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Abstract

From the original sequencing of the human genome, it was found that about 98.5% of the genome
did not code for proteins. Subsequent studies have now revealed that a much larger portion of the
genome is related to short or long noncoding RNAs that regulate cellular activities. In addition to
the milestones of chemical and protein drugs, it has been proposed that RNA drugs or drugs
targeting RNA will become the third milestone in drug development (Shu, Y.; et al. Adv. Drug
Deliv. Rev. 2014, 66, 74.). Currently, the yield and cost for RNA nanoparticle or RNA drug
production requires improvement in order to advance the RNA field in both research and clinical
translation by reducing the multiple tedious manufacturing steps. For example, with 98.5%
incorporation efficiency of chemical synthesis of a 100 nucleotide RNA strand, RNA oligos will
result with 78% contamination of aborted byproducts. Thus, RNA nanotechnology is one of the
remedies, because large RNA can be assembled from small RNA fragments via bottom-up self-
assembly. Here we report the one-pot production of RNA nanoparticles via automated processing
and self-assembly. The continuous production of RNA by rolling circle transcription (RCT) using
a circular dsDNA template is coupled with self-cleaving ribozymes encoded in the concatemeric
RNA transcripts. Production was monitored in real-time. Automatic production of RNA fragments
enabled their assembly either /n situ or via one-pot co-transcription to obtain RNA nanoparticles
of desired motifs and functionalities from bottom-up assembly of multiple RNA fragments. In
combination with the RNA nanoparticle construction process, a purification method using a large-
scale electrophoresis column was also developed.
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The field of RNA research has been expanded dramatically because of the finding that RNA
plays a major role in the regulation of cellular activities. Once thought as a molecule that
only transfers information between DNA and protein, RNA has now been found to partake
in activities such as catalysis,1-3 recognition,** regulation,5" translation,8-10 interference,
1112 processing,13-15 splicing, 16-18 silencing%20 binding,21-23 switching,1724, and so forth.
25 RNA therapeutics, including RNA nanoparticles,26-28 RNA binding small molecules,29-30
and small RNAs such as siRNA,3! ribozymes,32 miRNA,33 riboswitches,?4 or aptamers34
have been predicted to become the third milestone in drug development, following chemical
drugs and protein drugs.2’

RNA nanotechnology, with its concept proven in 1998 by showing the assembly of RNA
dimers, trimers, tetramers, and hexamers from engineered RNA oligos,3® has been a field
that continues to emerge rapidly. The versatility, complexity, and diversity of RNA makes it
an attractive biomaterial to construct nanostructures with defined shape, structure,
stoichiometry, and physical or biological properties.28:36-39 Many issues of RNA instability
have been overcome to achieve a nanoparticle platform with potential for treatment of
disease, especially cancers.26:40-42 Targeting aptamers and functional RNAs such as siRNA,
miRNA, ribozymes, and riboswitches are available to construct diverse multifunctional
nanoparticles.*3-48 Development of RNA nanotechnology has been accelerated by the
finding of an unusually stable three-way junction (3WJ) RNA motif from the packaging
RNA (pRNA) of the phi29 DNA packaging motor.4? The 3WJ has been used for targeted
delivery of therapeutic modalities to multiple cancer types and has been used as a scaffold
for the construction of RNA nanoparticles with controllable size and shape.>0-54

Although RNA nanoparticles show high clinical potential, the yield of RNA nanoparticle
construction is an area that could be improved to aid in the advancement of the RNA
nanotechnology field. For example, assembly of a small three-stranded RNA nanoparticle
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requires synthesis of three DNA templates, followed by purification of sSSRNA monomers,
assembly of the particles, and finally an additional particle purification.

RNA is commonly synthesized /n vitro using runoff transcription of a linear dsSDNA
template. /n vitro runoff transcription is limited by yield, time efficiency, homogeneity, and
purity.55-57 Rolling circle transcription (RCT) is increasing in popularity as a result of its
high production capabilities.3958-66 Many functional RNA motifs, such as aptamers,
mIiRNA, siRNA, and ribozymes can be continually synthesized in a normal RCT reaction.
6264 ghort single-stranded (ss) circular DNAs encoding for ribozymes that selfprocess into
unit length functional ribozymes have been synthesized. These ribozymes show biological
functionality 7n trans, cleaving HIV-1 RNA targets.57:68 RCT has been used to synthesize
siRNA loaded microsponges that show successful gene knockdown 7 vivo.39:62.63 Showing
the versatility of RCT, nanowires,5% millimeter sized RNA membranes,%> mRNA

nanoparticles,® and tandem repeats of fluorogenic RNA aptamers have all been synthesized.
70

RCT’s increased transcription efficiency over that of traditional runoff transcription could
help to increase the production yield of RNA oligomers and RNA nanoparticles.’t
Additionally, /n vitro transcription is not limited by length, and one-stranded or
multistranded nanoparticle assembly can occur co-transcriptionally, reducing the total
number of steps required for RNA nanoparticle preparation.43:4%.72 However, previous
methods of circular DNA preparation for RCT are not amenable for sSSDNA templates
displaying stable secondary structure. Bacterial RNA polymerases are sensitive to secondary
structure, falling off template DNA when encountering DNA hairpins and loops.”3

Previous methods to create defined RNA oligomers using RCT include the use of ssSDNA
oligomers and RNase H during RCT, allowing site-specific cleavage.’* Although elegant, it
could be possible to improve upon current technologies by avoiding the addition of enzymes
or DNA oligomers to catalyze RNA cleavage. Encoding sequence-specific selfcleaving
ribozymes’® in the DNA template, alongside RNA nanoparticle sequences, would allow
simpler experimental processes and more widespread application of the RCT process to
synthesize RNA oligomers with defined sequences.””-"® Additionally, /i vivo expression of
artificial RNA oligomers and RNA nanoparticles could be possible.8%:81 Ribozymes have a
stable secondary structure, and when combined in the same ssDNA template as an RNA
nanoparticle sequence, the AG of the ssDNA template is quite low and thus not conducive to
RCT using ssDNA templates.

Herein, we describe a method for the construction of circular dSDNA templates that code for
self-cleaving ribozymes and RNA oligomers. Upon /n vitro transcription, the ribozymes self-
cleave with high efficiency, producing large amounts of product RNA and RNA
nanoparticles. The phi29 pRNA-3WJ was assembled from its three component strands both
co-transcriptionally and by self-assembly after RNA oligomer purification.® Single-
stranded RNA nanoparticles were synthesized via RCT by addition of loops to link adjacent
3WJ strands. The Malachite green fluorogenic RNA aptamer (MGA)®2 was fused to one
helix of the 3WJ, and Malachite green dye (MG)*9-81 fluorescence was monitored in real-
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time8%:81 during /n vitro transcription. RCT produced a 3.2 times higher yield of fully
assembled RNA nanoparticles compared to that of traditional /7 vitro runoff transcription.

RESULTS AND DISCUSSION

Sequence Design and Optimization for Ribozyme Cleavage Using Linear dsDNA.

Our goal was to produce short RNA oligomers that would self-assemble into RNA
nanoparticles. To induce oligomer release, self-cleaving ribozymes were incorporated into
the DNA templates. To enhance ribozyme cleavage efficiency, sequence optimization was
carried out experimentally by gel analysis using linear dSDNA. The optimized sequences
were then incorporated into circular constructs.

Linear dsDNA (dsDNA Lin) containing the T7 promoter, the 5" and 3" ribozymes, the RNA
sites for ribozyme self-cleavage, and the product RNA sequences were constructed using
PCR (Figure 1). The sequences of RNA products for ribozyme optimization were 3WJ-a,
3W1J-b, and 3WJ-c, which then assemble to form the pRNA-3WJ.4? Hammerhead ribozyme
sequences were chosen, as they are well characterized and display high cleavage efficiency.
76-78,83 Although the ribozyme core sequence must be conserved to maintain cleavage, non-
core sequences can be modified, aiding in cleavage optimization.”’:’8

The 5" and 3" disabled ribozyme, the 5” disabled ribozyme, the 3" disabled ribozyme, and
ribozyme only were used as RNA size controls (Supp Figure 1A). Ribozyme activity can be
abolished by sequence mutation.”” The product RNA strands were chemically synthesized
for size and assembly controls. Cleavage efficiency was calculated by comparing the product
RNA band intensity (in green frame) to the total intensity (in green plus red frame) per lane
over the 2 h after the initiation of transcription (Supp Figure 1B). ImageJ software was used
to integrate the gel band intensity. Cleavage kinetics assays were done using truncated
versions of the dsDNA. For example, 5” ribozyme efficiency was assayed using the dsDNA
template with no 3" ribozyme. The cleavage efficiency of each ribozyme, 5" and 3" of the
product RNA, was calculated independently (Supp Figure 1B).

A two base-pair (bp) “clamping” duplex led to a cleavage efficiency ranging from 36 to 65%
cleavage. Upon lengthening the “clamping” duplex to five bp (Supp Figure 1C) to enhance
the stability of the ribozyme sequence, cleavage efficiencies increased to 65 to 78%. When
full length constructs with both active ribozymes were tested, cleavage efficiencies were
more than 80% (Supp Table 1).

Circular dsDNA Construction.

RCT offers many advantages over traditional /n vitro transcription methods including higher
transcription rate,’%71 template DNA economy, and the potential for /7 vivo expression of
artificial RNA sequences and RNA nanoparticles.8 Previously published RCT methods for
circular DNA preparation called for assembly of a short splint sSDNA to longer
phosphorylated ssDNA followed by DNA ligation, resulting in circular DNA with a double-
stranded RNA promoter region and a single-stranded antisense region to the desired RNA
sequence.39:98-66 Although this method is amenable for ssDNA templates with little
secondary structure (AG of self-folding close to zero or a positive value, Supp Table
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2)68.71,84.85 or stable dumbbell sequences,39:62.70.86 jt was not amenable for ssSDNA
templates encoding for RNA with strong secondary structure such as the pRNA-3WJ.

The AG of self-folding for the ssDNA templates used in this study ranges from —-11.6 to —27
kcal/mol (Supp Table 2), resulting in stable secondary structures hindering transcription by
bacterial RNA polymerases. The published methods39:58-66 to prepare circular DNA
template were attempted; yet, even in the presence of single-stranded binding proteins and
elevated transcription temperatures at 42 °C, the stable secondary structure of the sequences
hindered transcription (data not shown). Removing the issue of stable secondary structure in
the DNA template was addressed by making the circular template entirely double-stranded.
Therefore, circular dSDNA was made starting with two complementary and phosphorylated
ssDNAs (Figure 1).

Phosphorylated ssDNA complementary to the T7 promoter, 5" and 3" ribozymes, and
product RNA sequence was self-ligated using Epicenter ssDNA Circ Ligase to form circular
ssDNA. To confirm cyclization, polyacrylamide gel electrophoresis (PAGE) was used to
visualize DNA bands before and after single-stranded circular (ssDNA Circ) ligation (Figure
2, lanes 1 vs 2). Upon single-stranded cyclization, an increase in migration rate was seen
presumably due to the compact structure of the now self-ligated sSDNA. Assembly of all
dsDNA constructs can be found in Supp Figure 2.

To form circular dsSDNA (dsDNA Circ), cyclized ssDNA and its phosphorylated complement
were mixed at equimolar concentrations and annealed by thermal denaturation followed by
slowly cooling to 4 °C over 1 h. Assembly of the complement strands resulted in a dramatic
decrease in migration rate, indicating successful hybridization (Figure 2, lanes 2 vs 4/5).
Compared to linear dsSDNA (dsDNA Lin) controls, circular dsDNA migrates much slower,
indicating circular conformation. After assembly, T4 DNA ligase was used to ligate the
nicked circular dsDNA (Figure 2, lanes 4 vs 5). No apparent shift is observed by gel analysis
after T4 ligation. Assembly of all dSDNA constructs can be found in Supp Figure 2.

RCT Reaction.

To show successful ribozyme processing, ribozyme activity was disabled by sequence
mutation.’”” Disabling of ribozyme resulted in full template length RNA product using linear
dsDNA, and long concatemeric RNA using circular dsDNA, respectively. The encoded RNA
sequence was 3WJ-a for both active and inactive ribozyme constructs. After in vitro
transcription and termination by DNase, PAGE analysis was used to visualize RNA
transcripts (Figure 3). Heavy accumulation of RNA transcripts in the well of the gel indicate
long RNA concatemers and successful RCT (Figure 3, lane 5), compared to the transcription
of both the linear dsDNA template (Figure 3, lane 3) and the nicked circular dSDNA
template (Figure 3, lane 4). When ribozyme activity was restored, successful cleavage and
release of product RNA strand was observed (Figure 3, lanes 6-8), evidenced by the
appearance of short RNA transcripts not seen in inactivated ribozyme constructs.

One-Pot Co-Transcriptional Assembly of 3WJ Nanoparticles.

Here, ribozymes were engineered, and their catalytic property leveraged to induce self-
cleavage of specified RNA oligomers, which then co-transcriptionally assemble the
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pRNA-3WJ. This allows a hands-off method for transcriptional production of short and
defined RNA oligomers in high yield without the use of additional enzymes and will aid in
the future scale-up of this method for large-scale synthesis of RNA nanoparticles /n vitro
and /n vivo.

RNA 3WJ and other nanoparticles have the ability to self-assemble co-transcriptionally
under isothermal conditions.43:49.72:87-89 Tg assemble the pRNA-3WJ co-transcriptionally,
3WJ-a, 3WJ-b, and 3WJ-c sequences were incorporated in separate circular dsSDNA
constructs. All constructs demonstrated cleavage and release of the product RNA (Figure
4A, red box). Product RNA strands were equal in size to that of their chemically synthesized
size controls, indicating successful cleavage and release (Supp Figure 3A). To confirm that
the sequences of product RNA were correct, each fragment was isolated, and their assembly
was tested. Formation of the 3WJ from isolated RNA bands indicates sequence-specific
cleavage and release of product RNAs (Supp Figure 3B). Additionally, it appears that there
was low expression of the 3WJ-c strand from the transcription; however, this is due to the
unstable secondary structure of the 3WJ-c monomer strand by itself, resulting in reduced EB
intercalation.42:49

pRNA-3WJ nanoparticles were assembled co-transcriptionally by mixing 3WJ-a, -b, and -c
dsDNA constructs in an equimolar ratio followed by /n vitro transcription.® PAGE analysis
of both linear and circular co-transcription products indicates successful assembly of 3WJ
nanoparticles when compared to the assembled 3WJ from the gel purified RCT product
(Figure 4B).

To assemble nanoparticles from one ssRNA oligomer, circular dsDNAs encoding for the full
sequence of the 3WJ, with the helix ends closed with loops or malachite green aptamer
(MGA) sequences, were constructed (Figure 5). Including an aptamer in the sequence serves
two purposes: (1) it monitors transcription kinetics by fluorescence, (2) and it shows
accurate cleavage and correct folding of the RNA nanoparticle, as malachite green (MG)
will not bind to MGA unless the sequences are correct. Following transcription, the RCT
reaction mixture was analyzed by PAGE (Figure 5C). RCT-3WJ assembled from purified
3WJ monomers and one-piece 3WJ with loops were used as size controls. The one-stranded
nanoparticles migrate slower due to increased size from the incorporation of loop sequences
used to connect helix ends. Gel staining with MG shows binding of the MG-3WJ
nanoparticle to its fluorophore, indicating correct sequence and folding of the MG-3WJ. No
MG signal from the 3WJ, which lacks the MGA, indicates specific binding of MG to MGA.
Higher-order concatemers are present in the RCT reactions, indicating that ribozyme
cleavage is not 100%.

Real-Time Monitoring of Transcription by Fluorescence.

The goal of preparing circular dsSDNA for transcription is the hypothesis that RCT will result
in higher amounts of RNA nanoparticles from the same starting DNA concentrations,
therefore being more efficient and faster in nanoparticle production. Thus, gel analysis was
first used to compare the transcription rate of linear and circular dsSDNA by analyzing
transcription time points after termination by DNasel. Gels were stained for total RNA using
ethidium bromide (EB) and for MG signal using MG dye (Figure 6A). Comparison of gel
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band intensity revealed both faster production and a higher yield of MG-3WJ by RCT
compared to that of linear transcription (Figure 6B). As the ribozyme cleavage efficiency
was not 100%, gel staining represents an accurate comparison of RNA nanoparticle
production, because the quantified gel band was the produced RNA nanopatrticle.

Fluorescence measurements were used to monitor transcription rates in real-time.89.81 MGA
fluorescence was monitored by adding MG dye to a final concentration of 5 t/M in the
transcription mixture, whereas total RNA production was monitored by adding RNA-
specific SYBR Greenll to a final concentration of 1x. Both MG and MGA are not
fluorescent by themselves, but fluorescence will appear when the MG binds to the MGA.
80-82 Flyorescence measurements were taken every 15 min, and intensity was plotted versus
time using OriginPro (Figure 6C,D). Among three different DNA template concentrations of
10 (A), 100 (W), and 250 (@) nM, RCT reactions (red) consistently outperformed linear
transcription (black) in both nanoparticle production rate and overall transcription yield. It is
important to note that identical sequences were used in all constructs in comparison
experiments, the only difference being circular or linear dsDNA. RCT produced on average
10 times more RNA at the termination of the transcription reaction, consistent with previous
findings on the rate of RCT.7%."1 The nicked circular dSDNA template without T4 ligation
was similar in transcription rate to linear dsDNA at the same concentration, suggesting that
T7 polymerase does not proceed to RCT with nicked circular dsSDNA.

Substrate-concentration-dependent kinetics of total RNA transcription were analyzed by
comparing SYBR Greenll fluorescence values at different time points (values from Figure
6C). Time points from 60-165 min were chosen, as these were during and after the highest
increase of observed fluorescence. Fluorescence values were plotted and fit linearly (y= mx
+ b) (Supp Figure 4A,B). A strong linear correlation is seen between DNA template
concentrations and their fluorescence output (Supp Figure 4C). The slope (x) values for the
circular DNA template display an average value of 5.27, higher than those observed for the
linear DNA template, with an average equal to 1.27. These values can be correlated to
fluorescence output per nM (RFU/nM) of the DNA template. Thus, these results support that
the idea that the RCT reaction results in an increase in transcription efficiency. At these
DNA template concentrations, the relationship appears to be linear.

Purification Post-RCT.

Purification of the MG-3WJ nanoparticles was carried out using a preparative version of
typical gel electrophoresis. A BioRad Model 491 Gel Electrophoresis Prep Cell was used to
purify large-scale transcription products of RNA nanoparticles transcribed from circular
dsDNA encoding for the MG-3WJ. Fractions were analyzed for both MG fluorescent signal
and absorbance at 260 nm (Figure 7A). Three distinct peaks were seen by MG fluorescence:
fractions 5-7 (peak 1), 7-23 (peak 2), and 25-32 (peak 3). PAGE analysis was used to
determine the identity of each peak compared to the crude transcription mixture. Peak 1 was
smaller than the product RNA, peak 2 contained the product RNA, and peak 3 contained
both the product RNA and larger RNA bands. Peak 2 fractions were then combined and
analyzed by PAGE (Figure 7B). Of note is the large absorbance value of the first fractions,
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which has been attributed to remaining nucleotides from the transcription mixture, as no
band was seen by gel analysis.

Here we were able to construct self-folding RNA nanoparticles by combining several
technologies: rolling circle transcription, ribozyme self-cleavage, and gel column
electrophoresis. By combining these techniques, RNA nanoparticle construction was
simplified, in that the complete nanoparticles were produced through three simple steps of
template construction, RNA transcription, and nanoparticle purification. This methodology
of RNA nanoparticle production removes several steps, producing and purifying each RNA
strand within the nanoparticle, nanoparticle assembly, and nanoparticle purification.
Furthermore, through the development of this method set, RNA production was proven to be
produced at a higher yield than traditional linear /n vitro transcription, and RNA
nanoparticles were shown to self-assemble with original and authentic folding. Although this
system is not fully optimized, it may lead to breakthroughs in current industrial techniques
for RNA production, leading to a much needed reduced cost in RNA nanoparticle
production.

CONCLUSIONS

This study establishes a solution for the simplification of RNA nanoparticle production as
well as an approach for higher-yield assembly of RNA nanoparticles /n vitro. The method
for circular dsDNA preparation is broadly applicable to the field of RNA biology and RNA
nanotechnology for the production of functional self-folding nanoparticles. To release RNA
nanoparticles transcribed during RCT, self-cleaving ribozymes were coded in the template,
allowing bottom-up assembly either /n7 situ or one-pot co-transcriptional release of the
product RNA fragments. Production was monitored in real-time. RNA nanotechnology is
emerging as a new drug delivery platform and shows great promise to help advance the
current state of nanomedicine. The methods introduced here are a step toward the large-scale
production of RNA nanoparticles and could be helpful for future clinical applications of
RNA nanotechnology. As well as large-scale batch synthesis, 7 vivo expression and
production of RNA nanoparticles could be possible using the methods introduced here.

MATERIALS AND METHODS

Sequence Design.

Sequences for product oligomers were derived from the pRNA-3WJ nanoparticle as reported
previously.49 Additional nucleotides were added to the 5" and 3" ends of the native 3WJ
sequences, 5'-GAC-3" and 5'-GUC-3’, respectively, aiding in ribozyme stability and
cleavage efficiency. For the synthesis of single-stranded RNA nanoparticles, loops (5'-
GAGA-3") were used to join adjacent 5 and 3" ends of the multistranded RNA
nanoparticles. Ribozyme sequences were adapted from previously solved structures of the
hammerhead ribozyme.”” For ribozyme efficiency assays, ribozyme sequences were mutated
to abolish activity as previously described.”” The Malachite green aptamer sequence was
adapted from previously published sequences.82 All sequences are summarized in
Supporting Table 3.
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DNA and RNA Preparation.

RNA oligomers were prepared /n vitro using T7 RNA polymerase from linear and circular
dsDNA containing the T7 promoter. Linear dsSDNA was prepared by PCR using ssDNA
primers purchased from Integrated DNA Technologies (IDT). Circular dSSDNA was prepared
from Ultramer oligomers purchased from IDT. The assembly method of circular dsSDNA is
detailed in Figure 1. ssDNA antisense to the RNA strand (including T7 promoter, ribozymes,
and product RNA) was self-cyclized intramolecularly using Epicenter CircLigase following
the manufacturer’s protocol. Remaining linear ssDNA was removed by addition of DNA
Exonuclease I. ssDNA complementary to the cyclized ssDNA was annealed by thermal
denaturation at 85 °C for 5 min followed by slow cooling to 4 °C at a rate of —2 °C/min at 4
UM, Following annealing, T4 DNA ligase closed the nick in the circular dsSDNA. Ligations
were performed at a DNA concentration of 2.5 ¢M in 1x DNA ligase buffer, 5% (w/v)
PEG4000, and a ligase concentration of 0.25 U/zL. The ligation mixture was incubated at
25 °C for 4 h followed by heating at 65 °C to heat denature the enzyme. Control constructs
without T4 ligation were also assembled.

RNA transcriptions were completed using T7 RNA polymerase isolated from £. coli
containing plasmid encoding for the polymerase through the use of a His tag on the protein.
All transcriptions, linear and circular, were completed at 37 °C with the following final
concentrations of reagents: 40 mM HEPES-KOH (pH 7.5), 12 mM MgCl,, 30 mM DTT, 1
mM spermidine, 5 mM rNTPs (rATP, rCTP, rGTP, and rUTP) along with DNA template and
T7 RNA polymerase. Reactions were incubated for varying times depending on the desired
experiment, but complete reactions were carried out for 4 h.

Gel Analysis and Quantification.

Assembly of linear and circular dSDNA constructs and RNA products was confirmed using
10% (29:1) PAGE in a buffer containing 50 mM TRIS, 100 mM NaCl, and 5 mM EDTA,
and DNA or RNA was stained using ethidium bromide (EB) solution or MG dye solution
(final concentration of 5 /M MG Dye, HEPES pH = 7.4, 100 mM KCI, 5 mM MgCl,. Gel
images were then quantified using ImageJ and plotted using OriginPro 8.5.

Ribozyme Cleavage Efficiency.

Time course experiments were run to analyze ribozyme cleavage efficiency. A typical
transcription reaction was quenched at specific time points by addition of DNase. Equal
aliquots of each time point were then analyzed on PAGE, and gel band intensity was
integrated using ImageJ software.%9 Ribozyme cleavage occurred during the transcription
process and thus is at 37 °C and in T7 RNA polymerase transcription buffer. Cleavage
efficiency was calculated by dividing the band intensity of the cleaved fractions by total
band intensity per lane. Cleavage percentage versus time was then plotted using OriginPro
8.5.

Gel Analysis of Transcription Kinetics.

dsDNA constructs, both linear and circular, were transcribed following typical T7 in vitro
transcription protocols with a 250 nM final DNA concentration. At 0.5, 1, 2, and 4 h,
transcription reactions were quenched using DNase. Equal aliquots of transcription from
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each time point were analyzed on PAGE, and product RNA bands were integrated using
ImageJ software. Gels were stained separately for total RNA (EB) and MG fluorescence.
Gel band intensity versus time was then plotted using OriginPro 8.5. Gel assays were carried
out in triplicate.

Fluorescence Monitoring of RNA Transcription.

To monitor transcription in real-time, MG dye or SYBR Greenll was added at a final
concentration of 5 £M to transcription reactions. Solutions were incubated at 37 °C in 96-
well microplates, and fluorescent signal was monitored every 15 min using a BioTek
Synergy 4 Microplate Reader. MG signal was read from excitation and emission
wavelengths of 590 and 630 nm, respectively. SYBR Greenll fluorescence was read from
excitation and emission wavelengths of 496 and 520 nm, respectively. OriginPro was used to
plot fluorescent signal versus time. Transcription analysis was performed at DNA
concentrations of 10, 100, and 250 nM. MG fluorescent studies were completed a minimum
of three times and in most cases a minimum of four repeats. Error was calculated by
standard deviation, and statistics were calculated by a #test using GraphPad comparing
fluorescent values of the same DNA template concentrations.

Large-Scale Purification Using Gel-Electrophoresis Column.

Transcription reactions were purified on a BioRad model 491 Prep Cell using continuous-
elution gel electrophoresis following the manufacturer’s standard protocol. A 20 mL aliquot
of 8% polyacrylamide gel was prepared in a buffer containing 50 mM TRIS, 100 mM NacCl,
and 5 mM EDTA. The gel was polymerized to a column height of 5.5 cm and prerun at 300
V for 1 h. Large-scale, 1 mL transcriptions had a final DNA concentration of 250 nM, and
transcriptions were diluted to 2 mL with 2x gel loading dye and loaded onto the column.
After 2 h of electrophoresis at 300 V, fractions were collected at a rate of 0.25 mL/min for 4
min for a total fraction volume of 1 mL. A total of 60 fractions were collected for 4 h.
Fractions were analyzed by adding 20 yL of 10x MG binding buffer (final concentration of 5
UM MG Dye, HEPES pH = 7.4, 100 mM KCI, 5 mM MgCly) to 180 yL of each fraction.
Fluorescence was analyzed as described previously. RNA concentrations was measured by
reading absorbance at 260 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Assembly scheme for the construction of double-stranded circular DNA encoding for T7

RNA promoter (red), self-cleaving ribozymes (green), and product RNA sequence (orange).
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Figure2.
Assembly of circular dsSDNA encoded for a single pPRNA 3WJ strand surrounded by the

ribozyme for cleavage. Representative gel image of the assembly process. (1) Single-
stranded linear DNA (ssDNA Lin); (2) single-stranded circular DNA (ssDNA Circ), (3)
double-stranded linear DNA (dsDNA Lin); (4) double-stranded circular DNA (dsDNA Circ)
+ Nick; (5) dsDNA Circ + T4 Ligation to close nick. Ultralow range DNA Ladder (ULR)
and 100bp DNA ladder for size comparison.
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Figure 3.
RCT assessment. Inactive ribozymes lead to concatemerized RNA, whereas cleavage results

in short oligomers. RNA products of transcriptions using (1) single-stranded linear DNA
(ssDNA Lin); (2) single-stranded circular DNA (ssDNA Circ); (3) double-stranded linear
DNA (dsDNA Lin); (4) double-stranded circular DNA (dsDNA Circ) + Nick; (5) dsDNA
Circ; (6) dsDNA Lin; (7) dsDNA Circ + Nick; (8) dsDNA Circ. Lanes 3-5 use inactivated
ribozyme (RBZ) sequences; lanes 68 use active ribozyme sequences. Gel bands were
quantified for desired products from lanes 6-8. Additional band details are provided in Supp
Figure 1.
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Figure 4.
In situ or one-pot co-transcriptional nanoparticles. (A) Circular (Circ) and linear (Lin)

transcription for dsDNA constructs encoding for release of the 3WJ ssRNA oligomers.*
3WJ-a-Lin; (2) 3WJ-a-Circ; (3) 3WJ-b-Lin; (4) 3WJ-b-Circ; (5) 3WJ-c-Lin; (6) 3WJ-c-Circ;
(7) 5'/13’Rbz-IN; (8) 3'Rbz-IN; (9) 5'Rbz-IN; (10) 5'Rbz Only; (11) 3'Rbz Only. Gel bands
were quantified for desired products from lanes 1-5. Additional band details are provided in
Supp Figure 1. (B) Assembly of the 3WJ occurs co-transcriptionally (CoT) by mixing
equimolar amounts of dSDNA encoding for the release of 3WJ-a, -b, and -c strands. Rolling
circle transcription (RCT)-3WJ is assembled from purified RNA fragments from RCT
reaction. Ultralow range DNA Ladder (ULR) for comparison.
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Figure5.
Assembly of one-stranded RNA nanoparticle with functionalities. (A) Schematic for

modified design of self-cleaving ribozyme. (B) Circular (Circ) dsDNA was assembled to
code for the 3WJ and Malachite green aptamer (MG)-3WJ nanoparticles assembled from
one long piece of RNA. (C) PAGE analysis of transcription of one-piece RNA nanoparticles.
(1) RCT-3WJ; (2) 3WJ-Loop; (3) MG-3WJ-Lin; (4) MG-3WJ-Circ. Ultralow range DNA
Ladder (ULR) for comparison.
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Figure 6.
Linear vs circular DNA transcription kinetics. (A,B) Gel analysis of transcription on

Malachite green (MG) fluorescence (specific to nanoparticle folding) and ethidium bromide
(EB) (RNA-specific) channels. Bands were integrated and plotted. (C,D) Monitoring of
transcription using MG fluorescence (specific to nanoparticle folding) and SYBR Green Il
(RNA-specific). MG experiments were repeated a minimum of three times; error is shown as
standard deviation. *p < 0.05, ***p < 0.005.
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Figure7.

Large-scale purification of RNA by gel-electrophoresis column. (A) Malachite green (MG)
fluorescence and absorbance at 260 nm were used to analyze fractions after purification. (B)
PAGE analysis demonstrating purity before and after gel purification. Ultralow range DNA

Ladder (ULR) for comparison.
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