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Abstract

RNA modifications impact numerous cellular processes including pre-mRNA splicing and protein
synthesis. The elucidation of the mechanisms by which these modifications impact cellular
processes necessitates the ability to both detect and quantify the presence of these modifications
within RNA. Here, we present a detailed procedure that allows for both detecting and quantifying
RNA base modifications. This procedure involves a number of techniques, including
oligonucleotide-affinity selection, site-specific cleavage and radiolabeling, nuclease digestion, and
thin layer chromatography.
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1. Introduction

Posttranscriptionally modified ribonucleotides were first identified in the hydrolysates of
RNA more than a half a century ago (1, 2). It is now accepted that virtually all species of
RNA contain posttranscriptional modifications. However, despite the fact that over 50 years
have passed since the first identification of non-canonical ribonucleotides, the function of
many remains undefined (see Chapter 1).

A prerequisite to elucidating the functions of posttranscriptional modifications is the
knowledge of their existence in exact location (detection) as well as the amount present
(quantitation). Prior to the early 1990s, detection of RNA base modifications was both time
consuming and laborious, requiring a combination of techniques including in vivo
radiolabeling, nuclease digestion, and chromatography (or fingerprinting) (3-7). The advent
of primer extension/reverse transcription-based approaches greatly facilitated research
regarding posttranscriptional modifications. These methods are primarily based on the fact
that certain modified nucleotides will result in a premature stop during a primer-extension
reaction. For instance, the chemical derivatization of pseudouridine with N-cyclohexyl-N'-
(2-morpholinoethyl)-carbodiimid-methop-toluolsulfonate (CMC) blocks reverse
transcription one nucleotide prior to the CMC-modified pseudouridine (8, 9). Similarly, the
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presence of a 2’-O-methylated nucleotide results in a premature stop when primer extension
is carried out at low dNTP concentrations (10).

Though these experimental techniques ease the burden of detecting specific
posttranscriptional modifications, there are several caveats to these approaches. For instance,
with the exception of 2’-O-methylation (the sugar ring modification), most base
modifications require chemical derivatization to induce premature stops during primer
extension. As a variety of base modifications exist within RNA, identification of the specific
chemical modifier and reaction conditions for all known modifications is a formidable task
(11). Furthermore, while these primer extension-based methods are suitable for detection,
they are not quantitative. Other disadvantages of these approaches include the dependency
on visual observation of premature stops by gel electrophoresis, which is not very sensitive
and may lead to errors in the identification of posttranscriptional modifications.

More advanced techniques based on mass spectroscopy have also been developed (12).
However, these techniques are not practical to utilize in the common laboratory as they
require expensive and specialized equipments (i.e., mass spectrometers and high-pressure
liquid chromatography systems). In addition, they are not amenable for all modifications.
Recently, a promising ligation-based approach has been described which takes advantage of
T4 DNA ligase’s ability to discriminate modified nucleotides (13, 14). While this technique
has the potential to be utilized in high-throughput screening for modified ribonucleotides, it
is currently not optimized for all modifications.

Here we describe an approach that when coupled with the primer extension-based
approaches provides an extremely effective way of detecting and quantifying modified
nucleotides in a variety of RNAs. Based on the fact that RNase H cleavage occurs only at
sites where the 2/-OH of RNA is not modified, cleavage can be directed to a specific
nucleotide of interest through the use of 2/-O-methyl RNA-DNA chimeric oligonucleotides
(15-18) or even DNAzymes (11, 19). Following radiolabeling of the cleaved RNA, the RNA
can be digested to single nucleotides by ribonucleases. The digested nucleotides can then be
separated by thin layer chromatography (TLC), and the nucleotide of interest can be
visualized by autoradiography (Fig. 2.1). We have successfully implemented this approach
in the detection and quantitation of numerous base modifications including
pseudouridylation and 5-fluorouridylation (11, 18, 20). As an example of application, below
we apply the method to quantify the pseudouridylation at position 34 within mouse brain U2
snRNA. Our analysis indicates that the uridine at this position is nearly 100% converted to
pseudouridine (Fig. 2.2).

2. Materials

2.1. Purification of U2 snRNA from Mouse Brain

1. Trizol reagent.

2. Dounce tissue grinder.

Methods Mol Biol. Author manuscript; available in PMC 2014 September 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Karijolich et al.

Page 3

3. Biotinylated antisense U2 2’-O-methyl oligonucleotide complimentary to nucleotides
158-177 of mouse U2 snRNA [UmCmCmUmGMGMAMGMGmMUmMAmMCmUmGmCm
AmAMUmMAmMCmMBBB, where B stands for biotin-TEG (triethylene glycol)].

4. NET-2-MgCl, buffer: 50 mM Tris—HCI (pH 7.5), 150 mM NaCl, 0.05% (v/v) NP-40, and
2 mM MgCl,.

5. Preblocking mix: 100 pg/mL glycogen and 100 pug/mL tRNA in 50 mM WB50.
6. WB50: 20 mM Tris—HCI (pH 7.6), 0.01% NP-40, 50 mM NaCl, 1.5% NaNs.

7. WB250: 20 mM Tris—=HCI (pH 7.6), 0.05% NP-40, 250 mM NaCl, 0.1% NaN.
8. Streptavidin agarose beads.

9. Dissociation buffer; 10 mM Tris—=HCI (pH 7.5), 0.1% sodium dodecyl sulfate (SDS), and
0.5 mM ethylenedi-aminetetraacetic acid (EDTA).

10. Formamide loading buffer: 95% formamide, 10 mM EDTA, 0.1% xylene cyanol FF,
0.1% bromophenol blue.

11. PCA: Tris—HCI (pH 7.5)—buffered phenol/chloroform/isoamyl alcohol (50:49:1).

12. G50 buffer: 20 mM Tris—HCI (pH 7.5), 300 mM sodium acetate, 2 mM EDTA, 0.25%
SDS.

13. Glycogen: 10 mg/mL.

14. Polyacrylamide gel solution (40%).

15. Urea.

16. TBE (10x; Omnipur, EMD chemicals).
17. Ammonium persulfate.

18. TEMED.

19. Chloroform.

20. Isopropanol.

21. Ethanol.

22. Autoclaved distilled water.

23. Electrophoresis apparatus.
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1. 2-O-Methyl RNA-DNA chimera: For the purposes of this protocol the sequence of the
chimera used is specific for cleavage between positions 33 and 34 of mouse U2 snRNA:
UmAmMdCdAdCdTUMGmMAmM UmCmUmUmAmM GmCmCm.

2. RNase H buffer (2x): 40 mM Tris—-HCI (pH 7.5), 20 mM MgCl,, 200 mM KCI, 50 mM
DTT, 10% sucrose.

3. RNasin (20 units/uL).
4. RNase H.

5. Formamide loading buffer: 95% formamide, 10 MM EDTA, 0.1% xylene cyanol FF,
0.1% bromophenol blue.

6. PCA: Tris—HCI (pH 7.5)—buffered phenol/chloroform/isoamyl alcohol (50:49:1).

7. G50 buffer: 20 mM Tris—HCI (pH 7.5), 300 mM sodium acetate, 2 mM EDTA, 0.25%
SDS.

8. Glycogen: 10 mg/mL.

9. Polyacrylamide gel solution (40%).
10. Urea.

11. TBE (10%).

12. Ammonium persulfate.

13. TEMED.

14. Chloroform.

15. Isopropanol.

16. Ethanol.

17. Autoclaved distilled water.

18. Electrophoresis apparatus.

2.3. Radiolabeling of the Cleaved U2 snRNA (3’ Half)

1. Dephosphorylation buffer (10x).
2. Calf intestinal alkaline phosphatase (CIAP).

3. Sodium acetate solution: 3 M NaAc, pH 5.2.
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4. G50 buffer: 20 mM Tris—HCI (pH 7.5), 300 mM sodium acetate, 2 mM EDTA, 0.25%
SDS.

5. PCA: Tris—HCI (pH 7.5)—buffered phenol/ chloroform/isoamyl alcohol (50:49:1).
6. Ethanol.

7. Glycogen: 10 mg/mL.

8. Polynucleotide kinase (PNK).

9. PNK buffer (10x).

10. [y-32P]ATP (6,000 Ci/mmol; DuPont NEN).

11. Polyacrylamide gel solution (40%).

12. Formamide loading buffer: 95% formamide, 10 mM EDTA, 0.1% xylene cyanol FF,
0.1% bromophenol blue.

13. Urea.

14. TBE (10x).

15. Ammonium persulfate (APS).
16. TEMED.

17. Electrophoresis apparatus.

2.4. Detection and Quantification of U2 snRNA Pseudouridylation by TLC

1. Nuclease P1.

2. TLC PEI membrane.

3. TLC buffer: 70% isopropanol, 15% HCI, 15% dH,0.
4. Sodium acetate.

5. PhosphorIimager.

3. Methods

3.1. Purification of U2 snRNA from Mouse Brain

1. In a 15-mL tube, mince 200 mg of mouse brain into small pieces using scissors and
resuspend the tissue with 4 mL Trizol reagent.

2. Using a pre-chilled Dounce tissue grinder, homogenize the tissue by passing them through
the grinder for about 30 times (see Note 1). The entire homogenization procedure should be
carried out on ice.

Methods Mol Biol. Author manuscript; available in PMC 2014 September 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Karijolich et al.

Page 6

3. Extract the homogenized sample by adding 800 uL of chloroform to the sample and mix
by vortexing. Centrifuge at 13,000xg for 5 min at 4°C.

4. Collect the aqueous phase in a new 15-mL tube and add 2 mL of isopropanol. Store the
tube at —80°C.

5. In a 1.5-mL microfuge tube, add 200 pL of streptavidin agarose beads (100 L total bed
volume) and microfuge the tube for 10 s at 5,000xg. Add 250 uL of preblocking mix and
rotate the tube on a rotator for 20 min at 4°C.

6. Wash the beads by adding 1 mL of cold WB50 and microfuge for 1 min at 5,000xg.
Remove the supernatant and resuspend the beads with 1 mL of WB50. Repeat this step two
more times without resuspending the beads in WB50 the last time.

7. Resuspend the beads in 1 mL WB250 and microfuge for 1 min at 5,000xg. Repeat this
step one more time.

8. Resuspend the beads in 400 pL of WB250 and aliquot 50 pL (~10 pL total bed volume) in
a 1.5-mL microfuge tube.

9. Obtain the total mouse RNA tube from step 4 and microfuge at 13,000xg for 15 min at
4°C and discard the supernatant.

10. Resuspend the pellet with 50 pL of NET-2-MgCl, buffer and transfer to a 1.5-mL
microfuge tube.

11. Add 200 pmol of the biotinylated antisense U2 oligonucleotide to the tube and vortex
briefly. In parallel, set up an identical binding reaction with an irrelevant biotinylated
oligonucleotide as a control.

12. Heat the mixture for 2 min at 95°C and then incubate for 10 min at 65°C and 30 min at
30°C.

13. Obtain the resuspended beads from step 8 and microfuge the tube for 10 s at 5,000xg.
Remove the supernatant (bead volume is ~10 pL).

14. Resuspend the beads with 50 pL of the RNA/oligo mix and bring up the volume to 300
pL with NET-2-MgCl, buffer. Gently nutate the tube at 4°C for 1.5 h.

15. Microfuge the tube briefly at 4°C for 30 s at 5,000xg and discard the supernatant.

16. Wash the beads five times at 4°C, each time with 1 mL of WB250 (microfuge for 1 min
at 5,000xg each time).

17. Add 250 pL of dissociation buffer to the pelleted beads and incubate at 85°C for 15 min.

INumber of passes could vary in order to reach complete homogenization depending on the tissue and the cell type.
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18. Microfuge the tube for 30 s at 5,000xg and collect the supernatant in a new 1.5-mL
microfuge tube.

19. Add 250 pL of G50 buffer to the supernatant (up to 500 pL) and then add 500 pL of
PCA. Vortex vigorously for 30 s and microfuge for 5 min at 13,000xg. Collect the aqueous
phase in a new 1.5-mL microfuge tube.

20. Add 1 pL of glycogen and 1 mL of 100% ethanol to the aqueous phase. VVortex briefly
and then place the tube on dry ice for 10 min. Microfuge at 13,000xg for 15 min to
precipitate the RNA. Remove and discard the supernatant promptly.

21. Resuspend the RNA pellet in 2 pL of autoclaved distilled water, mix well with 4 uL of
formamide loading buffer, heat at 95°C for 3 min, chill on ice immediately.

22. Meanwhile, make an 8% polyacrylamide—7 M urea gel by mixing 23.75 g of urea in 5
mL of 10x TBE, 10 mL polyacrylamide gel solution. Bring the volume to 50 mL with
autoclaved distilled water and stir on a hot plate until the urea has completely dissolved.
Add 0.5 mL of 10% APS and 30 uL TEMED, mix briefly, and pour into pre-taped gel plates
(~25 cm wide and ~40 cm height).

23. Load the RNA sample (from step 21) on the 8% polyacrylamide—7 M urea gel.
Electrophorese for ~1 h at 30 W.

24. Place the gel on an intensifying screen and visualize the RNA under 254 nm UV light
and excise the RNA with a razor. Place the gel slice in a 1.5-mL microfuge tube.

25. Add 450 pL of G50 buffer to the tube and place on dry ice for 5 min. Transfer to room
temperature for elution overnight (16 h).

26. Microfuge the tube containing the gel slice at 13,000xg for 5 min. Transfer the
supernatant to a new 1.5-mL microfuge tube. Extract the supernatant with 500 pL of PCA
and precipitate the gel-purified RNA with 1 mL of 100% ethanol (using 1 uL of glycogen as
carrier) as previously described.

27. Resuspend the pellet with 10 pL of autoclaved distilled water and quantify the
concentration using UV/VIS spectroscopy.

3.2. RNase H Site-Specific Cleavage Directed by 2°-O-Methyl RNA-DNA Chimeras

1. Ina 1.5-mL microfuge tube, mix 1 pL (~1.2 pmol) of U2 snRNA with 5 pmol of the 2-O-
methyl RNA-DNA chimera in 4 pL of water.

2. Heat the mixture at 95°C for 3 min and slowly cool down to room temperature. Microfuge
the tube briefly.

3. Meanwhile, place 1 pL (20 units) of RNasin, 1 pL (2 units) of RNase H, and 7 L of 2x
RNase H buffer in a new 1.5-mL microfuge tube (see Notes 2 and 3). Keep the tube on ice.

2Units of RNase H added may vary according to supplier.
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4. Transfer the RNase H mixture to the tube containing the hybridized U2 snRNA. Mix
gently by pipetting.

5. Incubate the resulting mixture at 37°C for 1 h.

6. Recover the two cleaved RNA fragments (5’ and 3’ halves) via PCA extraction and
ethanol precipitation as in steps 19 and 20.

7. Resuspend the recovered RNA pellet in 2 uL of autoclaved distilled water, mix well with
4 uL of formamide loading buffer, heat at 95°C for 3 min, chill on ice immediately.

8. Meanwhile, prepare an 8% polyacrylamide—7 M urea gel as in step 22.

9. Load the sample on the 8% polyacrylamide—7 M urea gel. Electrophorese for ~1 h at 30
W.

10. Place the gel on an intensifying screen and visualize the two 5’- and 3’-RNA halves
under 254 nm UV light (see Note 4) and excise the band corresponding to the 3’ half with a
razor. Place the gel slice in a 1.5-mL microfuge tubes.

11. Add 450 pL of G50 buffer to the tube and place on dry ice for 5 min. Transfer to room
temperature for elution overnight (16 h).

12. Microfuge the tube containing the gel slice at 13,000xg for 5 min. Transfer the
supernatant to a new 1.5-mL microfuge tube. Extract the supernatant with 500 pL of PCA
and precipitate with 1 mL of 100% ethanol (using 1 uL of glycogen as carrier) as previously
described.

13. Resuspend the pellet with 10 pL of autoclaved distilled water and quantify the
concentration using UV/VIS spectroscopy.

3.3. Dephosphorylation and Rephosphorylation of the 3" Half of U2 snRNA

1. Dephosphorylate 0.15 pmol of the 3’ half of U2 snRNA in a 10 pL reaction containing 1x
dephosphorylation buffer, and 1 unit of CIAP for 45 min at 50°C (see Note 5).

2. Following the reaction, add 250 pL autoclaved dH,0 and extract the sample with 300 pL
of PCA. Add 25 pL of sodium acetate solution and precipitate with 1 mL of 100% ethanol
(using 1 L of glycogen) as previously described.

3RNase H from different suppliers may have different cleavage specificities (22). RNase H purchased through Amersham cleaves
RNA specifically at the site 3’ to the nucleotide that base pairs with the 5" -most deoxynucleotide of the chimera (22).

Based on the fact that RNase H cleaves RNA only at sites where the 2" position of the sugar is not modified (2’-OH), cleavage at 2’-
O-methylated residues is completely blocked. Thus, the degree of resistance to RNase H cleavage quantitatively reflects the level of
2’-O-methylation (18). Accordingly, this method can also be used to quantify 2/-O-methylation. To this end, end labeling (for
example, 3’-end labeling with 32pCp and RNA ligase) of RNA is desirable, because this will allow an accurate measurement/
guantification of the level of cleavage.

Shrimp alkaline phosphatase (SAP), which is sensitive to heat (65°C), may be a better choice for the dephosphorylation reaction.
Heat inactivation of SAP after the dephosphorylation reaction could allow the omission of PCA extraction and ethanol precipitation,
which would otherwise be needed to remove active phosphatase (see CIAP-catalyzed dephosphorylation reaction above).
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3. Rephosphorylate the recovered RNA at its 5" terminus for 30 min at 37°C ina 10 pL
reaction containing 1x phosphorylation buffer, 0.15 pmol of 3’ half U2 snRNA, 150 uCi of
[v-32P]ATP, and 10 units of T4 PNK.

4. Add 250 pL of G50 buffer, PCA extract once, and then ethanol precipitate the RNA as
previously described.

5. Resuspend the 5'-radiolabeled 3’ half of U2 snRNA in 2 uL autoclaved distilled water.
Add 4 pL of formamide loading buffer, heat at 95°C for 3 min, chill on ice immediately.

6. Meanwhile, prepare an 8% polyacrylamide—7 M urea gel as described in Section 3.1, step
22.

7. Load the sample on a 8% polyacrylamide—7 M urea gel. Electrophorese for ~1 h at 30 W.

8. Locate the band by autoradiography and excise the band. Place gel slice in a 1.5-mL
microfuge tube.

9. Add 450 pL of G50 buffer to the tube and place on dry ice for 5 min. Transfer to room
temperature for elution overnight (16 h).

10. Microfuge the tube containing the gel slice at 13,000xg for 5 min. Transfer the
supernatant to a new 1.5-mL microfuge tube. Extract the supernatant with 500 puL of PCA
and precipitate with 1 mL of 100% ethanol (using 1 pL of glycogen) as previously
described. (Do not resuspend pellet here.)

3.4. Detection and Quantification of U2 snRNA Pseudouridylation

1. Resuspend the 5’-radiolabeled 3’ half of U2 snRNA with nuclease P1 (200 ug/mL) in 3 pL
of 20 mM sodium acetate (pH 5.2) for 1 h at 37°C.

2. Dot 1,000 cpm of the digested nucleotide mixture on cellulose TLC PEI membrane
approximately 1 cm from one of the edges.

3. Place the edge of the TLC PEI membrane closest to the mixture in TLC buffer and wait
until the front of the buffer is three-fourth the length of the membrane.

4. Visualize labeled uridylate and pseudouridylate by autoradiography (see Fig. 2.1) and the
ratio of uridylate to pseudouridylate can be determined using a Phosphorimager (see Note
6).

The used chimeric oligonucleotide should be specific for cleavage at the desired positions.
In our case, the chimera is designed to guide the cleavage between positions 33 and 34
(pseudouridylation at position 34 is targeted). RNA-cleaving ribozymes or RNA-cleaving
DNAzymes can also be used to direct site-specific cleavage (11, 19, 21). The use of a

6More than 70 modifications have Rf values mapped on cellulose plates using three solvent systems (19, 23-27). Thus, an extremely
comprehensive reference guide is available for detecting and quantifying a variety of modifications.
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DNAzyme would conveniently leave a 5-OH on the downstream target fragment, thus
making dephosphorylation unnecessary (11, 19).
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The method for detecting and quantifying base modification is schematized (adapted from
Zhao and Yu 1 with some modification). The thick linesand thin lines represent target RNA

and 2’-O-methyl RNA-DNA chimera, respectively. See text for detailed description.
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(a) The primary sequence and the secondary structure of mammalian U2 snRNA are shown.
The modified nucleotides, including 2/-O-methylated residuals (Nm) and pseudouridines
(D), are indicated. The asterisk indicates the pseudouridine at position 34, which is
quantified in (b). (b) Using RNase H cleavage directed by a 2’-O-methyl RNA-DNA
chimera targeting the phosphodiester bond between positions 33 and 34, both synthetic
mammalian U2 and mouse brain U2 were cleaved. The 3’ RNA fragments were gel purified,
and the 5’ phosphate of both fragments was further replaced with 32P through
dephosphorylation and consequent rephosphorylation. Both fragments were then treated
with nuclease P1 to completion, and the resulting mononucleotides were subjected to TLC
analysis. Lane 1, in vitro synthesized mammalian U2; lane 2, mouse brain U2. The spots

corresponding to uridylate and pseudouridylate are indicated.
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