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ABSTRACT

Using a new combination of previously published techniques, we developed a method for quantitating modified nucleotides in
RNAs. First, an RNA is cleaved with RNase H at the 5� side of a nucleotide of interest. Next, 32P is substituted for the phosphate
at the 5� end of this nucleotide. Finally, after nuclease P1 digestion, the released radiolabeled nucleotide is analyzed by thin layer
chromatography and quantitated by PhosphorImager. Using this method, we showed that the analysis of a pseudouridine at a
specific site within an in vitro synthesized U2 RNA is indeed quantitative. We also applied this technique to cellular U2 RNA
isolated from mouse liver, and showed that position U34 is ∼90% pseudouridylated. This method, combined with previously
described reverse transcription-based methods, constitutes a powerful tool for detecting and quantifying modified nucleotides
in RNAs. With minor modifications, this method can serve as an effective assay to study RNA modifying enzymes.
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INTRODUCTION

A large number of cellular RNAs contain posttranscrip-
tional modifications. Pseudouridylation, 2�-O-methylation,
and base methylation are the most abundant internal modi-
fications identified in all three types of stable RNAs, namely,
tRNAs (Bjork 1995; Grosjean et al. 1995; Auffinger and
Westhof 1998; Sprinzl et al. 1998; Hopper and Phizicky
2003), rRNAs (Maden 1990; Bachellerie and Cavaille 1998;
Ofengand and Fournier 1998), and spliceosomal snRNAs
(Reddy and Busch 1988; Massenet et al. 1998). In addition
to these modifications, tRNAs contain a variety of other
base modifications (Bjork 1995; Grosjean et al. 1995;
Auffinger and Westhof 1998; Sprinzl et al. 1998; Hopper
and Phizicky 2003). Although the function of some of these
RNA modifications is known, the significance and/or func-
tion of many of the specific modifications within several of
the RNA types remains undefined.

Modified nucleotides were identified decades ago in
many RNAs, yet functional studies proceeded slowly be-
cause of, at least in part, a lack of effective assays for de-
tecting and quantifying the modifications. The classical ap-
proach for detecting rRNA modifications involved in vivo
radiolabeling of newly synthesized RNAs followed by ribo-
nuclease fingerprinting and sequencing of the RNA frag-

ments (Maden 1986, 1988; Maden et al. 1995). The ap-
proach for detecting and localizing modified nucleotides in
short RNAs, such as tRNAs and snRNAs, also involved ra-
dioactive labeling of fragments liberated from the partial
cleavage of purified RNA followed by direct RNA sequenc-
ing of the fragments by using ribonuclease digestion and
thin layer chromatography (TLC; Reddy et al. 1981;
Kuchino et al. 1990; Grosjean et al. 1998). Although these
approaches have been used extensively, they are laborious
and time-consuming. Newer, more effective methods were
eventually developed (for review, see Grosjean et al. 1995;
Maden et al. 1995), most of which were based on the fact
that modified nucleotides can cause stops/pauses during
reverse transcription, thereby providing a means to detect
the modifications. For instance, 2�-O-methylated nucleo-
tides directly induce reverse transcription stops/pauses at
low concentrations of dNTPs (Maden et al. 1995). On the
other hand, a pseudouridine that is chemically modified by
N-cyclohexyl-N�-(2-morpholinoethyl)-carbodiimid-metho-
p-toluolsulfonate (CMC) blocks reverse transcription one
nucleotide prior to the CMC-modified pseudouridine
(Bakin and Ofengand 1993, 1998). The development of
such reverse transcription-based approaches has greatly fa-
cilitated the detection of modified nucleotides in RNAs and
has directly contributed to recent advances in the area of
RNA modifications (Jady et al. 2003; Kaya and Ofengand
2003; King et al. 2003; Ma et al. 2003; and for review, see
Maden et al. 1995; Massenet et al. 1998; Ofengand and
Fournier 1998; Kiss 2002). However, although highly con-
venient and effective, the reverse transcription-based meth-
ods do have limitations. For instance, most base modifica-
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tions (e.g., pseudouridines) require further chemical alter-
ations to induce stops/pauses during reverse transcription.
Because RNAs contain a variety of modified bases (Motorin
and Grosjean 1998)—each type requiring a specific chemi-
cal modifier—establishing and characterizing such chemical
modification reactions for all types of modified nucleotides
constitutes a formidable task. Furthermore, in many cases it
appears that the reverse transcription-based methods are
not quantitative.

Using site-specific RNase H cleavage directed by 2�-O-
methyl RNA–DNA chimeras, we previously developed a
highly sensitive method for detecting 2�-O-methylated
nucleotides in RNAs (Yu et al. 1997). This approach is
based on the fact that RNase H cleaves RNA only at sites
where the 2� position of the sugar ring is not modified
(2�-OH). Thus, when a sugar ring is 2�-O-methylated,
cleavage at that site is completely blocked. Importantly, this
method can also be quantitative because the degree of re-
sistance to cleavage quantitatively reflects the level of 2�-O-
methylation (Yu et al. 1997). Here, we extend the use of
site-specific RNase H cleavage to the detection and quanti-
tation of base modifications such as pseudouridines and
base-methylated residues.

RESULTS AND DISCUSSION

Figure 1 summarizes the three-step strategy for detecting
and quantifying modified bases in RNA. In the first step, the
test RNA is specifically cleaved at the 5� side of the modified
nucleotide of interest. This is readily achieved by using
RNase H site-specific cleavage directed by 2�-O-methyl
RNA–DNA chimeras (Yu 1999, 2000; Lapham and Crothers
2000). RNase H site-specific cleavage is independent of
RNA sequence and therefore can be used to cleave any site
within any RNA. The cleavage reaction generates a 5�-half
RNA with a 3� hydroxyl terminus and a 3�-half RNA with a
5� phosphate terminus. In the second step, the 3�-half RNA
is purified and dephosphorylated at its 5� terminus by using
alkaline phosphatase (CIP) and subsequently radiolabeled
via rephosphorylation with [�-32P]ATP and polynucleotide
kinase (PNK). In the third step, the 5� radiolabeled RNA is
completely digested with nuclease P1, generating a mixture
of nucleotides that are subsequently resolved by TLC. Be-
cause the nucleotide of interest is the only radiolabeled
nucleotide present, both the modified and unmodified
forms can be identified and accurately quantitated during
the TLC analysis.

To demonstrate that the method is both sensitive and
quantitative, we analyzed every step of the procedure by
using U2 snRNA, a molecule in which all base modifica-
tions are known (Fig. 2A). By using T7 RNA polymerase,
we transcribed Xenopus U2 snRNA in vitro in the presence
of ATP, CTP, GTP (with a trace amount of [�-32P]GTP)
and either UTP or the modified nucleotide [pseudoUTP
(�TP)]. Equivalent amounts of trace-labeled U2 transcripts

containing either uridine or pseudouridine were subjected
to RNase H site-specific cleavage directed by a chimeric
oligonucleotide targeting the phosphodiester bond between
positions 33 and 34. The cleavage was extremely efficient for
both types of U2 snRNA (Fig. 2B) in that only 2 units of
RNase H completely cleaved 10 ng (∼0.15 pmole; lanes 2,5)
or 70 ng (∼1.05 pmole; lanes 3,6) of U2 snRNA; no intact
U2 was detected (lanes 2,3,5,6). These results indicate that
both unmodified U2 (lanes 2,3) and pseudouridine-modi-
fied U2 (lanes 5,6) are specifically and quantitatively cleaved
by RNase H directed by a 2�-O-methyl RNA–DNA chimera.

It should be noted that RNase H from different sources
may exhibit different cleavage specificity (Lapham et al.
1997). RNase H used here was either purchased from Am-
ersham or was a gift from R.J. Crouch. As predicted, the
enzyme from both sources cleaved RNA specifically at the
site 3� to the nucleotide that base pairs with the 5�-most
deoxynucleotide of the chimera (Lapham et al. 1997; see
Fig. 1). However, caution should be taken when using
RNase H from different suppliers. For instance, it was re-
ported that RNase H from Boehringer Mannheim (now
Roche) showed a different cleavage specificity—cleavage oc-
curred at the site 5� to the nucleotide that base pairs with

FIGURE 1. The overall scheme for quantitative analysis of modified
nucleotides in an RNA involves three basic steps as detailed in the text.
(1) The test RNA is site-specifically cleaved by RNase H directed by a
complementary 2�-O-methyl RNA–DNA chimera. The cleavage reac-
tion generates 5�-half and 3�-half RNAs. (2) The 3�-half RNA is de-
phosphorylated with CIP and subsequently rephosphorylated with
PNK and [�-32P]ATP. As a result, the 5�-terminal nucleotide (target
nucleotide, larger-sized N) becomes radiolabeled. (3) The 5�-radiola-
beled RNA is digested to completion with nuclease P1, and all nucleo-
tides (including the radiolabeled terminal nucleotide, which may be
partially or completely modified) are released from the RNA molecule.
The released nucleotides are separated from each other on a TLC plate.
Thick lines represent RNA chains. The dashed line indicates the 2�-
O-methyl RNA–DNA chimera containing four 2�-deoxynucleotides
(outlined letters) flanked by 2�-O-methyl ribonucleotides.
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the 5�-most deoxynucleotide of the chimera (Lapham et al.
1997). Hence, it is important to map the cleavage site when
using RNase H from a different supplier. Appropriate 2�-
O-methyl RNA–DNA chimeras can then be designed ac-
cordingly.

The cleaved 3�-half U2 RNAs from lanes 2 and 5 in
Figure 2B were recovered and dephosphorylated with CIP
followed by 5� rephosphorylation with [�-32P]ATP and
PNK. As expected, the 3�-half RNAs derived from unmodi-
fied U2 and pseudouridine-modified U2 were labeled to the

FIGURE 2. Quantitative analysis of U2 snRNA pseudouridylation. (A) The sequence of mammalian U2 snRNA. Position 34 (to be analyzed) is
indicated. The thick line denotes the bases involved in base-pairing interactions with the branch site sequence in pre-mRNA. (B) Site-specific
RNase H cleavage directed by a 2�-O-methyl RNA–DNA chimera. Lightly radiolabeled unmodified U2 snRNA transcript (unmodified U2; lanes
1–3) and fully pseudouridine-substituted U2 transcript (modified U2; lanes 4–6) were subjected to RNase H cleavage in the presence of a
2�-O-methyl RNA–DNA chimera complementary to nucleotides 19–35 of U2 snRNA. The four 2�-deoxynucleotides in the chimera were designed
to hybridize with nucleotides 30–33 of U2, leading to RNase H cleavage of the phosphodiester bond between positions 33 and 34 (target
nucleotide). Reactions in lanes 2 and 4 contained 10 ng (0.15 pmole) of U2. Reactions in lanes 3 and 6 contained 70 ng (1.05 pmole) of U2. An
overnight PhosphorImager exposure is shown, and the intact and cleaved U2 RNAs are indicated. (C) Replacement of the 5�-terminal phosphate
with a radiolabeled phosphate (32P). The 3�-half RNA was treated with CIP and rephosphorylated with PNK and [�-32P]ATP. The 3�-half RNA
in lane 1 was derived from unmodified U2 and the RNA in lane 2 was from fully pseudouridine-substituted U2 (see B). A 1-min PhosphorImager
exposure is shown. The numbers in parentheses are original PhosphorImager measurements (in volume). (D) Comparison of the radiolabeled
nucleotides released from RNA. A small fraction of the 5� end-radiolabeled RNA derived from unmodified U2 (lane 1) or fully pseudouridine-
substituted U2 (lane 2) was completely digested with nuclease P1. The released nucleotides (including the radiolabeled 5�-terminal nucleotide)
were subsequently analyzed by TLC. The original numbers of PhosphorImager measurements are shown in parentheses. The positions of uridylate
and pseudouridylate are indicated.
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same extent (Fig. 2C, cf. lanes 1 and 2), demonstrating
that the dephosphorylation–rephosphorylation step is also
quantitative.

The 5� end–labeled 3�-half U2 RNAs were then eluted
and digested to completion with nuclease P1 and the
samples were subsequently analyzed by TLC. As shown in
Figure 2D, the respective U2 RNAs contained equivalent
amounts of 32P-labeled uridylate (lane 1) and pseudo-
uridylate (lane 2). Thus, we started with the same small
amount (∼0.15 pmole) of unmodified and pseudouridine-
modified U2 and obtained equivalent amounts of uridylate
and pseudouridylate, indicating that the method is both
sensitive and quantitative.

To further demonstrate the quantitative aspect of the
method, we mixed unmodified U2 and modified U2 (fully
substituted with pseudouridine) at different ratios (1:9, 2:8,
3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1, respectively) and per-
formed the entire procedure. The relative amounts of final
products (uridylate:pseudouridylate) for each mixed sample
accurately reflected the initial ratio of unmodified U2 versus
modified U2 (Fig. 3). Importantly, we also analyzed the
pseudouridines at other locations in U2, including �54 and
�58 in Stem–Loop II and �89 and �91 near the Sm binding
site (see Fig. 2A). Our measurement of pseudouridylation at
these sites was also quantitative (data not shown), suggest-
ing that the sequence context and perhaps even the second-
ary and tertiary structures do not constitute a major ob-
stacle to quantitation. However, this conclusion must be
further confirmed in each case.

We then applied this method to U2 RNA purified from

mouse liver cells. This cellular U2 snRNA was cleaved at the
phosphodiester bond just 5� of position 32 (U32, an un-
modified nucleotide) or just 5� of position 34 (�34, a natu-
rally occurring pseudouridine; see Fig. 2A). The 3�-half
RNA was recovered and the 5� end-labeled via dephos-
phorylation/rephosphorylation and then subjected to
nuclease P1 digestion followed by TLC, as described earlier.
Position 34 showed ∼90% pseudouridylation (Fig. 4, lane
4), whereas position 32 was not modified (lane 3), as ex-
pected.

In some cases, RNA ribozymes or even RNA-cleaving
DNA enzymes may be used for site-specific cleavage. The
advantage of using these enzymes is that the cleaved 3�-half
RNA contains a 5� hydroxyl group that can be directly
phosphorylated with [�-32P]ATP and PNK, thereby elimi-
nating the dephosphorylation step. The disadvantage is that
cleavage by most of these enzymes is sequence dependent,
and sometimes inefficient. For instance, the RNA-cleaving
DNA enzymes 8–17 and 10–23 (Santoro and Joyce 1997)
cleave the phosphodiester bond between A and G and be-
tween a purine and pyrimidine, respectively. The cleavage
efficiency is relatively low compared with RNase H cleavage.
However, DNA enzymes can be used for quantitation be-
cause many base-modified RNAs do not affect cleavage ef-
ficiency (i.e., both unmodified RNA and modified RNA are
cleaved equally by the enzymes). To test this idea, we used
the DNA 10–23 enzyme to cleave equivalent amounts of
unmodified and pseudouridine-modified U2 between G33

and U34/�34. Although not 100%, the cleavage efficiency
for both unmodified U2 and modified U2 was identical
(data not shown), thus indicating that the DNA enzyme is
indeed useful for quantitation.

The applicability of this method is not limited to the
quantitation of pseudouridylation. We also tested U2 RNA
containing 5-fluorouridines, a different type of base modi-

FIGURE 4. Quantitation of mouse U2 pseudouridylation. U2 RNA
isolated directly from mouse liver (lanes 3,4) was subjected to quan-
titative analysis at positions 32 (lane 3) and 34 (lane 4), as in Figure 2
(B–D). Lanes 1 and 2 are controls containing unmodified U2 and fully
pseudouridine-substituted U2, respectively.

FIGURE 3. Unmodified U2 (unmod.-U2) and fully pseudouridine-
substituted U2 (mod.-U2) were mixed at different ratios as indicated
(lanes 2–10). The mixed U2 RNAs were then quantitated as in Figure
2 (B–D). PhosphorImager measurements (volume) of the ratio of
32pU:32p� are shown in parentheses. Lane 1 contained unmodified U2
only, and lane 11 contained fully pseudouridine-substituted U2 only.
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fication, and found that the 5-fluorouridine modification
was quantitatively detected as well (data not shown). Be-
cause many base modifications do not affect Watson-Crick
base pairing, it is unlikely that these modifications have any
effect on the reactivity of RNase H directed by 2�-O-methyl
RNA–DNA chimeras. However, some modifications may
affect base-pairing interactions. One example is the 1-meth-
ylation of adenosine, which results in the loss of one hy-
drogen bond when pairing with uridine. It is thus possible
that this modification could negatively impact RNase H
cleavage efficiency, and further analysis is necessary to
clarify this issue. Also, the other enzymes used in our
method, namely, CIP, PNK, and nuclease P1, appear to
have no substrate preference with regard to unmodified
versus base-modified nucleotides, at least for the two base
modifications we examined (pseudouridine and 5-fluoro-
uridine). Hence, our results suggest that these enzymes
would not interfere with the quantitation of other base
modifications, although this aspect of the procedure must
be confirmed in each case. Interestingly, RNA backbone
modifications such as 2�-O-methylation block RNase H
cleavage. This fact does not represent a limitation of the
applicability of RNase H, however, because the lack of spe-
cific cleavage at suspected 2�-O-methylation sites defines an
assay for detecting and quantitating 2�-O-methylation sites
in RNAs (Yu et al. 1997).

Given that our method targets a single specific nucleo-
tide, it is disadvantaged with respect to detecting modified
nucleotides in uncharacterized long RNAs. Such instances
require a combination of our method and the reverse tran-
scription-based methods. For instance, pseudouridylation
could be identified initially via CMC modification followed
by reverse transcription (Bakin and Ofengand 1993, 1998).
Subsequently, our RNase H-based site-specific analysis
could confirm and rigorously quantitate the identified
pseudouridines.

With minor alterations, this method may also be applied
to modification assays for studying enzyme activities. For
this purpose, a synthetic RNA containing a single 32P ra-
diolabel at a specific site of interest must be constructed, a
task that is readily achieved by coupling the first two steps
described in Figure 1 (using an in vitro transcribed RNA)
with the two-piece ligation technique described previously
(Moore and Sharp 1992; Yu 1999, 2000). Upon incubation
of this single site-radiolabeled RNA with cell extracts or
modifying enzyme preparations, the conversion of the ra-
diolabeled residue into a modified nucleotide can be readily
detected by TLC and autoradiography. Over the past few
years, the single radiolabeled RNA-based assay has been
successfully applied to the study of several different modi-
fications. For instance, a yeast U2 RNA containing a single
32P-radiolabel at position 35 was constructed to detect a
�35-specific U2 pseudouridylase activity in yeast cell ex-
tracts. Incubation of this site-specifically labeled RNA with
the yeast extracts permitted the detection of the pseudo-

uridylase activity (Ma et al. 2003). This method has also
facilitated the identification of an H/ACA guide RNA nec-
essary for U2 pseudouridylation at two different sites in
Xenopus oocytes (Zhao et al. 2002), as well as a methylase
responsible for the formation of 1-methyl guanosine at po-
sition 9 in yeast tRNA (Jackman et al. 2003).

In summary, the approach we describe here combined
with the reverse transcription-based methods should be
very useful in detecting, localizing, and quantifying modi-
fied nucleotides in a variety of RNAs.

MATERIALS AND METHODS

In vitro transcription

To generate U2 snRNA as an experimental molecule, we linearized
a plasmid containing Xenopus U2 snRNA under the control of a
T7 promoter with Sma I (the restriction site had been introduced
at the 3� end of the U2 sequence ) and used it as a template for T7
transcription in vitro. The reaction was performed for 1 h at 37°C
in 10 µL containing 1.2 mM each of ATP, CTP, GTP, and UTP
(Amersham); 0.005 µCi/µL [�-32P]GTP (Amersham); 40 mM
Tris-HCl (pH 7.5); 6 mM MgCl2; 2 mM spermidine; 5 mM DTT;
0.1 µg/µL of linearized T7-U2 plasmid; and 4 U/µL T7 phage
polymerase (Epicenter). After the reaction, the trace-labeled U2
snRNA was gel purified and quantified by scintillation counting.
The reaction produced ∼1.2 µg of U2. To generate U2 snRNA
containing pseudouridines (�) or 5-fluorouridines (5FU), we re-
placed the 1.2 mM UTP in the transcription reaction with 1.2 mM
pseudouridine 5� triphosphate (�TP; Sierra Bioresearch) or
5-fluorouridine 5� triphosphate (5FUTP; Sierra Bioresearch), re-
spectively. In both cases, 1–1.2 µg of modified U2 was produced.

RNase H site-specific cleavage directed by
2�-O-methyl RNA–DNA chimeras

The U2 snRNAs were subjected to RNase H site-specific cleavage
directed by 2�-O-methyl RNA–DNA chimeras. To cleave the phos-
phodiester bond between positions 33 and 34, we mixed 10 ng
(∼0.15 pmole) or 70 ng (∼1.05 pmole) of U2 transcript (with or
without � or 5FU modifications) with 5 pmole of the 2�-O-methyl
RNA–DNA chimera (UmAmdCdAdCdTUmGmAmUmCmUmUm

AmGmCmCm) in 4 µL of water. The resulting mixture was heated
for 3 min at 95°C and slowly cooled to room temperature. The U2
snRNA that became hybridized to the chimera in the mixture was
then subjected to RNase H cleavage for 1 h at 37°C in a final
reaction volume of 10 µL containing 10 ng or 70 ng of U2, 5 pmole
of 2�-O-methyl RNA–DNA chimera, 20 mM Tris-HCl (pH 7.5),
10 mM MgCl2, 100 mM KCl, 25 mM DTT, 5% sucrose, 20 units
RNasin (Promega), and 2 units RNase H (Amersham; and kindly
provided by Dr. R.J. Crouch). The resulting 5�- and 3�-half RNAs
were visualized by autoradiography and the 3�-half RNA was re-
covered from the gel.

The 2�-O-methyl RNA–DNA chimera used in this work was
purchased from Keck Oligo Synthesis Facility at Yale University
for $11/2�-O-methyl residue and $1.60/deoxynucleotide residue
(1.0-µmole scale).
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Dephosphorylation and rephosphorylation

The 3�-half RNA derived from RNase H cleavage was subjected to
dephosphorylation reaction in a volume of 10 µL containing 1×
dephosphorylation buffer (Roche), ∼0.15 pmole of 3�-half U2, and
1 unit of CIP (Roche) for 45 min at 50°C. The conditions used
here were essentially the same as the conditions described by the
supplier (Roche). After the reaction, the sample was extracted with
phenol/chloroform/isoamyl alcohol (1:1:0.01; PCA) and precipi-
tated with ethanol. The recovered RNA was rephosphorylated at
its 5� terminus for 30 min at 37°C in a 10-µL reaction containing
1× phosphorylation buffer (Amersham), ∼0.15 pmole of 3�-half
U2, 150 µCi of [�-32P]ATP (6000 Ci/mmole, DuPont/NEN), and
10 units of T4 PNK (Amersham). The 5� end-radiolabeled 3�-half
U2 was recovered by gel purification.

It should be noted that shrimp alkaline phosphatase (SAP),
which is sensitive to heat (65°C), could be a better choice for the
dephosphorylation reaction. Heat inactivation of SAP after the
dephosphorylation reaction could allow the omission of PCA ex-
traction and ethanol precipitation, which would otherwise be
needed to remove active phosphatase (see CIP-catalyzed dephos-
phorylation reaction above).

Nuclease P1 digestion and TLC analysis

The 5�-radiolabeled 3�-half U2 was digested with nuclease P1 (200
µg/mL) in 3 µL of 20 mM sodium acetate (pH 5.2) for 1 h at 37°C.
The digested nucleotide mixture was dotted on a cellulose TLC
PEI membrane (EM Science) and chromatographed in buffer con-
taining isopropanol/HCl/H2O (70:15:15, v/v/v; Patton 1991; Yu et
al. 1998). Labeled uridylate and pseudouridylate were visualized by
autoradiography. When the unmodified and modified U2 were
mixed first and then quantitated, both uridylate and pseudo-
uridylate were visualized in the same sample. The ratio of uridylate
to pseudouridylate was determined using a PhosphorImager (Mo-
lecular Dynamics).

Purification of U2 snRNA from mouse brain

Trizol reagent (Invitrogen) was used to isolate RNA from mouse
liver essentially as described by the supplier. Briefly, 200 mg of
mouse liver was homogenized in 4 mL of Trizol using a Dounce
tissue grinder (Wheaton). The homogenized sample was then ex-
tracted with 0.8 mL of chloroform and centrifuged at 12,000g for
15 min at 4°C. The upper aqueous phase was recovered and the
total RNA was precipitated with isopropanol.

To isolate U2 snRNA, we mixed total RNA isolated from 200
mg of mouse liver with 200 pmole of a biotinylated antisense U2
2�-O-methyl oligonucleotide complementary to nucleotides 158–
177 of U2 (UmCmCmUmGmGmAmGmGmUmAmCmUmGmCmAmAm

UmAmCmBBB, where B stands for Biotin-TEG) in 50 µL NET-2-
MgCl2 buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
0.05% (v/v) NP-40, and 2 mM MgCl2. After heating for 2 min at
95°C, the sample was slowly cooled (10 min at 65°C, then another 30
min at 30°C). Streptavidin agarose beads (20 µL; Pierce) were added
to the sample and the final volume was brought to 300 µL with
NET-2-MgCl2 buffer. This biotin-streptavidin binding reaction was
incubated for 1.5 h at room temperature with gentle rotation. The
beads were then precipitated (tabletop centrifugation), extensively

washed with the NET-2-MgCl2 buffer, and finally mixed with 250 µL
of dissociation buffer (10 mM Tris-HCl at pH 7.5, 0.1% SDS, and 0.5
mM EDTA). After a 15-min incubation at 85°C, the beads were
precipitated and the supernatant recovered. Following PCA extrac-
tion, U2 snRNA was ethanol precipitated and gel purified under 254
nm UV light. The U2 snRNA was then used for pseudouridine quan-
titation, as described above.
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