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21  SUMMARY:
22  Here, we present a protocol to produce large amounts of recombinant RNA in Escherichia coli
23 by co-expressing a chimeric RNA that contains the RNA of interest in a viroid scaffold and a
24 plant tRNA ligase. The main product is a circular molecule that facilitates purification to
25 homogeneity.
26
27  ABSTRACT:
28  With increasing interest in RNA biology and the use of RNA molecules in sophisticated
29  biotechnological applications, the methods to produce large amounts of recombinant RNAs are
30 limited. Here, we describe a protocol to produce large amounts of recombinant RNA in
31  Escherichia coli based on co-expression of a chimeric molecule that contains the RNA of interest
32 inaviroid scaffold and a plant tRNA ligase. Viroids are relatively small, non-coding, highly base-
33  paired circular RNAs that are infectious to higher plants. The host plant tRNA ligase is an
34  enzyme recruited by viroids that belong to the family Avsunviroidae, such as Eggplant latent
35  viroid (ELVd), to mediate RNA circularization during viroid replication. Although ELVd does not
36  replicate in E. coli, an ELVd precursor is efficiently transcribed by the E. coli RNA polymerase
37 and processed by the embedded hammerhead ribozymes in bacterial cells, and the resulting
38 monomers are circularized by the co-expressed tRNA ligase reaching a remarkable
39  concentration. The insertion of an RNA of interest into the ELVd scaffold enables the production
40  of tens of milligrams of the recombinant RNA per liter of bacterial culture in regular laboratory
41  conditions. A main fraction of the RNA product is circular, a feature that facilitates the
42  purification of the recombinant RNA to virtual homogeneity. In this protocol, a complementary
43  DNA (cDNA) corresponding to the RNA of interest is inserted in a particular position of the ELVd
44  cDNA in an expression plasmid that is used, along the plasmid to co-express eggplant tRNA
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ligase, to transform E. coli. Co-expression of both molecules under the control of strong
constitutive promoters leads to production of large amounts of the recombinant RNA. The
recombinant RNA can be extracted from the bacterial cells and separated from the bulk of
bacterial RNAs taking advantage of its circularity.

INTRODUCTION:

In contrast to DNA and proteins, protocols for easy, efficient and cost-effective production of
large amounts of RNA are not abundant. However, research and industry demand increasing
amounts of these biomolecules to investigate their unique biological properties!, or to be
employed in sophisticated biotechnological applications, including their use as highly specific
aptamers?, therapeutic agents3, or selective pesticides®. In vitro transcription and chemical
synthesis are commonly used in research to produce RNA. However, these methods entail
important limitations when large amounts of the products are required. The logical alternative
is to use the endogenous transcription machinery of living cells, followed by a purification
process to separate the RNAs of interest from the cellular companions. Following this strategy,
methods have been developed to produce recombinant RNAs in bacterial cells, such as the lab-
friendly Escherichia coli®> or the marine purple phototrophic alpha-proteobacterium
Rhodovolum sulfidophilum®. Most methods to produce recombinant RNA in bacteria rely on the
expression of a native highly stable RNA scaffold, such as a tRNA or an rRNA, in which the RNA
of interest is inserted’. This imposes the necessity of releasing the RNA of interest out of the
chimeric molecule, if the presence of extra RNA is a problem for the downstream applications®.
Another concept in recombinant RNA biotechnology is the production of recombinant
ribonucleoprotein complexes that may be the desired product per se or used as a protective
strategy to increase the stability of the RNA of interest®1°. Similarly, the production of circular
RNAs has also been suggested as a strategy to generate more stable products®'.

We have recently developed a new method to produce large amounts of recombinant RNA in E.
coli that participates in three of the above concepts: the insertion of the RNA of interest in a
highly stable circular RNA scaffold and the co-expression of the recombinant RNA with an
interacting protein to likely produce a stable ribonucleoprotein complex that accumulates in
remarkable amounts in bacterial cells*2. In contrast to previous developments, we used an RNA
scaffold completely alien to E. coli, namely a viroid. Viroids are a very particular type of
infectious agents of higher plants that are exclusively constituted by a relatively small (246-401
nt) highly base-paired circular RNA*3, Interestingly, viroids are non-coding RNAs and, with no
help from their own proteins, they are able to complete complex infectious cycles in the
infected hosts!4. These cycles include the RNA-to-RNA replication in the nuclei or chloroplasts,
depending on the viroid family —Pospiviroidae or Avsunviroidae, respectively—, movement
through the infected plant and evasion of the host defensive response. Viroids must be ranked
among the most stable RNAs in nature, as a consequence of being a naked circular RNA and
having to survive in the hostile environment of plant infected cells. This property may make
viroids particularly suitable as scaffolds to stabilize recombinant RNA in biotechnological
approaches. In addition, the new method is based on co-expression of the viroid scaffold with
an interacting plant protein. Viroids replicate through a rolling-circle mechanism in which host
enzymes are recruited to catalyze the different steps of the process. Notably some viroids,
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more specifically those that belong to the family Avsunviroidae®, contain ribozymes that are
also involved in replication. Depending on the viroid species, transcription of viroid RNAs is
mediated by the host RNA polymerase Il or the chloroplastic nuclear-encoded RNA polymerase
(NEP). Viroid RNA processing seems to be catalyzed by a host type-Ill RNase, although in viroids
with ribozymes oligomeric RNA intermediates self-cleave during replication. Finally, the
resulting viroid monomers are circularized, depending on the viroid family, by the host DNA
ligase 1 or the chloroplastic isoform of tRNA ligase'®'’. This last enzyme is involved in ligation of
the monomeric forms of the viroids in the family Avsunviroidae, such as Eggplant latent viroid
(ELVd)®8.

In the course of a work to analyze the sequence and structural requirements of ELVd that
determine recognition by the eggplant (Solanum melongena L.) tRNA ligase, we set up an
experimental system based on co-expression of both molecules in E. coli'®. We noticed that
longer-than-unit ELVd transcripts self-cleave efficiently in E. coli cells through the embedded
hammerhead ribozymes and that the resulting viroid monomers with 5’-hydroxyl and 2’,3’-
phosphodiester termini were efficiently circularized by the co-expressed eggplant tRNA ligase.
Even more, the resulting circular viroid RNA reached an unexpected high concentration in E.
coli, exceeding those of the endogenous rRNAs!?. Absence of replication intermediates
indicated lack of ELVd RNA-to-RNA amplification in these bacterial cells. Interestingly, insertion
of heterologous RNAs in a particular position of the viroid molecule had a moderate effect on
accumulation of the circular viroid-derived RNAs'2. These observations made us envision a
method to produce large amounts of recombinant RNAs in bacteria. In this method, the cDNAs
corresponding to the RNAs of interest are inserted in the ELVd cDNA and the resulting chimeric
RNA is expressed in E. coli through a strong constitutive promoter. For the system to work, E.
coli must be co-transformed with a plasmid to express the eggplant tRNA ligase. The ELVd-
derived longer-than-unit transcript is processed by the embedded hammerhead ribozymes and
the resulting monomers with the appropriate termini are recognized and circularized by the co-
expressed tRNA ligase. This way, the RNA of interest is inserted into a very stable circular
scaffold consisting of the viroid circular molecule. This recombinant chimeric RNA is most
probably further stabilized inside the E. coli cells by formation of a ribonucleoprotein complex
through interaction with tRNA ligase. Using this method (see protocol below), RNA aptamers,
hairpin RNAs and other structured RNAs have been easily produced in amounts of tens of
milligrams per liter of E. coli culture in regular laboratory conditions and purified to
homogeneity taking advantage of circularity*2.

PROTOCOL:

1. Plasmid Construction

1.1. Amplify by PCR (or by reverse transcription PCR if starting from an RNA template) the cDNA
corresponding to the RNA of interest using primers with 5’ extension to allow assembly into the

expression plasmid. Use a commercial kit. To avoid undesired mutations, use a high-fidelity
DNA polymerase.
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1.1.1. To insert the cDNA in the expression plasmid by Gibson assembly?, add the following 5’
extensions to the PCR primers: forward, 5-
TCTCCCCCTCCCAGGTACTATCCCCTTXXXXXXXXXXXXXXXXXXXXXX-3"; reverse, 5-
CCCTCCTAGGGAACACATCCTTGAXXXXXXXXXXXXXXXXXXXXXX-3’; X represents nucleotides
homologous to the terminal ends of the RNA of interest.

1.1.2. Incubate for 30 s at 98 °C, followed by 30 cycles of 10 s at 98 °C, 30 s at 55 °C and 30 s at
72 °C, and a final extension of 10 min at 72 °C.

1.2. Digest 100 ng of plasmid pLELVd-BZB with 10 U of the type-IIS restriction enzyme Bpi | for 1
h at 37 °C in a 20-ulL reaction in a 0.5-mL tube in buffer G (10 mM Tris-HCI, pH 7.5, 10 mM
MgCl,, 50 mM NaCl, 0.1 mg/mL BSA).

Note: All plasmids are available on request to the corresponding author. Bpi | is equivalent to
Bbs I.

1.3. Separate the PCR and digestion products by electrophoresis in a 1% agarose gel in TAE
buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 7.2). Stain the gel for 15 min by shaking
in 200-mL of 0.5 pg/mL ethidium bromide. Visualize the DNA using a UV transilluminator and
cut the bands corresponding to the amplified cDNA and the Bpi I-digested plasmid (2046 bp)
using a scalpel blade.

Note: Bpi | digestion of pLELVd-BZB also releases a 528-bp product corresponding to the LacZ
blue-white reporter.

1.4. Elute the DNAs from the gel fragments using silica gel columns (gel DNA recovery kit in
Table of Materials) and quantify the DNA concentration by spectrophotometric analysis.

1.5. Set up a Gibson assembly reaction using the amplified cDNA and the digested plasmid. Use
a 3-fold molar excess of insert versus vector?’. Incubate for 1 h at 50 °C and purify the reaction
products using a silica gel column (DNA clean & concentrator kit in the Table of Materials).

1.6. Use the purified products of the Gibson assembly reaction to electroporate competent E.
coli DH5a cells. Using 1-mm electroporation cuvettes, apply the following settings: 1500 V and
5 ms. Incubate for 1 h at 37 °C in super optimized broth with catabolite repression (SOC; 20 g/L
tryptone, 5 g/L yeast extract, 0.5 g/L NaCl, 2.5 mM KCI, 10 mM MgCl;, 20 mM glucose, pH 7.0)
liguid medium and then spread onto Luria-Bertani (LB; 10 g/L tryptone, 5 g/L yeast extract, 10
g/L NaCl) agar (1.5%) plates containing 50 pg/mL ampicillin.

1.6.1. To screen for colonies corresponding to transformed E. coli clones that likely
incorporated the insert, 15 minutes before plating the electroporated cells, spread 30 uL of 50
mg/mL 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal) in dimethylformamide.
Incubate plates overnight at 37 °C.
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1.7. Pick several white colonies and grow overnight at 37 °C in liquid LB media. Purify plasmids
using a miniprep kit (see Table of Materials) and analyze their sizes by electrophoresis in a 1%
agarose gel in TAE buffer.

1.8. Select the most likely recombinant plasmid based on electrophoretic migration compared
to the pLELVd-BZB control. Confirm the sequence of the selected plasmid by sequencing using
primers 5’-CCTTTTTCAATATTATTGAAGC-3" and 5’-GATGCTCGTCAGGGGGGCGGAG-3’ that flank
the whole expression cassette in pLELVd-BZB.

Note: Remember that this plasmid contains a 528-bp polylinker with the LacZ marker that is
replaced by the cDNA of interest. Restriction mapping may help to select the right recombinant
plasmids.

2. RNA Expression

2.1. Co-electroporate (see conditions in 1.6) the selected E. coli strain (E. coli BL21 or a BL21
derivative) with the pLELVd-BZB-derivative that contains the cDNA corresponding to the RNA of
interest and plasmid p15LtRnISm to co-express the eggplant tRNA ligase. Use the E. coli
HT115(DE3), which lacks RNase 1112}, to express RNAs with long double-stranded regions.

Note: Both the RNA of interest and the tRNA ligase mRNA are transcribed by the E. coli RNA
polymerase. No DE3 lysogen to express T7 RNA polymerase is required in the E. coli strain,
although the presence of this lysogen has no deleterious effects.

2.2. After 1 h incubation at 37 °C in SOC liquid medium, plate electroporated bacteria in LB solid
medium containing 50 pg/mL ampicillin and 34 pg/mL chloramphenicol. Incubate overnight at
37 °C.

2.3. Pick a colony and inoculate a 1-L baffled Erlenmeyer flask with 250 mL of liquid Terrific
Broth (TB) medium (12 g/L tryptone, 24 g/L yeast extract, 0.4% glycerol, 0.17 M KH,POa, and
0.72 M K2HPQa), containing 50 pug/mL ampicillin and 34 pg/mL chloramphenicol. Incubate at 37
°C with vigorous shaking at 180 revolutions per minute (rpm). Harvest bacteria between 12 and
16 h after culture inoculation.

3. RNA Extraction and Purification

3.1. For analytical purposes, take 2-mL aliquots of the culture at the desired time points and
centrifuge at 14,000 x g for 2 min. Discard the supernatant and resuspend the cells in 50 L of
TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) by vortexing.

3.1.1. Add one volume (50 pL) of a 1:1 (v/v) mix of phenol (saturated with water and
equilibrated at pH 8.0 with Tris-HCI, pH 8.0) and chloroform. Break the cells by vigorous
vortexing and separate the aqueous and organic phases by centrifugation for 5 min at 14,000 x

g.
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3.1.2. Carefully recover the aqueous phases (upper) that contains total bacterial RNA.
Note: Preparations can be stored at -20 °C for subsequent analysis.

3.2. For preparative purposes, pour culture into a 250-mL centrifuge bottle and spin down cells
at 14,000 x g for 10 min. Discard supernatant. Wash the cells by resuspending in 30 mL of
water. Transfer to a centrifuge tube and spin down cells again under the same conditions.

3.3. Discard the supernatant and resuspend the cells in 10 mL of chromatography buffer (50
mM Tris-HCI, pH 6.5, 150 mM NaCl, 0.2 mM EDTA) by vortexing.

Note: At this time, cells can be frozen at -20 °C to proceed with purification at any other
moment.

3.4. Using a fresh or thawed bacterial preparation, break cells by adding 1 volume (10 mL) of
phenol:chloroform (see step 3.2) and vortexing vigorously.

3.5. Centrifuge for 10 min at 12,000 x g, recover the aqueous phase and re-extract with 1
volume (10 mL) of chloroform under the same conditions.

Note: The RNA preparation can be stored at -20 °C at this point.

3.6. Further purify total bacterial RNA by anion-exchange chromatography. Filter the RNA
preparation through a 45-um syringe filter and load on a 1-mL diethylethanolamine (DEAE)
column.

3.6.1. For chromatography purification, use a liquid chromatography system at a flow rate of 1
mL/min. Before sample loading, equilibrate the column with 10 mL of chromatography buffer
(see step 3.3 for composition).

3.6.2. Load the sample and wash the column with 10 mL of chromatography buffer. Elute RNA
with 20 mL of elution buffer (50 mM Tris-HCI, pH 6.5, 1 M NaCl, 0.2 mM EDTA) and collect 1-mL
aliquots.

Note: RNA quickly elutes in the initial fractions. The column can be re-used for further
purifications. For this, wash the column with 10 mL of water and store at 4 °C in 20% ethanol.

3.7. Since a major part of the recombinant RNA accumulates in E. coli in a circular form, this
property can be profited for purification to homogeneity!?. Separate circular RNAs from the
linear counterparts by two-dimensional polyacrylamide gel electrophoresis (2D PAGE)
combining non-denaturing and denaturing (8 M urea) conditions??22,

4. RNA Analysis
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4.1. Prepare a 5% polyacrylamide gel (37.5:1 acrylamyde:N,N’-methylenebisacrylamide, mass
ratio) in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) containing 8 M urea.

4.2. Mix 20 pL of RNA preparations with 1 volume (20 uL) of loading buffer (98% formamide, 10
mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.0025% bromophenol blue, and 0.0025% xylene cyanol),
incubate for 1.5 min at 95 °C in a heating block, and snap cool on ice.

4.3. Load the samples in the polyacrylamide gel and run the electrophoresis at appropriate
conditions depending on the gel dimensions (e.g., run 140 x 130 x 2 mm gels for 2.5 h at 200 V).
Stain the gel for 15 min in 1 pg/mL ethidium bromide, wash with water, and visualize RNA
under UV light.

REPRESENTATIVE RESULTS:

To produce recombinant RNA in E. coli using the ELVd-derived system??, the RNA of interest is
grafted into an ELVd RNA scaffold. This chimeric RNA is co-expressed along the eggplant tRNA
ligase in E. coli. Once processed, cleaved and circularized, the chimeric circular RNA, from which
the RNA of interest protrudes, likely forms a ribonucleoprotein complex with the co-expressed
eggplant enzyme that reaches remarkable concentration in the bacterial cells (Figure 1).
Consequently, the first step to produce recombinant RNA using this system consists of inserting
the cDNA corresponding to the RNA of interest into a particular position in the ELVd cDNA,
T245-T246 in the ELVd sequence variant AJ536613. Plasmid pLELVd-BZB, which contains a
polylinker on this position with two Bpi | recognition sites and a LacZ blue/white marker gene,
facilitates this insertion by the very efficient Gibson assembly method?°. Selection of
transformed E. coli clones containing the desired recombinant plasmids is facilitated by the
blue/white screening of LacZ marker. Plasmids in which the double Bpi | digestion was
incomplete and could not incorporate the insert likely produce blue colonies in the presence of
X-gal. Figure 2 shows the electrophoretic analysis of several recombinant plasmids in which
different cDNAs were inserted. These plasmids show different migrations when compared to
pLELVd-BZB. Note that pLELVd-BZB contains the LacZ marker (528 bp) that is replaced by the
cDNA corresponding to the RNA of interest. So, although this depends on the size of the
inserted cDNA, the recombinant plasmids usually migrate faster than the control plasmid
(Figure 2).

The pLELVd-BZB-derivatives that contain the cDNAs corresponding to the RNAs of interest are
used along p15LtRnISm to co-electroporate E. coli. Co-transformed bacteria are selected on
plates containing ampicillin and chloramphenicol. Then, selected E. coli clones are grown at 37
°C with strong agitation in the rich TB medium. Under this culture conditions, production of the
recombinant RNA is maximized'?. The presence of the recombinant RNA in the bacteria can be
easily monitored by breaking the cells with a mix of phenol and chloroform in the presence of a
buffer and analyzing the RNA, which partitions in the aqueous buffer, by denaturing PAGE.
Figure 3 show ethidium bromide stained polyacrylamide gels in which total RNAs from different
E. coli clones were separated. The pictures show strong bands that correspond to empty ELVd
and chimeric ELVd forms in which different RNAs of interest were inserted. Interestingly we find
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a major fraction of the recombinant RNA as circular form. Using a combination of two PAGEs
under denaturing conditions at high and low ionic strength, the circularity of the main fraction
of the recombinant RNA can be easily observed (Figure 4).

Depending on the downstream application, the total E. coli RNA preparation that contains the
chimeric ELVd-RNA of interest may be the goal of the current protocol. However, when needed,
the RNA preparation can be further purified by anion-exchange chromatography.
Chromatogram in Figure 5 shows the efficient retention of E. coli RNA on the column at low
ionic strength (150 mM NaCl) and subsequent elution at high ionic strength (1 M NaCl). Most of
the RNA is collected in fractions 2 and 3. To purify the recombinant RNA to homogeneity,
advantage of circularity can be taken. Circular RNAs are delayed with respect to their linear
counterparts in denaturing conditions?2. These RNAs can be eluted from the gel after ethidium
bromide staining. The use of a solubilizable polyacrylamide gel, such as those cross-linked with
N,N’-bis(acryloyl)cystamine?3, facilitates purification of large amounts of recombinant RNAs
(Figure 6).

Figure Legends:

Figure 1: Schematic representation of the viroid-based system to produce recombinant RNA
in E. coli. The cDNA corresponding to the RNA of interest (the 98-nt-long RNA aptamer Spinach
in the scheme) is inserted into plasmid pLELVd-BZB. E. coli is co-transformed with the pLELVd-
BZB-derivative and plasmid p15LtRnISm to co-express eggplant tRNA ligase. In E. coli, the
chimeric ELVd-Spinach RNA transcript is self-cleaved (red arrowheads) by the viroid
hammerhead ribozymes. The resulting monomer is recognized by the co-expressed tRNA ligase
and circularized. The recombinant RNA consists of a circular viroid scaffold from which the RNA
of interest (in green) protrudes. Accumulation of the recombinant RNA to large amounts in E.
coli likely results from stabilization of the ribonucleoprotein complex with tRNA ligase. In
addition to the split ELVd cDNA, plasmid pLELVd-BZB contains a pUC replication origin (pUC ori),
an ampicillin selection gene (AmpR), the E. coli murine lipoprotein (/pp) promoter and rRNA
(rrnC) terminator, and the LacZ marker. Plasmid p15LtRnISm contains a p15A replication origin
(p15A ori), a chloramphenicol resistance gene (CmR), the E. coli Ipp promoter and a phage T7
transcription terminator, in addition to the eggplant tRNA ligase cDNA.

Figure 2: Electrophoretic analysis of pLELVd-BZB-derived expression plasmids that contain
different cDNAs of interest. Plasmids were separated by electrophoresis in a 1% agarose gel
that was stained with ethidium bromide. Lane 1, DNA marker with sizes in kbp of some of the
components on the left; lane 2, pLELVd-BZB; lane 3, pLELVd-BZB derivative to express an empty
ELVd; lanes 4 to 7, pLELVd-BZB derivatives to express the RNA aptamer Spinach (lane 4), the
streptavidin binding aptamer (lane 5), an RNA hairpin with a contiguous 42 bp double-stranded
region (lane 6), and the 3’ cap-independent translation enhancer (CITE) of a plant virus (lane 7).

Figure 3: Recombinant RNA produced in E. coli using the viroid-based system. Total RNAs from
different E. coli clones were extracted by treatment with phenol:chloroform and aliquots
separated by denaturing PAGE. Gels stained with ethidium bromide are shown. Recombinant
RNAs were produced in E. coli (A) BL21(DE3) and (B) HT115(DE3). (A and B) Lanes 1, RNA
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marker with sizes in nt on the left; lanes 2, RNAs from E. coli clones to express an empty ELVd
(333 nt). (A) Lanes 3 and 4, RNAs from E. coli clones to express a chimeric ELVd form containing
the aptamer Spinach (98 nt) and the streptavidin binding aptamer (42 nt), respectively. (B) Lane
3, RNAs from an E. coli clone to express a chimeric ELVd form containing a 42-bp-long double
stranded RNA. Red arrows point to the circular recombinant RNAs.

Figure 4: Circularity of the recombinant RNA produced in E. coli using the viroid-based
system. Total RNAs from an E. coli clone to express a chimeric ELVd that contains the aptamer
Spinach were separated by 2D denaturing PAGE first under high and then under low ionic
strength. The gels were stained with ethidium bromide. The blue arrows indicate directions of
electrophoretic migration. The red arrow points to the circular ELVd-Spinach that is selectively
delayed from the linear counterparts of the same size during the two separations.

Figure 5: Chromatographic purification of a recombinant RNA produced in E. coli using the
viroid-based system. Total RNAs from an E. coli clone that produces a chimeric ELVd-3’ CITE (55
nt) were loaded on a DEAE chromatography column that was washed in the presence of 150
mM NaCl. RNA was eluted in the presence of 1 M NaCl. The chromatogram shows absorbance
at 254 nm (blue line) and conductivity in mS/cm (orange line) versus volume. The different
steps of the chromatographic separation (equilibration, injection, wash, elution and column
regeneration) are indicated. Collected fractions are also indicated.

Figure 6: Purification to homogeneity of a recombinant RNA produced in E. coli using the
viroid-based system. Total RNAs from an E. coli clone that produces a chimeric ELVd-3’ CITE
were first purified by chromatography using a DEAE-Sepharose column and then separated by
2D PAGE. First gel was run under denaturing conditions (8 M urea, buffer TBE). After staining
with ethidium bromide, the gel band that contains the circular form of the recombinant RNA
was transferred to the top of a second gel that was run under non-denaturing condition (buffer
TAE). The acrylamide of the second gel was cross-linked with N,N’-bis(acryloyl)cystamine, which
allowed solubilization of the gel fragment that contained the pure recombinant RNA.

DISCUSSION:

While researching the ELVd sequence and structure requirements involved in the recognition
by the eggplant tRNA ligase, we noticed that co-expression of both molecules in the non-host E.
coli led to an unexpected large accumulation of viroid circular forms in bacterial cells'®. We
understood that the large accumulation of viroid RNA in E. coli most probably was the
consequence of co-expressing a highly stable RNA molecule, such as the relatively small (333
nt), highly based-paired, circular viroid, and a protein for which this particular viroid displays
high affinity. ELVd RNA must recruit the host tRNA ligase to mediate its circularization during
replication in the infected plant!’. Although we do not have experimental confirmation, we
anticipate that both molecules form a ribonucleoprotein complex in E. coli that further
stabilizes the viroid RNA and allows reaching the remarkable concentration of 150 mg per liter
of bacterial culture that highly exceeds those of endogenous RNAs, such as rRNAs2. Since ELVd
does not replicate in E. coli, we reasoned that insertion of a heterologous RNA was not going to
dramatically affect accumulation of the viroid-derived RNA and, in fact, that was the case. This
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observation is the basis of the method to produce large amounts of recombinant RNA in E. coli
that we describe here. The method uses the circular RNA molecule of ELVd as a scaffold on
which the RNA of interest is presented. To produce a circular ELVd scaffold in E. coli, we need to
express a precursor RNA with the duplicated domain of the viroid hammerhead ribozyme. ELVd
ribozymes self-cleave very efficiently in E. coli and the resulting viroid monomers are
recognized and circularized by the co-expressed tRNA ligase. Co-expression of the tRNA ligase is
a key feature of the system. ELVd RNA is hardly detected in E. coli unless this particular enzyme
is co-expressed??,

In our protocol, plasmid pLELVd-BZB allows to insert the cDNA corresponding to the RNA of
interest by simple and efficient Gibson assembly between positions U245 and U246 of ELVd.
This site corresponds to the terminal loop of a long hairpin present in the most likely ELVd
conformation?*2°. Insertion in this particular position must promote that the RNA of interest
protrudes from the very stable scaffold formed by ELVd and must avoid intramolecular
interaction between the RNA of interest and ELVd (Figure 1). We have not explored the effect
of inserting the RNA of interest in alternative positions of the ELVd molecule. Plasmid
p15LtRnISm allows co-expression of the eggplant tRNA ligase. RNAs are transcribed in both
plasmids under the control of a constitutive strong E. coli promoter, namely murein lipoprotein
(Iop). This makes the system constitutive with no need of induction. However, we also build a
similar plasmid (p15tRnISm) to express the tRNA ligase under the control of the phage T7 RNA
polymerase in an isopropyl B-D-1-thiogalactopyranoside (IPTG) inducible system. Using this
plasmid, accumulation of the recombinant RNA only occurs after induction of tRNA ligase
expression by adding IPTG2. In the current system, the RNA of interest is expressed from a high
copy number plasmid with pUC replication origin, while the tRNA ligase is expressed from a
moderate copy number plasmid with p15A replication origin. Whether altering the copy
number of both plasmids involved in the system improves accumulation of the recombinant
RNA has not been explored so far. The size range of the RNA of interest admitted by the system
has not been systematically investigated either, although small RNAs are logically expected to
accumulate to higher concentrations than larger ones.

One of the reasons why production of recombinant RNA in vivo is not easy is most probably due
to the intrinsic low half-life of RNA molecules. Our system is not alien to this problem. In fact, at
a late E. coli growing phase, accumulation of recombinant RNA starts to decrease to virtually
disappear??. This forces one to find the right window to harvest the cells. We observed, though,
that this window is large enough to make the system friendly. However, we also observed that
the optimum window depends on many factors including the particular E. coli strain, culture
medium, growing conditions (agitation, volume of the flask, airing, etc.) and the physiological
stage of the bacteria used to start the liquid culture. We recommend starting recombinant RNA
production using fresh E. coli colonies from a plate inoculated the previous day and grown at 37
°C. Storing plates in the fridge makes the harvest window more unpredictable. We obtained the
most consistent results by starting liquid cultures with bacteria picked from a plate with a
toothpick. The use of a liquid pre-culture, particularly if saturated, also drives to variability in
the production protocol.
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Regarding purification, treatment of bacterial cells with phenol:chloroform is a very effective
manner to break the cells and allows for the quantitative recovery of total bacterial RNA in the
aqueous phase. Depending on the downstream application of the recombinant RNA, this
aqueous phase or the preparation that results from precipitating the RNA from this aqueous
phase with an alcohol may be enough. If further purification is needed, we recommend anion-
exchange chromatography using a DEAE anion exchange column (Figure 5). This purification
step allows efficient removal of DNA and bacterial metabolites that also partitioned in the
aqueous phase. If the downstream application of the recombinant RNA requires purification to
homogeneity, the viroid-derived system offers a clear advantage when compared to other
methods. Since a main fraction of the recombinant RNA is produced as a circular form,
advantage of this property can be taken to separate it from the bulk of bacterial RNAs. Circular
RNAs experience a delay in electrophoretic migration in denaturing conditions with respect to
the linear counterparts of the same size?2. This delay is more pronounced when the RNA is
electrophoresed under lower ionic strength. In practice, circular RNAs can also been separated
by two-dimensional denaturing PAGE under high and low ionic strengths (Figure 4). After
electrophoretic separation, the recombinant RNA must be eluted from the gel. The use of a
reversible cross-linker of acrylamide, such as N,N’-bis(acryloyl)cystamine?3, facilitates recovery,
particularly when purifying large amounts of RNA (Figure 6). Finally, if downstream application
of the produced RNA demands separation of the RNA of interest from the viroid scaffold, our
protocol does not offer any particular advantage to previous methods. The RNA of interest
must be excised from the chimeric molecule using some of the previously described strategies,
such as the use of ribozymes, DNAzymes or, possibly most efficient, the use of RNase H guided
by two DNA oligonucleotides’. Trying to avoid this last cumbersome purification step, we have
worked on trying to reduce the size of the viroid scaffold, although with partial success. We
were able to produce notable amounts of recombinant RNA using viroid deleted forms (175,
215 and 246 nt) but increasing deletions of the viroid scaffold correlated with decreasing
accumulation??,

In sum, here a protocol is described to produce large amounts of recombinant RNA in E. coli
that, to our knowledge, improves the yield of previously published methods. The protocol is
based of co-expression in E. coli of the RNA of interest inserted into a viroid (ELVd) scaffold and
the eggplant tRNA ligase, the enzyme that circularizes this viroid in infected plants. A distinctive
feature of our protocol is that recombinant RNA is mainly produced as a circular form, a
property that facilitates purification to homogeneity for downstream applications. Using this
protocol tens of milligrams of recombinant RNA can be easily produced per liter of E. coli
culture in regular laboratory conditions.
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requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JOVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JOVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHQR:
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Instituto de Biologia Molecular
y Celular de Plantas

Valencia, 26 July 2018
Dear Dr. Cao:

We are submitting a revised version of our manuscript “Production of large amounts of
recombinant RNAs on a circular scaffold using a viroid-derived system in Escherichia coli”
(JoVES8472 ) in which we have addressed all editorial comments as well as concerns and
comments raised by the three reviewers. We have used the MS Word revision tools to
highlight changes in our manuscript. In addition, below you can find a detailed point-by-point

response to reviewers.

We hope our work is now acceptable for JoOVE. We trust publication in your innovative

journal will highly increase the visibility of our method.
Sincerely,
7
é ro
José-Antonio Daros

Point-by-point response to editor and reviewers

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. The JOVE editor will not copy-edit your manuscript and any
errors in the submitted revision may be present in the published version.

--- Ok.
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2. Figure 3: Please line up the panels better. Please apply the same vertical dimension for A
and B if possible.

--- Done.

3. Figure 5: Change “ml” to “mL”.

--- Changed.

4. Keywords: Please provide at least 6 keywords or phrases.

--- We added one more.

5. Please rephrase the Short Abstract to clearly describe the protocol and its applications in
complete sentences between 10-50 words: “Here, we present a protocol to ...”

--- Rephrased.

6. Please rephrase the Long Abstract to more clearly state the goal of the protocol.

--- After a first introductory sentence, the goal of the protocol is clearly stated in the second
sentence of Long Abstract.

7. Please rephrase the Introduction to include a clear statement of the overall goal of this
method.

--- The overall goal of the method is stated at the end of Introduction.

8. Please define all abbreviations before use (SOC, etc.).

--- Done.

9. Please include a space between all numbers and their corresponding units: 15 mL, 37 °C,
60 s; etc.

--- Done.

10. Please convert centrifuge speeds to centrifugal force (x g) instead of revolutions per
minute (rpm).

--- Converted.

11. Please remove all commercial language from your manuscript and use generic terms
instead. All commercial products should be sufficiently referenced in the Table of Materials
and Reagents.

For example: Thermo Scientific, Zymoclean Gel DNA Recovery, NanoDrop, New England
BioLabs, DNA Clean & Concentrator, Zymo Research, Eporator, Eppendorf, NucloSpin
Plasmid, Macherey-Nagel, Sarstedt, GE Healthcare Life Sciences, etc.

--- Removed.

12. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we",
"you", "our" etc.).

--- Done.



13. Please add more details to your protocol steps. Please ensure you answer the “how”
question, i.e., how is the step performed? Alternatively, add references to published material
specifying how to perform the protocol action.

--- Done.

14. The Protocol should be made up almost entirely of discrete steps without large paragraphs
of text between sections. Please simplify the Protocol so that individual steps contain only 2-3
actions per step and a maximum of 4 sentences per step.

--- Done.

15. 1.1: Please list the PCR conditions.

--- Listed.

16. 1.2: Please provide the composition of buffer G. What volume of buffer G is used, and
what container is used in this step?

--- Provided.

17. 1.3: Please break up into sub-steps and add more details. For instance, what wavelength is
measured? What is the elution solution? Please specify throughout.

--- Done.

18. 1.5: What volume of liquid medium is used?

--- Kit instructions must be followed.

19. 2.3: The Protocol should contain only action items that direct the reader to do something.
Please move the discussion about the protocol to the Discussion.

--- Done.

20. 3.3: After centrifugation, is supernatant discarded? Please specify.

--- Specified now.

21. 3.7: Please break up into sub-steps.

--- Done.

22. 3.8: Please write the text in the imperative tense.

--- Done.

23. 4.2: What is used to heat?

--- Clarified now.

24. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the
Protocol (including headings and spacing) that identifies the essential steps of the protocol for
the video, i.e., the steps that should be visualized to tell the most cohesive story of the
Protocol. Remember that non-highlighted Protocol steps will remain in the manuscript, and

therefore will still be available to the reader.



--- Done.

25. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from
one highlighted step to the next. Please highlight complete sentences (not parts of sentences).
Please ensure that the highlighted part of the step includes at least one action that is written in
imperative tense.

--- Done.

26. Please discuss critical steps within the protocol and any limitations of the technique in the
Discussion.

--- Done.

27. JoVE article does not have a Conclusion section. Please move information in the
Conclusion section to Results or Discussion section.

--- Removed.

28. Please disclose your patent for the method in the Disclosure section.

--- Disclosed.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

Manuscript describes a good method for mass-production of RNA through a circular viroid.
Embedded RNA will be a part of circular RNA.

Major Concerns:

Major question is that the self-splicing ribozyme is known to cut and ligate RNA (reversible
reaction) at the specific site. Only magnesium ion is required. Did the authors test their
system without the tRNA ligase? If this is the case, the technique becomes much simpler and
more useful. Authors mentioned that for "the system to work", the tRNA ligase is required.
No proof.

--- Ribozyme-mediated self-ligation is extremely inefficient. Substantial ligation in E. coli
only occurs in the presence of co-expressed eggplant tRNA ligase. This has been largely

demonstrated in our previous works (see references 12 and 19).

Minor Concerns:



Line 282: recombinant plasmids usually migrate "faster" (it should be slower). Fig. 3: 1 do not
see the cellular tRNAs (about 80-100nt). There is no evidence for the comment (lines 400-
401). Pointing to Fig. 1 does not make it real!

--- The reason why recombinant plasmids usually migrate faster is because the polylinker that
is released during the cloning process is usually larger than the cDNAs corresponding to the
RNAs of interest. In Fig. 3, E. coli tRNAs run out of the gel (note the position of the 100 nt
RNA marker). In discussion, we speculate that RNA of interest must protrude from the viroid
scaffold and point to the schematic representation in Fig. 1 for the readers to understand what
we mean (not to demonstrate the speculation). However, in our opinion this speculation is
rather likely based on the extremely stable secondary structure of the viroid scaffold and the
experimental observation with the Spinach aptamer that folds properly and efficiently emits

green fluorescence (see Reference 12).

Reviewer #2:

Manuscript Summary:

The authors describe a method for RNA production in large amounts. It is based on two E.
coli plasmids: one carries a copy of a viroid (longer-than unit-length including two
hammerhead ribozyme motifs) and the second a tRNA ligase. The viroid transcript is cleaved
by the internal ribozymes into a unit-length molecule that is circularized by the co-expressed
ligase. The viroid circles are produced in impressive amounts mainly due to their resistance
against degradation. In addition the circularity of the RNA allows for easy purification. The
viroid sequence (335 nt) is used as a scaffold containing an insert for the RNA of interest. The
method is described for four different inserts: the aptamer Spinach (with 84 nt length,
mimicking GFP), a Streptavidin-binding aptamer (45 nt?), an RNA hairpin (with 42 basepair
double-stranded region), and a 3' cap-independent translation enhancer element. Features of
these inserts and their relative yields are not described; such short additional descriptions
might be helpful for the reader's judgment on possible further inserts. Fragmentation of the
circular RNA and isolation of the insert are not described. The manuscript is based on a prior
publication (Daros, Aragones & Cordero (2018) A viroid-derived system to produce large

amounts of recombinant RNA in Escherichia coli. Sci. Rep. 8, 1904).

Minor Concerns:

I would change three minor things in the “"Long Abstract":



1. ... an ELVd precursor is efficiently transcribed and processed by the embedded
hammerhead ribozymes ..." => ""... an ELVd precursor is efficiently transcribed by the E. coli
RNA polymerase and processed by the embedded hammerhead ribozymes ..." (line 43--44)
This small addition avoids the impression that the precursor is transcribed by the RZ (or needs
an additional polymerase).

2., most probably based on formation of a stable ribonucleoprotein complex." (line 53)

I would delete this part of the sentence because the manuscript does not show any
experimental hints for this hypothesis.

3. ... facilitates the easy purification ..." => ... facilitates the purification ..."(line 48)

IMHO, the “easy' is superfluous.

--- Changed.

Line 89: "Viroids must account between the most stable RNAs ..." => “"Viroids must be
ranked among the most stable RNAs ..." [Note that | am not a native speaker.]

--- Corrected.

Line 118: ““promote." => "“promoter."”

--- Corrected.

Line 173: “interst." => ““interest."

--- Corrected.

Line 318: ... ribozymes and. "

Either the ““and" is unnecessary or some additional text is missing.

--- Corrected.

At several places the greek letter ‘micro’ seems to be missing; for examples see lines 166, 189
(2X), 209, 210, 255 (2X), 261, etc.

--- This must be a problem with pdf conversion. It is okay in the original MS Word document.
The last three pages of the PDF show some random(?) text.

--- Same for this.

Reviewer #3:

Manuscript Summary:

The manuscript by Cordero et al. describes the production of recombinant RNA using a
viroid-derived system. This manuscript follows up upon their detailed publication in
Scientific Reports (2018), so it is not surprising that this work is detailed, well-written and
almost ready for publication.

My comments are about the writing, since the scientific part is sound and well established.
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Minor Concerns:

1) Given that this paper is an addition to the Sci Rep publication, | recommend trying to
reduce the length of it, if possible.

--- We did our best to condense information.

2) The word amazing appears in six instances of the text. Please, reword the sentences or find
suitable synonyms.

--- Good advice! We replaced all but one.

3) The sentence starting in line 112 (to 113) sounds odd to me. Please reword.

--- Reworded.

4) Line 118: "promoter".

--- Done.

5) Line 171: Consider advising the reader to use restriction mapping if electrophoretic
migration of intact plasmids does not give clear results.

--- Done.

6) Line 219: Speeds are given in rpm. The g force exerted is dependent on the centrifuge
used. Please change rpm to g in all instances.

--- Done.

7) Line 270, add "the" before first.

--- Done.

8) Line 286: have the authors had any problems with co-electroporation? In my hands,
sometimes that did not work, so | had to transform in sequential order.

--- With the plasmids in this system, we have excellent results co-electroporating and we
definitively recommend this strategy to save time.

9) Line 296: "dimensional™ seems to be missing before PAGE.

--- Corrected.

10) Line 308: facilities?

--- Corrected to facilitates.

11) Line 318: revise the point in that sentence.

--- Revised.

12) Line 322: "to form" seems out of place.

--- Corrected.

13) Line 415: ...than large"r" "ones".?

--- Corrected.



14) Line 423: use etc. instead of "..."
--- Done.
15) Please revise in the Materials table, cell A71.

--- Thanks! This was a left over.



