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Abstract

In this study, we construct novel RNA nanoclusters, RNA nanotubes made of several nanorings up
to the size of 20 nm, utilizing the molecular dynamics simulation, and study their structural
properties [i.e., the root mean square deviation, the radius of gyration and the radial distribution
function (RDF)] in physiological solutions that can be used for drug delivery into the human body.
The patterns of energy and temperature variations of the systems are also discussed. Furthermore,
we study the concentration of ions around the tube as a function of time at a particular
temperature. We have found that when the temperature increases, the number of ions increases
within a certain distance of the tube. We report that the number of ions within this distance around
the tubes decreases in quenched runs. This indicates that some ions evaporate with decrease in
temperature, as has been observed in the case of the nanoring. RDF plots also demonstrate a
similar trend with temperature, as was found in the case of RNA nanorings.
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Introduction

Ribonucleic acid (RNA) is a strand composed of the nucleobases Cytosine, Guaning,
Adenine and Uracil. These nucleobases are connected to the sugar ring and then to the
phosphate backbone to construct a complete strand. There are several structural derivatives
of RNA modeled in literature in the nanoscale range (Holbrook 2005; Ishikawa et al. 2013;
Jaeger et al. 2001). One of the most significant developments of RNA nanostructures is in
the design of RNA nanorings, nanotubes (Grabow et al. 2011; Afonin et al. 2012; Badu et al.
2014), and other nanostructures of different geometrical structures. In the field of
nanotechnology, RNA has several potential applications due to its relatively high thermal
stability, flexible structure and variety of functions. For instance, RNA can produce a
number of structural motifs via intermolecular interactions (Leontis et al. 2006), useful for
applications in nanoparticles and nanodesign.

A computational study has been done (Yingling and Shapiro 2007) to develop the structural
design of RNA nanorings and nanotubes using molecular dynamics (MD), where a RNA
nanoring is formed by assembling a linear chain of RNA through a non-covalent loop—loop
interaction. The combination of nanorings in a pile forms the RNA nanotube. During MD
simulations, the base pairing between the two loops has been maintained and the angular
variation between the loops is traced (the angle between loops varies around 120°). RNAI
and RNAII are two kinds of double-stranded fragments of RNA that can be combined in
different ways. After some modifications in the combinations, the nanoring building block is
formed. Furthermore, the building blocks of nanorings are engineered in such a way that the
RNALI and RNAII ends are complementary to each other. The complexation of these two
RNA fragments via sticky ends is an important feature for construction of nanoclusters like
RNA nanorings and nanotubes. In short, by using six helical building blocks of either one or
two types (RNAI/RNAII), the nanoring is formed by their self-assembly via base-pairing
hydrogen bonds. The stability of the nanoring depends on RNAI/RNAII interactions. The
design of the sticky ends helps to assemble the nanorings to build the nanotubes. The
starting structures of the RNAIi/RNAIIi (double-strand RNAS) complex are taken from the
protein data bank with the pdb code (2bj2.pdb) (Lee and Crothers 1998). RNAI and RNAII
are small strands of RNA known as sense and antisense plasmids. These RNAs are used to
control the replication of the ColE1 plasmid of Escherichia coli. During the process of coli
replication, the double helix of RNAI/RNAII is formed by the pairing of seven nucleotide
loops from each of the RNAs. Such loops that pair to each other to form a double helix are
known as kissing loops. The details of the formation of these loops are described in
Tomizawa (1984, 1986). Recently, RNA has been self-assembled to build nanoscale
scaffolds (Afonin et al. 2010) using computational techniques and experiments. It is reported
in the literature that several forms of RNA motifs can be constructed to provide a proper
multifunctional RNA nanocluster; however, a very few of them are found to be useful for
drug delivery. Assembly should be used to build the RNA nanocluster from RNA building
blocks (Shu et al. 2011). The RNA nanoclusters have various applications in
nanobiomedicine. In particular, the RNA nanoring and the nanotube can be used for the
delivery of small interfering RNA (siRNA) to the human body. Because of the shape and
size of the RNA nanoring and the nanotube, multiple siRNA nanorings can be packaged to
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deliver them to the proper position of the cancerous cell. If the nanotube is used for drug
delivery, a larger amount of the drug could be packaged in the RNA nanotube in comparison
to that of the RNA nanoring. Furthermore, there are two possible ways to deliver therapeutic
drugs into the human body. Firstly, it can be done by directly including a drug into the RNA
building blocks. Secondly, it can be done by attaching the drug at particular ends of the RNA
nanotube. The RNA nanotube can be useful for many applications; in particular, for the
delivery of drug into the human body due to its stable condition at all temperatures (Shu et
al. 2011). The target delivery vehicle, i.e, the RNA nanoclusters built for drug delivery,
should be stable, so the modeling of such structures is critical.

Furthermore, the hairpin-like structure of the nanocluster has been modeled (Lee et al. 2012)
from RNA interference polymers. The discovery of ansiRNA (Kanasty et al. 2013) is one of
the most important research achievements in this field. The siRNA is basically a synthetic,
double-stranded RNA with 21 base pairs. The function of siRNA is to suppress the
problematic genes by RNA interference. The delivery of oligonucleotides has also been
studied to understand the effectiveness of models in the cancer therapy in humans (Yano et
al. 2004).

Previously, our group [see Ref. Paliy et al. (2009)] studied the mechanical and
thermodynamic properties of an earlier modeled nanoring (Yingling and Shapiro 2007)
using the molecular dynamics method (Binder et al. 2004; Hansson et al. 2002), but such
studies on RNA nanotubes have not been done. The results obtained for the nanoring were
later supported by experimental results using biochemical and biophysical techniques
(Grabow et al. 2011). Specifically, the issues addressed in this previous paper were the
stability of the nanoring vs. temperature, the effect of the environment (i.e., solvent and
counteractions) on its stability, and the conformations and dynamics under external force.
Some anomalous behavior has been observed with variation of the temperature of the
simulation box containing the nanoring. In a recent study, the properties of human
immunodeficiency virus (HIV) on hairpin-like subtype-A and subtype-B at different salt
concentrations and magnesium bindings were explored using molecular dynamics
techniques (Kim and Shapiro 2013). Also, an experimental study of the concentration
dependence of NaCl and KCI on free energy of RNA hairpin folding has been done (Vieregg
et al. 2007). Such studies provide additional motivations to conduct MD simulations of RNA
nanoclusters.

Furthermore, the first coarse-grained model for RNA nanoring has been developed (Paliy et
al. 2010) by utilizing the molecular dynamics simulations method. The authors reported
simulation times ranging from several nanoseconds up to a microsecond with increasing
cluster size. The basic idea in their work was to approximate a part of the nucleotide as one-
bead or three-bead structures, where the phosphate group is taken as the first bead, the sugar
ring is taken as the second bead, and the nucleobase is taken as the third bead. Here, two
types of beads are similar in the sense of location, but the third type of bead is placed at the
1N or 9N position, depending if it is pyrimidine (UC) or purine (AG). In practice, the
molecular dynamics simulations should be long enough to achieve a suitable conclusion
from the results.

Eur Biophys J. Author manuscript; available in PMC 2019 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Badu et al.

Page 4

The root mean square deviation (RMSD) is a vital parameter to characterize the
equilibration of a molecular dynamics simulation. Mathematically, the RMSD in the MD
simulation can be expressed as

N /2

1
RMSD(t,,t,) = %.ZIHX"(Q)_)C"(“)HZ . (@)

where x{( is the position of the /th atom at time ¢, and N is the number of atoms in the
molecule. In traditional calculations, the position at £ is taken as a reference point and then
the RMSD(#, &) is calculated for & > 4.

The radius of gyration of a system describes the structure change during the molecular
dynamics simulation. It can be defined as the weighted scalar distance of each atom from the
center-of-mass. It is given by the following formula:.

2
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where mjis the mass of the th atom in the molecule.

The radial distribution function of a system of particles describes the variation of density as
a function of the distance from a reference particle. Mathematically, the radial distribution
function can be expressed as

gr) = 47rr2pdr, ©))

where p = % is the number density of particles, where V'is volume of the system.

In this paper, our aim is to connect several hexagon-shaped RNA nanorings to form the RNA
nanotube and to study properties of the resulting structure. We submerse RNA nanotubes in
physiological solutions to create an environment similar to human body fluid and then
perform all-atom MD simulations. From the obtained trajectories, we study the structural
properties, including radial distribution function, RMSD, radius of gyration and the ionic
distributions around the tube. We then use these all-atom MD trajectories to develop a
coarse-grain model for longer time range simulations, to make our results compatible with
the time range of biological processes, which are more suitable for bionanotechnology.

The rest of this paper is organized as follows. In Sect. 2, we describe the computational
methodologies used for calculations. The results are presented and discussed in Sect. 3.
Concluding remarks and an outlook are then stated in Sect. 4.
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Computational details

Here we have performed all-atom molecular dynamics simulations of RNA nanotubes by
using the CHARMM27 force field (Phillips et al. 2005) implemented in the NAMD package
(MacKerell et al. 1998), as has been done for the nanoring (Paliy et al. 2009). The modeling
of the nanotube, visualization and the analysis of the simulation outputs were performed
using the software VMD (Humphrey et al. 1996). The RNA-nanotube was solvated in a
water box. The size of the box is taken in such a way that the distance from the surface of
nanocluster to the wall is slightly larger than the cutoff radius used in the MD simulation. In
order to make the system neutral, we added 594, 924, 1,254 and 1,584 23Na* for two-ring,
three-ring, four-ring and five-ring nanotubes, respectively. Furthermore, to make the solution
equivalent to the physiological solution, we added extra 594, 924, 1,254 and 1,584 23Na*
and 35CI~ ions to the two-ring, three-ring, four-ring, and five-ring RNA nanotubes,
respectively. This system was simulated at constant temperature and pressure using the
NAMD software. The temperature in the system was controlled by using the Lan-gavin
method with damping 7 = 5ps™1 and the pressure was controlled by the Nose—Hoover piston
method (Feller et al. 1995; Martyna et al. 1994). The periodic boundary conditions were
applied during the simulation in all three dimensions. For adding chemical bonds between
the segments in the nanoclusters, we used the topotools available in the VMD.

Results and discussion

Starting from previously modeled nanoring structures, we modeled the RNA nanotubes with
two, three, four and five nanorings. In order to demonstrate the construction of the nanotube,
we have presented both the nanoring itself and the ring including tails used to link the two
nanorings, in Fig. 1a and b, respectively. Also, a sample structure of the five-ring nanotube
with its front and side view is presented in Fig. 2. The nanoring presented in Fig. 1a is
constructed from the six helical segments of the RNA double strand described in more detail
in Paliy et al. (2009) and Paliy et al. (2010). Each segment is built from the kissing loops of
the RNAII/RNAIII complexes.

As we mentioned earlier, the RNAIi and RNAIIi are double-strand RNAs. By using the
VMD tools, we were able to connect multiple rings via three links at junctions presented in
Fig. 1b. The links used in connecting the multiple numbers of nanorings (to build the RNA
nanotube) are composed of helical double-stranded RNAs with 22 nucleobases. Three links
are used in between two consecutive rings to connect them to form nanotubes, as shown in
Fig. 1b. In an earlier experimental study, the hexagonal structure of the pRNA was modeled
in order to package the viral DNA into the cell (Guo et al. 1998). In this previous work, the
building blocks for the hexamers were taken from the work of Bailey et al. (1990). The base
pairing between the lower and upper ends is responsible for self assembly of the building
blocks. The hexamer structures developed in our investigation are similar to this previous
work. The difference is that the building blocks in our work have been constructed from the
RNAI/RNAII complex as discussed in Sect. 1, whereas those for the earlier work (Guo et al.
1998) have been constructed from pRNA. The chemical bonds between the ring and the
links are mediated through the phosphorous of the phosphate group in the ring and the
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oxygen in the sugar ring of the corresponding link or vice versa. The chemical bonds added
between different segments are optimized using NAMD.

The nanotubes solvated in the salt solution including 23Na* and 3°CI~ ions are presented in
Fig. 3. Similar model solutions were prepared for all other nanotubes and implemented by
the MD simulation at NVT for the time period of 1 ns.

Now we discuss the results obtained from the MD simulation for different sizes of
nanotubes. The results for the simulation of two-ring nanotubes are summarized in Figs. 4
and 5. Figure 4 shows the variation of energy and temperature with simulation time. At the
beginning of the simulation, the energy of the system varies and then becomes stable once
the system becomes stabilized. Here in our results, we have presented only the later part of
the simulation, which is also known as the production region of simulation. This is the
region in which we will do all our analysis. The temperature of the system remains almost
stable, with some fluctuations. In Fig. 5, we present the calculated properties, such as the
number of ions around the RNA nanotube within a distance of 5 A at different temperatures,
the number of bonds per base pair, the radius of gyration, and the RMSD at two
temperatures, 310 and 510 K.

From Fig. 5a, it is clear that at a particular temperature, the number of 23Na* ions continues
to increase before stabilizing in the production region of the MD simulation. In the
production region, it seems that most of the 23Na* ions are localized around the surface of
the RNA nanotube. This is because of the existing negative polarity of the phosphate group.
On the other hand, the number of the 3°CI~ ions remains very low around the radius of 5 A
from the ring of the nanotube, as expected. These results are reminiscent of the earlier
calculations done for the RNA nanoring using all-atom MD simulation (Paliy et al. 2009). If
we change the temperature from 310 to 510 K, the number of 22Na* ions increases with
temperature similar to the characteristics found in the earlier studies. The characteristics
observed in our study show the validity of nanoclusters modeled from RNA building blocks
by using an all-atom molecular dynamics simulation. This also indicates that the
characteristics obtained for the smaller nanoclusters can predict similar characteristics for
larger clusters. Furthermore, in Fig. 5b, we have described the number of bonds between the
base pairs inside the tube at two temperatures, 310 and 510 K. From the plot, it is clear that
the number of bonds per base pair remains constant throughout the simulation for a
particular temperature; however, the number of bonds per base pair decreases going from
310 to 510 K. This is due to thermal effects in the system. These studies describe the
stability of the structure during the simulation at a particular temperature.

In Fig. 5¢, we have presented the radius of gyration for the two-ring nanotube at two
different temperatures. At 310 K, the radius of gyration goes on increasing at the beginning
of the simulation, but later on it decreases and becomes stable at the end of the simulation,
indicating the simulation has become saturated. At a temperature of 510 K, the radius of
gyration shows some drastic variations at the beginning as in the case of 310 K, but instead
of being constant at the end, it keeps on decreasing very slowly until the end of the
simulation, contrary to that at 310 K. As we described in Sect. 1, the radius of gyration is a
rough measurement of compactness. This indicates that the compactness of the system is
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decreasing slowly with time at 510 K. This phenomenon, observed during our simulation,
indicates that the compactness of our system is decreasing, and hence the system will
become collapsed if the simulation is performed for a significant period of time. A similar
trend has also been observed for the RNA nanoring in our earlier study. Furthermore, Fig. 5d
shows that the root mean square deviation increases at the beginning of the simulation and
then becomes stable at the end of simulation. The root mean square deviation at the end of
the simulation is around 6 A at 310 K and it is around 10 A at a temperature of 510 K.

We have also performed the simulation for the quenched system, where the system
simulated at 510 K was again supplied for the MD simulation at 310 K. The ionic
distribution with time for the quenched run is shown in Fig. 6. From the plot, it is clear that
the number of ions drops down as the temperature is decreased. This indicates that there is
evaporation of the ions with decreasing temperature. Similar trends have been observed for
the other RNA nanostructures.

We have also performed the calculations for the RNA nanotubes with three rings, four rings
and five rings, and found that the results are similar to those of the two-ring RNA nanotube.
To show this, we have also presented the results for the five-ring nanotube in Fig. 7. Most of
the properties we have studied are similar for nanotubes consisting of two, three, four and
five rings, indicating that the characteristics of the nanotube are similar to those of the ring.
One can predict the ionic distributions around the tube very easily for the larger nanotube
sizes if all-atom MD simulations are feasible.

Next we describe the nature of radial distribution function (RDF) plots calculated for the
RNA nanoclusters under study. The results for the RDF plots for the two-ring RNA
nanotube are presented in Fig. 8. In particular, four subplots in this figure present the RDF
plots for phosphorous—phosphorous, phosphorous—water, phosphorous—sodium and
phosphorous—chlorine, respectively. From the P—P RDF plots, we see that there are peaks
around 7, 11 and 18 A. These peaks actually show the first, second and third nearest
neighbors of the phosphorous atom, respectively. The intensity of the peaks is increased on
going from 310 to 510 K. The position of the first peak is at the same position, whereas the
second and third peaks are shifted slightly to lower distances in comparison to their positions
at 310 K.

Furthermore, from the P-OH, RDF plots at temperatures of 310 and 510 K, presented in
Fig. 8D, it is clear that for each RDF there is a peak around the distance of 4 A, which
indicates the first solvation shell around the phosphorous atom taken for the RDF plots. In
the same way, the second small peak indicates the second solvation peak for the
phosphorous atom in the phosphate backbone of RNA strands building the RNA nanotubes.
In the rest of the range, the characteristics of the RDF plots remained more or less stable,
indicating that the water molecules are distributed uniformly after a certain distance. In spite
of showing a similar trend, the height of the first peak is significantly dropped on going from
310 to 510 K. This indicates that a significant amount of water molecules is expelled out
from the surface of the RNA nanocluster at higher temperatures.
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Again, the RDF plot for P-Na shows the first peak around 3.5 A at both temperatures, 310
and 510 K, indicating that most of the sodium ions are around this distance at the end of the
all-atom MD simulation. The only difference between the RDF plots at 310 and 510 K is
that the first peak of the distribution function is significantly increased, which supports our
conclusion from the ionic distribution plots in Fig. 5a. Furthermore, from the RDF plot for
P—Cl, it is clear that the chlorine ions are far away from the surface of the RNA nanocluster
at 310 K. When the temperature of the system is increased to 510 K, the 35CI~ ions are also
aggregated significantly closer to the tube, as indicated by the first peak of the RDF plot at
510 K. The height of the peak at a distance in the RDF plot is proportional to the number of
35CI~ ions around that distance. This means the number of 3°CI~ ions around the first peak at
510 K is larger compared to the number of such ions at 310 K, as observed from the plot for
the number of 35CI~ ions at these two temperatures in Fig. 4a.

We have also calculated the RDF plots for three-ring, four-ring and five-ring RNA
nanotubes. The solvation nature and ionic distribution during the MD simulation have been
found to be similar to those found in the case of the two-ring nanotube. To show the
similarity, we have presented RDF plots for the five-ring RNA nanotube in Fig. 9. For all of
these systems, we see that the peaks for the P-P RDF remain almost same, for P-OH,, the
intensity at the peak is decreased on increasing the temperature, but in the P-Na and P-CI
RDF plots, the intensity of the first peaks is significantly increased on increasing the
temperature. From these observations, we can say that the number of 23Na*and 3°CI- ions
are attracted toward the surface of the nanocluster and the water molecules are pushed away
from the surface as the temperature is increased. In short, we observe that the ions are being
precipitated around the surface of the RNA nanocluster as the temperature of the system is
increased. Computationally, the nanoring structures are modeled by using the MD
simulations in earlier studies (Paliy et al. 2009; Yingling and Shapiro 2007). For the
nanoring self assemblies of the RNAI/II kissing loop complex, experimental studies have
been reported in Grabow et al. (2011). During the experiments, the Kissing loop complex
was put in a pot and heated for 2 min up to 95 °C, and then later cooled down to 4 °C. At the
end of the experiment, various kinds of self assemblies of the kissing loop complex formed.
The self assembled species of the kissing loop complex were dried and supplied for further
analysis. In particular, the side length and the diameter of the self-assembled nanoclusters
have been measured. From the analysis, it has been found that there are three types of self
assemblies for the RNAI/II complex: square, hexagon and octagon, with the diameters 10.6,
15.0 and 18.9 nm, respectively. Out of them, the hexagonal rings are found to be 80 %,
which tells that the nanocluster is more stable in the form of a hexagonal ring. However, the
atomic force microscopy (AFM) images of these systems are shown in Fig. 2e of Grabow et
al. (2011). Unfortunately, the experimental results for the AFM or cryoEM of the nanotube
system are not available.

Conclusions and outlook

In our earlier paper (Paliy et al. 2009), we analyzed physical properties of the nanoring. The
RNA nanoring is a small system in comparison to the nanotube and has limited practical
applications in bionanotechnology. However, it provides an excellent testing ground for
further studies. In our current study, for the first time, we have analyzed the optimized
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structures of nanotubes up to the size of 20 nm, including all the chemical bonds between
different segments. The individual RNA nanorings were connected via double-helical rings
mediated by the bonds between the phosphate group and sugar ring. The newly added bond
lengths have been optimized by using algorithms available in NAMD. Then, starting from
nanorings, the results for the RNA nanotubes of different sizes have been discussed in detail.
Analysis of the results for stability of modeled tubes have been performed via study of the
root mean square deviation, radius of gyration, number of hydrogen bonds per base pair, ion
accumulation around the tube, and the radial distribution functions. lon evaporation upon
quenched runs has been observed in the case of all the nanoclusters studied. From our
analysis results, it is clear that the quality of the results are likely to be further improved by
doing the MD simulation for a longer time range. Studies of properties using a coarse-
grained model that allows us to perform MD simulations for longer ranges of time are
currently in progress. These longer time-range simulations would better reflect the time
range of biological processes, typical for many applications in bionanotechnology. In its
turn, these new results could complement our present findings and provide further guidance
to experimentalists working in this field.
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Fig. 1.
a RNA nanoring and b RNA nanoring, including the tail to connect to the second ring to

model the RNA nanotube
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Fig. 2.
RNA nanotube assembled from five nanorings. a Front view, b side view
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(a) (b)

Fig. 3.
VVMD-generated RNA nanotube in water and salt to match physiological solutions. a Tube

with four rings, b tube with five nanorings
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a Energy and b temperature vs. simulation time for the all-atom MD simulation of two-ring
RNA nanotubes in water and salt
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Fig. 8.
Radial distribution function for the two-ring RNA nanotube. a P-P, b P-OH2, c P-Na, d P-

Cl
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