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Chapter 5

In Vivo Production of Small Recombinant RNAs  
Embedded in 5S rRNA-Derived Protective Scaffold

Victor G. Stepanov and George E. Fox

Abstract

Preparative synthesis of RNA is a challenging task that is usually accomplished using either chemical or 
enzymatic polymerization of ribonucleotides in vitro. Herein, we describe an alternative approach in which 
RNAs of interest are expressed as a fusion with a 5S rRNA-derived scaffold. The scaffold provides protection 
against cellular ribonucleases resulting in cellular accumulations comparable to those of regular ribosomal 
RNAs. After isolation of the chimeric RNA from the cells, the scaffold can be removed if necessary by deoxy-
ribozyme-catalyzed cleavage followed by preparative electrophoretic separation of the cleavage reaction 
products. The protocol is designed for sustained production of high quality RNA on the milligram scale.

Key words Recombinant RNA, In vivo RNA production, 5S rRNA-derived scaffold

1 Introduction

The intracellular concentration of a recombinant RNA expressed 
in a bacterial host depends heavily on its resistance to the host 
nucleic acid degradation machinery. In the Escherichia coli cyto-
plasm, the recombinant RNA may become a target for about 20 
different ribonucleases (RNases), which are normally involved in 
maintenance and regulation of mRNAs turnover, maturation and 
quality control of noncoding RNAs, and anti-phage defense [1–4]. 
To decrease the adverse effect of RNases on yield, the RNA of 
interest can be expressed as a fusion with a stable cellular RNA that 
plays a role of a protective scaffold. When inserted into the protec-
tive scaffold, the recombinant RNA becomes unsusceptible to 
polyadenylation-mediated digestion by the degradosome, and to 
exoribonuclease attack on its termini. It may also become less 
prone to cleavage if the scaffold sterically hinders endoribonuclease 
binding to the recombinant RNA insert. After isolation of the 
expressed chimera from the cells, the inserted RNA can be released 
from the protective scaffold by treatment with an appropriate 
RNA-cleaving enzyme.
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The protocol described here uses a 5S rRNA-derived protective 
scaffold for the in vivo production of large quantities of recombi-
nant RNAs. Earlier, it was found that a plasmid borne deletion 
mutant of Vibrio proteolyticus 5S rRNA devoid of helix III and loop 
C continued to be expressed in E. coli as intact, but did not enter 
the ribosomes [5]. A small artificial RNA, Bst aRNA, was created 
on the base of this mutant by introducing BstEII restriction site in 
its coding sequence for easy insertion of extension modules in 
place of the deleted fragment [5] (Fig. 1a, b). The Bst aRNA accu-
mulated in the cells at levels similar to the native 5S rRNA (in 
excess of 10,000 copies per cell) without incorporating into the 
ribosomes. The expression efficiency was similar for the Bst aRNA 
expression cassette placed in the plasmid and in the bacterial chro-
mosome [6]. Transcriptome studies revealed that the Bst aRNA 
does not cause a significant metabolic disturbance in the host [7]. 
This is consistent with the fact that 5S rRNA per se is neither a 
regulator nor a subject of direct regulation [8], and is not involved 
in any major cellular process outside of the translation apparatus. 
Overall, the Bst aRNA was apparently suitable for the role of an 
expression vehicle for short RNA inserts. The utility of Bst aRNA 
was confirmed by the expression in E. coli of Bst aRNA-embedded 
aptamers [9], recognition tags [5, 10], and randomized libraries 
for selection experiments [11].

While some of the recombinant RNAs may be used without 
their release from the protective scaffold, more generally it is nec-
essary to cut them out. To accomplish this, the chimeric RNA can 
be treated with a pair of deoxyribozymes (DNAzymes) [12]. After 
completion of the cleavage reaction, the released recombinant 
RNA can be separated from the remains of the protective scaffold 
and the DNAzymes by preparative electrophoresis in denaturing 
polyacrylamide gel. The procedure can be further improved 
through the use of biotinylated DNAzymes (Fig. 1c). The pres-
ence of a biotin tag allows removal of the DNAzymes from the 
cleavage reaction mixture by affinity capture on streptavidin beads. 
This decreases the gel load and makes it easier to recover the 
DNAzymes for reuse. Overall, the procedure yields sufficient quan-
tities of highly homogeneous RNA suitable for various downstream 
applications.

2 Materials

 1. Escherichia coli strain JM109 [endA1 glnV44 thi-1 relA1 
gyrA96 recA1 mcrB+ Δ(lac-proAB) e14-[F′ traD36 proA+B+ 
lacIq lacZΔM15] hsdR17(rK

− mK
+)] (New England Biolabs) is 

used as a host for RNA expression vector (see Note 1). 
Electrocompetent cells, suspension in 10 % glycerol. Store at 
(−80)°C.

2.1 Bacterial Strain 
and Plasmid Vector
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 2. pCA2c plasmid vector carrying an artificial operon for consti-
tutive expression of Bst aRNA, a small RNA derived from 
Vibrio proteolyticus 5S rRNA by removing helix III-loop C seg-
ment and by introducing BstEII restriction site in the coding 
sequence of the loop B (see Note 2) (Fig. 2). Aqueous solution, 
0.1 mg/mL. Store at (−80)°C.

Fig. 1 Sequence and predicted secondary structure of V. proteolyticus 5S ribosomal RNA and the derived 
artificial RNAs. Helices are indicated by Roman numerals, and loops are indicated by capital letters according 
to the current nomenclature of 5S rRNA secondary structure elements. Base pairing in “loop E” is shown by 
open circles. (a) Native V. proteolyticus 5S rRNA. (b) Bst aRNA (88 nt), a stable artificial RNA obtained by dele-
tion of helix III and loop C in native V. proteolyticus 5S rRNA. Nucleotides corresponding to BstEII restriction site 
in the coding sequence of Bst aRNA are circled. (c) 3 × Pen aRNA (160 nt), a chimeric RNA obtained by fusion 
of identification tag for Pennisetum purpureum (shown as shadowed sequence) with Bst aRNA, and a pair of 
DNAzymes used for cutting out the tag after isolation and purification of the chimeric RNA. The cleavage sites 
are indicated by arrows
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 1. Thermal cycler with temperature-controlled lid.
 2. Electroporator capable to deliver 5 ms-long pulse with 1.4–1.6 kV 

output.
 3. Thermostatic incubator with shaking platform set at 37 °C and 

250 rpm.
 4. UV transilluminator.
 5. Vertical gel electrophoresis system with glass plates 20 × 20 cm.
 6. Horizontal gel electrophoresis system.
 7. Power supply capable to produce up to 600 V output.
 8. Tabletop centrifuge capable to deliver centrifugal force of at 

least 10,000 × g with fixed-angle rotor for 1.5 mL microcentri-
fuge tubes.

 9. Low-speed centrifuge with swinging-bucket rotor for 15 mL 
Falcon tubes.

 10. Refrigerated centrifuge capable to deliver centrifugal force of 
at least 10,000 × g with fixed-angle rotors for 15, 50 and 
250 mL centrifuge tubes.

 11. Tabletop thermostatic incubator.
 12. UV spectrophotometer.

 1. PCR tubes, 0.2 mL, sterile.
 2. Microcentrifuge tubes, 1.5 mL, sterile.

2.2 Equipment

2.3 Supplies

Fig. 2 Map of pCA2c plasmid carrying Bst aRNA-expressing cassette. The cassette 
is derived from E. coli rrnB operon. It contains rrsB P1 and P2 promoters followed by 
the leader sequence of 16S rRNA gene, Bst aRNA coding sequence, and T1 and T2 
transcription terminators. Besides the Bst aRNA-expressing cassette, the plasmid 
contains genes for beta-lactamase (AmpR), Rop protein (rop), Mob-like protein (mob), 
tetracycline resistance protein (TetR), and glutamate racemase (murI)
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 3. Falcon tubes, 5, 15, and 50 mL, sterile.
 4. Polypropylene centrifuge tubes, 250 mL.
 5. Electroporation cuvette with 0.1 cm gap, sterile.
 6. Spin columns with silica membrane, 0.6 mL bed volume 

(see Note 3).
 7. Petri dishes (100 × 15 mm), sterile.
 8. Spectrophotometric cuvettes, UV-transparent.
 9. Wooden toothpicks, sterile.
 10. Dialysis membrane with 600 Da pore size, autoclaved. Store in 

sterile water at room temperature.
 11. Erlenmeyer flask, 2.5 L.
 12. Thin-layer chromatographic plate with fluorescent indicator, 

20 × 20 cm.
 13. Razor blades.
 14. Saran wrap.

All solutions are prepared using ultrapure water with resistance of 
17–18 MΩ except for bacterial growth media that can be made 
using deionised water (see Note 4). The reagents are stored at 4 °C 
unless otherwise mentioned.

 1. Sodium Acetate Buffer: 3 M sodium acetate, pH 5.0.
 2. Ethanol, 96 % or absolute. In the protocol it is referred to as 

simply ethanol.
 3. Ethanol, 70 %.
 4. Tris–EDTA (TE) Buffer: 10 mM Tris–HCl (pH 7.5), 1 mM 

EDTA–NaOH (pH 8.0).

 1. Double-stranded DNA with coding sequence of the recombi-
nant RNA of interest flanked with spacers if necessary (see 
Subheading 3.1) and BstEII restriction sites. The dsDNA can 
be either obtained commercially or synthesized by overlapping 
PCR from shorter single-stranded deoxyoligonucleotides. 
Store at (−20)°C.

 2. BstEII restriction endonuclease (New England Biolabs, 
#R0162, 10,000 units/mL). Store at (−20)°C.

 3. 10× NEBuffer 3: 0.5 M Tris–HCl, 1 M NaCl, 0.1 M MgCl2, 
10 mM dithiothreitol, pH 7.9. Store at (−20)°C.

 4. Hind III restriction endonuclease (New England Biolabs, 
#R0104, 20,000 units/mL). Store at (−20)°C.

 5. 10× NEBuffer 2: 0.1 M Tris–HCl, 0.5 M NaCl, 0.1 MgCl2, 
10 mM dithiothreitol, pH 7.9. Store at (−20)°C.

2.4 Reagents

2.4.1 General Purpose 
Reagents

2.4.2 Cloning 
of the Recombinant RNA 
Coding Sequence into 
pCA2c Plasmid Vector
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 6. T4 DNA ligase (New England Biolabs, #M0202, 
400,000 units/mL). Store at (−20)°C.

 7. 10× T4 DNA Ligase Reaction Buffer: 0.5 M Tris–HCl 
(pH 7.5), 0.1 M MgCl2, 0.1 M dithiothreitol, 10 mM 
ATP. Store at (−20)°C.

 8. Calf Intestinal Alkaline Phosphatase (New England Biolabs, 
#M0290, 10,000 units/mL). Store at (−20)°C.

 9. Neutral Phenol: Phenol saturated with 50 mM Tris–HCl, 
pH 7.5 (see Note 5).

 10. Chloroform (see Note 6) mixture. Store at room 
temperature.

 11. 30 % Glycerol. Sterilize by autoclaving.

 1. Alkaline Lysis Buffer: 0.2 N NaOH, 1 % (w/v) Sodium dodec-
ylsulfate (SDS). Store at room temperature.

 2. Neutralization Buffer: 4.5 M guanidine-HCl, 0.24 M acetic 
acid, 20 mM EDTA, 20 % ethanol. Neutralization Buffer is 
prepared on the day of use by mixing 4 volumes of component 
A with 1 volume of component B. Component A: 5.625 M 
guanidine- HCl, 0.3 M acetic acid, 25 % ethanol. Component 
B: 0.1 M EDTA-NaOH (pH 8.0). Both components A and B 
can be stored at room temperature.

 3. Salt Wash Buffer: 5 M guanidine isothiocyanate, 0.1 M EDTA–
NaOH (pH 8.0). Store at room temperature protected from 
light.

 4. Ethanol Wash Buffer: 75 % ethanol, 10 mM Tris–HCl (pH 7.5). 
Store at room temperature.

 1. Ampicillin 1,000× Stock: ampicillin, sodium salt, 100 mg/mL 
solution in water, filter-sterilized. Store at (−20)°C.

 2. LB Medium: 10 g/L Bacto-Tryptone, 5 g/L yeast extract, 
10 g/L NaCl, adjust pH to 7.2 with NaOH, autoclave.

 3. LB agar plates with ampicillin: 10 g/L Bacto-Tryptone, 5 g/L 
yeast extract, 10 g/L NaCl, 15 g/L agar. Autoclave, cool down 
to approximately 50 °C while stirring occasionally, add  Ampicillin 
to final concentration 0.1 mg/mL, mix well, and pour into 
petri dishes. Allow agar to solidify, then air-dry the surface for 
1–2 h in aseptic environment. Store in sealed plastic bag.

 4. SOC Medium: 20 g/L Bacto-Tryptone, 5 g/L yeast extract, 
0.6 g/L NaCl, 0.5 g/L KCl, 10 mM MgCl2, 10 mM MgSO4, 
20 mM glucose. Dissolve Bacto-Tryptone, yeast extract, NaCl, 
and KCl in water to the final volume 980 mL, autoclave, cool 
down to room temperature. Prepare 2 M glucose solution 
and sterilize by filtration. Prepare 1 M MgCl2 + 1 M MgSO4 
solution, sterilize by filtration. Store the solutions separately. 

2.4.3 Plasmid 
Purification

2.4.4 Bacterial 
Cells Growth
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Immediately prior use, add 10 mL of 2 M glucose and 10 mL 
of 1 M MgCl2 + 1 M MgSO4 to the main broth.

 5. Culture Diluent: 0.3 M KCl, 50 mM boric acid.

 1. Tris–Acetate–EDTA Buffer for Cell Lysis (TAE-CL): 1 M 
Tris–Acetate, 0.1 M Na2EDTA, pH 7.5.

 2. Formamide (deionized).
 3. 10 % (w/v) sodium dodecyl sulfate (SDS). Store at room 

temperature.
 4. Potassium Acetate Buffer: 3 M potassium acetate, 2 M acetic 

acid. pH value does not have to be precisely set but after mix-
ing all of the components should be approximately 5. Store at 
room temperature.

 1. 10× Tris–Borate–EDTA (TBE) Buffer: 0.5 M Tris base, 0.5 M 
boric acid, 10 mM Na2EDTA, pH 8.3 (see Note 7). Store at 
room temperature in plastic flask.

 2. 1× Tris–Borate–EDTA (TBE) Buffer: 50 mM Tris base, 
50 mM boric acid, 1 mM Na2EDTA, pH 8.3 (see Note 7). 
Store at room temperature in plastic canister.

 3. Acrylamide Monomers: 8.17 % (w/v) acrylamide, 0.43 % (w/v) 
N,N′-methylenebisacrylamide, 7.8 M urea (see Note 8). Dissolve 
urea in warm (~50 °C) water, cool down to room temperature, 
add dry acrylamide and N,N′-methylenebisacrylamide, stir until 
completely dissolved. As an optional step, deionize the solution 
by adding mixed-bed ion-exchange beads (2 g/L), stirring for 
3–4 h at room temperature, and filtering the beads out. Store 
protected from light.

 4. Ammonium persulfate, 100 mg/mL. Store protected from 
light. Once made, the solution can be kept for 2–3 weeks 
without noticeable loss of activity.

 5. N,N,N′,N′-tetramethylethylenediamine (TEMED). Store 
protected from light.

 6. 2× Polyacrylamide Gel Loading Buffer with Formamide: 96 % 
deionized formamide, 20 mM EDTA–NaOH (pH 7.5), 0.04 % 
(w/v) bromophenol blue, 0.04 % (w/v) xylene cyanol.

 7. 0.2× Tris-Acetate-EDTA (TAE) Buffer: 40 mM Tris base, 
18 mM acetic acid, 1 mM Na2EDTA, pH 8.2.

 1. Agarose.
 2. 1× Tris–Borate–EDTA (TBE) Buffer: 50 mM Tris base, 

50 mM boric acid, 1 mM Na2EDTA, pH 8.3 (see Note 9). 
Store at room temperature in plastic canister.

 3. 6× Agarose Gel Loading Buffer: 15 % (w/v) Ficoll 400, 6 mM 
EDTA–NaOH (pH 7.5), 0.1 % (w/v) Bromophenol Blue.

2.4.5 Cell Lysis 
and Fractionation 
of Nucleic Acids

2.4.6 Preparative 
Electrophoresis 
in Denaturing 
Polyacrylamide Gel

2.4.7 Agarose Gel 
Electrophoresis
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 4. Ethidium bromide, 5 mg/mL. Store protected from light.
 5. Hi-Lo DNA ladder (Bionexus, #BN2050).

 1. Biotinylated 5′-Cutter DNAzyme deoxyoligonucleotide, 
0.2 mM solution in water. Store at (−20)°C (see Note 9).

 2. Biotinylated 3′-Cutter DNAzyme deoxyoligonucleotide, 
0.2 mM solution in water. Store at (−20)°C (see Note 9).

 3. MOPS Buffer: 1 M MOPS-NaOH, pH 7.2.
 4. 4 M sodium chloride (NaCl). Store at room temperature.
 5. 1 M potassium chloride (KCl). Store at room temperature.
 6. 0.1 M magnesium chloride (MgCl2).
 7. 0.1 M manganese chloride (MnCl2).
 8. 10 mM spermine hydrochloride. Store aliquoted at (−80)°C.
 9. Tris–EDTA–NaCl (TEN) Buffer: 15 mM Tris–HCl, 5 mM 

Na2EDTA, 0.6 M NaCl, pH 7.5. Store at room temperature.
 10. Streptavidin Agarose, sedimented bead suspension (Molecular 

Probes—Invitrogen, #S951), 50 % slurry of streptavidin- 
carrying 4 % beaded crosslinked agarose in 100 mM sodium 
phosphate, 100 mM NaCl, 2 mM NaN3, pH 7.5.

Design of the chimeric RNA is performed using any program or 
Web-service from the list below:

 1. RNAstructure, stand-alone program, freely available at http://
rna.urmc.rochester.edu/RNAstructure.html.

 2. RNAdraw, stand-alone program, freely available via http://
www.rnadraw.com.

 3. Mfold, Web-server, http://mfold.rna.albany.edu/?q=mfold.
 4. RNAfold, Web-server,  http://rna.tbi.univie.ac.at/cgi-bin/

RNAfold.cgi.

3 Methods

When designing the chimeric RNA, it should be kept in mind that 
if the cargo RNA sequence exhibits significant complementarity to 
any part of the protective scaffold, it might prevent the chimera 
from forming the 5S rRNA-like structure. This in turn may inter-
fere with the correct processing of chimera-encompassing primary 
transcript, or compromise the protective properties of the scaffold. 
Also, if the cargo RNA contains exposed long helices or large loose 
loops, it may be inherently vulnerable to endonuclease attack, and 
thus deteriorate the cytoplasmic stability of the chimera as a whole. 
To eliminate undesirable structural motifs brought with or induced 
by the cargo RNA, one can incorporate additional spacer sequences 

2.4.8 RNA Cleavage 
with DNAzymes

2.5 Software

3.1 Guidelines 
for Designing 
the Chimeric RNA 
and DNAzymes

Victor G. Stepanov and George E. Fox
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between the cargo RNA and the scaffold to force the cargo RNA 
into more favorable conformation. Creating an alternative base 
pairing pattern by manipulation with spacer sequences allows one 
to control the structure of the cargo RNA insert without modify-
ing its own sequence. The spacers should be minimally structured 
in their parts immediately adjacent to the DNAzyme cleavage sites 
to decrease a competition between DNAzyme binding and intra-
molecular base pairing.

Base pairing in the designed chimeric RNA can be validated 
using a secondary structure prediction program RNAdraw or 
RNAstructure, or an equivalent web-service. The program should 
be configured to allow for noncanonical base pairs G*G and G*A 
(see Note 10), which are present in “loop E” of the 5S rRNA and 
the derived scaffold. Initially, the program is trained on the V. pro-
teolyticus 5S rRNA sequence. If the predicted secondary structure 
deviates from the known one, the base pairing parameters should 
be modified until the prediction yields the correct base pairing pat-
tern. Then, the same set of parameters is used to predict secondary 
structure of the chimera. If the scaffold part does not fold in the 
same way as it is seen in the 5S rRNA, the chimera must be rede-
signed to eliminate erroneous base pairing.

Once the chimeric RNA design has been validated, the appro-
priate DNAzyme catalytic cores can be selected from the list of well 
characterized RNA-cutting DNAzymes to suit best the junctions 
between the cargo RNA and the scaffold (or the spacers, if they are 
incorporated into the design). For each of the 16 possible types of 
dinucleotide junction there is at least one known DNAzyme core 
with substantially high cleavage efficiency [13–17]. Since purine- 
purine junctions are cleaved easier than any other junction, one may 
consider adjusting the chimeric RNA design accordingly as long as 
it is compatible with the cargo RNA sequence and the overall layout 
of the chimera. The selected catalytic core should be flanked with 
10–15 nucleotides-long sequences complementary to the chimeric 
RNA on both sides of the cleavage site.

dsDNA fragment that encodes cargo RNA sequence flanked with 
spacers and BstEII restriction sites is inserted into pCA2c vector by 
using the conventional cloning procedure:

 1. In a total volume of 50 μL, 1 μg (~0.25 pmol) of pCA2c 
plasmid is digested with 10 units of BstEII restriction enzyme 
in 1× NEBuffer 3. The reaction mixture is incubated at 60 °C 
for 6 h in a 0.2 mL PCR tube with heated lid. The tube is 
placed on ice for 5 min, then 10 units of calf intestinal alkaline 
phosphatase is added, and the reaction mixture is incubated at 
37 °C for additional 2 h.

 2. In a total volume of 50 μL, 100 pmol of dsDNA oligo are 
digested with 20 units of BstEII restriction enzyme in 1× 

3.2 Construction 
of the RNA Expression 
Vector and 
Transformation 
of the E. coli Cells
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NEBuffer 3. The reaction mixture is incubated at 60 °C for 8 h 
in a 0.2 mL PCR tube with heated lid.

 3. Each reaction mixture is diluted to 100 μL with water, extracted 
two times with 100 μL of neutral phenol, and three times with 
200 μL of chloroform. After last extraction, the aqueous phase 
is transferred to a fresh 1.5 mL microcentrifuge tube, acidified 
by adding 10 μL of SA Buffer, and mixed with 300 μL of etha-
nol. The tube is incubated at (−20)°C for at least 1 h. Then, the 
precipitate is collected by centrifugation at 10,000 × g and room 
temperature for 30 min. Supernatant is discarded. The precipi-
tate is washed twice with 70 % ethanol, and air-dried for 15 min 
at room temperature.

 4. Dry pellet of BstEII-treated dsDNA oligo is dissolved in 
100 μL with water.

 5. In the tube containing dry pellet of BstEII-digested pCA2c 
plasmid, the ligation reaction mixture is assembled. The follow-
ing components are added: 7 μL of water, 1 μL of 10× T4 DNA 
ligase buffer, 1 μL of BstEII-treated dsDNA oligo, and 1 μL of 
T4 DNA ligase. The mixture is incubated at 16 °C for 15 h.

 6. Electrocompetent E. coli JM109 cells (100 μL) are thawed on 
ice for 10 min. Then, 1 μL of the ligation reaction mixture is 
added to the cells, and the entire volume is transferred to a 
sterile electroporation cuvette prechilled on ice. The electro-
poration is performed with 5 ms pulse of 1.5 kV. Immediately 
after the pulse, 750 μL of SOC medium is added to the cuvette. 
Then, the cell suspension is transferred to a sterile 15 mL Falcon 
tube, and kept on shaker at 37 °C and 250 rpm for 1 h.

 7. Aliquots of 5 and 100 μL are taken out of the cell suspension 
and spread on ampicillin-containing LB agar plates. The plates 
are incubated at 37 °C for 15–20 h until the colonies appear.

 8. Several (typically eight) individual colonies of average size are 
selected for the validation of the obtained plasmid construct. 
Each colony is transferred with sterile toothpick to a 15 mL 
Falcon tube with 2.4 mL of LB medium containing 0.1 mg/mL 
ampicillin. The tubes are incubated on shaker at 37 °C and 
250 rpm for 14 h (overnight). From each grown bacterial 
culture, 0.9 mL aliquot is taken out and mixed with 0.45 mL of 
30 % glycerol in a sterile 1.5 mL microcentrifuge tube. Thus 
prepared glycerol stocks are stored at (−80)°C. The rest of the 
bacterial culture (~1.5 mL) is centrifuged at 10,000 × g and 
room temperature for 5 min. Supernatant is discarded, while the 
cell pellet is used for plasmid purification.

 9. Plasmids are purified according to the described RNase-free 
plasmid purification protocol [18] with modifications. The entire 
procedure is performed at room temperature. Each cell pellet 
is resuspended in 150 μL of TE Buffer. Then, 150 μL of 
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Alkaline Lysis Buffer is added, the suspension is mixed by gen-
tle taping, and incubated for 3 min. The lysate is brought to 
neutral pH by adding 210 μL of Neutralization Buffer. The 
solution is mixed by inversion (not vortexed!) and kept on 
shaker at 200 rpm for 10 min. Cell debris and precipitated 
material are removed by centrifugation at 10,000 × g for 20 min 
(see Note 11). Cleared supernatant is loaded onto a spin col-
umn with silica membrane, and centrifuged at 3,000 × g for 
2 min. The flowthrough is discarded, and the column is washed 
two times with 400 μL of Salt Wash Buffer, and three times 
with 400 μL of Ethanol Wash Buffer. All washes are performed 
at 10,000 × g for 1 min, and the eluates are discarded. After the 
last wash, the spin column is inserted into a fresh 1.5 mL 
microcentrifuge tube and dried by centrifugation at 10,000 × g 
for 20 min. To elute the plasmid from the spin column, 50 μL 
of water is applied directly onto the silica membrane. After 
5 min of incubation, the eluate is recovered by centrifugation at 
10,000 × g for 5 min. The collected plasmid solution is stored 
at (−20)°C.

 10. Validation of the obtained plasmid constructs is performed by 
comparing electrophoretic separation profiles of their HindIII 
digests with that of the original pCA2c plasmid (see Note 12). 
Each digestion reaction mixture with total volume of 20 μL 
contains 0.5 μg of a plasmid and 20 units of HindIII restric-
tion endonuclease in 1× NEBuffer 2. The reaction is carried 
out at 37 °C for 2 h, then 4 μL of 6× Agarose Gel Loading 
Buffer is added, and the entire volume is loaded onto horizon-
tal 2.5 % agarose gel slab with 1× TBE gel buffer containing 
0.2 μg/mL ethidium bromide. Sample with similarly treated 
pCA2c plasmid is loaded alongside as a control. Hi-Lo dsDNA 
ladder is used as a DNA size marker (24 μL per well). The 
electrophoresis is performed at 10 V/cm in the running buffer 
of the same composition as the gel buffer. When Bromophenol 
Blue dye reaches the bottom of the gel, the electrophoresis is 
stopped, and the DNA bands are visualized on a UV transil-
luminator. HindIII digestion of the original pCA2c plasmid 
produces two bands, 472 and 5,613 bp. The shorter product 
encompasses the entire Bst aRNA gene together with adjacent 
regions. The presence of the insert in Bst aRNA gene is revealed 
by the decreased electrophoretic mobility of the shorter 
HindIII digestion product. The sequence of the Bst aRNA 
gene bearing the insert may be further confirmed by dideoxy-
nucleotide dye terminator sequencing.

 11. The prepared earlier glycerol stocks of E. coli JM109 carrying 
the validated derivative of pCA2c plasmid with correct chime-
ric RNA gene are retained for further use. Those for which the 
plasmid validation failed are discarded.
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The described procedure of E. coli cultivation refers to 0.6 L of 
growth medium.

 1. E. coli JM109 cells carrying the chimeric RNA expression 
vector are streaked from glycerol stock on LB agar with ampi-
cillin. The plate is incubated at 37 °C for 15–20 h until the 
colonies appear.

 2. To make starting culture, an individual colony of average size 
is transferred with sterile toothpick into a 50 mL Falcon tube 
containing 6 mL of LB medium with 0.1 mg/mL ampicillin. 
The tube is incubated on shaker at 37 °C and 250 rpm for 14 h 
(overnight).

 3. The entire starting culture is used to inoculate 600 mL of LB 
medium with 0.1 mg/mL ampicillin in 2.5 L Erlenmeyer flask. 
The flask is kept on shaker at 37 °C and 250 rpm. Occasionally, 
an aliquot of 100 μL is taken out and mixed with 900 μL 
of Culture Diluent for OD600 measurement (see Note 13). 
The cultivation is continued until cell density reaches 80 % of 
the plateau level, which typically takes 6–8 h (see Note 14).

 4. The bacterial culture is transferred to 250 mL centrifuge tubes 
(200 mL of culture per tube). The cells are pelleted by cen-
trifugation at 5,000 × g and 4 °C for 15 min. Supernatant is 
discarded.

 5. Each cell pellet is resuspended in 50 mL of ice-cold TE buffer, 
and the suspensions are combined in a single 250 mL centri-
fuge tube of known empty weight. The cells are pelleted by 
centrifugation at 5,000 × g and 4 °C for 15 min. The superna-
tant is  discarded, and the tube is weighed to determine the wet 
cell weight (see Note 15). The cell pellet can be either stored at 
(−80)°C or used immediately for the RNA isolation.

The nucleic acid isolation protocol applies to 5 g of wet E. coli cells 
as a starting material. The protocol can be re-scaled if necessary.

 1. The cells are thawed on ice for 10–15 min if they were stored 
frozen, otherwise they can be processed immediately.

 2. To 5 g of wet cells in 250 mL centrifuge tube, cold TE Buffer 
is added to a total volume of 24 mL. Cells are quickly resus-
pended by vortexing.

 3. All following steps are performed at room temperature unless 
otherwise mentioned. To the cell suspension, 4 mL of TAE-CL 
Buffer is added. After brief mixing, 4 mL of 10 % SDS and 
8 mL of formamide are added, and the suspension is mixed by 
inversion until the lysis is complete (3–5 min).

 4. Cell lysate is thoroughly mixed with 40 mL of Potassium Acetate 
Buffer, and left on the shaker for 20 min at 200 rpm. At this 
point, an abundant fibrous precipitate is formed (see Note 11).

3.3 Cultivation 
and Harvesting 
of the Transformed  
E. coli cells

3.4 Cell Lysis 
and Crude 
Fractionation 
of Nucleic Acids
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 5. The precipitate is removed by centrifugation at 10,000 × g and 
20 °C for 20 min. Cleared supernatant is transferred to a fresh 
250 mL centrifuge tube, where it is mixed with 160 mL of 
ethanol. The mixture is kept at (−20)°C for at least 1 h.

 6. Precipitated nucleic acids are collected by centrifugation at 
10,000 × g and 4 °C for 20 min, and the supernatant is 
discarded.

 7. The precipitate is washed with 100 mL of 70 % ethanol, and 
dried under vacuum for 30 min (see Note 16).

 8. Small RNAs are back extracted from the precipitate by shaking 
it with 40 mL of Sodium Acetate Buffer at room temperature 
and 250 rpm for 1 h (see Note 17). All insolubles are removed 
by centrifugation at 10,000 × g and 20 °C for 20 min. Cleared 
supernatant is transferred to a fresh 250 mL centrifuge tube, 
and mixed with 100 mL of ethanol. The mixture is kept at 
(−20)°C for at least 1 h. Precipitated RNA is collected by cen-
trifugation at 10,000 × g and 4 °C for 20 min, supernatant is 
discarded.

 9. The precipitate is washed three times with 100 mL of 70 % 
ethanol (see Note 18), and dried under vacuum for 30 min 
(see Note 16). At this point, it consists mostly of tRNAs, 5S 
rRNA, and other cellular RNAs shorter than 500 nt including 
the chimeric RNA (see Note 19). The precipitate can be stored 
at (−20)°C or used immediately for the chimeric RNA 
purification.

The protocol refers to 5 mg of starting material that represents 
low-molecular-weight fraction of E. coli RNAs. The RNA species 
are separated by electrophoresis in 8 % polyacrylamide gel with 
urea, and visualized by UV shadowing. The band corresponding to 
the chimeric RNA excised, and the RNA is extracted from the gel 
by electroelution. All steps are performed at room temperature 
unless otherwise mentioned.

 1. A gel cassette is assembled from square glass plates 20 × 20 cm 
and spacers 2 mm thick using paper clips to hold the assembly 
together.

 2. Acrylamide Monomers, 93 mL, are mixed with 6 mL of 10× 
TBE buffer and 50 μL of TEMED. The polymerization reac-
tion is initiated by adding 950 μL of ammonium persulfate. 
After that, the gel solution should be poured in the cassette as 
quickly as possible.

 3. The cassette is filled horizontally with the gel solution. Care 
should be taken not to allow air bubbles to be trapped inside 
the cassette because around them gel does not polymerize. 
An one-well comb is inserted, and paper clips are placed along 

3.5 Purification 
of the Chimeric RNA 
by Preparative 
Electrophoresis
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its whole length to ensure tight contact between glass plates 
and the comb.

 4. The gel is allowed to settle for at least 1 h. Afterwards, the gel 
cassette can be sealed in a plastic bag and stored refrigerated 
with the comb in, or used immediately.

 5. Prior to mounting the cassette in the gel apparatus, the comb 
is removed and the well is washed thoroughly with ultrapure 
water.

 6. The cassette is mounted in the gel apparatus, and the electrode 
chambers are filled with 1× TBE buffer.

 7. The gel is pre-run at 600 V until the current is stabilized 
(see Note 20). This may take 1–2 h.

 8. The loading sample is prepared by mixing 0.5 mL of aqueous 
RNA solution (10 mg/mL, see Note 21) with 0.5 mL of 
2× Polyacrylamide Gel Loading Buffer with Formamide. 
To unfold RNA, the sample is incubated at 80 °C for 5 min, 
then kept on ice until loaded.

 9. When the gel is ready to be run, the power is turned off, and 
the well is flushed with nanopure water. The sample is loaded 
immediately (see Note 22).

 10. The gel is run at 400 V for 30 min to allow the sample to enter 
the gel, then the voltage is increased to 600 V. The run contin-
ues until xylene cyanol dye reaches the bottom (see Note 23).

 11. The power is turned off, the cassette is taken out of the gel 
apparatus and disassembled. The glass plates are removed, the 
gel slab is transferred onto Saran wrap, and placed over a TLC 
plate with fluorescent indicator (see Note 24). RNA bands are 
visualized by shining the UV light on the gel from above.

 12. The RNA band of interest is excised from the gel with an 
ethanol- washed razor blade. The excised gel strip is further cut 
onto smaller pieces to conveniently accommodate them in 
electroelution unit.

 13. Electroelution unit is assembled from 5 mL Falcon tube, 
0.2 mL PCR tube, and two pieces of dialysis membrane held in 
place by silicon rubber rings (Fig. 3). The gel pieces are placed 
inside the gel chamber, the unit is filled with 0.2× TAE Buffer, 
and mounted in the apparatus for horizontal electrophoresis 
filled with the same buffer. Electroelution is performed at 
120 V for 8 h. At the end, the electrode polarity is inverted, 
and the run continues for another 60 s to release RNA from 
the membrane. Then, all liquid from the gel chamber is care-
fully pipetted out and discarded. The content of the receptacle 
(~200 μL) is transferred to a fresh 1.5 mL microcentrifuge 
tube, acidified with 20 μL of Sodium Acetate  Buffer, and 
mixed with 600 μL of ethanol. The mixture is kept at (−20)°C 
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for at least 1 h. Precipitated RNA is collected by centrifugation 
at 10,000 × g and 4 °C for 20 min, supernatant is discarded. 
The pellet is washed twice with 500 μL of 70 % ethanol, air-
dried for 15 min, and stored at (−20)°C until needed.

The procedure applies to the digestion of 10 nmol of the chimeric 
RNA with a pair of 5′-biotinylated 8–17 DNAzymes with E1111 
catalytic core each (see Note 25).

 1. A dry pellet of the chimeric RNA is dissolved in water to a final 
concentration of 200 μM (see Note 26).

 2. In a 15 mL Falcon tube, the following reagents are combined 
in given order: 50 μL of 200 μM chimeric RNA, 790 μL water, 
200 μL 1 M MOPS-NaOH (pH 7.2), 500 μL of 200 μM 
5′-Cutter DNAzyme, 500 μL of 200 μM 3′-Cutter DNAzyme, 
60 μL 10 mM Spermine-HCl, 500 μL 4 M NaCl, 500 μL 1 M 
KCl, 300 μL 0.1 MgCl2, 600 μL 0.1 M MnCl2. The mixture is 
incubated at 25 °C for 48 h (see Note 27).

 3. The reaction is stopped by adding 500 μL of Sodium Acetate 
Buffer followed by 10 mL of ethanol. The solution is mixed by 
vortexing, and incubated at (−20)°C for at least 1 h. Precipitated 
nucleic acids are collected by centrifugation at 10,000 × g and 

3.6 DNAzyme 
Cleavage 
of the Chimeric RNA

Fig. 3 Homemade electroelution unit for quantitative recovery of RNA from polyacrylamide gel. A thin-walled 
0.2 mL PCR tube is cut by a razor blade to remove the lid and the bottom. A polypropylene 5 mL Falcon tube 
is punched near the bottom with red-hot iron nail, and the truncated 0.2 mL PCR tube is immediately inserted 
into the opening before the molten plastic solidifies. An additional hole is punched over the joint for easy 
access to the content of the unit. The 5 mL tube serves as a gel chamber while 0.2 mL tube is a receptacle for 
the eluted RNA. Polyacrylamide gel slice is placed into the gel chamber as close to the joint as possible, and 
the unit is sealed with two pieces of wet dialysis membrane held in place by silicon rings of appropriate diam-
eter. The unit is filled with buffer, and mounted in an apparatus for horizontal electrophoresis with the recep-
tacle facing the anode, and the gel chamber facing the cathode
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20 °C for 20 min, supernatant is discarded. The pellet is washed 
twice with 1 mL of 70 % ethanol, air-dried for 15 min, and 
stored at (−20)°C.

The protocol takes advantage of the fact that biotin–streptavidin 
non-covalent complex remains stable under the conditions when the 
residual interactions between the DNAzymes and fragments of the 
chimeric RNA are weakened. This makes it possible to capture bio-
tinylated DNAzymes on streptavidin agarose beads and wash away 
all RNA pieces including the liberated cargo RNA. Then, the cargo 
RNA is separated from the remains of the protective scaffold by 
preparative electrophoresis in polyacrylamide gel. The DNAzymes 
can be recovered from the beads and reused.

 1. Streptavidin Agarose slurry (see Note 28) is shaken well, and 
6 mL of the homogeneous bead suspension is transferred to a 
15 mL Falcon tube.

 2. The tube is centrifuged in a swinging-bucket rotor at 100 × g and 
room temperature for 1 min to sediment the beads. The liquid is 
discarded. All following steps utilize the same conditions for bead 
sedimentation unless otherwise mentioned.

 3. The beads are resuspended in 7 mL of TEN Buffer, and sedi-
mented by centrifugation. The supernatant is discarded. The 
procedure is repeated four times to completely replace storage 
buffer with the TEN Buffer. Washed beads can be stored at 4 °C 
until needed as 50 % suspension in TEN Buffer. Immediately 
prior to use, the beads are sedimented by centrifugation, and all 
the excessive liquid is removed.

 4. A dry mixture of the DNAzymes and the processed chimeric 
RNA (see Subheading 3.6 step 3) is dissolved in 3 mL of TEN 
Buffer, and added to 3 mL of wet Streptavidin Agarose beads. 
The suspension is kept on shaker at 37 °C and 250 rpm for 1 h 
to allow for the DNAzyme immobilization.

 5. The suspension is incubated at 65 °C for 10 min. Then, the 
beads are sedimented by centrifugation while the tube is still 
hot (see Note 29). The supernatant is transferred to a 250 mL 
centrifuge tube.

 6. The beads are resuspended in 7 mL of TEN Buffer, incubated 
at 65 °C for 10 min, and sedimented by centrifugation while 
the tube is still hot. The supernatant is taken out and combined 
with the eluate from the previous step. The procedure is 
repeated another five times (see Note 30).

 7. The collected eluate (~45 mL) is acidified with 5 mL of Sodium 
Acetate Buffer, and mixed with 125 mL of ethanol. The mix-
ture is kept at (−20)°C for at least 1 h. The precipitated cargo 
RNA and scaffold fragments are collected by centrifugation at 
10,000 × g and 20 °C for 20 min. Supernatant is discarded. 

3.7 Separation 
of the Excised Cargo 
RNA from Other 
Components 
of the DNAzyme 
Cleavage Reaction 
Mixture
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The pellet is washed three times with 1 mL of 70 % ethanol, 
air- dried for 15 min, and stored at (−20)°C.

 8. The excised cargo RNA is separated from the remains of the 
scaffold by preparative electrophoresis performed in the same 
way as described in Subheading 3.5. Because of the lower load, 
the gel can be cast 0.75 mm thick.

 9. The DNAzymes are recovered by repeatedly washing the 
beads with plain water at elevated temperature. The beads are 
resuspended in 7 mL of water, incubated at 65 °C for 10 min, 
and sedimented by centrifugation while the tube is still hot. 
The supernatant is collected after each wash. Usually, 8–10 
washes are required to completely elute the DNAzymes bound 
to the affinity matrix. The release of DNAzymes from the 
beads can be monitored by measuring the UV absorbance of 
the eluate at 260 nm.

4 Notes

 1. We have noticed that the efficiency of cytoplasmic accumulation 
of a given chimeric RNAs varies greatly among different bacte-
rial hosts. The majority of the tested chimeric RNA  constructs 
accumulates well in E. coli RecA-deficient strains JM109 and 
BLR, which are chosen for their better maintenance of recombi-
nant plasmids. However, in several cases the chimeric RNA 
expression was noticeable only in other E. coli hosts (strains 
N3431 and XL1-Blue). Therefore, it is advisable to test several 
strains prior to selecting one as an assigned host for the chimeric 
RNA-expressing vector.

 2. pCA2c plasmid vector is a derivative of pKK5-1 [19] in which 
E. coli 5S rRNA gene was replaced with the coding sequence of 
an artificial RNA derived from Vibrio proteolyticus 5S rRNA by 
removing helix III-loop C segment and introducing BstEII 
restriction site for easy insertion of cargo sequences [5].

 3. Spin columns with the collection tubes are commercially avail-
able from several suppliers. We routinely use Qiagen (QIAprep 
Spin Miniprep Columns, #27115) and Epoch Life Science 
(EconoSpin All-In-One Silica Membrane Mini Spin Column, 
#1920-050) with equally good results.

 4. We do not use DEPC-treated water to avoid problems caused 
by the side products of DEPC decomposition.

 5. Can be replaced with phenol–chloroform (1:1, v/v) or phenol–
chloroform–isoamyl alcohol (25:24:1, v/v/v) mixtures equili-
brated with the same buffer. Phenol and its concentrated solutions 
leave painful burns on the skin, therefore it is recommended to 
always wear gloves and coat when handling them.
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 6. Can be replaced with a chloroform–isoamyl alcohol (25:1, v/v) 
mixture. Expose to chloroform vapor causes dizziness, there-
fore it is advisable to work with it in a fume hood. Upon pro-
longed storage, chloroform oxidizes to phosgene that can 
react with both proteins and nucleic acids. It is recommended 
to extract chloroform with several changes of 0.1 M sodium 
bicarbonate solution to completely remove phosgene.

 7. We use TBE Buffer of lower concentration than usual. It yields 
sharper bands on both agarose and polyacrylamide gels albeit 
at the cost of somewhat slower separation.

 8. Both acrylamide and N,N′-methylenebisacrylamide are potent 
neurotoxins and possible carcinogens, and should be handled 
with utmost care.

 9. We observed no significant differences in using DNAzymes 
with 5′- and 3′-attached biotin. Also, the length of the spacer 
seemingly does not affect DNAzyme catalytic efficiency or their 
binding to Streptavidin Agarose.

 10. Also, 5S rRNA contains several G*U base pairs. This type of 
base pairing is usually allowed by default. If not, the program 
settings should be adjusted to permit them.

 11. The precipitate is mostly composed of potassium dodecylsulfate, 
proteins, and genomic DNA.

 12. The presence of the insert in Bst aRNA gene might be con-
firmed by its excision from the plasmid with BstEII restriction 
endonuclease followed by separation of the reaction products 
on agarose gel. However, for inserts smaller than 100 bp detec-
tion on ethidium bromide-stained gels might be problematic. 
It was found more convenient to screen the obtained plasmids 
by cutting them with HindIII enzyme, which excises signifi-
cantly longer fragment containing the entire Bst aRNA coding 
sequence.

 13. Typically, E. coli JM109 cultures in LB medium can grow to 
OD600 4–5. Since spectrophotometers cannot measure accu-
rately the absorbance above 1.5, the samples should be diluted 
prior to measurement.

 14. The cells are harvested at the late phase of exponential growth 
when the degradation rate of cellular RNAs remains rela-
tively low.

 15. Under the described conditions, 600 mL of E. coli JM109 
culture yields 4–6 g of wet cells.

 16. Drying time may vary depending on the amount and compact-
ness of the collected precipitate.

 17. 16S and 23S rRNAs, which constitute the major mass fraction 
of the precipitate, are poorly soluble in 3 M Sodium acetate, 
pH 5. While the amount of unfractionated nucleic acid 
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extracted from 5 g of wet cells is usually within the range of 
100–200 mg, the back extraction procedure allows to reduce 
it to 10–30 mg of predominantly small RNAs.

 18. It is important to remove all salts from the RNA sample prior 
to fractionating it by electrophoresis in order to avoid band 
broadening and curving.

 19. Besides small RNAs, the precipitate often contains a plasmid 
that can be seen on electrophoretic profiles.

 20. Pre-running the polyacrylamide gel is needed to remove ion-
ized byproducts or unused components of the polymerization 
reaction.

 21. The approximate RNA concentration is calculated from the 
absorbance at 260 nm using the empirical conversion factor 
for a structured undenatured RNA for which A260 of 1 cor-
responds to 41 μg/mL of RNA in protonated form [20]. 
While some RNAs may not follow this rule, the deviations 
usually remain within 20 % of the above value. Such an accu-
racy can be regarded as acceptable for preparing gel loading 
samples.

 22. It is important to load the sample before a substantial amount 
of the gel buffer and urea diffused into the well. This allows 
one to obtain compact bands with sharp edges.

 23. Xylenecyanol mobility in 8 % denaturing polyacrylamide gel 
corresponds to approximately 60–65 nt RNA, i.e., it migrates 
in front of tRNA pool.

 24. Instead of the TLC plate, one can use a sheet of common 
printer paper. Under UV light, it produces fluorescence bright 
enough for reliable RNA detection on preparative polyacryl-
amide gels.

 25. E1111 catalytic core, TGTCAGCGACACGAA, is best suited 
for the cleavage of NG junctions, where N is A, U, G, or C [13].

 26. Precise molar concentration of the chimeric RNA is deter-
mined by hydrolyzing a small amount of it to mononucleo-
tides and measuring the hydrolysate’s absorbance at 260 nm. 
70 μL of the chimeric RNA solution with A260 of 4 is mixed 
with 30 μL of 1 N NaOH and incubated at 37 °C for 14 h 
(overnight). The solution is neutralized by 521 μL of unti-
trated 0.1 M NaH2PO4, and diluted with 379 μL of water to 
bring the total volume to 1 mL. The A260 of the hydrolyzate is 
related to the concentration of the chimeric RNA by the follow-
ing expression: A260 = CONC (15,020 NA + 9,660 NU + 12,080 
NG + 7,070 NG), where CONC is the RNA concentration in 
mol/L, and NA, NU, NG, and NC are the numbers of adenosine, 
uridine, guanosine, and cytidine nucleotides, respectively, in the 
chimeric RNA molecule [21].
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 27. The incubation time may vary considerably depending on the 
catalytic efficiency of the selected DNAzyme cores, accessibility 
of the cleavage sites on the chimeric RNA, and the ionic com-
position of the reaction mixture. Preliminary tests may be 
needed to optimize the reaction time for a given combination 
of chimeric RNA and DNAzymes.

 28. The protocol refers to Streptavidin Agarose beads with binding 
capacity of >70 nmol of biotin-tagged ligands per 1 mL of wet 
beads. If the capacity is lower, the amount of the beads should 
be increased accordingly.

 29. It is recommended to place the thermostat incubator near the 
centrifuge to minimize the time needed to transfer the tube 
from the incubator to the centrifuge.

 30. In the case of strong residual interactions between the 
DNAzymes and the fragments of cleaved chimeric RNA, the 
number of bead washes should be doubled.
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