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ABSTRACT

The combination of computer modeling, RNA structure versatility, and siRNA function can be efficiently used to design an all-RNA nanoparticle
capable of siRNA delivery. Here, we present a computational design of an RNA nanoring and a nanotube. An RNA nanoring consists of six
simple linear building blocks that are assembled together via known noncovalent loop —loop contacts based on RNAI/RNAII inverse sequences.
The helical sequences of the building blocks can include siRNAs for drug delivery.

The rapidly expanding field of nanobiology opens up the can be facilitated via complementary base pairing or inter-
possibilities for the development of new methods and and intramolecular interactions of different single-stranded
therapies that can be used for the diagnosis, prognosis, andegions in the RNA including internal bulges and loop motifs
treatment of various diseases such as cancer. While amand single-stranded overhangs or “sticky ends”. Functionally,
increasing number of novel drugs and therapeutic agents areRNA is the only biopolymer that can carry genetic informa-
being discovered, the problem of delivering them specifically tion and possess catalytic properties. Furthermore, RNA
to the desired site or cell has not been solved. Nanoparticlesmolecular therapy is one of the promising applications for
are ideal drug delivery devices due to their novel properties overcoming disease. For example, small interfering RNA
and functions and ability to operate at the same scale as(siRNA) can down-regulate genes responsible for cancer,
biological entities. There are several issues that are crucialviral pathogenesis, and inflammatory conditihand, thus,
for efficient design and drug delivery by nanoparticles, is very important for target-based drug discovery and
including the efficient attachment of drugs and vectors, development. Synthetic SiRNA can be added to cells in order
controlled drug release, size, toxicity, biodegradability, and to artificially induce RNA interference and to silence the
activity of the nanoparticle. Moreover, design of nanopar- expression of target genes in a variety of organisms and cell
ticles can benefit from the understanding and predictability types. siRNA offers an enormous potential as a therapeutic
of the molecular interactions within the nanoparticle and agent with higher specifity, more effectiveness, and less toxic
between various molecular components. Such interactionseffect than traditional drugs. However, the successful ap-
can be predicted and examined via computer simulations thafjication of sSiRNA therapeutics depends on efficient delivery
would ultimately lead to a better rate of success for the tg the appropriate cell. Nanoparticles can be used as delivery
nanoparticle use. vehicles for siRNA therapeutic¢$. The minimum require-
RNA is an attractive molecule for nanodesigptimarily ments for such nanoparticles are that they be less than 100
due to its versatility in structure and function. Structurally, nm jn diameter to penetrate cell membranes, have minimal
RNA has predictable intra- and intermolecular interactions oyicity, and have protection from exonuclease degradation.

with well-known structural geometry. The RNA strands that ence, a safe and efficient nanoparticle needs to be designed
consist of adenine (A), guanine (G), cytosine (C), and uridine {5 yeliver therapeutic RNASs.

(U) can naturally or can be programmed to self-assemble
via complementary base pairing. The helical region of RNA
has a well-known nanometer scale structural geometry;
2.8 nm per helical turn with 11 base pairs and a 2.3 nm
diameter. The self-assembly of RNA into complex structures

A protein-free RNA induces a minimal immune response
and, thereby, reduces antibody production and cell immunity.
Thus, all-RNA nanoparticles can be potentially used in long-
term treatment of chronic diseases such as cancer, hepatitis
B, or AIDS. A limiting factor for RNA nanopatrticles is their
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stability can be improved by minimization of the occurrence concentration in the first step and are then mixed together
of single-stranded regions and overhangs in the RNA nano-at high magnesium concentration to form a final nanostruc-
particle, chemical modification of the backbone, and addition ture. This approach is more time-consuming, and the melting
of proteins, lipids; and polymeric chain&’ temperatures of the building blocks and the final nanostruc-

RNA has been demonstrated to be an efficient nanopar-ture should be well separated.
ticle. A bacteriophage phi29-encoded RNA (pRNA) has been  Computer modeling can assist the experimental community
reengineered to form dimers, trimers, rods, and 3D arrayswith the design of novel nanostructures and with the
several micrometers in size through interactions of interlock- optimization of the building blocks and final nanostructures
ing loops®® Prominently, a nanoparticle, containing a pPRNA according to requirements of the function and fabrication
trimer as a delivery vehicle, was used to deliver siRNAs and techniques. Moreover, it is a relatively inexpensive and fast
receptor-binding aptamers and has been demonstrated tavay to create different structural designs and assess their
block cancer development in cell culture and living mi€e.  properties. Also, computer-aided RNA nanodesign can use
An H-shaped RNA molecular unit built from a portion of a shape-based approach similar to that used for protgins,
the group | intron domaif'? has been shown to form where the desired shape guides the choice of the specific
oriented filamentd?!® Specific RNA nanoarrangements building blocks.
based on HIV dimerization initiation site stem-lo&p$were Our goal is to use the versatility of RNA structure and
shown to be capable of thermal isomerization to alternative the importance of siRNA function to create an all-RNA
structures$® Small structural fragments found in the ribosome nanoparticle that is capable of siRNA delivery. Also, we
and HIV have been used in the design of artificial RNA \would like to examine the possibility of using the single-
building blocks, called tectoRNAS Each tectoRNA contains  step fabrication approach. Thus, there are several important
a right angle motif that forms a 8@ngle between adjacent  points that must be considered. First, the individual building
helices, two interacting hairpin loops at the end of each stem, plock formation has to be more energetically favorable than
and a 3"“sticky stem”. The hairpin loops direct the formation noncovalent looploop interactions. Second, these nonco-
of the tetramer via formation of specific noncovalentleop  valent intermolecular interactions should be experimentally
loop interactions, called “kissing loops”, and the “sticky known and stable. Third, we want to design a nanostructure

stems” further assemble tetramers into complex nanoarraysysing as few types of simple building blocks as possible to
These tectoRNAs can be programmed to self-assemble intoreduce the experimental and fabrication costs.

novel nano- and mesoscale biofabrics with controllable The RNA motifs for the assembly of the RNA nanopar-
directionality, topology, and geomety:7In nanobiotech-  yisje such as looploop complexes or corner elements, can

nology, RNA-RNA interactions can guide precise deposition e (aken from numerous high-resolution RNA structures
of gold nanoparticle$® For example, _self—assemblir_lg tgc— determined by NMR or X-ray crystallography. Because
toRNA ladders have been shown to induce a precise linear|qq, |oop interactions are commonly used for self-assembly
arrangement of cationic gold nanoparticles, demonstrating u¢ senarate building blocks into superstructures, we examined
that RNA can control regular spacing of gold nanoparticles 4 known loop-loop complexes. We found that the NMR-
and can act as a nanocrown scaffld. determined looploop structure of the RNAI/RNAII inverse

The general approach used to create RNA nanoparticlescomplex?® (Figure 1), which has a distinct bend of P2t
and nanomaterials is to take known RNA structures, cut themthe loop-loop helix, can represent corners of the hexameric
into the building blocks, and reengineer single-stranded loopsring. The advantage of using this loefop structure as a
and regions to facilitate the desired self-assembly. The self-corner motif of a hexamer is that individual building blocks
assembly of all the above-discussed RNA building blocks can be designed in a very simple form. RNAI and RNAII
into nanostructures is mediated by the complementarity of are antisense and sense plasmid-encoded transcripts that
hairpin loops and loop receptors that form noncovalent control the replication of the ColE1 plasmid Bbcherichia
RNA—RNA interactions. For precise assembly of the RNA  coli via duplex formation. This structure has two important
building blocks, each of the corresponding complementary structural features: it exhibits a unique bend and all bases
loop—loop interactions is uniquely reengineered. participate in base-pairing. Also the bend at the lelop

Two main experimental approaches are used for program-complex can be recognized by the “RNA one modulator”
mable self-assembly of nucleic acids nanostructtras: (ROM) protein. The binding of the ROM protein to the
single-step assembly that is commonly used for DNA kissing loop structure reduces the equilibrium dissociation
nanostructure8?! and a stepwise assembly that has been constant of the compleX®.Also, the inversion of the RNAI/
used for RNA nanostructurés.In the first approach, all  RNAII loop sequences relative to the wild-type sequences
molecules are mixed together, followed by the slow cool makes the complex dissociate 7000 times more slowly than
annealing procedure. This is only possible if the target the wild-type and increases the quality of NMR speétra.
building block structure is the most stable one. This approach We subjected this RNAI/RNAII inverse complex to extensive
is, thus, based on the preferential folding of the building explicit solvent molecular dynamics simulations to check the
blocks at higher temperatures followed by the self-assembly flexibility and relative stability. During the course of the
of these building blocks through weaker interactions into final simulations, all seven base pairs between the loops of the
nanostructures at lower temperatures. In the second approactiRNAIi and RNAIli were maintained. The measurement of
the building blocks are separately formed at low magnesium the angle between the helical stems (Figure 1b) shows that
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Figure 1. Molecular dynamics simulation of RNAI/RNAII inverse complex. (a) Secondary structure. (b) Temporal angle fluctuations
between RNAIi and RNAIli stems measured during explicit solvent molecular dynamics simulations. (c,d) Superposition of complex’s
structures at highest (purple) and lowest (orange) angle. The central pocket of the complex is occupied by ions Ktad) and water
molecules (gray).
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trajectory, suggesting that this pocket is probably important
in structural stabilization of the complex and could indicate Figure 2. RNA building blocks that contain the sequences from
the possible site for magnesium ions uptake. Overall, MD RNAIli and RNAIli. Free energy was determined using MFOED.
simulations characterize the losfpop complex as a stable The magenta Ie.tters indicate the change made by us to preclude
- [ . . ) other conformational folds.
rigid motif with a unique bend and prominent hydration and
ion-binding properties. Thus, this loojfoop structure is very  the other building block having the RNAIli sequence in both
well fit to represent the corners of the hexameric ring. loops (Figure 2b). The second possibility is to use a single
The next step is to create the building blocks using these type of building block, where one loop has the RNAIi
RNAIi and RNAIlli loops. The simplest approach is to use a sequence and the other loop has the RNAIli sequence
helix to connect the desired loops. We designed RNA (Figure 2c). Using the secondary structure prediction method,
sequences that form helices capped with the two loops thatMFOLD,?”~2° we modified several base pairs (highlighted
are based on the RNAIi and RNAIli sequences (Figure 2). in magenta in Figure 2) in each building block in order to
There are two possibilities for forming a ring using RNAIi  obtain the single most energetically favorable structural
and RNAIIi loop—loop interactions. The first possibility is  conformation for a given sequence and thus preclude other
to use two types of building blocks, one building block conformational folds. Also, the predicted melting tempera-
having the RNAIi sequence in both loops (Figure 2a) and tures of all the building blocks are around 9C and are
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Figure 3. Design of an RNA nanoring from two building blocks. (a) Secondary structure and (b) three-dimensional structure after MD
implicit solvent simulations; (b) face view and (c) view from the side.

significantly higher than the determined melting temperature to directly include RNA therapeutics into the building block

of the RNAI/RNAII inverse loop-loop complex of 53C.2¢ sequences because our nanoparticle is all RNA. The second
This large difference in the melting temperatures could permit is to fuse therapeutics onto thé @nd 3 ends of the

a slow cool annealing self-assembly of the nanoparticle. nanoparticle’s building blocks.

To model the RNA nanoring, we took the original  The structure of a siRNA consists of a short—Z5
coordinates of the RNAI/RNAII inverse complex and nucleotide double strand of RNA with two nucleotide 3
imported it six times into Insight Il. To assemble these six- overhangs at both ends. The siRNA duplex can be generated
corner complexes into a nanoring, a helical template was ijn sjtu by cleavage of a short hairpin RNA (ShRNA). This
used. This helical template has common base pairs with theshRNA produces a single transcipt, which can be processed
end of the RNAIi stem at one end and the end of the RNAIli into a functional siRNA via an RNA polymerase IlI
stem at another end. This template is used to align the cornepromoter®® Thus, our building blocks can possess siRNA
complexes by superimposing the corresponding commonsequences in the helices closed by RNAIi or RNAIIi loops.
base pairs in the template and the RNAIi stem or the RNAIli There are several factors that are important for the efficient
stem. To prOduce a Complete helical turn, three extra basedesign of shRNA, inc|uding the lack of four consecutive
pairs and 3and 3 ends were introduced in the middle of  adenines (A), to avoid premature transcription termination,
the helical region of a template. The template nucleotides gn aAA flanking dimer on the 'Send, a G or a Qesidue
were then removed, leaving a meaningful structure. The restafter the AA dimer, and sense strand base preferences at
of the building blocks were fitted in a similar way until a positions 3(A), 10(U), 13(A), and 19(&}.We can take into
complete nanoring was built. The resultant structure was account the above-discussed requirements during incorpora-
subjected to slow'cons.;traine.d equilibration and 8 ns implicit tjon of a particular SIRNA duplex into the building blocks
molecular dynamics simulations and was shown to possess;jz yse of the RNA secondary structure prediction methods.
no violations and was able to maintain stability and planarity. Thermodynamic experiments indicate that only the sequences
The secondary and tertiary structure of the designed nanoringys the loops and the first two base pairs in both of the RNAIi
is shown in Figure 3. Figure 3 shows the minimum size of 5,4 RNAII stems are important for the RNAI/RNAIIj
the nanoring measuring 15 nm diagonally. The size of the complex stability2s However, the rest of the stem’s nucle-
ring can be easily expanded by adding full helical turns 10 giges do not crucially influence the stability of the complex.
the stems of the building blocks. In this case, the size of the 115, the sequences of the helical part of our building blocks
nanoring can be easily predicted using the following formula .5, pe engineered into the desired siRNA sequences capping

them with RNAIi or RNAIli loops. The all-RNA nanoring
Z=15+ 2*N*2.8 [nm] with building blocks containing siRNAs and held together
through noncovalent interactions can be used for delivery

whereZ is the size of the nanoring in nril is the number ~ of therapeutic RNAs. The formation of a tightly folded

of additional helical turns in the building block, and 2.8 is hexamer with no single-stranded regions should increase the
the length of the full helical turn in nm. nanoparticle’s resistance to exonuclease degrad&tion.

There are at east two possibilities for the potential use of  Alternatively or in addition, the constructed nanoring can
this nanoring for delivery of therapeutic RNAs. The firstis be used as a polyvalent nanoparticleith six available
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Figure 4. Design of the RNA nanotube. (a) Secondary structure and (b) three-dimensional structure of the nanoring including extensions
of the 3 ends of each building block. Proposed assembly of nanorings into a nanotube via complemesnalsy (8) view from the side
and (d) view from the top. The rings have identical sequences.

positions at the '3and 3 ends to carry multiple components have a tendency to turn away from the stem and add 11 bases
for cell recognition and therapy, including siRNAs, ri- for a full helical turn (Figure 4a). Three dimensionally, we
bozymes, aptamers, cell surface ligands, heavy metals,chose to make breaks @nd 3 ends) in the building block’s
gquantum dots, and fluorescent beads. It has been shown thalielices in specific places where theeéhd of the RNAIi-
connecting the'3and 5 ends of, for example, pRNA building  based building block is facing up and th'ee?id of RNAIIi-
blocks with a ribozyme or siRNA, does not interfere with based building block is facing down (Figure 4b). If desired,
its folding process and functichThus, the 3and 3exten- all the tails can face in the same direction by breaking the
sions of our nanoring building blocks can potentially be used helices of both building blocks in the same place.

to bind noncovalently or covalently linked therapeutic RNA  Moreover, we can engineer theseeBds to act as sticky,
sequences, proteins, and molecular beacons. In this designinteracting tails that can be programmed to self-assemble
we extend the ‘3tail using two adenine nucleotides, which into a superstructure. We can design thes of the RNAIi-
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based building blocks and RNAIlli-based building block to cated at 9 A. The system was minimized first by constraining
be complementary to each other, thus making the sticky endsthe solute then the solvent, then heated to 300 K, constraining
that face up from the nanoring to interlock with the sticky the RNA then the solvent, and finally equilibrated by slowly
ends that face down from another nanoring. Thus, these RNAreleasing the constraints. SHAKE was applied to all hydrogen
rings can self-assemble into a nanotube structure bonds in the system. Pressure was maintained at 1.0 Pa using
(Figure 4c,d) with controllable dimensions. the Berendsen algorithand a periodic boundary condition

In conclusion, we describe a shape-based computationawas imposed. A production simulation was performed for
approach to build and optimize an all-RNA nanoparticle 13 ns with a 2 fdime step.
capable of RNA therapeutics delivery. The RNA nanoring  Implicit Solbent The starting nanoring structure was
is built from six simple helical building blocks of either one subjected to minimization (10 000 steps), followed by slow
or two types. These building blocks can self-assemble 20 kcal/mol constrained heating to 300 K over 200 ps time,
through noncovalent intermolecular interactions, which are and several consecutive MD equilibrations with declining
well-known for their stability and are based on RNAIi/ constraints from 2 to 0.1 kcal/mol over a total 500 ps time
RNAIli interactions. The size of the nanoring can be easily period. The temperature was maintained at 300 K using a
extended by incorporation of as many helical turns as neededBerendsen thermost#.The monovalent salt concentration
into the building block helical sequences. Moreover, the was set to 0.5 mol/L. The production simulations were
incorporation of “sticky ends” into our design allows the performed for 8 ns using 1 fs time step.
design of an RNA nanotube. We have used advanced The simulations were carried out on SGI-Altix and SGlI-
simulation methods, including secondary structure optimiza- Origin computers using eight processors. The analysis for
tion and explicit and implicit molecular dynamics simula- all simulations was performed using the PTRAJ modules on
tions, to produce a design of a nanoparticle that is able to the production simulations excluding the initial equilibration
carry siRNAs. The advantage of the computational approachstage.
is that the optimal solution to the desired shape can be
determined relatively fast and inexpensively.

Methods. Three-Dimensional StructureThe starting
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extended and manipulated into a nanoring and nanotube usind\laﬁonaj Cancer Institute, Center for Cancer Research. The
Insight Il and DSViewer. computational support was partly provided by the National

RNA Secondary Structure OptimizatiddNA secondary Cancer Institute’s Advanced Biomedical Computing Center.
structure can be predicted from single sequence by free
energy minimization methods. The RNA building blocks
folding and thermodynamic parameters were determined by
the program called MFOLB~2° Alternatively, we can use
MPGAfold®3 to determine folding pathways of more complex
building blocks.

Molecular Dynamics Simulation®@ll simulations were
performed using the ff99 Cornell force field for RNA3*
which has been shown to be a reliable and refined force field
for nucleic acids, and the molecular dynamics software
Amber 8.0%%% The explicit solvent methdd produces the
most accurate modeling of solvation effects and can provide
crucial information on the direct interactions of water and
ions with nucleic acids; however, it is computationally
expensive due to the presence of thousands of water
molecules. The NMR solution structure of the RNAI/RNAII
inverse kissing loop complex was subjected to explicit
molecular dynamics simulations. Implicit solvation methéds
were based on the approximation of electrostatic solvation
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