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SUMMARY:

Here we present a protocol for DNAzyme-dependent cleavage of RNA. This enables fast and site-
dependent analysis of RNA 2’-O-methylation. This approach can be used for the preliminary or
major assessment of snoRNA activity.

ABSTRACT:

Guide box C/D small nucleolar RNAs (snoRNAs) catalyze 2’-O-methylation of ribosomal and small
nuclear RNA. However, a large number of snoRNA in higher eukaryotes may promiscuously
recognize other RNA species and 2’-O-methylate multiple targets. Here, we provide step-by-step
guide for the fast and non-expensive analysis of the site-specific 2’-O-methylation using a well-
established method employing short DNA oligonucleotides called DNAzymes. These DNA
fragments contain catalytic sequences which cleave RNA at specific consensus positions, as well
as variable homology arms directing DNAzyme to its RNA targets. DNAzyme activity is inhibited
by 2-’0O-methylation of the nucleotide adjacent to the cleavage site in the RNA. Thus, DNAzymes,
limited only by the consensus of the cleaved sequence, are perfect tools for the quick analysis of
snoRNA-mediated RNA 2’-O-methylation. We analyzed snoRNA snR13- and snR47-guided 2’-O-
methylation of 25S ribosomal RNA in Saccharomyces cerevisiae to demonstrate the simplicity of
the technique and to provide a detailed protocol for the DNAzyme-dependent assay.

INTRODUCTION:

RNA modifications play important roles in the regulation of gene expression. RNA 2’-O-
methylation and pseudouridylation, which are guided by box C/D and box H/ACA small nucleolar
RNAs (snoRNAs) respectively, protect RNA from degradation and stabilize their higher-order
structures®3. SnoRNA targets have been identified mainly in ribosomal RNAs (rRNA) and small
nuclear RNAs (snRNAs). However, in higher eukaryotes, there are potentially hundreds of snoRNA
with no assigned functions and some of them may recognize multiple RNAs'*’. Therefore,
methods which allow for the identification and analysis of snoRNA-guided modifications are
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important tools in uncovering mechanisms governing cellular processes.

A box C/D snoRNA-guided putative 2’-O-methylation site can be identified bioinformatically and
confirmed experimentally by many techniques, including RNase H-directed cleavage, or site-
specific and genome-wide methods, which employ reverse transcription in low nucleotides
(dNTPs) concentration approach®!!, These techniques are very sensitive but also laborious and
expensive, therefore, may not be suitable for the initial or quick testing. One of the simplest and
low-cost methods to identify 2’-O-methylation sites is DNAzyme-dependent RNA cleavage®?.
DNAzymes are short, single-stranded and catalytically active DNA molecules capable of
endonucleolytic cleavage of RNA at specific positions. They consist of a conserved and
catalytically active core sequence and 5’ and 3’ binding arms composed of variable sequences
designed to hybridize by Watson-Crick base-pairing to the RNA target (Figure 1). Thus, the 5" and
3’ arms deliver the catalytic sequence to the specific RNA site. DNAzyme-dependent cleavage is
inhibited by 2’-O-methylation of the nucleotide positioned directly upstream of the cleavage
site’?13, This makes DNAzymes very practical tools for the analysis of putative or known RNA 2’-
O-methylation sites.

Two types of DNAzymes are used for RNA modifications analyses!?. The active sequence of 10-
23 DNAzyme (Figure 1A) consists of 15 nucleotides (5’RGGCTAGCTACAACGA3’) which form a loop
around the targeted RNA purine-pyrimidine (RY) dinucleotide and catalyze the cleavage between
these two nucleotides. The RNA purine (R) is not base-paired with the DNAzyme and the 2’-O-
methylation presents on the DNAzyme inhibits the cleavage. The binding arms of 10-23
DNAzymes are usually 10-15 nucleotides long. The second DNAzyme class, 8-17 DNAzymes
(Figure 1B) contain 14-nucleotide catalytic sequence (5'TCCGAGCCGGACGA3’). Nucleotides C;,
Cs and G4 pair with Co Gio and Gi11 forming a short stem-loop structure. 8-17 DNAzymes cleave
RNA upstream of any guanine that is imperfectly paired with the first thymine from the DNAzyme
active sequence. The RNA nucleotide upstream of the guanine is not base-paired with DNAzyme
and its 2’-O-methylation impairs the cleavage. 8-17 DNAzymes require longer homology arms of
around 20 nucleotides to direct DNAzyme to its specific sequence.

Here, we provide a step-by-step protocol for the analysis of 2’-O-methylation of rRNA in
Saccharomyces cerevisiae using 10-23 and 8-17 DNAzyme-dependent approaches'?* (Figure
1C). This protocol can be easily adapted for other organisms and RNA species and employed for
the fast, preliminary or major analyses of site-specific RNA 2’-O-methylation.

PROTOCOL:

1. Strains, media and buffer recipes

1.1. Prepare yeast (S. cerevisiae) media as detailed here: 1% w/v yeast extract, 2% w/v
bacteriological peptone and, glucose and galactose stocks at 20% w/v.

1.2. Prepare sodium acetate (NaAc)-EDTA (AE) buffer by adding 50 mM NaAc pH 5.3 and 10 mM
EDTA.
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1.3. Prepare 10-23 DNAzyme 4x Incubation Buffer as detailed here: 24 mM Tris pH 8, 60 mM
NaCl and 10-23 DNAzyme 4x Reaction Buffer: 200 mM Tris pH 8 and 600 mM NaCl.

1.4. Prepare 8-17 DNAzyme 2x Reaction Buffer as detailed here: 200 mM KCI, 800 mM NaCl, 100
mM HEPES pH 7.0, 15 mM MgCl;, and 15 mM MnCl,.

1.5. Prepare 10x MOPS Buffer as detailed here: 200 mM MOPS, 50 mM NaAc, 1 mM EDTA; pH
7.0 and 1.5x Sample Denaturing Buffer: 50% v/v formamide, 20% v/v formaldehyde, 1.5x MOPS
buffer.

1.6. Obtain S. cerevisiae strains, BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0); GAL1::SNR13
(as BY4741 but GAL1::SNR13:KANmX); GAL1::SNR47 (as BY4741 but GAL1::SNR47:HIS3mX). Any
other yeast strain can be used for this analysis.

2. DNAzyme design

2.1. Find RNA sequence of interest or putative methylation site using an appropriate database.
For S. cerevisiae snoRNA targets, use yeast snoRNA database:

http://people.biochem.umass.edu/fournierlab/snornadb/mastertable.php*

2.2.To find the methylation site of interest, e.g., snR13-dependent site, select “snR13” and make
a note of the position of the modified nucleotide (e.g., snR13-guided Az2s1 in 25S rRNA).

2.3. Find sequences upstream and downstream of the modified nucleotide using appropriate
database. For S. cerevisiae, use the Saccharomyces Genome Database:
https://www.yeastgenome.org/

2.4. Search for the target gene name e.g., RDN25 (coding 25S rRNA).

2.5. Select 10-15 nucleotides upstream and downstream of the methylation site when using a 10-
23 DNAzyme assay and 20 nucleotides upstream and downstream of the methylation site for the
8-17 DNAzyme.

2.6. Flank 10-23 or 8-17 DNAzyme catalytic sequence with a 5’ arm and a 3" arm.

2.7. Order DNAzyme as a normal DNA oligonucleotide from the supplier.

3. S. cerevisiae growth conditions

NOTE: S. cerevisiae BY4A741 strain derivatives were used, in which the expression of either SNR13
or SNR47 snoRNA is driven from the inducible GALI promoter. In order to induce or inhibit their

synthesis, grow cells on medium containing galactose (GALI-dependent transcription on) or
glucose (GALI1-dependent transcription off). As a control, use the wild type strain (BY4741) grown
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either on galactose or glucose.

3.1. Grow yeast strains in an appropriate medium and conditions. To analyze GAL1::SNR13 and
GAL1::SNR47 strains as well as the isogenic wild type strain, grow cells in 50 mL of YP media with
either 2% glucose (YPD) or galactose (YPGal) at 30 °C to the middle exponential phase.

3.2. Centrifuge cells at 1,000 x g, for 3 min at 4 °C and keep the pellets.

3.3. Remove and discard the supernatant.

3.4. Freeze cell pellets in liquid nitrogen and store them at -80 °C.

CAUTION: Liquid nitrogen may cause severe cryogenic burns. Always wear protective clothing
and exercise safety precautions.

NOTE: Cell pellets can be stored at -80 °C up to 1 month. The protocol can be paused here if
needed.

4. RNA isolation!®

NOTE: Use the most appropriate method to isolate RNA. For yeast S. cerevisiae, hot-phenol RNA
extraction can be used.

4.1. Add 1 mL of ice-cold water, resuspend the pellets and transfer resuspended cells to 1.5 ml
microtubes.

4.2. Centrifuge at 20,000 x g for 10 s at 4 °C and remove the supernatant.

4.3. Add 400 pL of AE buffer and resuspend the cells.

NOTE: Steps 4.4 - 4.15 are performed at room temperature unless stated otherwise.

4.4. Add 40 uL of 10% SDS and 400 pL of acid phenol (pH 4.5).

CAUTION: Phenol is toxic and should be handled under a fume hood. Always wear a lab coat,
protective gloves, and glasses when working with phenol. Dispose of the waste according to the
institutional regulations.

4.5. Mix well by vortexing for 20 s.

4.6. Incubate at 65 °C for 10 min. Every 2 min, gently open and close the tube to release the
pressure and flip the tube 2-3 times to mix the phases.

4.7. Transfer the tubes to -80 °C and incubate for 10 min.
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4.8. Defrost the tubes on the bench and centrifuge at 20, 000 x g, for 5 min at room temperature.

4.9. Transfer the upper phase to a new tube containing 400 uL acid phenol:chloroform:isoamyl
alcohol (25:24:1). Do not disrupt the interphase.

CAUTION: Chloroform is toxic and should be handled under a fume hood. Always wear a lab coat,
protective gloves, and glasses when working with chloroform. Dispose of the waste according to
institutional regulations.

4.10. Mix well by vortexing for 30 s and centrifuge at 20, 000 x g for 10 min at room temperature.
4.11. Transfer the upper phase (~400 pL) to a new tube containing 400 pL chloroform.

4.12. Mix well by vortexing for 30 s and centrifuge at 20,000 x g for 5 min at room temperature.

4.13. Transfer the upper phase (~¥300-350 pL) to a new tube containing 1 mL of EtOH and 40 pL
of 7.5 M ammonium acetate (NH4AC). Mix by flipping the tube a few times.

4.14. Incubate at -80 °C for 2 h or overnight at -20 °C.
NOTE: The procedure can be paused here.

4.15. Centrifuge at 20, 000 x g, for 10 min at 4 °C. A small, white RNA pellet will become visible
on the bottom of the tube.

4.16. Remove EtOH by pipetting to avoid disturbing the pellet.

4.17. Add 1 mL of 70% EtOH and centrifuge at 20, 000 x g for 5 min at room temperature.
4.18. Remove 70% EtOH by pipetting.

4.19. Centrifuge at 20, 000 x g for 15 s and remove the remaining EtOH with 2-20 pL pipette.
4.20. Leave the tube open on the bench for 5 min to dry the RNA pellet.

NOTE: RNA pellet changes its color from white to transparent when dry.

4.21. Resuspend the RNA pellet in 30 uL of RNase/DNase-free H,0, transfer the tube immediately
on the ice and measure RNA concentration on microspectrophotometer.

4.22. Freeze the samples at -20 °C.

NOTE: RNA can be stored at -20 °C up to 1 month and at -80 °C up to 1 year. The procedure can
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be paused here or proceeded directly to the next step.
5. DNAzyme digestion
5.1. 10-23 DNAzyme digestion

5.1.1. In 1.5 mL tubes prepare an incubation mix by combining 5 ug of RNA, 200 pmol of 10-23
DNAzyme (2 uL of 100 uM stock solution) and 2.5 pL of 4x 10-23 Incubation Buffer in a total
volume of 10 uL. Keep the tubes on ice.

5.1.2. Transfer the tubes to a dry heat block set at 95 °C and incubate for 3 min.

5.1.3. Transfer the tubes immediately on ice and incubate for 5 min.

5.1.4. Spin down briefly and put the tubes back on the ice.

5.1.5. Add 20 U of RNase inhibitor (e.g., 0.5 pL RiboLock RNase inhibitor).

5.1.6. Place the tubes in a dry heat block set for 25 °C and incubate for 10 min.

5.1.7. In the meantime, prepare a reaction mixture in a 1.5 mL tube by combining 5 uL of 4x 10-
23 Reaction Buffer with 4 pL of 300 mM MgCl,and 1 plL H,0O. Place the tube in a dry block set to

37 °C.

5.1.8. Transfer the incubation mix to a dry heat block set for 37 °C and add 10 puL of pre-warmed
reaction mix.

5.1.9. Incubate the reaction at 37 °C for 1 h.
5.1.10. Transfer the tubes on ice and proceed to step 5.3.1.
5.2. 8-17 DNAzyme digestion

5.2.1. Prepare a 1.5 mL microtube with 5 pug of RNA in a total volume of 6 pL. Keep the tube on
ice.

5.2.2. Prepare a 1.5 mL microtube with 400 pmol of 8-17 DNAzyme (4 plL out of 100 uM stock).
Keep the tube on ice.

5.2.3. Transfer the tubes to a dry heat block set for 95 °C and incubate for 2 min.

5.2.4. Move the RNA sample on ice.
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5.2.5. Spin down the tube with DNAzyme for 5 s and incubate at 25 °C for 10 min.

5.2.6. Atthe same time, prepare a 1.5 mL tube with 10 pL of 2x 8-17 Reaction Buffer and incubate
at 25 °C.

5.2.7. Prepare a reaction mixture by adding 10 pL of pre-warmed 2x Reaction Buffer to the tube
with DNAzyme.

5.2.8. Transfer 14 uL of the reaction mix to the tube with RNA and add 20 U of RNase inhibitor.
5.2.9. Incubate the reaction at 25 °C for 2h.

5.2.10. Transfer the tube on ice and proceed to RNA purification (step 5.3.1).

5.3. RNA purification

5.3.1. Add 350 pL of water and 400 puL of chloroform to the reaction tube, mix well by vortexing
for 30 s and centrifuge at 20,000 x g for 5 min at room temperature.

5.3.2. Transfer the upper phase (~300-350 pL) to a new tube containing 1 mL of EtOH, 40 pL of
7.5 M NHzAC and 1 pL of glycogen (10 ug/uL). Mix by flipping the tube a few times.

5.3.3. Incubate at -80 °C for 2 h or overnight at -20 °C.
NOTE: The procedure can be paused here.
5.3.4. Repeat steps from 4.15 to 4.21.

5.3.5. Resuspend the RNA pellet in 10 uL of RNase/DNase-free H,O and transfer the tubes
immediately on ice.

5.3.6. Freeze the samples at -20 °C.

NOTE: RNA can be stored at -20 °C up to a month and at -80 °C up to 1 year. The procedure can
be paused here or proceed to RNA electrophoresis.

6. RNA electrophoresis

6.1. Spray the electrophoresis equipment (tank, tray, comb) with 1% SDS, leave for 15 min and
rinse with plenty of ddH,O.

6.2. Dissolve 1.5 g of agarose in 127.5 mL of ddH;0 by heating it in the microwave.
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6.3. Add 15 mL of 10x MOPS and 7.5 mL of 37% formaldehyde to the agarose solution (total
volume is 150 mL).

CAUTION: Formaldehyde is toxic and should be handled under a fume hood. Always wear a lab
coat, protective gloves, and glasses when working with formaldehyde. Dispose of the waste

according to institutional regulations.

6.4. Add an appropriate amount of a gel stain of choice to the agarose solution (e.g., 15 pL of
SYBR Safe DNA gel stain). Mix well and pour the agarose to the tray.

6.5. Insert a comb in the gel immediately.

6.6. Leave it for 45 min under the fume hood. Cover the tray with aluminum foil when using a
light-sensitive gel stain.

6.7. Prepare 600 mL of 1x MOPS buffer.
6.8. RNA sample preparation

6.8.1. In a 1.5 mL tube, combine 10 pL of the digested and purified RNA sample, 5 uL of Sample
Denaturing Buffer and 0.5 pL of 6x Loading Dye.

CAUTION: Formamide is toxic and should be handled under a fume hood. Always wear a lab coat,
protective gloves, and glasses when working with formamide. Dispose of the waste according to
institutional regulations.

6.8.2. Incubate RNA samples at 70 °C for 5 min. Transfer the samples on ice. Incubate for 5 min.
6.8.3. Spin down briefly before loading on the gel.

6.9. Put the gel in the electrophoresis tank and fill with 1x MOPS buffer. Load the entire volume
of each sample (15 pL) on the gel. Run at 80 V until bromophenol blue reaches 2/3 of the gel
length.

6.10. Image the gel using an imager appropriate to detect the chosen gel stain (e.g., UV
transilluminator).

REPRESENTATIVE RESULTS:
The utility of the DNAzyme-dependent cleavage in the analysis of rRNA modifications has been
shown recently in the context of snoRNAs maturation!3. The DNAzyme-dependent assay was

used to show that lack of 5’-end pre-snoRNA processing affects 2’-O-methylation levels of 255
and 18S rRNA in S. cerevisiae'3.
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Here, we used an inducible snoRNA transcription system to demonstrate the effectiveness and
simplicity of the technique. Box C/D snR13 guides methylation at two positions in 255 rRNA,
including adenine 2281 (Figure 2A). This nucleotide is followed by uracil, which constitutes the
consensus dinucleotide (RY) cleavable by a 10-23 DNAzyme. Box C/D snR47 also guides
methylation of two nucleotides in 25S rRNA (Figure 2B). The adenine in position 2220 is followed
by a guanine residue and this dinucleotide can be cleaved by an 8-17 DNAzyme. In order to induce
or inhibit synthesis of either snR13 or snR47 snoRNA, we inserted the inducible GAL1 promoter
upstream of either SNR13 or SNR47 genes and cultivated cells in medium containing galactose
(GAL1-dependent transcription on) or glucose (GALI-dependent transcription off). Next, RNA
isolated from GAL1::SNR13 cells were incubated with 10-23 DNAzyme designed to cleave 25S
rRNA at snR13-dependent site, in between nucleotides 2281 and 2282 (Figure 2C). RNA from
GAL1::SNR47 strain was treated with 8-17 DNAzyme targeting snR47-dependent site in between
nucleotides 2220 and 2221 (Figure 2D). As a control, RNA from the wild-type BY4741 strain
growing on either galactose or glucose was incubated with both DNAzymes. Electrophoresis of
the DNAzyme-treated RNA revealed that 25S rRNA extracted from GALI1::SNR13 and
GAL1::SNR47 strains growing on galactose (GAL) remained intact (Figure 3A,B; lanes 3). In
contrast, RNA isolated from GAL1::SNR13 and GAL1::SNR47 cells growing on glucose (GLC) was
digested by respective DNAzymes (Figure 3A,B; lanes 4). In both cases, the 25S rRNA band
decreased and 5’ and 3’ cut-off cleavage products (A and B) were observed. This indicates that in
GAL1::SNR13 and GAL1::SNR47 strains, 255 rRNA was 2’-O-methylated at snR13- or snR47-guided
sites when galactose was used as a carbon source and these snoRNA were expressed. The lack of
25S rRNA methylation when snR13 or snR47 expression was shut off on glucose allowed for
DNAzyme-dependent cleavage. No RNA digestion was observed for wild-type samples (Figure
3A,B; lanes 1 and 2), as the expression of snR13 and snR47 is galactose/glucose-independent in
this strain. Therefore, rRNA was normally methylated and so resistant to DNAzymes activity.

Overall, our experiment shows that the cleavage activity of 10-23 (Figure 3A) and 8-17 (Figure
3B) DNAzymes correlated with the absence of box C/D snR13 or snR47, clearly indicating that
these snoRNA are responsible for 255 rRNA 2’-O-methylation at particular sites.

FIGURE AND TABLE LEGENDS:

Figure 1: DNAzymes and their RNA substrates. (A) 10-23 DNAzymes cleave a purine-pyrimidine
(RY) RNA dinucleotide. R in the RNA is not paired with DNAzyme, while Y is complementary to
the R base in the DNAzyme. Methylation of the purine (R) in RNA suppresses DNAzyme-
dependent cleavage. (B) 8-17 DNAzymes cleave RNA upstream of guanine that is imperfectly
paired with the first thymine in the DNAzyme catalytic sequence. The nucleotide preceding
guanine is not paired and its methylation protects from DNAzyme-dependent cleavage. RNA is
shown in grey (apart from the methylation site), DNAzyme is shown in purple. N — any nucleotide,
R — purine: adenine or guanine, Y — pyrimidine: cytosine or uracil; CH3- denotes RNA methylation.
Base pairing within the DNAzyme active sequences is marked by dotted lines. A blue lightning
bolt marks the cleavage site. (C) A flowchart showing the steps of a DNAzyme-dependent
analysis.
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Figure 2: DNAzymes targeting snR13- and snR47-dependent methylation sites in 255 rRNA

(A, B) Browser screenshots showing snR13-dependent (A) and snR47-dependent (B) methylation
sites in 25S rRNA (C) 25S rRNA sequence surrounding snR13-dependent methylation site (Azzs1)
and 10-23 DNAzyme (shown in purple) designed to cleave RNA between Ajzs1 and Uzzsz. Azzsi is
not paired with the DNAzyme while U323, forms a pair with the first nucleotide from the DNAzyme
active sequence (marked by a blue line). A blue lightning bolt marks the cleavage. (D) 25S rRNA
sequence surrounding snR47-dependent methylation site (A2220) and 8-17 DNAzyme (shown in
purple) designed to cleave RNA between A220 and G2221. A2220 is not hybridized with the DNAzyme
while G221 is imperfectly paired with thymine (denoted with a dashed line). A blue lightning bolt
marks the cleavage site.

Figure 3: Analysis of site-specific 2’-O-methylation of 25S rRNA using 10-23 and 8-17 DNAzyme-
dependent assay. (A) Analysis of snR13-dependent 25S rRNA methylation using 10-23 DNAzyme.
(B) Analysis of snR47-dependent 25S rRNA methylation using 8-17 DNAzyme. RNA was visualized
staining in a denaturing agarose gel. Cleavage products A and B are marked by red arrows. WT —
wild-type strain; GAL — galactose, GLC — glucose.

DISCUSSION:

DNAzyme-dependent digestion can be used as a simple and quick method to analyze site-specific
RNA 2’-O-methylation'?'3, DNAzymes cleave RNA if the nucleotide upstream of the cleavage site
is not methylated. In contrast to other approaches, including RNase H-directed digestion, alkaline
degradation or reverse transcription in low nucleotides concentration followed by quantitative
PCR or sequencing®!0116 DNAzyme approach requires a simple DNA oligonucleotide and basic
reagents that are present in any molecular biology laboratory. Moreover, DNAzymes may be used
in a similar way to analyze RNA pseudouridylation mediated by box H/ACA snoRNA'?, which
makes them versatile tools in studying snoRNA targets.

DNAzyme-dependent approaches are limited only by cleavage site consensus sequences'’. 10-23
DNAzymes can be used to analyze 2’-O-methylation only at position R of the RY dinucleotide,
while 8-17 DNAzymes recognize the modification of the nucleotide located upstream of guanine.
As a result, modifications like 2’-O-methylation of the first nucleotide in the dinucleotides
guanine-adenine (GA), adenine-adenine (AA), pyrimidine-adenine (YA) and pyrimidine-
pyrimidine (YY) cannot be analyzed. Moreover, the low efficiency of DNAzyme-dependent
cleavage!? should be considered. Although some DNAzymes cleave RNA almost completely
(Figure 3B), many DNAzymes only partially digest their targets (Figure 3B). The efficiency may
depend on the sequence surrounding the cleavage site. For example, RNA regions with stretches
of the same nucleotide may affect the correct positioning of the DNAzyme active sequence.
Furthermore, RNA regions forming strong secondary structure may re-hybridize and suppress
DNAzyme binding to the target sequence. To overcome these issues, cycles of heating and cooling
of the 10-23 DNAzyme and its RNA substrate can be applied?®.

We used the DNAzyme approach to investigate 2’-O-methylation of rRNA. One can also use this
technique to analyze other RNA modifications, such as Né-methyladenosine®®. Ribosomal RNA,

due to its abundance, can be analyzed by electrophoresis and the cleavage products can be
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visualized under the UV light. However, this is not applicable for less abundant RNAs like RNA
Polymerase llI-generated coding RNAs (mRNA) and non-coding RNAs (ncRNA). These RNAs cannot
usually be detected directly by RNA staining in agarose or polyacrylamide gels. In such cases,
DNAzyme-dependent cleavage can be visualized by Northern blotting, indirectly detected by
PCR/quantitative PCR or analyzed by quantitative PCR with polymerases (e.g., KlenTag DNA
Polymerase) capable of discriminating 2’-O-methylated RNA from unmethylated RNA20:21,
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copyrights, in and to the Video. To the extent that, by law,
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any of the licenses or grants granted by the Author
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maximum rights permissible within such statute.

8. Protection of the work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
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9. 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.
10. 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.

11. 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. JoVE reserves the right, in its absolute and sole
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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,
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editing, lighting, filming, timing of publication, if any,
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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
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attorney's fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
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animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
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The Review Editor
Journal of Visualized Experiments

Dear Vineeta,

Thank you for your reply and for the helpful comments from the reviewers. We have worked
hard to address the comments and suggestions of the editor and the reviewers, placing
particular emphasis on the clarity of the protocol.

Substantial improvement has been done regarding composition of the essential steps of the
protocol for the video and clarity of text. We have added requested references and figures as
well as we have discussed weaknesses and strengths of the technique.

Overall, we believe the manuscript is now very much improved and hope it is suitable for
publication.

Below we give responses to the reviewers’ individual comments.

Yours sincerely,
v Gahale

Dr Pawel Grzechnik
Sir Henry Dale Fellow
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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.

A: Done

2. Please sort the Materials Table alphabetically by the name of the material.
A: Sorted.

3. Please revise the title to be more concise: “Quick Protocol for” can be removed.
A: Corrected.

4. Please ensure that all text in the protocol section is written in the imperative tense as if
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions
should be described in the imperative tense in complete sentences wherever possible. Avoid
usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol.
Any text that cannot be written in the imperative tense may be added as a “Note.” However,
notes should be concise and used sparingly. Please include all safety procedures and use of
hoods, etc.

A: Corrected.

5. 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.

A: Corrected.

6. 3.2: What happens after centrifugation?
A: Explained.

7. 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.
A: Done.

8. 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.

A: Done.

9. Please do not abbreviate journal titles in the References.

A: We downloaded and used JOVE Endnote style. The titles in the references appear
according to the style indicated by JoVE’s “guidelines for authors”.

Reviewers' comments:



Please note that novelty is not a requirement for publication and reviewer comments
questioning the novelty of the article can be disregarded.

A: We are not willing to disregard any comment as this is disrespectful for the reviewers. We
recommend to advise reviewers about the character and mission of the journal.

Reviewer #1:

Manuscript Summary:

The manuscript outlines a protocol for detection of ribose-methylation in ribosomal RNA.
The detection is based on the inhibitory effect of ribose-methylation on custom-designed
DNAzymes, resulting in absence of cleavage if the targeted RNA nucleotide is ribose-
methylated. DNAzyme cleaving activity on ribosomal RNA is assayed by denaturing agarose
gel electrophoresis.

The manuscript is generally well written, and the protocol is easy to follow with only a few
minor points that should be clarified (see below). The protocol essentially only requires
standard lab equipment, but it is debatable if analysis is "quick™ as stated in the Abstract,
since design and production of DNAzymes is required for each new target.

A: We were advised by the journal to remove “quick protocol” from the title. However, we
would like to point out that design, purchase and delivery of the oligo does not take longer
than 3 working days.

Major Concerns:

A main concern with the method is the extremely low "catalytic" efficiency of the
DNAzymes. The protocol uses several hundred-fold excess of DNAzyme to substrate, and
still only a minor fraction of the substrate rRNA is cleaved. Given this very low efficiency,
absence of cleavage may not mean methylation of the target nucleotide, but merely that the
amount of cleaved substrate is below detection level. Many biological set-ups will not have
the option for positive or negative controls as used in this work. This aspect must be included
in the discussion as a minimum.

Secondly, the protocol described here is very close to a protocol publishes in "Analytical
Biochemistry™ in 2007 (reference 12 in this manuscript). It is not obvious that the current
manuscript offers improvements or "tricks" that cannot be found in the 2007 publication.
A: In the revised version of the manuscript we discussed low efficiency issue and possible
ways to tackle this problem.

Indeed, we followed established protocol in our studies. We raised the issue of the lack of
novelty of the protocol when we had been initially approached by the editor. We were
informed that the scope of JOVE is to provide a video guidance, not to publish a new or an
improved method.

Minor Concerns:

-The title should be modified to make it clear that the protocol is essentially only applicable
to ribosomal RNA due to its abundance.

A: We modified the title. We also discuss that the method can be used for less abundant RNA
and the presence of the cleavage can be detected by more sensitive methods.

-Step 4.13: NH4AC is not an obvious abbreviation - define. Is the pH relevant here - acidic
salts are often preferred for RNA precipitation
A: Corrected. We do not adjust pH of this solution.



-Step 4.22: A gel check for RNA quality should be introduced. Partially degraded RNA will
make subsequent DNAzyme cleavage nearly impossible to assess.

A: RNA degradation usually manifests in equal disappearance of bands and smearing. It is
very unlikely that degradation would be only endonucelolytic and would appear as a single
band which corresponds to the size of the cleavage product.

-Step 5.3.4: Is there a need for glycogen as precipitation carrier?
A: Glycogen facilitates visualization and handling of the precipitated RNA pellet.

-Step 6.2: | guess that dissolving of agarose in water requires boiling!?
A: Yes. Information added.

Reviewer #2:

Manuscript Summary:

Using DNAzymes for RNA modification analysis is an attractive low cost approach that
might allow targeted RNA modification analysis in low-throughput format and which should
be accessible to a broader audience. The manuscript by Winczura and Grzechnik represents
an easy-to-use protocol for detecting 2'-O-Me, which might be a good addition to the
experimental repertoire of any lab interested in performing some targeted analysis of specific
transcripts before embarking on a genome-wide hunt for additional ribose-methylation sites.
This reviewer supports publication after the minor concerns | state below have been
addressed.

Minor Concerns:

The introductory section should contain a paragraph that informs the interested reader that the
use of DNAzymes for the detection of RNA modifications could and does extend beyond
testing for 2'-O-Me.

- Z. Zaborowska, J. P. Firste, V. A. Erdmann, J. Kurreck, J. Biol. Chem. 2002, 43, 40617.

- S. Schubert, D. C. Gil, H.-P. Grunert, H. Zeichhardt, V. A. Erdmann, J. Kurreck, Nucleic
Acids Res. 2003, 31, 5982.

- m6A in RNA (DOI: 10.1002/ange.201808745) should be mentioned and referenced.

- 2'-O-Me analysis (PMID: 25074936) should be mentioned and referenced.

A: We added references Sednev et al., 2018 as well as Lee and Bogenhagen, 2014.
Zaborowska et al. and Schubert et al. describe optimization of the technique and therefore are
not suitable in this context.

Figure 3 should be inverted (black/white) like it was done in Grzechnik, P. et al. Nuclear fate
of yeast SnoRNA is determined by co-transcriptional Rntl cleavage. Nat Commun. 9 1783,
(2018). This would allow to see the weak banding pattern in Figure 3b to believe that an
agarose gel is indeed a readout for the technique.

A: We compare both options and, in our opinion, white and black is more informative.

The discussion contains a list of potential drawbacks of the method. One is: "The second
drawback is low efficiency of DNAzyme-dependent cleavage”. As other protocols using
DNAzymes used cycles of heating/annealing and cutting to improve the efficiency, it would
be good if the authors would mention such possibility in their workflow or the discussion
with the appropriate reference such as PMID: 17998290).



A: We added this information to the manuscript.

Reviewer #3:

In this manuscript Winzcura and Grzechnik describe the method allowing to check the 2'-O-
methylation status of certain rRNA nucleotides, using specific RNA-cleaving DNAzymes. In
the presence of 2'-O-methylation the cleavage is compromised, allowing to distinguish fully
methylated and unmethylated sites. In principle the method is somehow useful and
sometimes used in the RNA methylation field, however the reviewer has serious doubts on
the proposed manuscript.

My major concerns are both total lack of novelty and also limited efficiency/usefulness for
the proposed protocol. Original idea comes from Dr. D.Entian’s lab (ref 12 in the manuscript)
and the protocol used here was already published >10 years ago. As far as | can see, in the
current manuscript the protocol remains essentially the same, so, except additional visual
illustration of routine RNA biology manipulations, the manuscript does not bring anything
new nor really helps new users in the field to apply it efficiently to other projects.

This is related to the intrinsic weakness of the method itself, by my own experience | know
that the success of this approach heavily relies on the design of DNAzymes used for cleavage
and some sites in rRNA are even not amenable to testing due to unfavourable sequence
context, and most probably strong secondary rRNA structure around. Regrettably, authors
provide only some very broad and imprecise guidelines on the DNAzyme design and
illustrate the success with only one example of cleavage for both DNAzyme types used in
this study.

To be really useful for the field, such method development study should be completed by
much more extensive repertoire of "testable™ sites (even for yeast rRNA, one should indicate
which sites can be tested and with which DNAzyme, followed by experimental validation)
and more serious optimization of the length and sequence of DNAzyme regions
complementary to target rRNA.

In conclusion, in its current state, the manuscript brings very little new insight into the
proposed analytical approach, and more experimental work and optimizations are required to
warrant publication.

A: As the reviewer noticed this is established method which has been known and used for
many years. We raised the issue of the lack of novelty of the protocol when we had been
initially approached by the journal. The editor informed us that the scope of JOVE is to
provide a video guidance for researchers and students not to publish a new or an improved
method. Therefore, the above comment should be directed to the editor, not to the authors.

Reviewer #4:

Manuscript Summary:

This is a methods article to determine site specific 2'-O-Methylation of 25S ribosomal RNA
in Saccharomyces cerevisiae by SnoORNA snR13 and snR47. The authors utilize DNAzyme,
short DNA oligonucleotides, for quick and cheap analysis of RNA methylation via SnoRNA
as determined by RNA electrophoresis. However, there are some suggested changes that
needs to be addressed.

Major Concerns:

1. This is a methods paper, so it would be helpful for the readers to have a flowchart or a
diagrammatic representation of the methods added to the figures.

A: A flow chart has been added.



2. Please incorporate the following paper in your citation:

"Direct and site-specific quantification of RNA 2’-O-methylation by PCR with an engineered
DNA polymerase" by Joos Aschenbrenner and Andreas Marx and was published in NAR in
2016. This paper described the detection of 2'-O-methylation via a thermostable KlenTaq
DNA polymerase variant. Perhaps this can be incorporated in the last paragraph of page 9
where the different methods for detecting 2'-O-methylation of RNA is discussed.

A: The citation has been added.

3. Please elaborate the last paragraph of page 9. The discussion for detecting 2'-O-
methylation of RNA by various different methods should be more detailed.
A: We improved the discussion.

Minor Concerns:

1. Please discuss in a bit more detail the known functions of snoRNAs in the first paragraph
of your introduction section (pagel).

A: We think that discussing snoRNA functions is above the scope of the manuscript.

2. Please check the sentence structure of line 62 in page 1.
A: Corrected.

3. Line 97: provide full form for AE buffer.
A: Corrected.

4. The suggestion as provided in line 170 and others should start with "Note:" or "Helpful
Suggestion:". I suggest changing "CAUTION" (line 174 etc.) to "Note" or "Helpful
Suggestion™ as well.

A: We feel that “Caution” is an adequate word when giving precautionary measures in order
to be safe. We introduced “Note” in other parts of the manuscript.

5. Please mention an approximate days/months for the duration of which the sample can be
stored (line 159, 206, 228, 298, 307)
A: Information added.

6. Please add citations for line 359 "The utility of the DNAzyme-dependent... of SnoRNAs
maturation.” and line line 436 "The major disadvantage... consensus sequences."
A: The citation has been added.



