
the oppositely charged surface of the nanoscale object and
the structural geometry of the nanoscale objects plays an
important role in the mechanism of DNA compaction.

Another class of nucleic acid which is of great interest is
the short interfering RNA (siRNA) or silencing RNA, which
belongs to a class of double-stranded RNA (dsRNA). Eu-
karyotic cells use siRNA molecule to minimize the expres-
sion of pathogenic gene or overexpression of gene activity
by the regulatory mechanism known as RNA interference
(RNAI) (Napoli et al. 1990; Fire et al. 1998; Elbashir et al.
2001b; Elbashir et al. 2001a; Hannon 2002; Hannon and
Rossi 2004; Meister and Tuschl 2004; Bergstrom and Antiat
2005). The discovery of RNAi has emerged as an attractive
route where, inside a disease cell, affected gene can be
silenced by delivering siRNA (Elbashir et al. 2001a;
Soutschek et al. 2004; Kim and Rossi 2007). Similar to
dsDNA, siRNA is also negatively charged and faces major
barriers to enter through the cell membrane to the desired
location during the delivery. Although siRNA is demonstrat-
ed to be potential silencers of gene expression that can have
extraordinary treatment capabilities of HIV, hepatitis and
cancer (Lee et al. 2002; Jacque et al. 2002; Zamore and
Aronin 2003; Soutschek et al. 2004; Urban-Klein et al.
2005; Kim and Rossi 2007; Kurreck 2009), efficient delivery
of these molecules to the target cell is a big challenge today.
Another difficulty of siRNA-based therapy is the slow trans-
fection through the membrane and siRNA degradation in
serum. One of the potential solutions to overcome these prob-
lems is the compaction of siRNA by synthetic gene delivery
systems (Mintzer and Simanek 2009). siRNA compaction can
be accomplished by using a non-viral delivery carrier such as
linear or branched cationic polymer (dendrimer) (Tsubouchi
et al. 2002; Duxbury et al. 2003; Grayson et al. 2006) and
CNTs (Lu et al. 2004; Liu et al. 2007, 2008, 2009).

In this article, we present some important findings on
dsDNA stability and review a few recent theoretical
studies from our group (Maiti and Bagchi 2006; Vasumathi
and Maiti 2010; Nandy and Maiti 2011; Santosh ez al. 2012)
on DNA/siRNA interaction with CNTs and graphene as

J. Biosci. 37(3), July 2012

B Nandy, M Santosh and PK Maiti

well as DNA/siRNA compaction by dendrimers. All the
calculations reported were performed using atomistic
molecular dynamics simulations in explicit solvent with
neutralizing counterions.

2. Stability of the dsDNA

2.1 A- to B-DNA transition in the presence of water
and ‘CNT+water’

It is well known that at physiological conditions, the B-form
is the most stable form of dsSDNA and the A-form is the most
stable form of RNA (Watson and Crick 1953; Wilkins ef al.
1953; Franklin and Gosling 1953; Saenger 1984; Bloomfield
et al. 2000; Klug 2004). The dsDNA can undergo a transi-
tion from B- to A-form by changing the solvent conditions or
by binding to protein or by external force (Saenger 1984;
Jacobomolina et al. 1993; Kiefer et al. 1998; Jones et al.
1999; Bloomfield et al. 2000; Lu et al. 2000; Zinchenko and
Chen 2006; Santosh and Maiti 2009; Santosh and Maiti
2011). We studied the structural transition of dsDNA from
A-form to B-form in the presence and absence of a CNT.
This transition was well studied in 1990s by Kollman and
co-workers, but the effect of the presence of a substrate like
CNT on the transition has not been explored yet (Johnson ez al.
2008). It is known that at physiological conditions in aque-
ous environment, A-DNA transforms into B-DNA in a few
hundreds of picoseconds (Cheatham and Kollman 1996;
Miller and Kollman 1997). We simulate the dsDNA starting
from A-form in explicit solvent with neutralizing counter-
ions to study the A-to-B transition. In another simulation
setup, we included CNT with the initial A-form DNA to see
the effect of CNT on the A-to-B transition. In our simulation
of A-form DNA in water, we observed the transition of DNA
from A-form to B-form within 600 ps. Various structural
parameters that distinguish A-DNA from B-DNA are plotted
as functions of simulation time in figure 1a—c in the presence
and absence of CNT. The black line is the DNA transition in
the absence of CNT and the blue line is the DNA transition
in the presence of CNT. From the variation of the structural
parameters, it is clear that the transition happens within
600 ps when CNT is not present. We have also shown
instantaneous snapshots of the DNA in the presence of
CNT in figure 1d at 0, 1000 and 2000 ps to highlight the
transition from A- to B-DNA. The dsDNA in the presence of
CNT at 0 ps is of A-form and at 1000 ps and 2000 ps it has
transformed into B-form. From the plot (figure la—c), it is
seen that the transition is least affected by the presence of
CNT. However, some of the helicoidal parameters such as
rise and stretch attain values corresponding to B-DNA little
bit slower: it takes 50 ps more in the presence of CNT
compared to the case when there is no CNT present. Root
mean squared displacement (RMSD) and radius of gyration
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A- to B-DNA transition: (a) inter-base pair, (b) base-base and (c¢) base pair—axis geometry parameters of A- to B-DNA transition

as a function of time. The black line is for DNA transition without CNT and the blue line is in the presence of CNT. We have shown the
time scale only for 2000 ps, but the B-DNA structure was stable in the simulated time of 10000 ps. In the plot of DNA without CNT, as can
be seen, all the parameters change and attain a constant value within 600 ps, which implies a transition of DNA from A- to B-form in water
and neutralizing counterion solution. The presence of CNT has less effect on A- to B-DNA transition, with a little deceleration of the

transition.

(Rg) of the DNA as a function of time are shown in
figure 2a-b. Dramatic increase of RMSD and R, within a
few hundred picoseconds signifies the occurrence of A-to-B
DNA transition both in the presence and absence of CNT.
The mechanism of the A-DNA to B-DNA transition is as
follows: in water, the electrostatic screening is large compared
to air, which makes water to form hydration shells around Na"
counterions. The formation of hydration shells with Na"
counterions partially inhibits the strong counterion conden-
sation around the negatively charged phosphate atoms. This
enhances the electrostatic repulsion between phosphate
atoms and increases the phosphate—phosphate distance.
Hence, the transition occurs from A-DNA to B-DNA in the
presence of water and counterions (Jayaram ef al. 1998). The

CNT provides little stability to the initial highly unstable A-
form DNA via van der Waals (vdW) interaction with the
DNA nucleobases. This vdW interaction, to some extent,
competes with the phosphate—phosphate repulsion arising
from the backbone. But ultimately the stronger electrostatic
repulsion between phosphates wins over the vdW interaction
between nucleobases and CNT, resulting in the A-form to
make a transition to B-form DNA. However, the transition
from A-to-B forms becomes slower in the presence of CNT.
In addition to the vdW interaction, entropy fluctuations in A-
form DNA in the initial stage of simulation are suppressed
due to the adsorption on the CNT surface, giving stability to
A-DNA. We also see that the B-DNA maintains the B-form
in the presence of CNT up to 10 ns. However, after the
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Figure 2. Structural analysis: (a) and (b) are the RMSD and radius of gyration of A- to B-DNA transition in water, in presence of ‘CNT+
water’ and in the presence of 80:20 ethanol-water solution. As the plots indicate, initial A-DNA transforms into B-DNA in the presence of
water and ‘CNT+water’, whereas A-DNA does not transforms into B-DNA in the presence of ethanol-water solution. (¢) and (d) are the
RMSD and close contacts of ssDNA on CNT, dsDNA on CNT and dsDNA on graphene. The dsDNA on graphene has maximum RMSD
and maximum close contacts compared to ssDNA on CNT and dsDNA on CNT.

transition, CNT can destabilize B-DNA, which is initiated by
breaking a few Watson—Crick (WC) H-bonds due to increas-
ing vdW interactions, and eventually in longer time scales,
B-DNA can bind to CNT (Santosh et al. 2012).

2.2 Effect of ethanol on A- to B-DNA transition

The transition from the stable B-DNA form to other forms
such as A-DNA or Z-DNA can be triggered by protein
binding or by changing the solvent conditions (Herskovits
and Singer 1961; Ivanov et al. 1974; Zimmerman and
Pheiffer 1979; Calladine and Drew 1984; Jovin et al. 1987,
Dickerson 1992). Ethanol (CH3-CH2-OH) is one of such
solvents that can induce the transition from B-form DNA to
the A-form DNA. A-DNA is stable in ethanol solvent of
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proper concentration, whereas B-DNA is stable in aqueous
solution at physiological conditions. To see the effect of
ethanol on A- to B-DNA transition, we have simulated
A-DNA in 80:20 ethanol-water mixtures with neutraliz-
ing counterions. The addition of ethanol provides stabil-
ity to the initial A-DNA, thus inhibiting the transition to
B-DNA. Several helicoidal parameters shown in
figures 3a—c corresponds to A-form of DNA with small
fluctuations. Those fluctuations are very small, indicating a
very stable A-form in the presence of ethanol solution. The
instantaneous snapshots of the DNA shown in figure 3d at
few nanosecond intervals confirm that the DNA is still in A-
form and no transition to B-form has occurred. We have also
calculated RMSD and R, of A-DNA in 80:20 ethanol-water
mixture as shown in figure 2a—b when no A-to-B transition
has occurred. These data support the stability of A-DNA in
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Figure 3. Stable A-DNA in 80:20 ratios of ethanol and water as a solution: (a) inter-base pair, (b) base-base and (c¢) base pair—axis
helicoidal parameters as a function of time show that A-DNA is stable with all the parameters corresponding to A-DNA from in ethanol
solution. (d) Snapshots shown at 0, 5 and 10 ns indicate that the A-DNA remains stable in A-form and does not transform into B-form as

was the case in the absence of ethanol.

ethanol-water mixture solution. In the presence of water, the
formation of hydration shells around Na" counterions par-
tially inhibits the strong counterion condensation around the
negatively charged phosphate atoms that increases electro-
static repulsion between phosphate atoms. This increases the
phosphate—phosphate distance, and hence favours a sta-
ble B-DNA in the presence of water and counterions.
The dielectric constant of ethanol is 24 and that of water
is 80. Hence, the dielectric constant of the mixture
solution consisting of ethanol and water is less than that
of water (Reynolds and Hough 1957). Hence, when etha-
nol is added to the solution of A-DNA, water and counter-
ions, the electrostatic potential affects the hydration shells,
and hence Na' counterions have greater improvement in
counterion condensation with phosphate groups, resulting

in decrease of phosphate—phosphate repulsion. So the etha-
nol solution favours A-DNA form over B-DNA in ethanol—
water solution. The interaction of A-DNA with CNT in the
presence of ethanol-water mixture is under study.

3. DNA interaction with CNT and graphene

3.1 Adsorption of ssDNA and dsDNA on CNT

Nucleic acids such as ssDNA and dsDNA adsorption on
CNT have been studied by several groups that have found
promising applications in CNT separation and sensors within
cells (Zheng et al. 2003a; Zheng et al. 2003b; Chou ef al.
2004; Heller et al. 2006; Zhao and Johnson 2007; Johnson
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et al. 2008). In contrast, not much attention has been paid to
study the interaction of siRNA with CNTs. Only recently
have we studied siRNA interaction with CNTs of various
diameters (Santosh ef al. 2012). We have studied the adsorp-
tion of ssDNA and dsDNA with sticky-ends on (6, 6) CNT at
300 K. The sequence of dsDNA with sticky-ends is same as
siRNA except for the presence of thymine in place of uracil.
The dsDNA sequence used in our simulation is d(TT AGA
CAG CAT ATA TGC TGT CT), and that of ssDNA is d(TT
AGA CAG CAT ATA TGC TGT CT), which is the same as
one of the strands of the dsDNA. Instantaneous snapshots of
ssDNA and dsDNA adsorption on CNT are shown in
figure 4a and b. As can be seen from the figure 4a, sSDNA
adsorbs strongly and wraps around the CNT surface with
almost all nucleobases of ssDNA interacting with CNT via
vdW dispersive forces. The snapshot shown here was one of
the many binding modes of ssDNA on CNTs. To character-
ize the binding affinity as well as the conformational changes
of ssDNA and dsDNA while binding with CNTs, we calcu-
lated the RMSD and number of close contacts (number of
DNA atoms within 5 A cut-off from CNT atoms), which are
shown in figure 2c—d. As shown in figure 2c—d, the RMSD
and close contacts attain a constant value, indicating a stable
bound configuration of ssDNA on the CNT. For ssDNA, the
average RMSD is 11 A and the number of close contacts is
230 within 5 A from the CNT surface. This indicates a strong
wrapping of ssDNA around the CNT. However, the dsDNA
gets adsorbed to CNT with partial unzipping in the long

B Nandy, M Santosh and PK Maiti

simulation time of 70 ns. In contrast, sSiRNA binds to CNT
through the unzipping of two strands. This is to some extent
due to the relatively strong A-T base pair interaction energy
compared to the A-U base pair interaction energy (Sponer et al.
2004; Santosh et al. 2012). A similar kind of dsDNA ad-
sorption on CNT was reported in an earlier simulation study
(Zhao and Johnson 2007). However, there is more fluctua-
tion in the RMSD due to lower binding to CNT. The RMSD
of dsDNA when adsorbed to CNT is only 8 A, which is less
compared to the RMSD of 11 A for ssDNA on CNT. The
structural deformation of dsDNA is very less compared to
ssDNA. Our simulation studies give microscopic picture of
the ssDNA—CNT and dsDNA—CNT hybrid.

3.2 Translocation of ssDNA and dsDNA inside CNT

Earlier Gao ef al. (2003) reported the spontaneous translo-
cation of 8 bases long ssDNA through (10, 10) a CNT of
diameter 1.36 nm. In their study, they used GROMOS FF
(Vangunsteren and Berendsen 1987). However, to the best
of our knowledge there exist no simulation studies which
demonstrate the translocation of ssDNA or dsDNA through
CNT using more accurate force fields like AMBER or
CHARMM (Case et al. 2006; Brooks et al. 2009). In the
process of complete understanding of DNA—-CNT interac-
tions, we also studied the translocation of ssDNA and
dsDNA in a (20, 20) CNT using AMBER FF03 (Duan

ssDNA and
dsDNA
interaction
with nanotube

Figure 4. Adsorption and translocation of ssDNA and dsDNA with carbon nanotube. ssDNA strongly adsorbs and also translocates into
carbon nanotube, whereas dsDNA only adsorbs but not translocate into (20, 20) CNT.

J. Biosci. 37(3), July 2012
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et al. 2003). The (20, 20) CNT has a diameter of 2.7 nm.
Note that in our simulation, we used 22 bases long ssDNA in
contrast to the 8 bases long ssDNA used in the study of Gao
et al. (2003). Figure 4c shows the results on translocation of
ssDNA into (20, 20) CNT. Nearly half of the 22 nucleobases
of the ssDNA enter inside the hydrophobic cavity of (20, 20)
CNT within 20 ns and remain stable there in that conforma-
tion for a long time without translocating. The dispersion
interaction of nucleobases with the aromatic rings of CNT
makes the ssDNA get ‘stuck’ in a metastable local minimum
of free energy surface and prevents complete translocation
after half of the nucleobases enter the CNT. The other half of
the ssDNA not inside the CNT wraps around the surface of
the CNT. This structure is stable after 20 ns with minimal
deviations in structural parameters such as RMSD and close
contacts. For comparison, we have also simulated the trans-
location of dsDNA of 22 base pairs long inside (20, 20)
CNT. Figure 4d shows the instantaneous snapshot of the
system after 30 ns. However, dsDNA does not enter the
CNT of the same diameter where part of ssDNA transloca-
tion was observed. A molecular level understanding of these
phenomena is not clear yet. This could be due to the large
free energy barrier for the entry of dSDNA into the interior of
CNT. As shown in figure 4d, only one to two nucleobases
that are near to the CNT unzip by breaking WC H-bonds
between them and interact with CNT. The unzipping of few
base pairs and subsequent binding to the CNT surface may
be preventing the dsDNA from entering the nanotube, and so

Figure 5.
van der Waals to bind to graphene.
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no further translocation is observed. However, it would be
interesting to study the translocation of dsDNA through
CNT by introducing electric fields or pressure gradients or
flow through nanotubes.

3.3 Adsorption of dsDNA on graphene

Graphene is a one-atom-thick 2D material of carbon with
extraordinary properties due to which it can be used for
many applications (Novoselov et al. 2004; Zhang et al.
2005; Stankovich et al. 2006; Geim and Novoselov 2007;
Castro Neto et al. 2009). DNA sequencing is one of the
promising areas where graphene can effectively be used, as
has been demonstrated by several recent works (Garaj et al.
2010; Schneider et al. 2010; Merchant et al. 2010). The
microscopic understanding of DNA interaction with gra-
phene is essential for such future applications. We have
studied the interaction of dsDNA with graphene to under-
stand the adsorption phenomena. In figure 5, we show in-
stantaneous snapshots of dsDNA on graphene in few
nanosecond intervals as the binding progresses. The se-
quence of dsDNA used in our simulation has two sticky-
ends which take part in n-m stacking with graphene. During
the course of simulation, a few base pairs at two ends get
unzipped and these unzipped base pairs facilitate better
binding with the graphene. The binding affinity of dsDNA
is more with graphene compared to its binding with CNT.

dsDNA on graphene

Instantaneous snapshots of dSDNA on graphene. A few base pairs at the two ends get unzipped and interact with graphene via

J. Biosci. 37(3), July 2012
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Within 6 ns, approximately 8 of total 48 WC H-bonds in
dsDNA get unzipped and remain constant at 40 H-bonds
throughout the simulation time of 80 ns. We have also
calculated some of the structural parameters such as the
number of close contacts and RMSD of dsDNA to probe
the stability of dsDNA—graphene hybrid and have shown
them in figure 2c—d. These calculations reveal that the hybrid
is very stable after initial unzipping and adsorption of few
base pairs of dsDNA. In the stable configuration, the average
number of close contacts of dSDNA is 240 within a cut-off of
5 A from graphene surface and the average RMSD of
dsDNA is 8.5+0.6 A. As the binding of dsDNA is more
on graphene, the dsDNA structure deforms largely with respect
to its initial crystal structure, leading to a large value of RMSD.
The WC H-bonds and structural parameters such as RMSD
quantify the binding of dsDNA on graphene. The binding
property of dsDNA on graphene can be used in graphene-
based sensing and DNA sequencing applications (Garaj et al.
2010; Merchant et al. 2010; Schneider ef al. 2010).

4. Nucleic acids interaction with dendrimers
4.1 Interaction of DNA with dendrimers

4.1.1 DNA compaction: Dendrimers are a class of organic
molecule with a well-defined structures and molecular
weights. This mono-dispersed molecule grows in a step-
wise manner (Frechet 1994). As a function of generation, a
dendrimer has exponentially growing numbers of primary
and tertiary amines. Depending on the pH of the solvent, the
primary and tertiary amines of the dendrimer can be proton-
ated or deprotonated. At physiological pH, for example, the
PAMAM dendrimer is positively charged and can effective-
ly bind negatively charged DNA, and so can be used as gene
delivery material inside mammalian cells (Zimmerman et al.
1996; Bosman et al. 1999; Grayson and Frechet 2001).
Lower levels of toxicity (KukowskaLatallo ef al. 1996) and
high positive surface charge of protonated PAMAM den-
drimers make them suitable candidates for gene transfection
(Haensler and Szoka 1993; Dufes et al. 2005). A few com-
putational studies using all atom molecular dynamics (MD),
coarse-grained MD and Brownian dynamics simulations
(Lyulin et al. 2008; Larin et al. 2009b; Pavan et al. 2010)
already exist as background references.

4.1.2 Structural aspect: In the recent past a number of
theoretical and computational studies on structural properties
of polyelectrolyte—dendrimer complexation under different
conditions have been reported (Kukowskalatallo et al.
1996; Harries et al. 1998; Scherrenberg et al. 1998). Using
Monte Carlo (MC) simulation, Welch and Muthukumar
(Welch and Muthukumar 2000) first showed the
complexation between a charged linear chain and a model
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poly-propyle-imine (PPI) dendrimer with charged terminal
groups under various salt concentrations. In their study, it
was predicted that DNA adsorption is dependent on the
pH of the solvent, size of the dendrimer, length of the
DNA and the charge ratio of the DNA and dendrimer.
In the same year, Tomalia et al also reported various
mechanisms of DNA complexation with low and high gen-
erations of PAMAM dendrimers using spectroscopic obser-
vation (Ottaviani et al. 2000). Later, Maiti and Bagchi
reported the first atomistic simulations of DNA compaction
by dendrimers (Maiti and Bagchi 2006). An extensive study
of the complexation of a 38 base pairs ssDNA with PAMAM
dendrimers of generations G2—G4 at physiological pH was
reported. It was shown that ssDNA coils around the
PAMAM dendrimer of generation 4 where the electrostatic
interaction between the positive overcharges on the den-
drimer and negative charges in the DNA backbone help to
compensate the penalty due to the bending of the DNA.
Figure 6a shows the instantaneous snapshot of the ssDNA—
dendrimer complex for G4 PAMAM dendrimer at intervals
of few nanoseconds. In the case of G3 and G2, partial
adsorption of the ssDNA on the dendrimer was observed as
seen in figures 6b and c. Subsequently, we have extended
our effort to study the interaction of dsDNA with PAMAM
dendrimer of generations G3—-G5 (Nandy and Maiti 2011).
Various binding modes of complexation between PAMAM
(generations G3—G5) and the 38 base pairs dsDNA at neutral
pH was reported and have been shown in figures 7a—c.
Semiflexible negatively charged dsDNA have a Kuhn seg-
ment length of 106 nm and a linear charge density equal to
electronic charge per 1.7 A. It has been reported that dSDNA
having length shorter than its persistence length 50 nm
(~150 bp) is likely to behave as a rigid rod (Bielinska et al.
1997). Nandy and Maiti (Nandy and Maiti 2011) showed
that a 38 base pairs dsDNA with a length of 12 nm can wrap
completely on the surface of G5 PAMAM dendrimer
(figure 7a). Given the fact that a 38-base-pair-long dsDNA
having a length of 12 nm, to good approximation, can be
considered to be rigid rod, this is a very surprising result.
The binding energy analysis revealed that the binding is
driven by electrostatic energy (Fant et al. 2008) and the
larger the positive charges on the dendrimer, stronger is the
binding interaction. Our finding shows that DNA is not able
to wrap the smaller generation dendrimers like G2 and
G4, which is in agreement with the experimental results
of Tomalia and co-workers (Ottaviani et al. 2000). Lower-
generation dendrimers like G3 and G4 are able to wrap the
DNA only partially as depicted in figure 7b—c. It is known
that the charge ratio (P/N) between positively charged den-
drimer and negatively charged DNA is critical for the shape
and structure of the complex. When P/N is less than 1, as in
the case of lower-generation dendrimers (G3 and G4) with
only few cationic groups, DNA interaction with dendrimer is
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Figure 6.
binding with G3 and (¢) structure of ssDNA binding with G2.

very similar to interaction of spermine or hexamine cobalt
(Zinchenko and Chen 2006). In contrast, DNA wraps around
the higher-generation dendrimer like G5 and resembles to
the DNA wrapping around nucleosomes.

Regarding the dendrimer’s conformational changes, a
few important observations have been made in this
study. During the complex formation, the dendrimer
expands noticeably in the early stage to make large
number of contacts with DNA. In the next several nano-
seconds, the dendrimer tries to optimize its binding
affinity by finding a suitable binding site on the DNA
surface. During this process of binding, the lower-
generation dendrimer faces a significant amount of struc-
tural deformation compared to the higher-generation den-
drimer. We have calculated the asphericity (8) parameter
to determine the structural deformation of dendrimer
(Maiti et al. 2004). Asphericity results reflect that the G3
dendrimer undergoes considerable amount of distortion from

(a) Various binding modes of ssDNA—G4 dendrimer complexation at the interval of a few nanoseconds. (b) Structure of ssDNA

the spherical shape compared to the G4 and G5 dendrimer
(Nandy and Maiti 2011). Radius of gyration (R,) as a func-
tion of time gives the structural evolution of the DNA—
dendrimer complex. This is also a measure of the conforma-
tional change of DNA—dendrimer during the complexation
process. Figure 8a and c gives the time evolution of R, for
dsDNA—-G3 dendrimer and dsDNA—G5 dendrimer at neutral
pH. Density distribution is another important structural
parameter which reveals the internal structural arrange-
ment of DNA and dendrimer inside the complex as well
as distribution of water surrounding the complex.
Corresponding density distribution profiles p(r) are shown
in figure 8b and d. Note that for the G5—dsDNA complex,
we have a compact complex and the size of the complex is
very similar to the size of the dendrimer. However, this leads
to more penetration of DNA inside the dendrimer, which can
make the subsequent DNA release difficult. One should keep
in mind that an efficient gene delivery carrier should release
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Figure 7. (a—c) Structure of DNA—dendrimer complex during various stages of complex formation at the interval of few nanoseconds for

G5, G4 and G3 PAMAM respectively.

the DNA easily from the complex prior to nuclear entry.
Excess DNA penetration can create complicacy at the time
of DNA release.

4.1.3 pH dependence: The PAMAM dendrimer is uncharged
at high pH (~10), and as a result the complex formation with
ssDNA does not occur at that condition as can be seen from
figure 9a. Instead, the DNA moves away from the dendrimer
as time progresses. At neutral pH (~7), dendrimer terminal
amines become protonated and strong electrostatic attraction
between the positively charged dendrimer and negatively
charged ssDNA helps to wrap the DNA around the

J. Biosci. 37(3), July 2012

dendrimer. Figure 9b shows the wrapping of ssDNA on the
surface of protonated G4 dendrimer at neutral pH. At low pH
(~3) both the primary and tertiary amines get protonated,
thus making the dendrimer even more positively charged.
Figure 9c gives a representative snapshot of the complex at
low pH. At low pH, the penetration of DNA inside the
dendrimer is less than the case of neutral pH. At high salt
concentration (low pH), negative Cl ions of the solvent
accumulate on the surface as well as the interior of the
dendrimer, which in turn make the dendrimer neutral and
weaken the binding between the DNA and dendrimer. As
mentioned earlier, excessive penetration of DNA inside the
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Figure 8. (a) and (c): Time evolution of radius of gyration (R,) of DNA, dendrimer and the complex during the complexation with G3 and
G5 dendrimer respectively at neutral pH. (b—d) Density distribution for DNA, dendrime and water corresponding to G3 and G5 generations
respectively and the distribution has been calculated with respect to centre of mass of dendrimer. Figure taken from Nandy and Maiti (2011)
with permission from the ACS.

Neutral pH

Figure 9. Equilibrium snapshot of ssDNA-dendrimer complexes at (a) high, (b) neutral and (¢) low pH. The dendrimer has been shown in
sphere representation in different shades of blue and pink, while the DNA is shown in the cartoon representation.

J. Biosci. 37(3), July 2012



468

B Nandy, M Santosh and PK Maiti

Table 1. Binding free energy using MM-PB/GB SA and 2PT methods for dsDNA—dendrimer complex

Complex Electrostatic energy (kcal/mol) Energy (kcal/mol) —TAS (kcal/mol) AG (kcal/mol)
G3+DNA —1639.76+703.61 —253.78+5.75 7.506 —246.27
G4+DNA —6019.65+559.28 —789.71£10.78 53.191 —736.52
G5+DNA 7429.57+618.87 —1283.42 +16.07 52.862 —1230.56
G5+DNA (50 mM) —4220.18+327.73 —1175.48+14.57 10.782 —1164.69

dendrimer can create difficulty at a later stage of DNA
release in case of gene therapy. So lower penetration of
DNA inside dendrimer at low pH can mediate high DNA
delivery activity inside the cell.

4.1.4 DNA bending: When a negatively charged DNA
concentrates near the surface of a positively charged
dendrimer, the size and the geometry of that dendrimer plays
a crucial role in DNA wrapping. During the wrapping process,
DNA bends significantly and this bending of DNA depends on
various parameters like dendrimer—-DNA charge ratio,

1G3

dendrimer generation, etc. We calculated various helicoidal
parameters to characterize the conformational change of DNA
as well as the bending of DNA helix. When a helical axis
produces negative roll angle, that indicates the bending is
towards the DNA minor groove, whereas bending toward a
major groove produces a positive roll angle. By calculating
different bending parameters (global bending, DNA strand
shortening, local bending) Nandy and Maiti (Nandy and
Maiti 2011) showed that DNA bends significantly more
when complexed with a higher-generation dendrimer like
G5 compared to lower-generation dendrimer such as G3.

2G3

Figure 10. Snapshots of siRNA—dendrimer complexes: siRNA with one dendrimer of generation 3 (1G3), two dendrimers of generation 3
(2G3), one dendrimer of generation 4 (1G4) and two dendrimers of generation 4 (2G4). Various amines are levelled different coloured atoms say
blue, green, purple and cyan correspond to terminal second, first and core amines in G3, and blue, red, green, purple and cyan correspond to
terminal third, second, first and core amines in G4. Figure taken from Vasumathi and Maiti (2010) with permission from the ACS.
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Figure 11. Time evolution of number of close contact atoms
between siRNA and dendrimer (any contact within in the hydration
shell of siRNA) of generation 3 (1G3) and 4 (1G4) and same
generation with two dendrimers (2G3 and 2G4). Figure taken from
Vasumathi and Maiti (2010) with permission from the ACS.

4.1.5 Binding energy: To understand the thermodynamics of
the DNA—dendrimer complexation, we also computed the
binding free energy of this complexation using the widely
used molecular mechanics Poisson—Boltzmann surface area
(MM-PBSA) (Kollman et al. 2000) method. For the entropy
calculation, recently developed two-phase (2PT) thermody-
namic model (Lin ef al. 2003, 2010) was used. The calcu-
lated binding energy shows that with the increase in
dendrimer generation binding affinity increases and follows
the trend G5>G4>G3. Table 1 gives the binding energy of
dsDNA complexation with various dendrimer generations.

4.2 Interaction of siRNA with dendrimer

4.2.1 siRNA compaction: Although there exist several
computational and theoretical studies on the complexation of
dendrimers and oppositely charged model polyelectrolytes
(Pavan et al. 2009; Lyulin ef al. 2005, 2008; Larin et al.
2009a, 2010) and DNA—dendrimer complexation (Maiti and
Bagchi 2006; Nandy and Maiti 2011), studies on siRNA-—
dendrimer interaction are really limited. There is a growing
interest to study the interaction of siRNA with other nanoscale
objects due to their potential application in RNA1 therapy. In
spite of their current interest, the understanding of binding
dynamics between two molecules is not very well established.
In 2010, Pavan et al. (2010) reported binding of GL3 siRNA
with PAMAM dendrimers of various generations. They
concluded that the G4 dendrimer has stronger binding
affinity compared to G5 and G6. Later that year, Vasumathi
et al. published the interaction between siRNA and different

469

Enthalpy components (kcal/mol)

- I 1.5 2 2.5 3
charge ratio (N/P)

G

w

0,00,

-

AH(kcal/mol)
‘6{*49“9&*)*46”5.

g,

15 2 25 3
charge ratio (N/P)

—_—
2]
—

1G3

AG (kcal/mol)

-2 " . ) 3 -2 -/,
Ty %y, g, oy, oy, oy, 'y,

Il 1.5 2 25 3
charge ratio (N/P)

Figure 12. (a) Various enthalpy components with corresponding
charge ratios. Here a, b, ¢ and d correspond to 1G3, 1G4, 2G3
and 2G4 complexes respectively. The lines are to guide to eye
only. (b) Enthalpy of all the cases with corresponding charge ratios. (c)
Binding energies of all the cases with corresponding charge ratios.
Figure taken from Vasumathi and Maiti (2010) with permission from
the ACS.
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generations of PAMAM dendrimer (Vasumathi and Maiti
2010). They also studied complexation of siRNA and two
G3 (2G3) and G4 (2G4) dendrimers separately (figure 10).
The key features of this study are highlighted below.

4.2.2 Dynamics of complex formation: Similar to the case of
DNA-dendrimer complexation, siRNA also takes first few
nanoseconds to start the wrapping and the following few
nanoseconds are used to overcome several energetic and
entropic hindrances and to find an optimal binding position on
the dendrimer surface. One striking feature of siRNA—dendrimer
complexation is that the number of contacts between positively
charged dendrimer and the negatively charged siRNA does not
increase monotonically with increasing number of dendrimers
(figure 11). In the case of one dendrimer—siRNA
complexation, number of contacts (N,) increased from 1G3
to 1G4 as the size of G3 dendrimer is smaller than the size of
G4 dendrimer (Maiti and Bagchi 2009; Maiti et al. 2009).
Considering the siRNA-2G3 case, the result shows that N,
for 1G3<N, for 2G3<N, for 1G4. Single G3 dendrimer
cannot wrap the siRNA completely. In the case of 2G3,
dendrimers move away from each other to minimize the
repulsion between them and try to wrap the siRNA on both
ends of it. Thus, siRNA undergoes a large conformational
change and the number of contacts between siRNA and
dendrimer increases, and this is more than the case of 1G3.
In contrast, siRNA makes fewer number of contacts with
2G4 dendrimers compared to 1G4 dendrimer. When 2G4
dendrimers try to bind the siRNA, none of them are able to
wrap the siRNA, and due to inter-dendrimer repulsion,
siRNA behaves as a rigid rod. So among all cases, the 2G3
complex shows better potential to use as a carrier for trans-
fection. One major difference between DNA—dendrimer
complexation and siRNA-dendrimer complexation is that
during interaction the DNA end-to-end length get shortened
and, on the contrary, siRNA end-to-end length increases
when it binds to dendrimer. While siRNA interacts with
dendrimer, the base pair rise increases, which enables binding
to the dendrimer.

B Nandy, M Santosh and PK Maiti

4.2.3 Salt concentration: Binding affinity between siRNA
and dendrimer decreases as the salt concentration increases. As
the salt concentration increases, more and more counterions
condense on the surface of the dendrimer, leading to the
screening the electrostatic interaction. For 1G3 and siRNA
complex at 10 mM salt concentration, negative charges on
siRNA is greatly screened and hence the electrostatic
interaction between G3 dendrimer and siRNA is weakened.
In contrast, for 1G4, at the same molarity, because of greater
number of positive charges for G4 dendrimer, the electrostatic
interaction between siRNA and dendrimer is less affected
compared to G3. With the increase in the salt concentration
to 150 mM, the binding affinity for G4 is also greatly reduced
because of strong screening of electrostatic interaction.

4.2.4 Binding energy: Binding free energy analysis depicts
some interesting features of the siRNA—dendrimer complex.
MMPB-SA and 2PT methods were used to calculate the
binding enthalpy and entropy respectively. Charge ratio, N/P,
increases when dendrimer generation goes from lower (G3) to
higher (G4) generation. For a particular generation, by increas-
ing the number of dendrimers (1G3 to 2G3) also, one can
increase the N/P ratio. This implies that the binding affinity
between siRNA and 1G3/1G4 is stronger than siRNA-2G3/
2G4. Analysing the enthalpy components reveal some impor-
tant features (figure 12a—b). Increasing charge ratio does not
have much influence on the vdW component and the surface
area contribution (PBSURF). In contrast, there is a positive
increment of solvent electrostatic energy (PBCAL) with
increasing generation and concentration of dendrimer. In
the same condition, electrostatic energy of the gas phase
(solute) increases negatively. Hence, the major contribution
of the electrostatic interaction during binding of siRNA
dendrimer is clearly evident from the above analysis, and
the reason behind this interaction is the attraction between
positively charged groups of protonated amines on the sur-
face of dendrimer and the negatively charges phosphate on
the backbone of the DNA, respectively. Figure 12b and c
presents the enthalpy of binding and total binding free

Table 2. Binding free energy using MM-PB/GB SA and 2PT methods for siRNA—dendrimer complex

Complex AH (kcal/mol) —TAS (kcal/mol) AG (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
1G4-10 mM —3465.36+192.27 9.02 —3456.34+192.27
1G4-150 mM —2206.73+110.19 8.24 —2198.49+110.19

Table taken from Vasumathi and Maiti (2010) with permission from the ACS.
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energy as a function of charge ratio of the complex. We see
that the both binding enthalpy and free energy increase with
increase in the charge ratio of siRNA and dendrimer. Table 2
gives the binding energy for various dendrimer generations
complexed with siRNA.

5. Summary and outlook

To summarize, we have given a molecular-level picture of
nucleic acid interaction and compaction by variety of nano-
scale objects such as CNTs, graphene and dendrimers. Apart
from their application in gene therapy and RNAIi, such
interactions offer a route to designing various functional
nanostructures. In particular, we studied the stability of
dsDNA in the presence of CNTs. Structural transitions from
A-to-B form in physiological conditions in the presence and
absence of CNT was studied. In the presence of CNT, the
transition from A-to-B form becomes slower compared to
the case when dsDNA is in bulk solution. The van der Waals
interaction between A-DNA and CNT makes the transition a
little slower. This transition does not happen when 80%
ethanol is added to the solution. This is due to the lower
dielectric constant of ethanol and water mixture compared to
water, and this stabilizes A-form DNA over B-DNA. When
B-DNA is in the presence of CNT/graphene, the vdW inter-
action helps initiate unzipping of few base pairs in dsDNA,
which facilitates further binding and adsorption on CNT/
graphene. However, we do not see complete wrapping of
dsDNA on the CNT surface. The unzipping and adsorption
of dsDNA on graphene is larger compared to the case of
CNT. The ssDNA wraps around CNT very well compared to
the dsDNA. We have also demonstrated that ssDNA enters
the CNT partially but does not translocate fully. In contrast,
dsDNA does not enter the interior of the CNT. Whether this
is an artefact of the force field used or the kinetics is too slow
to give rise to the entry in the simulation time scale has not
yet been explored. In future, we plan to study the transloca-
tion under the influence of electric field gradient along the
CNT axis. Apart from their application in gene therapy and
RNAI, understanding DNA—CNT and DNA-graphene hy-
brid structures is important in CNT separation, DNA se-
quencing and sensing within living cells (Zheng et al.
2003a, b; Chou et al. 2004; Heller et al. 2006; Zhao and
Johnson 2007; Johnson et al. 2008). In the case of dendrimer
interaction with DNA and siRNA, we highlighted various
advantageous properties of the PAMAM dendrimer. It has
been demonstrated that the topology and the unique pH
dependency of the dendrimer has the attributes that make
them an attractive carrier for gene therapy. Studies on inter-
action between PAMAM and DNA/siRNA are promising
and show that this dendrimer is very efficient and less toxic
compared to other carriers. By controlling dendrimer size
and conformation by varying generation number, one can
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fine-tune the pharmacokinetic properties of the dendrimer.
Thus, PAMAM has significant advantages compared to other
linear polymers. We have shown atomistic details of the inter-
action between PAMAM dendrimers of varying generations
and DNA (both ssDNA and dsDNA)/siRNA. How the nature
of'the interaction changes with varying pH and as a function of
dendrimer generation and concentration of dendrimer was
discussed in detail in the present article. Recent advancement
in this field shows a very promising future in biomedical
applications of this molecule.
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