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Abstract

Circular RNAs are useful entities for various biotechnology applications, such as templating
translation and binding or sequestering miRNA and RNA binding proteins. Circular RNA as
highly resistant to degradation in cells and are more long-lived than linear RNAs. Here, we
describe a method for intracellular trans ligation of RNA transcripts that can generate hybrid
circular RNAs. These hybrid circular RNAs comprise two separate RNA that are covalently linked
by ligation to form a circular RNA. By incorporating self-cleaving ribozymes at each site of
ligation, trans ligation of the transcripts occurs in mammalian cells with no additional material. We
provide a protocol for designing and testing trans ligation of transcripts and demonstrate detection
of hybrid circular RNAs using fluorescence microscopy.
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1. INTRODUCTION

Recent studies have shown widespread biogenesis of circular RNAs from human genes
[1,2]. These circular RNAs have diverse roles including sequestering specific miRNAs [3],
binding to intracellular proteins [4], and possibly acting as templates for translation of
proteins [5]. To investigate novel functions of circular RNA and to validate their proposed
biological activities, it is important to design circular RNAs that have specified sequences.
Additionally, the ability to efficiently express circular RNAs is useful for unveiling potential
regulatory roles of a circular RNA. Circular RNAs may also be useful as a general research
tool, aside from furthering our understanding of their role in biology.
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Circular RNAs are fundamentally more stable than linear RNAs. By definition, circular
RNAs lack a 5” and 3” end. Therefore, these molecules are completely protected from
exoribonuclease activity, which reduces their rate of degradation in cells and lengthens their
half-life. While linear mRNAs typically have a half-life counted in hours, circular RNAs
have substantially increased half-lives that may be measured in days or weeks [6]. The
immune properties of circular RNAs are still debated following disparate results [7,8], yet
at a minimum, the lack of 5’ and 3’ ends reduces activation of certain innate immune
responses. Innate immune activation is known to occur through MDADS [9] and RIG-1 [10],
which detects 5’-triphosphates — entities that cannot exist in a truly circular RNA.

Circular RNA biogenesis typically occurs through an alternative splicing pathway during
mRNA intron removal [1]. Through a “backsplicing” process, exonic circular RNAs result
from splicing of a downstream splice donor to the splice acceptor of the same exon or of
an upstream exon within the same transcript [11]. This pathway generally results in lowly
abundant circular RNAs [2]; however, the expression level of individual exonic circular
RNAs is not necessarily tied to that of their corresponding linear mMRNAs [12,13].

Another biological mechanism of RNA circularization occurs during tRNA maturation.
Several human tRNA genes encode an intron in their anticodon loops. These introns are
normally removed by a tRNA splicing pathway, which is wholly distinct from the pathway
for mRNA splicing. The exons of the tRNA are spliced together by a ubiquitous ligase
named RtcB [14-16]. Occasionally, RtcB also ligates the ends of the introns together as
well, resulting in a circular RNA designated as a tricRNA (tRNA intronic circular RNA) [6].
Both the backsplicing and tricRNA mechanisms can be incorporated into transgenes in order
to express custom circular RNAs [4,6]. Yet, the amount of circular RNA that is expressed by
the cell is limited.

A new approach was recently described that results in markedly enhanced levels of circular
RNA biogenesis. This approach, termed “Tornado” (Twister-optimized RNA for durable
overexpression), causes the overall level of circular RNA expression to be increased by
50-fold compared to the tricRNA approach [17]. The Tornado system involves expressing
an RNA of interest flanked by self-cleaving RNA ribozymes. Similarly to the mechanism of
tricRNA expression, the ends of the ribozyme-cleaved transcript join together to form a stem
that resembles the native tRNA stem during tRNA splicing. Ribozyme cleavage produces

a transcript with a 5’-hydroxyl group on the 5 end and a 2°,3’-cyclic phosphate on the

3’ end. This stem and it’s unique modifications are specifically recognized and ligated by
RtcB [17]. Expression of circular RNA by the Tornado system leads to a higher intracellular
concentration of circular RNA than the other circular RNA expression systems that were
tested. This accumulation is mainly due to the efficiency of the ribozymes, the RtcB ligation
step, and the high transcription associated with the RNA Polymerase |11 promoter.

The abundance of circular RNA that results from Tornado can be the basis of useful

and interesting research tools like fluorescent reporters of gene expression. Almost any
conceivable functional RNA sequence can be overexpressed using this system. For instance,
fluorogenic RNAs are RNA aptamers that bind an otherwise nonfluorescent dye, activating
its fluorescence. The field of genetically encoded fluorogenic RNAs began with the
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“Spinach” and “Broccoli” aptamers [18,19], which have now grown to include numerous
other aptamers with different fluorescence properties [20-25]. By circularizing these RNA
sequences, the fluorescence signal is much easier to detect in each cell [17]. Occasionally
some minor sequence modifications are necessary. Compared to other research tools, such
as protein-based fluorescent reporters, these RNAs are advantageously much smaller in
molecular weight and in the DNA length when genetically encoded.

The unique ribozyme-dependent mechanism of RNA circularization presents the possibility
of performing “trans ligation” reactions in which two different RNAs are ligated together. In
one type of trans ligation reaction, two RNAs are ligated to form a longer RNA. In a second
type of trans RNA ligation reaction, two RNAs are ligated to each other at both of their ends,
resulting in a “hybrid” circular RNA. This hybrid circular comprises two transcripts that are
ligated so that each of one transcript’s 5” and 3’ ends are joined to the opposite ends of the
other transcript (Fig 1A).

Trans RNA ligation technology can be used for several applications. First, it could be used
to make reporter systems that only fluoresce when two different promoters are active. Each
promoter can make one part of the hybrid RNA, which together would produce fluorescence.
As an example, this could be used in gene editing applications to identify cells in which two
alleles have undergone homologous recombination. This type of approach would reduce the
need to test many clones for homologous recombination at both alleles.

Trans RNA ligation can also be used to create long linear RNAs with chemical
modifications. Long RNAs are typically made by /n vitro transcription using T7

RNA polymerase [26]. However, this method does not allow site-specific incorporation

of madified nucleotides, such as A-acetylglucosamine, 2’-O-Me or phosphorothioate
modifications. Thus, an RNA with a 3’ ribozyme can be in vitro transcribed, resulting in

an RNA product with a 2,3’ cyclic phosphate on the 3’ end of the RNA. Using RtcB, this
RNA can then be ligated with a synthetic chemically modified RNA oligonucleotide with

a 5’ hydroxyl. The resulting longer linear RNA would therefore have site-specific chemical
modifications. This approach presents an alternative to previous methods that generate long
linear RNAs by utilizing traditional T4 RNA ligase or DNAzymes [27,28].

Overall, ligation of RNA molecules together using recombinant RtcB is an attractive way to
assemble RNAs from two or more transcripts. Here, we outline the steps needed to design
transcripts that can be trans-ligated in mammalian cells or in an /n vitro enzymatic reaction,
and how to validate ligation and/or circularization of transcripts.

2. CONSIDERATIONS/DISCUSSION

Designing two transcripts that properly undergo RtcB-mediated ligation is primarily about
correctly designing the transcripts’ sequences. The sequence requirements for designing

a Tornado-based circularizing transcript [17] apply to the sequences of RNAs for trans
ligation. If the RNAs are to be expressed and circularized in cells, the RNAs are

typically transcribed by RNA polymerase I11. Therefore, poly(U) sequences must be avoided
throughout the transcript to prevent premature termination. A stretch of four or more

Methods. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Litke and Jaffrey

Page 4

uridines in a row is the conventional termination sequence for RNA polymerase I11;
however, noncanonical termination sequences [29] should also be generally avoided. If
possible, we recommend mutating the sequence to eliminate these polymerase termination
signals.

The efficiency of RNA ligation by RtcB decreases as length increases. The Tornado system
has been used to express a circular RNA that is several hundred nucleotides long [17].
However, when Tornado was used to express circular RNAs as long as 2 kb, a lower
efficiency was observed. The same trend is likely to also be true for expressing hybrid
circular RNAs. However, the negative effect of length on ligation may be more pronounced
since two or more ligations are required from trans ligation. The requirement for multiple
ligations would give exonucleases more time to degrade the RNA before circularization
renders the RNA resistant to exonucleases.

Another consideration is to design RNAs that can be visualized in cells and in gels. This
is important for confirmation that the RNAs are purely synthesized in full-length and

for quantification. Detecting circular RNAs can be achieved by including a fluorogenic
RNA sequence such as Broccoli [30] in the transcripts. Broccoli contains no termination
sequences and can easily be split into two RNA strands. In this way, trans ligation can be
visualized. Each portion of split Broccoli (Broccoli A and Broccoli B) is independently
non-fluorogenic and only become fluorogenic when both are present and in complex (Fig.
1B). Thus, by including Broccoli A on one transcript and Broccoli B on the other, the
trans-ligated circular RNAs can be detected on a gel stained by DFHBI-1T, the cognate
fluorophore for Broccoli [18,30].

An important consideration is to ensure that the two RNA fragments hybridize to each
other, which will facilitate their ligation. For these two RNASs to be ligated by RtcB, the 5’
sequence of each RNA should hybridize to the 3’ end of the other RNA to form a helical
stem. This stem comprises a “ligation site” which resembles the normal tRNA substrate
of RtcB. For trans RNA ligation of two RNAs into a circular RNA, two ligation sites

are required. Three ligation sites would be required for ligating three RNAs into a circle.
Furthermore, trans ligation of two RNAs to form a linear RNA only requires one ligation
site.

2.1 Selecting sequences at each ligation site

Trans RNA ligation works best when the sequences at the 5’ and 3’ ends of the RNAs

that comprise a ligation site are unique from the sequences that form the other ligation

sites. By carefully designing these 5” and 3’ “ligation sequences,” ligation will occur at the
desired ligation sites in a controlled manner. If two ligation sites are similar enough that
erroneous hybridization can occur between the wrong pair of 5” and 3’ ligation sequences,
they could become ligated by RtcB, producing an unexpected RNA. Thus, the precise
ligation sequences must be designed with minimal potential for hybridization with other
ligation sites. The possibility for dsSRNA to form G-U base pairs should be considered when
designing unique ligation sequences for each ligation site.
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Some aspects of the ligation site should not change from site to site. Each 5’ ligation
sequence should begin with 5’~AACCATGC-3’ and each 3’ ligation sequence should end
with 5’-GCGTGGACTGTAG-3’ (Fig. 2). Where underlined, these two “tRNA intermediate
sequences” hybridize to form a short helical stem, with 5” and 3’ overhangs, mimicking a
human tRNATY splicing intermediate. This is the natural target of RtcB, yet the sequences
of this helical stem can be changed to further reduce erroneous hybridization between
different ligation sites. Any mutations should preserve dsRNA base pairing in the ligation
site (see Fig. 2). Considering the ribozyme cleavage precursor transcript (Fig. 2), these
mutations also must be made within only the dsSRNA regions of the ribozyme, and so that
base pairing within the ribozyme is preserved (see red-outlined nucleotides in Fig. 2 and
section 2.2 for more details).

To promote hybridization of the ligation site, each pair of 5’ and 3’ ligation sequences
should include sequences that together form a 10-15 base pair helix (Fig. 2). Helices
less than 10 bp might not be thermodynamically stable in cells, and stems longer than
20 bp might become substrates for DICER in cells. In this work, we describe transcripts
(Supplementary Table 1) wherein one pair of ligation sequences matches the 15 bp stem-
forming sequences from the originally published Tornado system (stem1). The second
pair of ligation sequences is compositionally different but forms the same length: a 15
bp stem (stem?2). It may be useful to choose the same ligation sequences described here
(Supplementary Table 1) because they have already been validated to circularize a single
transcript with high efficiency.

When trans ligating RNA transcripts, each transcript will share at least one ligation sites
with one other transcript. The 5” and 3’ ligation sequences at each ligation site must be
added to one of the two transcripts at every ligation site. For the transcript at the 3’ end of
the ligation site, the 5 ligation sequence should be inserted just after 5 tRNA intermediate
described above. For the transcript at the 5’ end of the ligation site, the 3’ ligation sequence
should be inserted just before 3’ tRNA intermediate. This must be done for every ligation
site shared between any two RNA transcripts.

2.2 Adding ribozymes to each transcript

Once the ligation sequences have been added to the appropriate transcripts, ribozyme
sequences are added to the DNA template for each transcript. This is necessary so that

the encoded RNA transcript will undergo cleavage to form the necessary end modifications
(5’-OH and/or 2’,3’-cyclic phosphate). A 5’ end and a 3’ end, and their modifications, must
be present at each ligation site for trans RNA ligation by RtcB. Adding each of the two
different types of Twister ribozymes to the ends of transcripts occurs in three steps: (1) one
type of ribozyme is added to the 3’ end of each transcript with a ligation site at its 3’ end.
(2) a second type of ribozymes is added to the 5’ end of each transcript with a ligation site at
its 5” end. (3) mutations are made to each riboyzme on the 5’ ends of transcripts to promote
proper ribozyme folding.

The first step of adding ribozymes to the transcripts is to add a ribozyme to the 3’ end of
each transcript that has a ligation site at its 3’ end. A type P1 Twister ribozyme [31] should
be used for each 3’ end of these transcripts because this ribozyme specifically cleaves at
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a site near its 5° end (Fig. 2). Thus, only a small sequence of the ribozyme is left on the
RNA of interest. This “ribozyme stem sequence” exists between the cleavage site and the
5’ end of the P1 Twister ribozyme and forms an RNA duplex with another sequence in the
ribozyme (Fig. 2). Each of these transcripts is merged with the type P1 Twister sequence
by replacing the ribozyme stem sequence with the 3’ tRNA intermediate sequence and 3’
ligation sequence. This ensures that the 3’ tRNA intermediate sequence is at the 3’ end of
the transcript after ribozyme cleavage.

The second step is to add a ribozyme to the 5’ end of each transcripts with a ligation site at
its 5” end. For 5’ ends, type P3 Twisters [32] are appropriate to add because they self-cleave
near the ribozyme’s 3’ end. Again, this leaves a small fragment on the RNA of interest. For
type P3 Twister, the ribozyme stem sequence is between its cleavage site and the 3’ end of
the ribozyme (Fig. 2). Each of these transcripts are merged with the 3" end of the P3 Twister
sequence. This is done in such a way that the 5* tRNA intermediate sequence and the 5’
ligation sequence replace the ribozyme stem sequence (Fig. 2).

The third step is to make mutations to each transcript containing a type P3 Twister, so that
this ribozyme folds properly, promoting rapid cleavage. After merging type P3 Twister to the
5’ ends of transcripts in step two, crucial base pairs in the ribozyme structure are disrupted,
which must be fixed by mutating each instance of this ribozyme. Mutations must be made

to the sequence at the very beginning of the ribozyme that normally forms a duplex with the
ribozyme stem sequence (Fig. 2).

If the tRNA intermediate sequences has been changed for any ligation site (see section

2.1), then additional compensatory mutations should be made to the ribozymes (Fig. 2).
Compensatory mutations must be made to the middle of the type P3 Twisters that preserve
base pairing with the 5’ tRNA intermediate sequence (see red-outlined nucleotides in Fig.
2). Compensatory mutations to the 3’ end of the type P1 Twister must be made that preserve
base pairing with the 3’ ligation tRNA intermediate sequence (see red-outlined nucleotides
in Fig. 2). Together, these mutations promote rapid cleavage of the ribozymes by promoting
the consensus secondary structures.

Once the ribozymes have been added to the ligation sites for each transcript, it will be
possible for RtcB to trans ligate the RNAs (Fig. 3). Each transcript can be encoded ina T7
promoter-driven template for in vitro transcription (kits supplied by Lucigen cat# ASF3507)
or a U6 promoter-driven plasmid for mammalian expression. Trans ligation of RNAs is
possible /n vitro using recombinant £. coli RtcB (supplied by New England Biolabs), while
a protocol for trans ligation in mammalian cells is described here.

3. MATERIALS
. Cloning reagents and equipment
- Sall (New England Biolabs, cat# R0138)
- Xbal (New England Biolabs, cat# R0145)

- Standard cloning reagents, for example
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Taq polymerase (New England Biolabs, cat# E5000)
Deoxynucleotide mix (dNTPs) (Sigma Aldrich, cat# D7295)
Quick Ligase kit (New England Biolabs, cat# M200)
Agarose (Sigma Aldrich, cat# D7295)

*® & & o o

50x TAE buffer
. 2 M tris base (Sigma Aldrich, cat# 648310)
. 1 M glacial acetic acid (Sigma Aldrich, cat# A6283)

. 0.05 M EDTA, pH 8.0 (Sigma Aldrich, cat#
EDS-100G)

PCR thermocycler

agarose gel casting and running apparatus

LB agar (Thermo Fisher, cat# 22700025)

LB broth base (Thermo Fisher, cat# 12780052)

*® & & o o

Carbenicillin (Sigma Aldrich, cat# C1389)

¢ Bacterial incubator

. RNA expression

. Page gel

HEK?293T cells (ATCC, cat# CRL-3216)

Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher, cat#
11054001)

Penicillin/Streptomycin (Thermo Fisher, cat# 15140122)
Glutamax (Thermo Fisher, cat# 35050061)

FBS (Thermo Fisher, cat# 26140)

TrypLE (Thermo Fisher, cat# 12563011)

PBS (Thermo Fisher, cat# 70011044)

FUGENE HD (Promega, cat# E2311)

Trizol LS (Thermo Fisher, cat# 10296010)

¢ Trizol LS contains phenol and chloroform, which present
health and safety hazards. Please refer to the Safety Data Sheet
for appropriate use.

Isopropanol (Sigma Aldrich, cat# 19516)

Tissue culture hood and incubator

Low Range ssRNA ladder (New England Biolabs, cat# N0364S)
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- Novex TBE-Urea sample buffer (Thermo Fisher, cat# LC6876)

- 10x TBE

¢
¢
¢

1 M tris base (Sigma Aldrich, cat# 648310)
1 M boric acid (Sigma Aldrich, cat# B6768)
0.02 M EDTA, pH 8.0 (Sigma Aldrich, cat# EDS-100G)

- Novex TBE-Urea gels (Thermo Fisher, cat# EC6875)

- or custom PAGE gels (optional)

¢
¢
¢

¢
¢
¢

Novex gel cassettes (Thermo Fisher, cat# NC2010)
Gel cassette combs (Thermo Fisher, cat# NC3010)

Acrylamide/Bis-acrylamide (29:1) (Sigma Aldrich, cat#
A2792)

Ammonium persulfate (Sigma Aldrich, cat# A3678)
TEMED (Sigma Aldrich, cat# T9281)
Urea (Sigma Aldrich, cat# U5378)

- PAGE gel running apparatus

- PCR thermocycler or 80 °C heat block

- Broccoli staining solution

¢

¢
¢
¢

- SYBR TM Gold Nucleic Acid Gel Stain (Invitrogen cat# S11494)

40 mM HEPES-K pH 7.4 (Sigma Aldrich, cat# 54457)
100 mM KCI (Sigma Aldrich, cat# P9541)
1 mM MgCls, (Sigma Aldrich, cat# M8266)

10 uM DFHBI, DFHBI-1T or DFHBI-BI (Lucerna
Technologies cat# 400, 410, or 600)

- Fluorescence gel imager

. Live cell circular RNA detection

- Fluorescence microscope with EGFP filter set

- FluoroBrite medium (Thermo Fisher, cat# A1896701)

Page 8

- DFHBI, DFHBI-1T or DFHBI-BI (Lucerna Technologies, cat# 400,
410, or 600)
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4.1 Cloning hybrid circular constructs

Plasmids expressing each transcript to be trans ligated are derived from a pAV vector with
a U6 promoter driving expression. The transcript contains modified 5° and 3’ ribozymes
(Fig. 2) flanking the RNA of interest. The RNA of interest is flanked by different ligation
sequences. The insert comprising the ribozymes, the ligation sequences, and the RNA of
interest is prepared by PCR with a 5’ Sall site and a 3’ Xbal site. Constructs can be
generated by ligating inserts into the pAV plasmid at the Sall and Xbal sites using standard
cloning techniques.

4.2 RNA expression and collection

HEK?293T cells are cultured in growth media (DMEM supplemented with 1x
Penicillin-Streptomycin, 1x Glutamax and 10% fetal bovine serum) in a tissue
culture incubator that maintains 5% CO2 and 37 °C. All tissue culture work is
conducted in a biosafety cabinet.

Plasmids encoding RNA transcripts that will be trans ligated are co-

transfected into cells using FUGENE HD transfection reagent according to the
manufacturer’s protocol. Plasmids encoding circular Brococli from one transcript
are transfected in the same way. The day before transfection, cells are seeded
onto 12-well plates.

Three days after transfection, the cells are collected and the cellular RNA is
harvested. A single set of transfected cells can be used for analysis of total
cellular RNA and imaging trans ligated in live cells. If the cells expressing the
circular RNA will be imaged (optional), first prepare imaging dishes.

- (optional) Coat a sterile 24-well glass-bottom dish with 0.5 mL poly-D-
lysine in each well for 3-24 hours. Then, wash the dishes twice with
0.5 mL of sterile PBS in each well and allow to dry in the tissue culture
hood.

Next, the total cellular RNA is harvested from the cells. First, each well of

cells is trypsinized by washing briefly with sterile PBS and placing in the tissue
culture incubator for 5 min. To quench trypsin, add 0.5 mL of growth medium
and dislodge cells from the plate. If these cells will be imaged for trans RNA
ligation (optional), then the trypsinized cells will need to be seeded onto the
imaging dish at this step as follows below. To collect total RNA from the
trypsinized cells, they are then centrifuged in 15 mL conical tubes for 5 minutes
at 300 g. Next, aspirate supernatant from the tubes and resuspend cells in 250 L
PBS and transfer to Eppendorf tubes. Next, a volume of 750 pL of Trizol LS is
added to this suspension outside of the biosafety cabinet, ideally in a chemical
fume hood, and inverted multiple times. The mixture of Trizol LS and cells can
be stored at —20 °C until ready to isolate total cellular RNA by following the
manufacturer’s protocol.
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- (optional): To prepare cells for imaging trans ligated RNA, they are
seeded onto imaging dishes. The cell density of each tube of trypsinized
cells can be counted using a haemocytometer. Plate 80,000 cells for
each condition into a well of the dried imaging plate (~5 x 10* cells/
cm?), adding growth media to 0.5 mL total in each well. Cells are then
cultured in the tissue culture incubator. Imaging proceeds 24 hours later
from section 4.4.

4.3 Hybrid circular RNA analysis and detection

. First, total cellular RNA is separated on denaturing polyacrylamide gels. 6%
acrylamide gels efficiently resolve circular RNAs that are longer than 250 nt,
while 10% acrylamide gels are more appropriate for smaller circular RNAs.
Denaturing PAGE gels containing 6-8 M urea in TBE can be prepared from
acrylamide (optional) or they can be purchased already polymerized in cassettes.

- (optional) To prepare polyacrylamide gels, gather gel cassettes and
carefully washed and dried gel combs. For two 10% polyacrylamide
mini-gels combine 5 mL of 30% acrylamide/bis-acrylamide (29:1) with
1.5 mL 10x TBE, 7.2 g urea, and water to a total volume of 14.7
mL. Then add 250 pL 10% APS, and mix, then add 12.5 uL TEMED
and quickly mix, then add the mixture into the gel cassettes with a
serological pipette, avoiding formation of bubbles in the solution. Then
add combs to the cassettes. Gels will polymerize within 30 minutes.

. After removing the comb and tape from the PAGE gel, assemble the gel in the
gel running apparatus and fill the top reservoir with 1x TBE buffer and the
bottom reservoir with at least 3 cm of buffer. Then pre-run the gel for 30 minutes
at 300 V.

. Meanwhile prepare 1-5 g of each total RNA sample in denaturing PAGE
loading buffer in a total volume of 10-20 pL, depending on the maximum load
volume of the wells of the gel comb. Also prepare 500 ng of the ladder with
the denaturing PAGE loading buffer in the same total volume. Next, heat all
samples and the ladder to 80 °C for 10 minutes using a PCR thermocycler heat
block. Once samples have cooled to room temperature and the gel has finished
pre-running, clear any residual urea from the wells by rinsing with TBE buffer
using a p1000 pipette or syringe. Then, load samples and ladder into the wells
and run at 250 V for 30 minutes or until the lower dye front (bromophenol blue)
has reached the bottom of the gel. RNAs longer than 250 nt many require longer
run times for optimal separation.

. The next step is to visualize the fluorescent RNAS in the gel. While the gel
is running, prepare the Broccoli staining solution. Once the gel has finished
running, allow it to cool briefly. Then, remove the gel from the cassette and
carefully transfer the gel to a plastic tray or the inverted lid of a pipette tip box.
Rinse the gel with 10 mL of deionized water or enough to cover the gel. Incubate
on an orbital shaker for 5 min and repeat with fresh deionized water 2—3 times.
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Then, add the fluorescent gel stain and incubate for another 20 minutes. This
stain can be stored at 4 °C and reused 3-5 times. Remove the stain and image
the gel image with Alexa488 settings (or equivalent settings using approximately
470 nm excitation and 530 nm emission) to collect the fluorescence image.

The visualized bands from this setting correspond to RNAs containing Broccoli
RNA.

Next, image the total cellular RNA and the ladder bands of the gel using SYBR
Gold Nucleic Acid Gel stain. To do so, rinse the gel 3x 5 min with deionized
water, then combine 1.5 pL of concentrated SYBR Gold with 15 mL water and
add to the gel. Incubate on an orbital shaker for 10 minutes and then image the
gel using SYBR Gold settings (or equivalent settings with approximately 302 nm
excitation and 590 nm excitation). The bands of the ladder and the total cellular
RNA should be visible.

4.4 Detection of trans ligated RNA in live cells

4.5 Sample results

To image Broccoli-containing circular RNAs in live cells, the cells are first
transfected, then plated onto imaging plates as described in step 2. The cells
should be imaged the day after seeding onto imaging plates.

30 minutes before imaging cells, the growth medium is aspirated and replaced
with FluoroBrite medium containing 40 uM DFHBI-1T or BI. Use a fluorescent
microscope that is compatible with EGFP imaging. The filter set used for
Broccoli detection is a standard EGFP filter set (470 nm excitation and 525

nm emission).

If using DFHBI-1T, Broccoli can quickly photobleach by cis-trans isomerization.
Therefore, it is advisable that the field of view is selected before opening the
fluorescence light source shutter. If this shutter is opened, wait 20-30 seconds
before collecting another image. This time period allows the photobleached
Broccoli to recover fluorescence due to exchange of fluorescence-incompetent
trans-DFHBI-1T with fluorescence-competent ¢/ss-DFHBI-1T from the cytosol.
Excitation light source intensity levels can vary by microscope. To reduce the
rate photobleaching, excitation should be as low as possible while fluorescence is
still detected.

Previously, we have described a pair of ligation sequences that is efficiently ligated by RtcB
(stem1) [17]. For proper trans ligation of two RNAs in a circular RNA, two ligation sites are
needed. The sequences at these ligation sites must be different in order to avoid erroneous
hybridization of transcripts from different ligation sites. Furthermore, these ligation sites
must become ligated in cells with similar efficiency. If one ligation site is less efficient than
another, there may be a bias towards ligating RNAs at only one ligation site rather than

at both sites, thus producing more linear and less circular RNA. Thus, it is important to
follow the steps outlined in section 2.1 and assess the relative efficiency of each ligation site

separately.
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To test the previously described ligation sequences (stem1) alongside a new pair of
ligation sequences (stem2), we compared the ability of each pair to circularize Broccoli-
containing transcripts (Fig. 4A). The ligation sequences in each transcript are flanked by
ribozymes (Supplementary Table 1), as described for the Tornado system [17], leading to
ligation of circular Broccoli from a single transcript (“single-transcript circular Broccoli™).
Both ligation sites generated a bright circular Broccoli band when measuring DFHBI-1T-
depending fluorescence of total cellular RNA on a gel (Fig. 4A). This indicates that both
ligation sequences form equally efficient ligation sites and substrates of intracellular RtcB.

Next, we designed transcripts that would generate a strong fluorescent signal only when
trans ligated into a circular RNA. To detect whether the RNAs were trans ligated, the
Broccoli sequence was split into two halves, and one of each half was added to each of

the two RNA transcripts (Supplementary Table 1). Only when the 5” half (Broccoli A) is
ligated to the 3’ half (Broccoli B) will fluorescence be observed. There are two RNA helix
regions of Broccoli and each is an ideal ligation site. In the manner described in sections
2.1 and 2.2, we added each ligation sequence (stem1 or stem2) to a different ligation site of
split Broccoli (Supplementary Table 1). The result was four different transcripts (transcripts
3-6), comprised of two transcripts with Broccoli A and two with Broccoli B, none of which
produced fluorescence when transcribed alone (Fig 4A). Although, linear Broccoli RNAs
are unstable in cells and would be difficult to fluorescently detect [6,17], RNA half-life
measurements using actinomycin D can indicate whether such an RNA is linear or circular.

Next, we tested whether these split-Broccoli RNAs are trans ligated by co-transfecting pairs
of plasmids that encode a Broccoli A and a Broccoli B transcript. For pairs of transcripts
where both ligation sites are able to form as in Figure 3 (transcripts 3+4, and 5+6), Broccoli
signal was detected (Fig. 4A). Slightly more Broccoli signal was present when stem1 was
added to the ligation site downstream of Broccoli A and stem2 downstream of Broccoli B
(transcript 5+6), as compared to the alternative arrangement (transcript 3+4), as in Figure
4A. These bands can be confirmed as circular RNAs by a half-life measurement [6] or an
exonuclease treatment [33]; however, the gel mobility of the RNA band is too rapid for it

to be the linear precursor to circularization. The transcript pairs that are not able to form
ligation sites (transcripts 3+6 and 4+5) did not produce RNAs with observable Broccoli
fluorescence (Fig. 4A).

Compared to single-transcript circular Broccoli, the amount of trans ligated circular Broccoli
was greatly diminished. This drop in efficiency could stem from multiple factors. Primarily,
trans ligation requires formation of the ligation site from two transcripts. The rate of this
second-order reaction relies on the concentration of two RNAs, reducing the efficiency of
ligation site formation relative to ligation sites formed by a single transcript. Based on
previous measurements of circular Broccoli levels at 20 pM in cells [17], we estimate that
the level of trans-ligated circular Broccoli is as high at 400 nM (Fig. 4A).

Next, we tested whether the expression level of trans ligated Broccoli was high enough to
detect its fluorescence in live cells. We performed fluorescence microscopy on the same
HEK?293T cells used for PAGE detection experiments. Trans ligated circular Broccoli signal
was detected by microscopy and appeared to have similar localization as expression of
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single-transcript circular Broccoli expression (Fig. 4B). All cells expressing only half of

this hybrid RNA produced no fluorescence signal during microscopy (not shown). Thus, a
trans-ligated circular RNA reporter can be used in mammalian cells in a way that depends on
expression of two transcripts.

5. CONCLUSIONS

The Tornado expression system can be modified to generate trans ligated circular RNAs,
leading to many potential applications. Firstly, trans ligation may be useful when generating
a hybrid circular RNA as a reporter in cell lines. While trans ligated circular RNAs do not
accumulate in cells as highly as single-transcript circular RNA, the level of trans ligated
circular RNA is still sufficient to use as a fluorescent reporter in live cells.

Secondly, trans RNA ligation using purified bacterial RtcB could potentially enable RNA
syntheses that are difficult by traditional RNA synthesis or by /n vitro transcription alone.
Currently, synthesis of RNAs with site-specific chemical modifications is limited to short
RNAsS, but methods for ligating small RNAs together into longer modified linear RNAs do
exist. These methods rely on either a third oligonucleotide “splint” that templates ligation
by T4 RNA ligase or on a DNA enzyme [28] that ligates 3’-OH and 5’-triphosphates with
specific end sequences. By contrast, the scheme for trans ligation by RtcB produces the
required phosphorylation ends intrinsically, and only the two template oligonucleotides are
required.

We expect that trans ligation of RNAs by purified bacteria RtcB outside of cells is much
more efficient than ligation by mammalian RtcB inside cells. Highly improved RNA ligation
would be achieved by using optimal conditions for RtcB and concentrations of cations

and RNA transcripts that promote hybridization. In theory, this system for trans ligation of
RNAs will efficiently produce long RNA molecules with modifications to the nucleobase or
backbone that are otherwise costly and difficult to synthesis as a single transcript.

A third potential application of trans RNA ligation by RtcB is for generating complex
libraries of RNA sequences. This could be beneficial when diverse mutants of protein

will be screened during protein evolution or selection. While we have shown here that

two transcripts can be ligated into one RNA, it is possible to extend this methodology

to three or more transcripts. Conceivably, one could ligate three or more RNA libraries
together, generating mRNA libraries with variable length, depending on which transcripts
were ligated at each site. Differences in the order by which each transcript was ligated would
also increase the complexity of the libraries in this application.

Overall, the straightforward steps required to design hybrid linear or circular RNAs have
been described here and can be replicated for nearly any RNA of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
RNA transcripts are trans ligated by endogenous RNA ligases
Multiple sites of ligation between RNAs can generate ligated circular RNAs

Fluorescence detection of ligated circular RNAs is possible in live
mammalian cells
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Figure 1:
(A) Trans RNA ligation of two RNAs to form a circular RNA. If two transcripts can be

trans ligated at both ends, then a circular RNA is formed that contains both sequences. (B)
Split Broccoli is only fluorescent when both Broccoli A and Broccoli B are present. Both
Broccoli A and Broccoli B are essential to form the DFHBI-binding site (two G-quartets and
the U-A-U triplet). A stable and fluorescent RNA is only formed after trans ligating Broccoli
A and Broccoli B into a circular RNA.
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Figure 2:
The process for adding type P1 and P3 Twister ribozymes along with the ribozyme

sequences are shown. The type P1 Twister ribozyme sequence (cyan) has a ribozyme stem
sequence (red) between its cleavage site (black arrow head) and 5’ end. The type P3 Twister
ribozyme sequence (blue) has a ribozyme stem sequence that is between its cleavage site and
3’ end.

The ligation sequences (orange), which are unique for each ligation site are designed so that
they will not form helices with ligation sequences from other ligation sites. They are also
designed to include the 5 and 3’ tRNA intermediate sequences (orange with green outline).
The type P1 Twister is added to the upstream transcript (labeled “RNA 1” and green) by
replacing the ribozyme’s stem sequence with the 3’ ligation sequence. Subsequently, the
type P3 ribozyme Twister sequence is added to the downstream transcript (labeled “RNA
2” and green) by replacing its ribozyme stem sequence with the 5’ ligation sequence. If the
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5’ tRNA intermediate sequences have been modified to avoid erroneous hybridization, then
mutations need to be made that maintain the helices within both ribozymes. The sites to
make these mutations (blue or cyan with red outline) are the same for each ligation site, but
the exact mutations may differ.

After cleavage of both ribozymes, the 5’ and 3’ ligation sequence form a helix that will
contain both tRNA intermediate sequences with 2’,3’-cyclic phosphate and 5’-OH groups.
This ligation site can be recognized by RtcB, which ligates the 5’ and 3’ overhangs, leading
to trans ligation of the two RNAs of interest.
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Figure 3:

The overall scheme for trans ligation of two transcripts into circular Brococli is shown. The
sequence for Broccoli A is flanked by a 5’ ligation sequence from the stem1 ligation site and
a 3’ ligation sequence from the stem2 ligation site. Broccoli B is flanked by a 5’ ligation
sequence from the stem2 ligation site and a 3’ ligation sequence from the stem1 ligation.
After transcription by RNA polymerase 111, then cleavage by both ribozymes, the stem1 and
stem2 ligation sequences in each transcript base pair to form helices containing 2°,3’-cyclic
phosphate and 5’-OH modifications. RtcB recognizes these unique modifications, leading to
ligation at both ligation sites. A stable Broccoli sequence is formed that can bind DFHBI
and fluoresce.
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Figure 4:

(A) Multiple transcripts were designed with the aim of validating trans RNA ligation into
circular Broccoli in cells. Transcripts containing full-length Broccoli and only the stem1 or
stem2 ligation site (transcript 1 and 2, respectively) are efficiently circularized. Transcripts
3,4, 5, and 6 contain Broccoli A (transcripts 3 and 5) or Broccoli B (transcripts 4 and 6)

and do not form fluorescent species on their own. Co-transfection of constructs containing
Broccoli A and Broccoli B transcripts leads to a circular Broccoli signal only when the
stem1 and stem2 ligation sequences match after ribozyme cleavage, according to Figure 3
(transcript 3 matches with 4 and transcript 5 matches with 6). (B) Live cell fluorescence of
circular Broccoli expression or trans ligated circular Broccoli. Circular Broccoli is detected
in HEK293T cells expressing either circular Broccoli control (both transcript 1 and 2). Trans
ligated circular Broccoli is detected in cells co-transfected for expression of transcript 5 and
6. Brightness levels of these images have been adjusted to improve visibility of fluorescence.
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