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Abstract

For many years, the exceptionally strong and rapidly formed interaction between biotin and streptavidin has been successfully utilized for
partial purification of biologically important RNA/protein complexes. However, this strategy suffers from one major disadvantage that limits its
broader utilization: the biotin/streptavidin interaction can be broken only under denaturing conditions that also disrupt the integrity of the eluted
complexes, hence precluding their subsequent functional analysis and/or further purification by other methods. In addition, the eluted samples
are frequently contaminated with the background proteins that nonspecifically associate with streptavidin beads, complicating the analysis of the
purified complexes by silver staining and mass spectrometry. To overcome these limitations, we developed a variant of the biotin/streptavidin
strategy in which biotin is attached to an RNA substrate via a photo-cleavable linker and the complexes immobilized on streptavidin beads are
selectively eluted to solution in a native form by long wave UV, leaving the background proteins on the beads. Shorter RNA binding substrates
can be synthesized chemically with biotin and the photo-cleavable linker covalently attached to the 5' end of the RNA, whereas longer RNA
substrates can be provided with the two groups by a complementary oligonucleotide. These two variants of the UV-elution method were tested
for purification of the U7 snRNP-dependent processing complexes that cleave histone pre-mRNAs at the 3' end and they both proved to compare
favorably to other previously developed purification methods. The UV-eluted samples contained readily detectable amounts of the U7 snRNP
that was free of major protein contaminants and suitable for direct analysis by mass spectrometry and functional assays. The described method
can be readily adapted for purification of other RNA binding complexes and used in conjunction with single- and double-stranded DNA binding
sites to purify DNA-specific proteins and macromolecular complexes.

Video Link

The video component of this article can be found at https://www.jove.com/video/58697/

Introduction

In eukaryotes, RNA polymerase II-generated mRNA precursors (pre-mRNAs) undergo several maturation events in the nucleus before becoming
fully functional mRNA templates for protein synthesis in the cytoplasm. One of these events is 3' end processing. For the vast majority of pre-
mRNAs, 3' end processing involves cleavage coupled to polyadenylation. This two-step reaction is catalyzed by a relatively abundant complex
consisting of more than 15 proteins1. Animal replication-dependent histone pre-mRNAs are processed at the 3' end by a different mechanism
in which the key role is played by U7 snRNP, a low abundance complex consisting of U7 snRNA of ~60 nucleotides and multiple proteins2,3.
The U7 snRNA base pairs with a specific sequence in histone pre-mRNA and one of the subunits of the U7 snRNP catalyzes the cleavage
reaction, generating mature histone mRNA without a poly(A) tail. 3' end processing of histone pre-mRNA also requires Stem-Loop Binding
Protein (SLBP), which binds a conserved stem-loop located upstream of the cleavage site and enhances the recruitment of the U7 snRNP to the
substrate2,3. Studies aimed at identifying individual components of the U7 snRNP have been challenging due to the low concentration of the U7
snRNP in animal cells and the tendency of the complex to dissociate or undergo partial proteolysis during purification as a result of using mild
detergents4,5,6, high salt washes and/or multiple chromatographic steps7,8,9.

Recently, to determine the composition of the U7-dependent processing machinery, a short fragment of histone pre-mRNA containing biotin at
either 3' or 5' was incubated with a nuclear extract and the assembled complexes were captured on streptavidin-coated agarose beads5,6,10.
Due to the exceptionally strong interaction between biotin and streptavidin, proteins immobilized on streptavidin beads were eluted under
denaturing conditions by boiling in SDS and analyzed by silver staining and mass spectrometry. While this simple approach identified a
number of components of the U7 snRNP, it yielded relatively crude samples, often contaminated with a large number of background proteins
nonspecifically bound to streptavidin beads, potentially masking some components of the processing machinery and preventing their detection
on silver stained gels5,6,10. Importantly, this approach also precluded any functional studies with the isolated material and its further purification to
homogeneity by additional methods.

A number of modifications were proposed over time to address the virtually irreversible nature of the biotin/streptavidin interaction, with most
of them being designed to either weaken the interaction or to provide a chemically cleavable spacer arm in the biotin-containing reagents11,12.
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The downside of all these modifications was that they significantly reduce the efficiency of the method and/or often required non-physiological
conditions during the elution step, jeopardizing either the integrity or activity of the purified proteins.

Here, we describe a different approach to resolve the inherent problem of the biotin/streptavidin strategy by using RNA substrates in which biotin
is covalently attached to the 5' end via a photo-cleavable 1-(2-nitrophenyl)ethyl moiety that is sensitive to long wave UV13,14. We tested this
approach for the purification of the limiting U7-dependent processing machinery from Drosophila and mammalian nuclear extracts15. Following
a short incubation of histone pre-mRNA containing biotin and the photo-cleavable linker with a nuclear extract, the assembled processing
complexes are immobilized on streptavidin beads, thoroughly washed and gently released to solution in a native form by exposure to ~360
nm UV light. The UV-elution method is very efficient, fast and straightforward, yielding sufficient amounts of the U7 snRNP to visualize its
components by sliver staining from as little as 100 µL of the extract15. The UV-eluted material is free of background proteins and suitable for
direct mass spectrometry analysis, additional purification steps and enzymatic assays. The same method may be adopted for the purification
of other RNA/protein complexes that require relatively short RNA binding sites. Biotin and the photo-cleavable linker can also be covalently
attached to single- and double-stranded DNA, potentially extending the UV-elution method for the purification of various DNA/protein complexes.

Chemical synthesis of RNA substrates containing covalently attached biotin and the photo-cleavable linker is practical only with the sequences
that do not exceed ~65 nucleotides, becoming expensive and inefficient for significantly longer sequences. To address this problem, we also
developed an alternative approach that is suitable for much longer RNA binding targets. In this approach, RNA of any length and nucleotide
sequence is generated in vitro by T7 or SP6 transcription and annealed to a short complementary oligonucleotide that contains biotin and the
photo-cleavable linker at the 5' end (trans configuration). The resultant duplex is subsequently used to purify individual binding proteins or
macromolecular complexes on streptavidin beads following the same protocol described for the RNA substrates containing photo-cleavable
biotin attached covalently (cis configuration). With this modification, the photo-cleavable biotin can be used in conjunction with in vitro generated
transcripts containing hundreds of nucleotides, extending the UV-elution method for the purification of a broad range of RNA/protein.

Protocol

1. Substrate Preparation

NOTE: RNA substrates shorter than ~65 nucleotides can be synthesized chemically with biotin (B) and the photo-cleavable (pc) linker (together
referred to as photo-cleavable biotin or pcB) covalently attached to the RNA 5’ end (cis configuration). RNA substrates containing significantly
longer binding sites need to be generated in vitro by T7 (or SP6) transcription and subsequently annealed to a short complementary adaptor
oligonucleotide containing pcB moiety at the 5’ end (trans configuration) (Figure 1).

1. For binding sites consisting of fewer than ~65 nucleotides, use a commercial manufacturer (Table of Materials) to chemically synthesize
RNA of interest with pcB covalently attached to the RNA 5’ end (Figure 1A and Figure 2A). Dissolve in sterile water to achieve desired
concentration and store in small aliquots at -80 °C.

2. For binding sites significantly longer than ~65 nucleotides, form a partial duplex of an in vitro generated RNA of interest and a complementary
adaptor oligonucleotide containing the pcB moiety at the 5’ end (Figure 3A).

1. Perform T7 transcription on either a linearized plasmid DNA or an appropriate PCR template to generate RNA with the binding site of
interest extended at the 3’ end by a ~20-nucleotide arbitrary sequence.

2. Use a commercial manufacturer (Table of Materials) to chemically synthesize an adaptor oligonucleotide that is complementary to the
3’ extension in the T7-generated RNA and contains pcB at the 5’ end (Figure 3A).
 

NOTE: Two 18-atom spacers and 2-3 non-complementary nucleotides can be placed at the 5’ end of the oligonucleotide to reduce
potential steric hindrance between the bound complex and streptavidin beads. It is also desirable that the oligonucleotide is uniformly
modified with a 2’O-methyl group to enhance the strength of the duplex and to provide resistance against various nucleases.

3. Anneal the T7-generated RNA to the pcB adaptor oligonucleotide.
1. Mix 20 pmol of the RNA and 100 pmol of the adaptor pcB oligonucleotide (1:5 molar ratio) in a 1.5 mL tube containing

100 µL of binding buffer with the following composition: 75 mM KCl, 15 mM HEPES pH 7.9, 15% glycerol, 10 mM
ethylenediaminetetraacetic acid (EDTA).
 

NOTE: It is important to use a minimal amount of the adaptor oligonucleotide that is sufficient to form a duplex with most (if not
all) pre-mRNA substrate used in the annealing reaction. This could be conveniently determined by labeling RNA substrate at
the 5’ end with 32P, annealing the labeled substrate with increasing amounts of the adaptor oligonucleotide using various buffer
conditions and monitoring the retention of the radioactive signal on streptavidin beads after several washes of the beads with the
binding buffer.

2. Place the tube in boiling water for 5 min.
3. Allow the water to cool down to room temperature.

2. Complex Assembly

1. Supplement 1 mL of a mouse nuclear extract (or another extract of choice) with 80 mM EDTA pH 8 to a final concentration of 10 mM to block
nonspecific metal-dependent nucleases that are present in the extract.
 

NOTE: This will result in adjusting buffer in the extract to the same composition as that in the binding buffer (see Step 1.2.3.1). EDTA
does not affect in vitro processing of histone pre-mRNAs but may be harmful in purifying proteins or protein complexes that assemble in a
magnesium-dependent manner. In these cases, EDTA should be avoided.

2. Add 5-10 pmol of the RNA substrate tagged with the pcB moiety in cis (see Step 1.1) or trans (see Step 1.2.3.3) to 1 mL of the extract
containing 10 mM EDTA.
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NOTE: The amount of RNA needs to be carefully evaluated in a series of trial experiments. Using too much RNA substrate for the purification
of a limiting complex maybe counterproductive, significantly increasing the background of nonspecific RNA binding proteins without having
any effect on the yield of specific proteins.

3. Incubate the RNA substrate with the extract for 5 min on ice, occasionally mixing the sample.
 

NOTE: Both the time and temperature of the incubation need to be established empirically and may vary significantly, depending on the
specific nature of the RNA/protein complex.

4. Spin the incubation mixture in a pre-cooled microcentrifuge for 10 min at 10,000 x g to remove any potential precipitates and carefully collect
the supernatant avoiding transferring the pellet.

3. Immobilization of the RNA/protein Complexes on Streptavidin Beads.

1. Transfer ~100 µL of streptavidin agarose bead suspension from a commercial supplier (Table of Materials) to a 1.5 mL tube and increase
the volume with the binding buffer (75 mM KCl, 15 mM HEPES pH 7.9, 15% glycerol, 10 mM EDTA).
 

NOTE: This buffer should have the same composition as that in the annealing mixture and in the extract used for complex assembly (Step
2.1).

2. Collect the beads at the bottom of the tube by spinning for 2-3 min at 25 x g and aspirate the supernatant.
3. Repeat the same washing/spinning procedure 2-3 times to equilibrate the beads with the binding buffer.

 

NOTE: At the end of this step, the pellet of the beads should have a volume of ~ 30 µL.
4. Load the supernatant containing the assembled complex (Step 2.4) over the equilibrated streptavidin agarose beads.
5. Rotate 1 h at 4 °C to immobilize RNA and the bound complexes on the beads.
6. Collect the beads at the bottom of the tube by spinning for 2-3 min at 25 x g.

 

NOTE: Use a swing out rotor to avoid substantial loss of the beads if they tend to adhere to the side of the tube in angular rotors.
7. Aspirate the supernatant and rinse the beads twice with 1 mL of the binding buffer, using the same centrifugation conditions.
8. Add 1 mL of the binding buffer and rotate the sample 1 h at 4 °C.

 

NOTE: This step can be shortened if the complex formed on the substrate tends to dissociate.
9. Spin down the beads for 2-3 min at 25 x g, add 1 mL of the buffer and transfer the suspension to a new tube.
10. Rotate for an additional 1 h or shorter, if the complex is not stable, spin down for 2-3 min at 25 x g and transfer the beads to a 500 µL tube in

200 µL of binding buffer.

4. UV-Elution.

1. Turn on a high intensity UV lamp emitting 365 nm UV light for 5-10 min before reaching full brilliance.
 

NOTE: This is essential to achieve maximum energy of UV emission at the start of irradiation.
2. Fill up the bottom of a Petri dish (100 mm x 15 mm) with tightly packed ice and stack it over the dish’s lid.
3. Briefly vortex the tube containing the immobilized complex, place it horizontally on ice and cover with the pre-warmed lamp, ensuring that the

sample is located within the distance of 2-3 cm of the surface of the bulb.
 

NOTE: If the distance is too large, use additional Petri dishes or other suitable objects to bring the sample closer to the bulb.
4. Irradiate for a total of 30 min, frequently inverting and vortexing the tube to ensure uniform exposure of the suspension to UV and to prevent

overheating.
 

NOTE: To provide additional cooling, the UV-elution step can be carried out in a cold room. Switch to a Petri dish with fresh ice in case of
excessive ice melting.

5. Spin down the beads for 2-3 min at 25 x g and collect the supernatant.
6. Re-spin the supernatant using the same conditions and collect the supernatant.

 

NOTE: Leave a small amount of supernatant at the bottom to avoid transferring residual beads.

5. Sample Analysis by Silver Staining Followed by Mass Spectrometry.

1. Use SDS/polyacrylamide gel electrophoresis to separate a fraction of the UV-eluted supernatant and the same fraction of the material left on
the beads following UV elution.
 

NOTE: The analysis may also include an aliquot of the beads withdrawn from the sample before UV-elution.
2. Stain the gel containing separated proteins using a commercially available silver staining kit.
3. Evaluate the efficiency of UV-elution by comparing the intensities of proteins present in the UV-eluted supernatant and those left on the beads

following UV-irradiation.
4. Excise the protein bands of interest and determine their identities by mass spectrometry using standard protocols10,15.

6. Global Analysis of UV-eluted Sample by Mass Spectrometry.

1. Directly analyze a fraction of the UV-eluted supernatant by mass spectrometry to determine the entire proteome of the purified material in an
unbiased manner.
 

NOTE: This can be done by in-solution treatment of the purified samples with trypsin followed by standard mass spectrometry protocols to
determine the identity of the generate peptides10,15.
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Representative Results

The UV-elution method was tested with two chemically synthesized RNA substrates covalently attached at the 5' end to the pcB moiety (cis
configuration): pcB-SL (Figure 1) and pcB-dH3/5m RNAs (Figure 2). The 31-nucleotide pcB-SL RNA contains a stem-loop structure followed
by a 5-nucleotide single stranded tail and its sequence is identical to the 3' end of mature histone mRNA (i.e., after the cleavage of histone pre-
mRNA by U7 snRNP). This unique sequence is a known binding site for two proteins present in the mammalian cytoplasmic fraction: SLBP and
3'hExo16,17,18. pcB-dH3/5m is a 63-nucleotide fragment of Drosophila H3 histone pre-mRNA and in addition to the stem-loop contains a sequence
that binds Drosophila U7 snRNP (Figure 2).

dH3 Ext (125 nucleotides) is an example of longer RNA substrates that can be generated by T7 transcription and provided with biotin and a
photo-cleavable spacer in trans by annealing to pcB/22mer, a chemically synthesized adaptor oligonucleotide (trans configuration). pcB/22mer
contains the two groups at the 5' end and consists of 22 2'O-methyl-modifed nucleotides (Figure 3A). 19 nucleotides at the 3' end of the
pcB/22mer(underlined in the sequence in Figure 3A) are complementary to the last 19 nucleotides of the dH3 Ext pre-mRNA. This pre-mRNA
besides being longer does not significantly differ from the synthetic pcB-dH3/5m, containing the same two key processing signals: stem-loop and
U7-binding site.

pcB-SL RNA was incubated with 1 mL of S100 extract prepared by ultracentrifugation (100,000 x g for 1 h) of a cytoplasmic fraction obtained
from mouse myeloma cells19 and the effect and efficiency of UV-elution were first analyzed by silver staining. A number of proteins were
detected on streptavidin beads before UV-elution (Figure 1B, lane 1). Irradiation with long wave UV released only some of these proteins to the
supernatant (Figure 1B, lane 3), leaving a nonspecific background on the beads (Figure 1B, lane 2), hence emphasizing the importance of the
UV-elution step. Major UV-eluted proteins were identified by mass spectrometry as 3'hExo and SLBP, with SLBP being represented by full length
protein (FL) and a number of shorter degradation products (DP). Smaller amounts of other proteins, identified as various RNA binding proteins
(RBPs), were also selectively released to solution by UV irradiation (Figure 1B, lane 3).

pcB-dH3/5m pre-mRNA (Figure 2) or dH3 Ext pre-mRNA annealed to pcB/22mer (Figure 3) were incubated with 1 mL of a nuclear extract
from Drosophila Kc cells to form processing complexes20,21. To better evaluate the specificity of proteins that bind to each histone pre-mRNA, a
negative control was prepared in parallel by adding two competitors to the nuclear extract: SL RNA that sequesters SLBP, and a short antisense
oligonucleotide that base pairs with the U7 snRNA and prevents the interaction of the U7 snRNP with its site on the pre-mRNA.

The UV-elution step of the immobilized pcB-dH3/5m pre-mRNA resulted in a selective release of only a small number of proteins to the
supernatant (Figure 2B, lane 1), with an intense background of non-specific proteins remaining on the beads (Figure 2B, lane 3). These
proteins, labeled A-I, were identified by mass spectrometry as components of the U7 snRNP15. The sample also contained partially degraded
SLBP that migrates at 10 kDa and can only be visible on higher concentration SDS/polyacrylamide gels. All these proteins were not detected in
the presence of the two processing competitors that block binding of U7 snRNP to histone pre-mRNA (Figure 2B, lane 2).

The same components of Drosophila U7 snRNP were released to solution by UV irradiation of an immobilized duplex consisting of dH3 Ext pre-
mRNA and pcB/22mer (Figure 3B, lane 1). This sample additionally contained multiple RNA binding proteins that interacted with the pcB/22mer
oligonucleotide used in excess to form a duplex with dH3 Ext pre-mRNA. In contrast to the subunits of the U7 snRNP, these contaminating
proteins, as well as all the background proteins that remained on the beads, persisted in the presence of the processing competitors (Figure 3B,
compare lanes 1 and 2, and lanes 3 and 4).

A small fraction of the UV-supernatant containing processing complexes and the same fraction of the UV-supernatant from a negative control
(prepared in the presence of the two competitor oligonucleotides and hence lacking processing complexes) can be directly analyzed by mass
spectrometry without a prior separation of the eluted proteins by gel electrophoresis15. This method is very sensitive in detecting all eluted
proteins regardless of their size and abundance and in conjunction with the negative sample provides a complete and unbiased list of proteins
that specifically associate with histone pre-mRNA to conduct 3' end processing reaction.
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Figure 1: Purification of mouse cytoplasmic proteins bound to pcB-SL RNA. (A) A diagram of chemically synthesized pcB-SL RNA (31-
nucleotides). Biotin (Biot) at the 5' end is followed by a photo-cleavable moiety (pc) sensitive to long wave UV (366 nm), two 18 atom spacers
and 31 nucleotides that form the conserved stem-loop structure found at the 3' end of mature histone mRNAs. (B) pcB-SL RNA was incubated
with S100 cytoplasmic extract from mouse myeloma cells. The RNA and bound proteins were purified on streptavidin beads, extensively
washed, UV eluted and analyzed by silver staining (lane 3). Proteins immobilized on streptavidin beads before UV elution and left on the beads
after UV elution are shown in lanes 1 and 2, respectively. Position of protein size markers (in kDa) is indicated to the left.
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Figure 2: Purification of Drosophila processing complexes assembled on pcB-dH3/5m pre-mRNA. (A) A diagram of chemically
synthesized Drosophila-specific pcB-dH3/5m pre-mRNA (63-nucleotides). Biotin (Biot) at the 5' end is followed by a photo-cleavable moiety
(pc), two 18-atom spacers and 63 nucleotides that contain the two sequence elements essential processing: stem-loop structure and U7-
binding site. Five nucleotides around the major cleavage site located between the two elements are modified with a 2'O-methyl group to block
the cleavage by the U7 snRNP during complex assembly (crossed lines). (B) pcB-dH3/5m was incubated with a Drosophila nuclear extract
to assemble processing complexes. In the negative control, the nuclear extract contains two processing competitors to block binding of SLBP
and U7 snRNP to histone pre-mRNA. The assembled complexes were immobilized on streptavidin beads, extensively washed and released to
solution by the exposure of the sample to long wave UV. The same fractions of the UV-eluted material (UV-sups) and the beads following UV-
elution (UV-beads) were analyzed by silver staining. Position of protein size markers (in kDa) and streptavidin (SA) is indicated to the right. 
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Figure 3: Purification of Drosophila processing complexes assembled on dH3 Ext pre-mRNA attached to the photo-cleavable group in
trans. (A) A diagram of the dH3 Ext duplex generated by annealing T7-generated dH3 Ext pre-mRNA and chemically synthesized pcB/22mer
oligonucleotide with the following sequence: 5'Biot/pc/18S/18S/mAmGmUmAmGmCmUmUmAmCmAmCmUmCmGmAmGmCmCmUmAmC.
In the oligonucleotide, biotin (Biot) is placed at the 5' end and is followed by the photo-cleavable (pc) linker. The last 19 nucleotides (underlined
in the sequence above) are complementary to the 3' extension added to the dH3 Ext pre-mRNA. The presence of 2'O-methyl modifications (not
indicated in the figure) serves two purposes: it stabilizes the oligonucleotide against extract nucleases and increases the strength of the duplex
formed with the dH3 Ext pre-mRNA. (B) dH3 Ext duplex was incubated with a Drosophila Kc nuclear extract either in the absence or in the
presence of processing competitors, immobilized on streptavidin beads, extensively washed and UV-eluted along with the bound proteins. The
same fractions of the UV-eluted material (UV-sups, lanes 1 and 2) and the beads following UV-elution (UV-beads, lanes 3 and 4) were analyzed
by silver staining. Specific componenst of the processing complexes (those that are eliminated by processing competitors) are indicated with A
to F letters. Major non-specific RNA binding proteins (those that are UV-eluted but persist in the presence of the two processing competitors) are
indicated with asterisks. Position of protein size markers (in kDa) is indicated to the right. Please click here to view a larger version of this figure.

Discussion

The method described here is straightforward and besides incorporating a photo-cleavable linker and the UV-elution step does not differ from
the commonly used methods that take advantage of the extremely strong interaction between biotin and streptavidin. The UV-elution step is
very efficient, typically releasing more than 75% of the immobilized RNA and associated proteins from streptavidin beads, leaving behind a
high background of proteins that non-specifically bind to the beads. By eliminating this background, the UV-elution step yields remarkably pure
samples suitable for direct analysis by silver staining, mass spectrometry and functional assays.

As a result of involving a relatively few and simple steps, the UV-elution method is highly reproducible, providing sufficient amounts of the U7
snRNP for silver staining from as little as 100 µL of mouse and Drosophila nuclear extracts15. The method is an attractive alternative to other
experimental strategies previously used to purify RNA/protein complexes, including tagging RNA substrates with an MS2 binding site and
immobilizing associated complexes on amylose beads via an MS2-MBP fusion protein. The MS2 strategy, while successful in isolating relatively
abundant spliceosomes and canonical 3' end processing complexes22,23, failed to yield sufficient amounts of processing complexes containing
U7 snRNP (ZD, unpublished results), which is approximately 100 times less concentrated in animal cells than the major U1 spliceosomal snRNP.

Many aspects of the protocol need to be modified to meet various individual research goals and to produce optimal results with other RNA/
protein complexes. First, it is important to match the amount of the RNA substrate used for the complex assembly with the amount of this
complex that exists in the extract. For limiting complexes, including U7 snRNP, using too much substrate is counterproductive, only increasing
the background of non-specific RNA-binding proteins in the UV-supernatant. Second, it is also important to optimize the length and the
temperature of incubation to promote vigorous assembly of the complex, preventing at the same time its dissociation due to potential proteolysis
or excessive RNA degradation.

A key difficultly in working with the U7-dependent processing complexes and similar RNA/protein complexes that carry enzymatic activities
is that after being fully assembled they may dissociate as a result of catalysis. Cleavage of histone pre-mRNAs occurs rapidly even at low
temperatures, significantly reducing the yield of the purified processing complexes. To prevent this undesirable effect, the major cleavage site
and four nearby nucleotides in pcB-dH3/5m pre-mRNA were modified during chemical synthesis with 2'O-methyl groups (5m)10. This pre-
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mRNA is almost completely resistant to cleavage by U7 snRNP and can be incubated with a nuclear extract at room temperature for 60 min
without causing detectable complex disruption. The T7-generated dH3 Ext annealed to pcB/22mer lacks these modifications and its incubation
with a nuclear extract is carried out on ice for 5 min or shorter to limit catalysis. pcB-SL RNA contains mature 3' end of histone mRNA and
in cytoplasmic extracts does not undergo any addition processing. 3'hExo, which is magnesium-dependent 3'-5' exonuclease is capable of
removing 2-3 nucleotides of the single stranded tail in vivo24,25 but in vitro its activity is inhibited by the presence of EDTA16. As a result, pcB-SL
RNA can be incubated in cytoplasmic extracts at room temperature for an extended time without any adverse effects, although typically a short
incubation on ice is sufficient to form a ternary complex of the RNA with SLBP and 3'hExo.

Of the two alternative variants of the UV-elution method, using RNA substrates with biotin and the photo-cleavable linker in cis (covalently
attached to the 5' end of RNA) is overall simpler and yields relatively pure samples. An important limitation of this approach is that the two groups
can be covalently attached to RNA substrates not exceeding ~65 nucleotides. Longer RNA binding targets can be attached to the pcB moiety in
trans via an adaptor oligonucleotide. However, this approach may produce higher background of non-specific proteins that tend to bind excess of
the adaptor oligonucleotide. It is therefore important to use only a minimal molar excess of the oligonucleotide sufficient to bind all the pre-mRNA
substrate used in the experiment.

The sequence, length and chemical nature of adaptor oligonucleotides can be varied to improve their ability to base pair with the complementary
sequences in the RNA substrates, while reducing their ability to interact with non-specific RNA binding proteins. Finally, longer pre-mRNA
substrates duplexed with adaptor oligonucleotides can be immobilized on streptavidin beads prior to being used for complex formation. One
advantage of this pre-selection approach is that it eliminates from the sample RNA molecules that failed to anneal to the oligonucleotide. These
molecules retain a normal ability to assemble into a complex in the extract but are unable to bind streptavidin beads, partially reducing the yield
of purification.

In addition to purifying complexes assembled on single-stranded RNA substrates, the UV-elution method in a similar manner can be used to
purify proteins or protein complexes that bind single- and double-stranded DNA sequences.
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