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ABSTRACT

Biotinylation of RNA allows its tight coupling to streptavidin and is thus useful for many types of experiments, e.g., pull-downs.
Here we describe three simple techniques for biotinylating the 3′ ends of RNA molecules generated by chemical or enzymatic
synthesis. First, extension with either the Schizosaccharomyces pombe noncanonical poly(A) polymerase Cid1 or Escherichia
coli poly(A) polymerase and N6-biotin-ATP is simple, efficient, and generally applicable independently of the 3′-end sequences
of the RNA molecule to be labeled. However, depending on the enzyme and the reaction conditions, several or many
biotinylated nucleotides are incorporated. Second, conditions are reported under which splint-dependent ligation by T4 DNA
ligase can be used to join biotinylated and, presumably, other chemically modified DNA oligonucleotides to RNA 3′ ends even
if these are heterogeneous as is typical for products of enzymatic synthesis. Third, we describe the use of φ29 DNA
polymerase for a template-directed fill-in reaction that uses biotin-dUTP and, thanks to the enzyme’s proofreading activity, can
cope with more extended 3′ heterogeneities.
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INTRODUCTION

Biotinylation of macromolecules is a powerful tool in molec-
ular biology due to the almost irreversible interaction of bio-
tin with streptavidin (Kd = 10−14 M) (Green 1990). For
example, biotinylation of RNA is used for one-step enrich-
ment of RNA–protein complexes from complex mixtures
by binding to immobilized streptavidin (Ruby and Abelson
1988). Although biotinylated RNA can be generated by
chemical synthesis, derivatization of enzymatically synthe-
sized RNA is often necessary, for example, if long RNAs are
to be used. Cotranscriptional biotinylation through incorpo-
ration of a biotinylated nucleotide is not site-specific, and the
extent of biotinylation is not easy to control (Theissen et al.
1989). Biotin can also be incorporated at the 5′ end by enzy-
matic synthesis, but this precludes capping of the RNA
(Huang et al. 2008). Specific biotinylation at the 3′ end can
be achieved by NaIO4 oxidation followed by reaction of the
resulting dialdehyde with a suitable biotin derivative (Qin
and Pyle 1999; Willkomm and Hartmann 2005), but β-elim-
ination is a competing reaction, resulting in the loss of the 3′

nucleotide (nt) and lowering the yield (Proudnikov and
Mirzabekov 1996). Also, if the RNA is capped, the cap ribose
will be biotinylated as well. T4-RNA ligase can join pCp de-
rivatives, including biotinylated pCp, to the 3′ end of an ac-
ceptor RNA (Kore et al. 2009). However, the reaction is

not very efficient, and the enzyme requires high concentra-
tions of substrates for quantitative turnover.
In this study, we describe three simple enzymatic methods

for efficient 3′ biotinylation of RNA.

RESULTS AND DISCUSSION

3′ Biotinylation by poly(A) polymerases

Poly(A) polymerases (PAPs) catalyze the extension of RNA 3′

ends with little or no specificity regarding the RNA sequence
and have been used for end-labeling of RNA (Martin and
Keller 1998). “Classical” PAPs have a pronounced specifici-
ty for the incorporation of AMP, using ATP as a precursor,
but “noncanonical” PAPs extend the substrate spectrum
(Schmidt and Norbury 2010). Two classical PAPs, the bovine
(Wahle 1991) and the Saccharomyces cerevisiae enzyme
(Lingner et al. 1991), the noncanonical PAP Cid1 from Schiz-
osaccharomyces pombe (Rissland and Norbury 2007), and
Escherichia coli PAP (Sippel 1973) were compared for their
ability to extend an in vitro transcript with two different bio-
tinylated ATP derivatives. On the basis of the mode of ATP
binding seen in crystal structures of bovine PAP (PDB
1Q78) (Martin et al. 2000),N6- and 8-biotinylatedATPderiv-
ativeswere chosen.Whereas the twoclassical PAPs failed to in-
corporate substantial amounts of either biotin-AMP (data not

1Corresponding author
E-mail ewahle@biochemtech.uni-halle.de
Article published online ahead of print. Article and publication date are at

http://www.rnajournal.org/cgi/doi/10.1261/rna.042986.113.

© 2014Moritz andWahle This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see http://
rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is availa-
ble under a Creative Commons License (Attribution-NonCommercial 3.0
Unported), as described at http://creativecommons.org/licenses/by-nc/3.0/.

METHOD

RNA 20:421–427; Published by Cold Spring Harbor Laboratory Press for the RNA Society 421



shown), both Cid1 and E. coli PAP, under optimized condi-
tions (see Materials and Methods), incorporated N6-biotin-
AMP but not 8-biotin-AMP (Fig. 1; data not shown).
Whereas E. coli PAP incorporated a small number of biotin-
AMP residues, each leading to a retardation in the gel compa-
rable to the incorporation of several regular AMP residues,
Cid1 unexpectedly polymerized the biotin-AMP to long tails
(Fig. 1). PAP-dependent biotinylationwas confirmedbybind-
ing to streptavidin (Fig. 2).

PAP-catalyzed biotinylation has several advantages: The
same simple commercial source of biotin can be used for all
kinds of RNA, and the enzymes can cope with 3′-sequence
heterogeneity typical of in vitro transcripts and with high
RNA concentrations: Up to 2 µM have been used, and higher
concentrations are probably possible. In Figure 1, extension of
the primer RNA with either polymerase was virtually com-
plete (∼2.5% of substrate RNA left after 36 min), but, with
longer RNAs, a relatively large fraction (∼20%–30%) was
normally left unextended in Cid1 reactions (data not shown).
We have also noticed that Cid1 is not very stable during stor-
age, but a truncated version lacking the first 31 amino acids
(tCid) (Rissland and Norbury 2007) was significantly more
stable than the full-length enzyme. Stability could be further
improved by choice of the storage buffer (see Materials and
Methods).WithCid1, care has to be taken to avoid the synthe-

sis of long biotinylated tails, which appear to cause aggrega-
tion problems. With E. coli PAP, the number of biotin
residues incorporated per RNA primer can be kept very low
(Fig. 1). However, depending on the purpose for which the
RNA is to be used, the incorporation of more than one biotin
residue might be undesirable, and achieving a specific mono-
biotinylation with a high yield would presumably be difficult.

Biotinylation with DNA ligase and degenerate splints

To incorporate single biotin residues into RNA, we explored
the use of T4 DNA ligase. The enzyme can catalyze the liga-
tion of single-stranded polynucleotides if these are joined by
base-pairing to a “splint.” In this way, chemically synthesized
DNA oligonucleotides carrying a variety of modifications, in-
cluding biotinylation, can be ligated to RNA (Moore and
Sharp 1992). T4 DNA ligase is very efficient even at low sub-
strate concentrations. However, the enzyme’s requirement
for perfect junctions is a problem, as in vitro transcripts
almost invariably have heterogeneous 3′ ends due to the ten-
dency of RNA polymerases to incorporate one and some-
times more non-encoded nucleotides at the 3′ ends of their
products. The sequence heterogeneity can be abolished by
the incorporation of a self-cleaving ribozyme, but this entails
additional complications, like removal of the 2′–3′ cyclic
phosphate resulting from cleavage and the problem of con-
trolling the efficiency of cleavage with long RNAs. It has
also been reported that the use of PCR-derived templates car-
rying two 2′-O-methyl ribonucleotides instead of deoxynu-
cleotides at the very 5′ end of the template reduces 3′-end
addition of non-encoded nucleotides (Kao et al. 1999).
It should be possible to accommodate 3′-sequence variety

of the RNA by using a combination of splints, one matching

FIGURE 1. RNA tailing with biotin-ATP by S. pombe Cid1 and E. coli
PAP. Two micromolar 5′ labeled RNA N22 was incubated with 0.5 mM
ATP or N6-biotin-ATP as indicated and the following enzyme concen-
trations: 1 µM tCid1 (ATP reaction); 5 µM tCid1 (N6-biotin-ATP); 0.25
units/µL E. coli PAP (N6-biotin-ATP); and 0.025 units/µL E. coli PAP
(ATP). After the incubation times indicated, aliquots were mixed with
8M urea in 1× TBE and analyzed by denaturing polyacrylamide gel elec-
trophoresis and phosphorimaging. DNA marker sizes are indicated.
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FIGURE 2. Streptavidin pull-down of enzymatically biotinylated
RNAs. 5′-Labeled RNA N22 was biotinylated with E. coli PAP, and
body-labeled RNA1600 was biotinylated with ϕ29 DNA polymerase.
Both were purified and applied to streptavidin Sepharose beads or, as
a control, to the same beads blocked with biotin (for details, see
Materials and Methods). After two rounds of washing, radioactivity
on the beads and all previously collected fractions was measured by
liquid scintillation and plotted as the percentage of input. (fth)
Flowthrough, supernatant of pelleted beads.
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the 3′ end predicted by the template sequence plus a second,
degenerate splint carrying a mixture of all four nucleotides at
the position opposite the potential non-encoded 3′ nucleo-
tide. The reaction would then have to be carried out under
conditions allowing the rapid exchange of splints, as stable
base-pairing independent of the degenerate position would
be expected to block many RNA molecules in a nonligatable
duplex. Therefore, conditions were sought that would mini-
mize the stability of the splint–RNA hybrid but still allow li-
gation. The minimal length of the hybrid required for a two-
way ligation at two different temperatures was found to be 6
bp; a 4-bp hybrid was unproductive, at least at the tempera-
tures and with the nucleotide sequence tested (Fig. 3A).
A tagging oligonucleotide was then ligated to an in vitro

transcript that consisted of the 50-nt species predicted by
the template and a 51-nt species, presumably containing a
mixture of nucleotides at the last position (Fig. 3B). Use of
a perfect splint forming a 6-bp hybrid with the 50-nt species
resulted in nearly quantitative but exclusive ligation of this
shorter RNA, whereas use of a degenerate splint carrying
an additional nucleotide solely guided ligation of the 51-nt
RNA. The mixture of the perfect and the degenerate splint
(i.e., five oligonucleotides, each at a concentration below
the total transcript concentration) led to the almost quantita-
tive ligation of both RNAs (Fig. 3B). Only 5% of the RNA
species targeted by the splint oligonucleotides remained un-

modified. Due to the presence of a small amount of even lon-
ger transcripts, 10% of the total amount of RNA escaped
ligation.
3′-End modification by the ligation method is fast, simple,

and very efficient. Transcript concentrations of up to 2 µM
have been successfully ligated. Presumably, the method can
be used to fuse the RNA of choice with tagging oligonucleo-
tides carrying any desired chemical modification. A limita-
tion is that in vitro transcripts sometimes carry up to three
non-encoded nucleotides at the 3′ end. We doubt that liga-
tion of such RNAs would be possible given the degeneracy
of the splint that would be required to match the heterogene-
ity of the RNA. However, the added nucleotides are mostly A
or C (Milligan et al. 1987), so the complexity of the splint mix
might be reduced to drive ligation even of RNAs with more
than one additional 3′-end nucleotide.

Biotinylation by φ29 DNA polymerase

DNA polymerases can use RNA as a primer. Thus, a DNA ol-
igonucleotide can be annealed to the RNA 3′ end, and the
DNA overhang will direct the extension of the RNA in a
fill-in reaction (Huang and Szostak 1996). Moreover, the
proofreading 3′-exonuclease activity associated with most
DNA polymerases should also be able to remove any nucle-
otides at the RNA 3′ end not base-paired to the DNA oligo-

nucleotide, for example, non-encoded
nucleotides added during the transcrip-
tion reaction. However, two DNA poly-
merases commonly used as reagents did
not perform well in RNA extension: E.
coli DNA polymerase I exhibited a low
polymerization activity on the perfect
RNA–DNA hybrids tested but was un-
able to proofread unpaired RNA 3′

ends. T4 DNA polymerase was better
with respect to proofreading, as expected
(Kornberg and Baker 1992), but worse in
its polymerase activity (data not shown).
Poor activity of DNA polymerase I on
longer RNA primers has been noted be-
fore (Astatke et al. 1998).

Therefore, we turned to the DNA poly-
merase of bacteriophage ϕ29, which ex-
hibits a robust exonucleolytic activity
on RNA (Lagunavicius et al. 2008) and
has previously been used for extension
of long RNA primers (Jonstrup et al.
2006). A chemically synthesized RNA
of 22 nt was annealed to either of two
DNA oligonucleotides. Apart from a 3-
or 4-nt 5′ overhang, the DNA had ei-
ther a perfect match to the 3′ end of the
RNAor a 2-ntmismatch (Fig. 4A). Exten-
sion of the RNA was fast and complete

FIGURE 3. Tagging RNA by splint-dependent ligation. (A) 0.5 µM chemically synthesized, ra-
diolabeled RNA N22 was ligated with 0.75 µM of different preannealed splint–donor duplex
DNA combinations as indicated in the scheme at the top. Two different splints were used having
a 6-nucleotide (nt) or 4-nt complementarity to the RNA 3′ end as indicated (splint 4 nt, splint 6
nt) (Table 1). Ligations were performed at two different temperatures for the times indicated.
Reactions where stopped bymixing with 20mMEDTA in formamide, and samples were analyzed
by denaturing polyacrylamide gel electrophoresis. (B) The ligation reaction was carried out as inA
with an enzymatically synthesized, radiolabeled RNA consisting of two species, 50 and 51 nt long.
One splint (6 nt) (Table 1) had a 6-nt complementarity to the expected end of the 50-nt RNA,
immediately followed by the sequence matching the tagging oligonucleotide. The second splint
(6 ntN) (Table 1) had the same complementarity, followed by a position containing a mixture
of all four nucleotides and then the sequence matching the tagging oligonucleotide. Ligations
were carried out with either splint or the mixture of both as indicated. DNA marker sizes are in-
dicated on the right.
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FIGURE 4. Tagging RNA by a fill-in reaction with ϕ29 DNA polymerase. (A) 0.5 µM chemically synthesized, radiolabeled RNA N22 was annealed to
0.75 µM of two different DNA oligonucleotides to form the hybrids indicated. One oligonucleotide (Table 1, “fill in”) was perfectly complementary to
the RNA, the other (Table 1, “unpaired fill in”) had a 2-ntmismatch, as indicated in the scheme on top. (Arrow)The positionwhere the incorporationof
the biotinylated nucleotide is expected. The fill-in reaction was started by the addition of 7 units/µL ϕ29 DNA polymerase in the presence of 0.2mM all
four regular dNTPs or with dTTP substituted by 0.5 mM biotin-11-dUTP, as indicated. Samples where taken at the indicated time points, stopped by
mixing with 20 mMEDTA in formamide and analyzed by denaturing polyacrylamide gel electrophoresis. DNAmarker sizes are indicated on the right.
The band labeled with a single dot corresponds to the addition of a nontemplated regular nucleotide; bands labeled with two dots correspond to the
addition of a nontemplated biotinylated nucleotide. (B) A DNA polymerase reaction was carried out as in A but with different DNA oligonucleotides.
The oligonucleotide shown in the scheme on the left (Table 1, “recessed fill in”) had a 2-nt mismatch to the RNA followed by an additional 2-nt 5′
overhang. The template position directing the incorporation of biotin-dUMP (labeled with an arrow) was “covered” by the mismatch, such that biotin
incorporation required 3′ resection of the RNA by the proofreading activity of the DNA polymerase. The oligonucleotide shown on the right (Table 1,
“fill in”) had a perfect match to the RNA 3′ end followed by a 4-nt 5′ overhang containing the position directing the incorporation of biotin-11-dUMP
(markedwith an arrow). DNAmarker sizes are indicated on the right. Bands were labeled with one or two dots as inA. (C) A fill-in reactionwas carried
out as in Awith four different DNA oligonucleotides differing in 2 nt at their 5′ ends (from left to right: “fill in,” “fill in” TG, “fill in” GG, “fill in” TT).
Reactions were done in the presence of 0.2 mM all four dNTPs, i.e., biotin-11-dUTP was omitted. The DNAmarker size is indicated on the left. (D) A
fill-in reactionwas carried out as inA including substitution of dTTP by biotin-11-dUTP. The concentration of the biotinylated nucleotidewas varied as
indicated. The regular dNTPswere present at 0.2mM. TheDNAmarker sizes are indicated on the right. (E) Fill-in reactionswere carried out as inA. An
enzymatically synthesized, radiolabeled RNA (0.5 µM) of 200 nt was preincubated with 0.75 μMN200 “fill in” at 30°C for the times indicated. Amounts
of ϕ29 DNA polymerase were varied as indicated. Biotin-11-dUTP was used at a concentration of 0.5 mMwhere indicated. The DNAmarker sizes are
indicated on the left.
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even with the mismatched DNA. Biotin-11-dUTP as a substi-
tute for dTTP was easily accepted by ϕ29 DNA polymerase,
as judged from a comparison of the product patterns with
and without biotin-11-dUTP; the product containing the
biotinylated nucleotide migrated more slowly during gel elec-
trophoresis. The RNA was labeled nearly quantitatively (Fig.
4A). To determinewhetherϕ29DNApolymerase extends un-
paired 3′ ends or resects them before elongation, we designed
an RNA/DNA hybrid that permits the incorporation of bio-
tin-11-dUTP only after previous exonucleolytic trimming
of the RNA 3′ end (Fig. 4B). The product pattern obtained
in the presence of the four regular dNTPs showed the antici-
pated net elongation of 2 nt. This was the result of trimming
of the two mismatched nucleotides followed by the addition
of 4 nt, because biotin was incorporated into the product
when biotin-11-dUTP was present; incorporation was possi-
ble only at the first mismatch position. The product patterns
were comparable to those obtained with a control hybrid that
did not require proofreading for biotin incorporation (Fig.
4B). Thus, as expected, ϕ29 DNA polymerase proofreads a
mismatched 3′ end before elongation.
In the DNA polymerase reactions shown so far, a large

fraction of the products was elongated by an additional non-
templated nucleotide, either a “regular” nucleotide (product
labeled with one dot in Fig. 4A,B) or a second biotinylated
nucleotide (labeled with two dots in Fig. 4A,B). Evidence
for the presence of a second biotinylated nucleotide was (i)
the gel retardation it caused, (ii) absence of the band in reac-
tions lacking biotin-dUTP, and (iii) its disappearance with
lower concentrations of biotin-dUTP (see below). In at-
tempts to reduce this undesired modification, the sequence
of the template and the concentration of biotin-11-dUTP
were altered. In Figure 4C, the results of fill-in reactions
with different template ends can be compared. A 5′–TG–3′

sequence at the 5′ end of the template prevented the incorpo-
ration of an additional nucleotide at the 3′ end, and 5′–TT–3′

worked almost as well. The concentration of biotin-11-dUTP
could be lowered substantially to reduce the amount of addi-
tionally incorporated biotin with no loss of fully elongated
product (Fig. 4D). Thus, monobiotinylated RNA can be pre-
pared by ϕ29 DNA polymerase with close to 100% yield if the
nucleotide at the 5′ end of the template DNA is chosen well
and the amount of the modified nucleotide in the reaction
mixture is low. Figure 4E shows that a high efficiency of bio-
tinylation is also possible with a longer in vitro transcript, al-
though relatively high amounts of enzyme have to be used:
5% of synthetic RNA N22 and 15% of the in vitro transcript
remained unmodified over the time course of the experi-
ments (Fig. 4D,E). Biotinylation of the RNAN22 and another
transcript of 1600 nt was also verified by binding to strepta-
vidin (Fig. 2; data not shown).
Compared with the two other methods, templated 3′ elon-

gation by ϕ29 DNA polymerase is as simple and efficient as
the ligase method, and it is more versatile in its ability to
cope with 3′-sequence heterogeneity. However, its extension

to other chemical modifications may be less straightforward,
as the modifications have to be incorporated by the polymer-
ase reaction via a modified nucleotide. Given the quite high
polymerase concentrations needed for appropriate elonga-
tion, the RNA concentration that can be labeled may be lim-
ited, but this has not been tested.

MATERIALS AND METHODS

Proteins

E. coli Bl21 (DE3) was transformed with an expression plasmid for
tCid1, an N-terminally truncated variant of the S. pombe Cid1 en-
zyme (Rissland and Norbury 2007) (a kind gift of Chris Norbury,
University of Oxford). Cells were grown in M9 minimal medium
supplemented with 0.4% glucose and 0.8% peptone at 37°C to
OD600 = 1. The culture was diluted with one volume of ice-cold me-
dium supplemented with 1 mM IPTG and incubated overnight at
16°C. Cells were harvested, resuspended in lysis buffer (500 mM
KCl, 20 mMHEPES at pH 7.4, 3 mMMgCl2, 10% glycerol) supple-
mented with DNase I (10 μg/mL), lysozyme (0.2 mg/mL) and PMSF
(1 mM) and disrupted by a French press. The lysate was centrifuged
at 30,000g for 1 h, and the supernatant was applied to a GSH-
Sepharose (GE Healthcare) (0.5 mL beads per l culture medium).
Elution was performed with 20 mM glutathione in lysis buffer.
Eluates were supplemented with 1 mM EDTA and 100 units of
PreScission protease (GE Healthcare), dialyzed against 150 mM po-
tassium acetate, 20 mMMES-KOH (pH 6.5), and 10% glycerol and
applied to a second GSH-Sepharose column. The flowthrough was
immediately applied to a 1-mLMonoS column (GEHealthcare) and
eluted with a linear gradient to 1 M potassium acetate in the same
buffer. Pure protein was stored in 150 mM potassium acetate, 20
mMHEPES-KOH (pH 7.5), 1 mMmagnesium acetate, 25% glycer-
ol, and 0.05% (v/v) NP-40 at −80°C. NP-40 and increased glycerol
concentration improved the stability of the enzyme during storage.
Full-length Cid1 was obtained from NEB. Bovine poly(A) polymer-
ase (C-terminal deletion variant PAP513) (Martin and Keller 1996)
and yeast poly(A) polymerase were gifts of U. Kühn. E. coli PAP was
obtained from NEB. ϕ29 DNA polymerase (1300 units/µL) was a
kind gift from Arunas Lagunavicius (Fermentas).

RNA preparation

RNAs were synthesized with T3 RNA polymerase (Stratagene) ac-
cording to the manufacturer’s recommendation with 2 mM NTPs
and trace-labeled with 20 μCi of [α-32P]UTP (Amersham
Biosciences) per 25-μL reaction. After 2 h at 37°C, the template
was digested with 1.5 units of RNase-free DNase I (Roche Applied
Science). RNA was purified through a Sephadex G50 spin column,
phenol-extracted, ethanol-precipitated, and dissolved in water.
RNA 3′ sequences are listed in Table 1. Chemically synthesized
RNA N22 (Table 1, biomers.net) was 5′-labeled with [γ-32P]ATP
and T4 polynucleotide kinase (NEB).

Poly(A) polymerase reactions

Up to 2 µM RNA was incubated with 1–5 µM tCid1 in 100 mM po-
tassium acetate, 20 mM Tris-HCl (pH 8.0), 2 mM magnesium

3′ Biotinylation of RNA
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acetate, 0.05% NP-40 at 38°C for the indicated time in the presence
of 0.5 mM ATP or N6-ATP analog (N6-[(6-amino)hexyl]-amino-
ATP-biotin) or 8-ATP analog (8-[(6-amino)hexyl]-amino-ATP-
Biotin; both from Jena Bioscience, Germany). E. coli poly(A) poly-
merase (NEB) was used at 0.025–0.25 units/µL under the same con-
ditions but at 37°C. No incorporation of biotin was observed in the
reaction buffer supplied with the enzyme. Bovine and yeast poly(A)
polymerase were used under the conditions described previously
(Lingner et al. 1991; Wahle 1991).

ϕ29 DNA polymerase reactions

RNA substrate and DNA template were annealed in 1× ϕ29 buffer
(Fermentas) at 37°C and cooled to 30°C. The reactionmix contained
0.2 mM dCTP, dATP, dGTP; and 0.5 mM γ-[N-(biotin-6-amino-
hexanoyl)]-5-aminoallyl-dUTP (biotin-11-dUTP; Jena Bioscience).
The reactionwas started by the addition of 7 units/µLϕ29DNApoly-
merase unless otherwise indicated. Incubation was at 30°C.

Ligation reactions

Four hundred units of T4-DNA ligase (NEB) was used per 15-µL re-
action under the conditions recommended by the manufacturer.
Annealing of RNA, biotinylated DNA oligonucleotide, and splint
was performed in 1× T4 ligase buffer by heating for 5 min at 65°C
and cooling down to 30°C within 10 min. The reaction times and
nucleic acid concentrations used are indicated in the figure legends.

Streptavidine pull-down

Biotinylated RNA was purified through a Sephadex G25 spin col-
umn, diluted with one volume of 2× PK-buffer (100 mM Tris-HCl
at pH 7.6, 200 mM NaCl, 1% SDS, 2 mM EDTA) and treated with

0.1 mg/mL proteinase K (Merck), followed
by phenol extraction, ethanol precipitation
from 2 M ammonium acetate, solubilization,
and ethanol precipitation from 0.3 M potassi-
um acetate (pH 5.3). The RNA was dissolved
in DEPC-treated water. For the pull-down, it
was diluted to 10–50 nM in 150 µL of 500
mM potassium acetate, 20 mM Tris-HCl
(pH 8.0), 5 mM DTT, 20 units of Ribolock
(Fermentas), 0.1 mg/mL yeast total RNA
(Roche), mixed with 20 µL of streptavidine
beads (GE healthcare) and incubated for 15
min at 20°C. Beads were washed twice in 150
μL of binding buffer, and radioactivity in the
various fractions wasmeasured by liquid scin-
tillation counting. To ascertain the specificity
of binding, beads were pretreated with 150
µL of 1 mM biotin in a control reaction.
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TABLE 1. Nucleotide sequences used in this study

Name Sequence of RNA/DNA Figure

RNA N22 ACCAAGCACAGUGUACCAUGAC 1;3A

donor strand CGATTACTGAAGCbTAACCAGGCAT 3A 
splint 4nt ACTGGCTAATGATCTCGAATTGGTCCGTA 3A
splint 6nt GTACTGGCTAATGATCTCGAATTGGTCCGTA 3A
RNA N50 ...CCGGGGAUCCUCUAGAGUCGA 3B

donor strand CGATTACTGAAGCbTAACCAGGCAT 3B
splint 6ntN TCAGCTNGCTAATGATCTCGAATTGGTCCGTA 3B
splint 6nt TCAGCT GCTAATGATCTCGAATTGGTCCGTA 3B
RNA N22 ACCAAGCACAGUGUACCAUGAC 4A 

“fill in” TGGTTCGTGTCACATGGTACTGactg 4A,B,C,D
“unpaired fill in” TGGTTCGTGTCACATGGTACctagc 4A
“recessed fill in” TGGTTCGTGTCACATGGTACactg 4B
“fill in” TG TGGTTCGTGTCACATGGTACTGacgt 4C 
“fill in” TT TGGTTCGTGTCACATGGTACTGactt 4C
“fill in” GG TGGTTCGTGTCACATGGTACTGacgg 4C
RNA N200 ...GGGGGGGCCCGGTAC 4E 

N200 “fill in” CCCCCCCGGGCCATGttacg 4E

RNA is in black; DNA is in gray. Sequences are arranged so that complementarities are im-
mediately obvious; arrows indicate 5′ to 3′ (-►) direction. Donor strand is the DNA oligo-
nucleotide attached to RNA by DNA ligase. (b) The biotinylated nucleotide; (N) any
nucleotide; RNA N50 and N200 were generated by enzymatic synthesis, and only 3′-end se-
quences are listed. RNA N22 was chemically synthesized.
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