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Abstract
Precise shape control of architectures at the nanometer scale is an intriguing but extremely challenging
facet. RNA has recently emerged as a unique material and thermostable building block for use in nanoparticle construction. Here, we describe a simple method from design to synthesis of RNA triangle, square,
and pentagon by stretching RNA 3WJ native angle from 60° to 90° and 108°, using the three-way junction (3WJ) of the pRNA from bacteriophage phi29 dsDNA packaging motor. These methods for the
construction of elegant polygons can be applied to other RNA building blocks including the utilization
and application of RNA 4-way, 5-way, and other multi-way junctions.
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Introduction
RNA nanotechnology has seen rapid growth as a new platform
since 1998 when the concept was first introduced [1]. The ability
to manipulate RNA molecules to fabricate nanometer-scale particles with predictable geometrical and functional properties has
resulted in a renewed interest in nanosized material construction
and nanotechnology including optical sensing [2–4], delivery of
therapeutics [5–12], computer design [13, 14], and intracellular
detection imaging [15, 16]. Nucleic acids, both DNA and RNA,
represent natural polymers and, despite having similar monomeric
composition (ATCG in DNA and AUCG in RNA), are very different in folding and biological function. While DNA’s primary role
is to carry genetic information and the molecule mainly exists as a
right-handed double B-form helix, RNA is much more versatile, as
this biopolymer can fold into a variety of secondary and tertiary
structures allowing it to perform multiple functions in nature
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including gene transfer functions (mRNA) [17], adaptor functions
(tRNAs) [18–20], guide functions (snRNAs, snoRNAs) [21–23],
catalytic functions (ribozymes and the large ribosomal RNA) [24–26],
and environmental sensing functions (riboswitches) [27, 28]. It rarely
exists just in double-stranded form, which is A-form configuration.
Base-stacking and noncanonical base-paring in RNA provide more
room for the design of RNA nanoarchitectures [29].
RNA tertiary structures display a degree of flexibility, which is
beneficial for nanofabrication of diverse particles. RNA’s flexibility
has been well documented by the structural analysis of natural
RNA nanomachines such as ribosomes where whole subunits
undergo ratchet motions during protein synthesis [30–32], and
some individual junctions and internal loops can bend from 180°
to 60°, e.g., kink-turn motif [33, 34]. Riboswitches are other natural RNA devices that possess flexibility; upon binding a specific
ligand, conformational change occurs that signals for induction or
reduction of protein synthesis [27].
Phi29 packaging RNA, or pRNA, forms a hexameric ring that
gears the packaging of DNA into a preformed protein capsid
[35–37]. An unusually stable three-way junction (3WJ) motif has
recently been found within this pRNA molecule [11, 38]. This
structural module of the pRNA has attracted scientific attention not
only because of its applications to deliver therapeutic moieties to
target cells due to its thermostable properly, but also as a building
block for fabricating stable nanoparticles of different sizes and shapes
[39–41]. Detailed analysis of the crystal structure of phi29 pRNA
3WJ motif demonstrated that it is composed of not only Watson–
Crick base pairs, but also noncanonical interactions; these include a
cis Watson–Crick Watson–Crick (cWW) U-U pair, a base-phosphate
(BPh) G-U pair, and two wobble G-U pairs. Additionally, crystal
structure analysis revealed that the 3WJ motif was uniquely coordinated by two Mg2+ ions that allow stable conformational changes.
The 3WJ geometry is a typical A-type [42] and contains three helices: H1, H2, and H3. H1 and H3 form coaxial stacking, aligning
along a common axis, and forming ~180° angle. The overall orientation of the motif is planar and helices H1 and H2 form a 60° angle
that has been observed in the A-type 3WJs (Fig. 1a). Based on thermodynamic properties and flexibility of the pRNA 3WJ module, we
describe a simple method for the construction of various RNA polygons including triangle, square, and pentagon by stretching one of
the three 3WJ angles from 60° to 90° and to 108°.

2

Materials
1. PCR reaction kit: Several kits are commercially available; however we use the kit from Promega Corporation, GoTaq®
FlexiDNA Polymerase.
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Fig. 1 Structure of pRNA 3WJ and RNA polygons. (a) Crystal structure of pRNA-3WJ showing internal ∠AOB
angle used to construct polygons. (b) 3D models of RNA polygons with internal angles highlighted with a circle.
(c) Sequences and 2D structures of RNA polygons showing connecting helices and supporting helices

2. DNA primers for in vitro RNA transcription dissolved in
double-deionized water (dd H2O) 100 µM stock
concentration.
3. QIAquick PCR Purification Kit (http://www.qiagen.com/,
cat #28706).
4. Ethylenediaminetetraacetic acid (EDTA) 0.5 M, pH = 8.0.
5. Tris-acetate-EDTA (TAE) buffer, pH = 8.0; 1× buffer composition: 40 mM Tris base, 20 mM acetic acid, and 1 mM EDTA.
6. Tris-borate EDTA (TBE) buffer, pH = 8.0; 1× buffer composition: 89 mM Tris base, 86 mM boric acid, and 2 mM EDTA.
7. Tris-borate-magnesium (TBM) buffer, pH = 8.0; 1× buffer
composition: 89 mM Tris base, 86 mM boric acid, and 5 mM
MgCl2.
8. Sodium acetate 3 M, pH = 6.5.
9. Tris-magnesium saline buffer, pH = 8.0; 1× buffer composition: 50 mM Tris–HCl, 100 mM NaCl, 10 mM MgCl2.
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10. Urea 8 M in 20 mM TBE buffer pH = 8.0.
11. RNA elution buffer: 0.5 M NH4OAc, 10 mM EDTA, 0.1 % SDS.
12. Denaturing polyacrylamide; stock 20 % solution composition:
Acrylamide/bis-acrylamide (29:1), 8 M urea, 1× TBE buffer.
13. RNA nucleotide triphosphates (rNTP) 100 mM, adjust pH to
7.5 with NaOH.
14. Fluorine-modified UTP and CTP at 2′ hydroxyl ribose (2′FUTP and 2′F-CTP).
15. T7 RNA polymerase transcription buffer; 1× buffer composition: 40 mM HEPES-KOH pH = 7.5, 24 mM MgCl2, 2 mM
spermidine, 2 mM, 40 mM DTT.
16. 2′F-transcription buffer; 1× buffer composition: 40 mM Trisacetate pH = 8.0, 0.5 mM DTT, 1 mM EDTA,
10 mM Mg(OAc)2, 0.5 mM MnCl2, 16 mM spermidine.
17. 3 M Sodium acetate solution in ddH2O.
18. Temperature gradient gel electrophoresis (TGGE) Standard
system, Biometra.
19. PAGE Gel Imaging System: Typhoon FLA 7000.

3

Methods
Detailed procedures describing RNA synthesis, purification, selfassembly, and analysis have been detailed previously [10]. Below,
we briefly describe some steps of RNA nanoparticle fabrication and
comparison of their thermal stabilities. Synthetic DNA molecules
coding for the antisense sequence of the desired RNA were purchased from IDT DNA (www.idtdna.com) and amplified by
Polymerase Chain Reaction (Promega Corporation) using primers
containing the T7 RNA polymerase promoter sequence (5′-TA
ATACGACTCACTATA-3′).

3.1 DNA
Amplification via PCR
Reaction

1. Follow the recommended protocol from Promega Co,
summarized below.
Protocol 1. PCR reaction setup
57 µL

ddH2O

20 µL

5× GoTaq Buffer

10 µL

25 mM MgCl2

8 µL

2.5 mM dNTPs

2 µL

100 µM FRW primera

2 µL

100 µM REV primerb

(continued)
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(continued)
1 µL

Go Taq polymerase

Vtotal = 100 µL
a

FRW—forward DNA primer containing T7 RNA polymerase
promoter sequence
b
REV—reverse DNA primer
On a thermal cycler set up the following steps:
Step #1: 95 °C for 5 min.
Step #2: 95 °C for 1 min.
Step #3: 55 °C for 1 min.
Step #4: 72 °C for 1 min.
Step #5: Repeat Steps #2, 3, and 4 25 times.
Step #6: 72 °C for 5 min.
Step #7: 4 °C for 12 h.
2. Purify PCR products using QIAquick PCR Purification Kit; follow the manufacturer’s protocol for purification steps. Usually,
DNA concentration is 0.1–0.2 µg/µL after purification.
3. Check approximate length of purified DNA templates on 2 %
agarose gel using 1× TAE buffer prior to RNA transcription
reaction, see Note 1.
3.2 RNA and 2′F-U/C
RNA Enzymatic
Synthesis

1. Reaction mixtures should be prepared at room temperature.
There are two protocols given below that have been applied to
template DNAs directing transcription from the T7 class III
promoter. Protocol #2 summarizes reagent composition for
regular RNA transcription reaction. To produce nucleaseresistant 2′-fluoro-modified RNAs we utilize Y639F mutant
T7 RNAP and replace pyrimidines (rUTP and rCTP) with the
corresponding 2′-fluoro-analogs (http://www.trilinkbiotech.
com/); please refer to protocol #3 below.
Protocol 2. In vitro RNA transcription by T7 RNA polymerase
5 µL

ddH2O

10 µL

5× Transcription buffer

10 µL

25 mM rNTPs

5 µL

100 mM DTT

10 µL

DNA template

10 µL

T7 RNA polymerase

Vtotal = 50 µL

Incubate the mixture at 37 °C for 4–6 h.
Transcription can be scaled up using the same ratios.
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Protocol 3. In vitro 2′F-U/C-modified RNA transcription
by Y639F RNA polymerase
5 µL

ddH2O

5 µL

10× 2′F-transcription buffer

5 µL

100 mM DTT

5 µL

50 mM 2′-F CTP

5 µL

50 mM 2′-F UTP

5 µL

50 mM rGTP

5 µL

50 mM rATP

10 µL

DNA template

5 µL

Y639F RNA polymerase

Vtotal = 50 µL

Incubate the mixture at 37 °C overnight.
Transcription can be scaled up using the same ratios.
2. Terminate transcription reaction by adding 1 µL of RNase-free
DNase I and incubate for additional 30 min to hydrolyze DNA
primers.
3. Add the same amount of 8 M urea in TBE to the transcription
reaction and run the samples on denaturing PAGE (15 % acrylamide, 29:1 acrylamide:bis-acrylamide, 8 M urea) in 1× TBE
buffer at 120 V at ambient temperature.
4. Place the gel on a TLC plate and excise the RNA band under
UV light. Extract RNA from gel slices using 0.5 mL of RNA
elution with 2-h incubation at 37 °C.
5. Precipitate RNA molecules with cold ethanol (2.5:1
(Ethanol:RNA) volume ratio) and 3 M sodium acetate (1:10
volume ratio), rinse twice with cold 80 % ethanol, dry under
vacuum, and redissolve in dd H2O.
6. Measure RNA concentration and store all samples at −20 °C
and also, refer to the Notes 2 and 3 for troubleshoot.
3.3 Stretching
the Intra-helical Angle
Formed Between
H1 and H2

Three-dimensional computer models of the RNA triangle, square,
and pentagons were built by manual alignment and adjustments of
the pRNA 3WJ junction using Swiss-PDB viewer. For example, the
triangle model was constructed by aligning 3× 3WJ motifs at the
correct angle and distance by “auto-fit” tool or by manual adjustment in Swiss-PDB viewer. H1 was then connected to H2 of each
adjacent 3WJ module by double-stranded A-type RNA helix. This
“connecting” helix is eight base pairs in length, which results in flat
nanoparticles, detailed structure being illustrated in Fig. 1. At each
corner, the external helix of the 3WJ is extended by five base pairs
as a “supporting” helix to increase stability and specificity among
strands. The resulting models contained the 3WJ motif at the
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Fig. 2 Construction method of RNA polygons. (a) Combination of external strands with specific internal strand
results in corresponding polygons. (b) Annotated size models of RNA polygons and corresponding AFM images
are below the models

corners with the inner angle of each polygon corresponding to
∠AOB (Fig. 1b). The 3D models are composed of different numbers of RNA strands called short strands (external) and long strands
(internal) as shown in Fig. 2a. The number of short strands corresponds to the number of sides of the corresponding polygon, with
the internal strand interconnecting all external strands, generating
compact structures that are completely double stranded. For example, construction of the triangular nanoparticle consists of three
short external RNA strands and one long internal strand, resulting
in a 3:1 ratio of short strands to long strands. To build the square
nanoparticle this ratio should be 4:1, meaning that there are 4 short
strands and 1 long strand; to construct pentagon polygons the ratio
is 5:1. Additionally, the long strand for each polygon is incrementally increased by two helical turns, ~22 nucleotides (nt). As such,
the long strand for the triangle is 66 nt, the square long strand is
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88 nt, and the pentagon long strand is 110 nt. Thus, increasing the
number of external strands and the length of the internal strand, the
angle on the inter-helical ∠AOB increased from 60° to 90° and
108° allowing for 2D formation of corresponding triangle, square,
and pentagon polygons (Fig. 2b). However, this approach is limited
as stretching ∠AOB to 120° did not result in the formation of a
hexagon (results are not shown). The pRNA 3WJ motif has reached
a maximum tension, as it appears that stretching of the 3WJ angle
past 108° will not result in stable nanoparticles. The measured
widths, from one corner to another, were 10.2 nm, while the
heights differed as follows: triangle = 9.1 nm, square = 10.2 nm, and
pentagon = 12.7 nm (Fig. 2b).
3.4 Sequence Design
and Optimization Prior
to RNA Synthesis

3.5 Polygon
Assembly

The final RNA sequences for each polygon were optimized by
mfold [43] and nupack [44] programs to eliminate any stable secondary structures between short strands, between inappropriate
regions of long and short strands, and among individual long
strands. Each RNA polygon contained identical sequences in each
corner corresponding to pRNA 3WJ ∠AOB, which have similar
folding energy. The folding energy of the pRNA 3WJ at each corner is believed to be responsible for folding and stability of the
polygonal structures. The eight connecting base pairs (bp) and five
supporting bp were chosen to be different to prevent nonspecific
interactions between short strands. However, the free energy of
the duplexes was kept similar, within ±2 kcal/mol ΔG range, to
promote fidelity while folding. The resulting sequences and secondary structures of RNA polygons are demonstrated in Fig. 1c
with indication of connecting and supporting nucleotides.
1. Mix RNA strands corresponding to triangle, square, and pentagon (1 µM final concentration) in 1× TMS, and bring final
volume to 10 µL with dd H2O (see Table 1).
2. Heat the mixture of RNAs to 80 °C for 5 min and slowly cool
down to 4 °C over 1 h. Alternatively, the RNA mixture can be
incubated for 37 °C for 30 min to achieve self-assembly.
3. Purify the assembled RNA polygons on native PAGE (6 %
acrylamide, in 1× TBM buffer), and run the gel at 80 V for
3–4 h in a cold room.
4. After the gel run is complete, place the gel on TLC plate and
excise the RNA band under UV light. Elute RNA from gel
slices using 0.5 mL of RNA elution buffer and 10 mM MgCl2.
5. Precipitate RNA polygons with cold ethanol (2.5:1 volume
ratio) and 3 M sodium acetate (1:10 volume ratio), rinse twice
with cold 80 % ethanol, dry under vacuum, and rehydrate in
TMS buffer.
6. Measure RNA concentration and store all samples at −20 °C
(please refer to the Note 4 for troubleshoot).
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Table 1
RNA polygon assembly setup

3.5.1 Polygons’ Thermal
Stability Comparison

Triangle

Square

Pentagon

1 µL

10 µM RNA a

1 µL

10 µM RNA a

1 µL

10 µM RNA a

1 µL

10 µM RNA b

1 µL

10 µM RNA b

1 µL

10 µM RNA b

1 µL

10 µM RNA c

1 µL

10 µM RNA c

1 µL

10 µM RNA c

1 µL

10 µM RNA D

1 µL

10 µM RNA d

1 µL

10 µM RNA d

1 µL

10× TMS

1 µL

10 µM RNA E

1 µL

10 µM RNA e

5 µL

ddH2O

1 µL

10× TMS

1 µL

10 µM RNA F

4 µL

ddH2O

1 µL

10× TMS

3 µL

ddH2O

1. After resuspending PAGE-purified polygons in 1× TMS dilute
the stock solutions to 0.5 µM concentration.
2. Follow the Biometra protocol (http://www.biometra.de/) to
cast the gel. Use native 6 % polyacrylamide solution in 1× TBM
buffer.
3. Run the gel on TGGE using a temperature gradient of
40–80 °C applied at constant 100 V for 1 h.
4. After removing the gel from the TGGE instrument, stain with
ethidium bromide solution (see Note 5), and visualize RNA
bands using gel imaging system (e.g., Typhoon FLA 700 GE
healthcare (http://www.gelifesciences.com/)).
5. Using ImageJ software (http://imagej.nih.gov/ij/) integrate
the intensity of the RNA bands in each well of the gel.
6. Divide the intact nanoparticle intensity (upper most band) by
the total intensity of the well to determine nanoparticle formation percentage (example gel is shown in Fig. 3) and plot the
data points with temperature on the x-axis and percentage of
nanoparticle formation on the y-axis.
7. Fit the data to a nonlinear fitting curve, taking 50 % nanoparticle formation to be the melting temperature of the polygon.

4

Notes
1. PCR:
(a) Incorrect size of PCR products might be due to incorrect
PCR primer design. Carefully redesign the DNA primers.
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Fig. 3 Representative 6 % TGGE gel of the square RNA polygon melting. The top
bands represent intact nanoparticle and the downshift is a result of polygon
melting

(b) Nonspecific PCR products are usually due to poor PCR condition setup or the fact that primers are incorrectly designed.
Optimize PCR conditions and redesign DNA primers.
2. Transcription:
(a) If product yields are low with a protocol that had already
been successfully used for the same template, repeat transcription assay once without any alteration on 20 µL scale.
Alternatively, test different enzyme batches or enzymes
from alternative suppliers.
(b) Check that thawed stock solutions, particularly concentrated transcription buffers, do not contain precipitated
ingredients.
3. No or low yield of transcription of regular or 2′-F-modified RNA:
This is typically due to impure DNA template. Prepare
new template DNA; take particular care to effectively remove
salts. Check sequence of T7 promoter at the 5′-end of the forward DNA primer.
4. No or low yield of assembled polygons:
(a) Carefully analyze RNA sequence, run secondary structure
folding using Mfold, and thoroughly examine assembly
conditions.
5. Determining melting temperature of polygons:
(a) Ethidium bromide is toxic. Be sure to wear gloves when
handling ethidium bromide and only use it in a properly
ventilated fume hood.

Simple Method for Constructing RNA Triangle, Square, Pentagon by Tuning Interior…

5

191

Conclusion
As nanotechnology progresses more challenges are being encountered. One of the most important challenges to overcome is the
thermo-stability of RNA nanoparticles. In this chapter we described
a simple method to fabricate stable yet functional RNA polygons
by stretching the native angle of the RNA three-way junction from
phi29 motor pRNA. Polygons that display high yield of formation
were achieved via one pot self-assembly of multiple RNA fragments. The key to creating polygons utilizing the same building
block is changing the length of the internal RNA strand and
increasing numbers of short RNA strands. This induced stretching
of the ∠AOB angle of the RNA three-way junction from 60° to
90° and 108°, resulting in self-assembly of elegant RNA triangular,
square, and pentagonal nanoparticles. Intermolecular interactions
of building blocks within the complex such as kissing loops, receptor loop, or “sticky ends” were avoided by bridging through base
pairing between corners of polygons using RNA double helices.
Thus, this system is advantageous with increased thermo-stability
in the overall construct and yet tunability of the size, and shape of
nanoparticles.
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