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Abstract

RNA-binding proteins (RBPs) play important roles in every aspect of RNA metabolism and regulation. Their identification is a major challenge
in modern biology. Only a few in vitro and in vivo methods enable the identification of RBPs associated with a particular target mRNA. However,
their main limitations are the identification of RBPs in a non-cellular environment (in vitro) or the low efficiency isolation of RNA of interest (in
vivo). An RNA-binding protein purification and identification (RaPID) methodology was designed to overcome these limitations in yeast and
enable efficient isolation of proteins that are associated in vivo. To achieve this, the RNA of interest is tagged with MS2 loops, and co-expressed
with a fusion protein of an MS2-binding protein and a streptavidin-binding protein (SBP). Cells are then subjected to crosslinking and lysed,
and complexes are isolated through streptavidin beads. The proteins that co-purify with the tagged RNA can then be determined by mass
spectrometry. We recently used this protocol to identify novel proteins associated with the ER-associated PMP1 mRNA. Here, we provide a
detailed protocol of RaPID, and discuss some of its limitations and advantages.

Video Link

The video component of this article can be found at https://www.jove.com/video/54467/

Introduction

RNA-binding proteins (RBPs) represent about 10% of S. cerevisiae proteins1,2 and about 15% of mammalian proteins3-5. They are implicated in
many cellular processes such as mRNA post-transcriptional processing and regulation, translation, ribosome biogenesis, tRNA aminoacylation
and modification, chromatin remodeling, and more. An important subgroup of RBPs is the mRNA-binding proteins (mRNPs)6,7. In the course
of mRNA maturation, different RBPs bind the transcript and mediate its nuclear processing, export out of the nucleus, cellular localization,
translation and degradation6-8. Thus, the distinct set of RBPs bound to a particular transcript at any time point determines its processing and
ultimately its fate.

The identification of RBPs associated with an mRNA could significantly improve our understanding of processes underlying their post-
transcriptional regulation. Diverse genetic, microscopic, biochemical and bioinformatics methods have been used to identify proteins involved
in mRNA regulation (reviewed in9-11). However, only a few of these methods enable the identification of proteins associated with a particular
target mRNA. Of note is the Yeast Three Hybrid system (Y3H), which utilizes the mRNA of interest as bait to screen an expression library in
yeast cells. Positive clones are usually observed through a growth selection or reporter expression12-14. The key advantage of this method is the
large number of proteins that can be scanned in a cellular environment and the ability to measure the strength of the RNA-protein interaction.
Drawbacks include the relatively large number of false positive results due to non-specific binding, and the high potential for false negative
results due, in part, to misfolding of the fusion protein prey or the bait RNA.

An alternative to the genetic approach is affinity purification of RNA with its associated proteins. Poly A-containing mRNAs can be isolated
through the use of oligo dT columns, and their associated proteins are detected by mass spectrometry. The RNA-protein interaction is conserved
in its cellular context by crosslinking, which makes short-range covalent bonds. The use of the oligo dT column yields a global view of the entire
proteome that is associated with any poly A-containing mRNA3,5,15. However, this does not provide a list of proteins that are associated with
a particular mRNA. Very few methods are available to accomplish such an identification. The PAIR method entails the transfection of nucleic
acid with complementarity to the target mRNA16,17. The nucleic acid is also attached to a peptide, which allows crosslinking to RBPs in close
vicinity to the interaction site. After crosslinking, the RBP-peptide-nucleic acid can be isolated and subjected to proteomics analysis. Recently,
an aptamer-based methodology was successfully applied to extracts from mammalian cell lines18. An RNA aptamer with improved affinity to
streptavidin was developed and fused to a sequence of interest (AU-rich element (ARE) in this case). The aptamer-ARE RNA was attached to
streptavidin beads and mixed with cell lysate. Proteins that associated with the ARE sequence were purified and identified by mass spectrometry
(MS). Although this method detected associations that occur outside the cellular settings (i.e., in vitro), it is likely to be modified in the future so
as to introduce the aptamers into the genome and thus enable the isolation of proteins associated with the mRNA while in the cellular milieu
(i.e., in vivo). In yeast, where genetic manipulations are well established, the RaPID method (developed in Prof. Jeff Gerst's lab) provides a view
of in vivo associations19. RaPID combines the specific and strong binding of the MS2 coat protein (MS2-CP) to the MS2 RNA sequence, and

https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:arava@tx.technion.ac.il
https://www.jove.com/video/54467
http://dx.doi.org/10.3791/54467
https://www.jove.com/video/54467/


Journal of Visualized Experiments www.jove.com

Copyright © 2016  Journal of Visualized Experiments September 2016 |  115  | e54467 | Page 2 of 6

of the streptavidin-binding domain (SBP) to streptavidin conjugated beads. This enables efficient purification of MS2-tagged mRNAs through
streptavidin beads. Moreover, expression of 12 copies of MS2 loops allows up to six MS2-CPs to bind simultaneously to the RNA and increase
the efficiency of its isolation. This protocol was therefore suggested to enable the identification of novel mRNA-associated proteins once the
eluted samples are subjected to proteomics analysis by mass spectrometry.

We recently utilized RaPID to identify novel proteins associated with the yeast PMP1 mRNA20. PMP1 mRNA was previously shown to be
associated with the ER membrane and its 3' untranslated region (UTR) was found to be a major determinant in this association21. Thus, RBPs
that bind PMP1 3' UTR are likely to play an important role in its localization. RaPID followed by liquid chromatography-mass spectrometry/mass
spectrometry (LC-MS/MS) resulted in the identification of many new proteins that interact with PMP120. Herein, we provide a detailed protocol of
the RaPID methodology, important controls that need to be done, and technical tips that may improve yield and specificity.

Protocol

Note: Insert a sequence consisting of 12 MS2-binding sites (MS2 loops; MS2L) into the desired genomic locus, usually between the open
reading frame (ORF) and the 3' UTR. A detailed protocol for this integration is provided elsewhere22. Verify proper insertion and expression by
PCR, northern analysis or RT-PCR20,23. It is important to verify that the integration did not intervene with the synthesis of the 3'UTR. In addition,
a plasmid-expressing MS2-CP fused to SBP under the expression of an inducible promoter (methionine depletion) should also be introduced into
the cells24. An identical strain, excluding the introduced MS12 loops, should be used as a control for the detection of non-specific signals.

1. RaPID Purification

1. Grow 500 ml of yeast cells (use 250-1,000 ml of yeast cells depending on the expression level of the gene of interest) expressing MS2-
tagged mRNA20 and MS2-CP-GFP-SBP fusion protein24 to OD600 0.8 - 1.0 at 30 oC in the appropriate growth medium (e.g., Synthetic
Dextrose (SD) selective medium).

2. Centrifuge cells at 3,000 x g for 4 min at RT and discard the supernatant.
3. Wash cells in 1x phosphate buffered saline (PBS), centrifuge as before (step 1.2), resuspend in an equal volume (step 1.1) of SD without

methionine, and incubate for 45 - 60 min at 30 oC to induce expression of the MS2-CP-GFP-SBP fusion protein.
 

Note: Longer induction time may cause aggregation of GFP.
4. Set aside 10 ml of cells and extract RNA from this sample using the simple "hot phenol" method25. Caution: Phenol is highly toxic and should

be handled according to its safety instructions.
 

Note: This RNA is a good reference for the quality of isolated RNA (Figure 1A).
5. For 500 ml cells, add 1.35 ml 37% formaldehyde to a final concentration of 0.1% to crosslink the RNA-protein complexes. Continue

incubation at 30 oC for 10 min. Caution: Formaldehyde is highly toxic and should be handled according to its safety instructions.
6. Add 26.5 ml of 2.5 M glycine to a final concentration of 0.125 M and incubate for 3 min to stop crosslinking. From this step on, put everything

on ice to minimize RNA degradation.
7. Centrifuge cells at 3,000 x g for 4 min at 4oC and wash with 45 ml cold 1x PBS.
8. Resuspend cells in 1 ml RaPID Lysis buffer per 100 ml of initial cell culture.
9. Split into aliquots of 500 µl in screw-capped microfuge tubes and add ~ 400 mg of chilled glass beads to each aliquot (roughly a full 0.2 ml

PCR tube).
10. Lyse cells in a bead beater for 3 min. Immediately put the lysate on ice.

 

Note: Cell lysis releases cellular RNases, which are the major cause of RNA degradation. RaPID Lysis buffer contains a high concentration of
RNase inhibitors, such as the nonspecific RNase inhibitor heparin and specific inhibitors. Working quickly and keeping everything cold is also
recommended.

11. Transfer the lysate to new tubes. Pierce a small hole in the bottom of each microfuge tube with a hot needle (0.8 mm x 40 mm) and place the
microfuge tubes on top of the 15 ml tubes. Use the head of a 5 ml syringe as an adaptor between the microfuge tubes and the 15 ml tubes.
Centrifuge the tubes assembly at 3,000 x g for 1 min at 4 oC.

12. Transfer the flow-through from the 15 ml tube to a new 1.5 ml tube and centrifuge at 10,000 x g for 10 min at 4 oC to clear cell debris.
13. Pool supernatants from all 1.5 ml tubes into a single 15 ml tube, and set aside 1/50 and 1/100 volume of the lysate for RNA and protein

isolation, respectively.
 

Note: These will serve as the "Input" samples for subsequent analysis (Figure 1).
14. Add 300 µg of avidin per 500 ml of initial yeast culture and incubate for 30 min (this can be reduced to 10 min) at 4 oC under constant rolling

(10 rpm).
 

Note: Avidin blocks biotin and biotinylated proteins from binding to the streptavidin beads.
15. Pre-wash the streptavidin beads before incubation with the cell lysate.

1. Transfer about 300 µl of the streptavidin beads slurry to a 1.5 ml microcentrifuge tube and remove the upper supernatant. This will
result in 250 µl of beads. Wash the beads twice with 1 ml of RaPID lysis buffer. Centrifuge the streptavidin beads at 660 x g for 2 min at
4oC between each step.

2. Block the beads by incubating for 1 hr with 0.5 ml of RaPID lysis buffer, 0.5 ml of 10 mg/ml BSA and 10 µl of 10 mg/ml yeast tRNA.
Beads can be left O/N in blocking solution at 4oC with rotation if necessary.

3. Wash twice with 1 ml of RaPID Lysis buffer.
 

Note: Magnetic beads can also be used to reduce time and background. These, however, have lower capacity than sepharose beads.

16. Add 250 µl of the pre-washed streptavidin beads to the avidin-containing lysate (from step 1.14) and incubate 1 hr at 4 °C with constant
rotation (10 rpm).
 

Note: This incubation time is a compromise between providing sufficient binding time and minimizing chances for RNA degradation.
17. Centrifuge at 660 x g for 2 min at 4 oC to clear the streptavidin beads and transfer the supernatant to a new 15 ml tube. Set aside 1/50 and

1/100 volume of the lysate for RNA and protein isolation, respectively.
 

Note: These will be the "Unbound" samples.
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18. Wash the beads with 1 ml of RaPID Lysis buffer, shake gently, transfer to a new 1.5-ml microcentrifuge tube, and centrifuge as in step 1.17.
Repeat this step three times.

19. Wash the beads with 1 ml of RaPID Wash buffer, and this time rotate (10 rpm) for 5 min at 4 °C. Repeat this step twice.
20. Wash the beads with 1 ml of 1x PBS and centrifuge as above.
21. Wash the beads again with 120 µl of 1x PBS. Centrifuge as above, and take the entire supernatant for RNA and protein extraction as the

"Wash" sample.
 

Note: This last wash sample will indicate the stringency of the washes and should be of the same volume as the Elution sample. This will
simplify processing and loading in subsequent assays.

22. To elute RNA and RNA-associated proteins from the column, add 120 µl of 6 mM biotin in 1x PBS and incubate for 45 min at 4 °C with
constant rotation (10 rpm).

23. Centrifuge the beads as above and transfer the eluted material to a new 1.5 ml tube. Spin the eluted sample again and transfer the upper
phase to a new 1.5 ml tube to ensure no carryover of beads.

24. Take samples for RNA or protein extraction.
 

Note: The volume taken should depend on the following assay and expression level of the RNA or protein of interest. As a guideline, for
northern analysis26, take 80% of the sample, for Western blot23,27 or RT-PCR28, take 20%, and for mass spectrometry29 to discover new
proteins, take the entire sample.

2. RNA Extraction

1. Add an equal volume of 2x Crosslinking Reversal Buffer and incubate for 45 min at 65 °C. Continue directly for RNA extraction.
 

Note: The Crosslinking Reversal Buffer contains ethylenediaminetetraacetic acid (EDTA), which significantly improves RNA extraction20.
2. Use the standard phenol:chloroform method26 to extract RNA from the "input" and "unbound" samples (steps 1.13 and 1.17).

 

Note: These samples contain a large amount of the RNase inhibitor heparin, which can inhibit subsequent Reverse Transcriptase-
(RT)utilizing assays (e.g., RT-PCR), therefore, LiCl precipitation30 is advised to remove it. The "wash" and "elution" samples (steps 1.21 and
1.24) contain low amounts of RNA and are precipitated through the following steps.

3. Add an equal volume of 8M Guanidinium-HCl (GuHCl) and two volumes of 100% ethanol to the "wash" and "elution" samples. Incubate at -80
°C for at least 2 hr.
 

Note: Guanidinium will efficiently denature proteins and thereby inhibit RNases and proteases in the sample.
4. Centrifuge at 20,000 x g, 4 °C for 30 min and discard the supernatant. Wash the pellet with cold 80% ethanol and centrifuge again at 20,000 x

g, 4 °C for 15 min.
5. Dissolve the RNA pellet in 400 µl of RNase free water and precipitate again to remove any leftover GuHCl or other contaminants. Add 40 µl

of 3 M sodium acetate, pH 5.2 and 800 µl of 100% ethanol, incubate at -20 °C for at least 1 hr.
6. Centrifuge and wash as in step 2.4 and remove all ethanol with a 10 µl tip. Resuspend the RNA pellet in 10 µl RNase free water. Take extra

care as the RNA pellet is usually not visible.
 

Note: Samples can be used for northern analysis as described in23 (Figure 1).

3. Protein Preparation for Western Blot or Mass Spectrometry Analysis

1. Add 1/3 volume of 4x Laemmli Sample Buffer (LSB) to protein samples and incubate 45 min at 65 °C to reverse the crosslinking of RNA and
proteins.
 

Note: Samples can be stored at -20 °C.
2. Run proteins on a SDS polyacrylamide gel (SDS-PAGE)31. Adjust the percentage of the gel according to the size of proteins to be analyzed.

 

Note: 10% acrylamide gel gives a wide range of separation and is good as a first approximation.
3. Transfer proteins to the membrane as in the standard immunoblot analysis27 for control of isolation efficiency (Figure 1C). Stain with either

Coomassie Blue R250 or silver stain before mass spectrometry analysis.
 

Note: Silver stain is the preferred choice because it is more sensitive and allows better detection (Figure 1B). Staining can be done
with either manually prepared solutions or commercial kits. The incubation time of the gel in the final dye solution should be determined
experimentally. Long incubation may reveal low abundant proteins, but can cause highly expressed proteins such as MS2-CP-SBP-GFP to
be over stained and may mask surrounding proteins in their vicinity. Additionally, a high background might occur. Follow the reaction carefully,
and add Stop Solution at the appropriate time.

4. Cut out bands from the gel and transfer them to 1.5 ml tubes. Store samples at -20 °C, or send for protein extraction and trypsin digestion
followed by LC-MS/MS analysis32.

5. As an alternative proteomic approach to exclude the gel separation step, digest eluted material from step 1.24 in solution using trypsin and
subject to LC-MS/MS analysis33.
 

Note: Omitting the SDS-PAGE separation simplifies the protocol and increases yield. However, samples might contain traces of the detergent
NP-40, which inhibits mass spectrometry analysis. To overcome this problem, perform the following steps:

1. Run protein on SDS-PAGE31 for 10 - 15 min.
2. Cut out the entire portion of the lane (i.e., where the proteins are located).

 

Note: The protein sample might include a significant amount of the MS2-CP-SBP protein that may obscure signals of low abundance
proteins.
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Representative Results

RaPID enables the isolation of a specific target RNA with its associated proteins. Critical for its success is keeping the RNA intact as much
as possible, thereby obtaining a sufficient amount of proteins. To determine the isolation efficiency and quality of RNA, northern analysis is
performed (Figure 1A). Northern analysis has the advantage of directly reporting the efficiency and quality of RaPID. Thus, the relative amounts
of full length and degradation products can be determined in a single run. Ribosomal RNAs (rRNAs) are detected easily in the ethidium bromide
staining, and the lack of rRNAs in the elution sample indicates the stringency of purification. The stringency and specificity of the purification are
further demonstrated by the lack of a signal of an untagged mRNA in the elution samples (ACT1 bottom panel). The apparent signal in the FPR1
lane, which is not of the size of ACT1, is a leftover from previous hybridization with the MS2L probe. The northern analysis also reveals that the
input RNA is somewhat more degraded compared to RNA that was purified by the hot phenol protocol (c/o ACT1 probe panel). This is attributed
to the lengthier and more complicated RaPID protocol. Nevertheless, a significant amount of full-length, tagged RNA is isolated specifically, as
revealed by the strong signal in the elution fraction (MS2L probe).

Protein samples can be run on SDS-PAGE and stained by silver stain prior to proteomics analysis (Figure 1B). A sample isolated from control,
untagged cells (-MS2L) is helpful in distinguishing non-specific associations from RNA-dependent ones. Therefore, only bands that are stronger
in the tagged sample (+MS2L) are cut out of the gel and taken for LC-MS/MS. Western analysis with general RBPs is also recommended to
indicate the efficiency of protein co-purification (Figure 1C). Herein, we used Yef3, which is known to interact with PMP120, or GFP, which
indicates the overall efficiency and specificity of the isolation. Interestingly, the efficiency of Yef3 isolation appears to differ between PMP1 and
FPR1, and is much lower compared to GFP.

 

Figure 1. Specific Isolation of MS2L-tagged RNAs and Identification of Associated Proteins. Results of two different RNAs that were
subjected to RaPID (PMP1 and FPR1) are presented. (A) Northern blot analysis of RNA samples purified from a RaPID experiment. RNA was
run on an agarose gel and stained with ethidium bromide (upper panel). The gel was blotted to nylon membrane and subjected to hybridization
with the indicated probes (lower panels). The samples analyzed are: fast-cell lysis (hot phenol [step 1.4]), RaPID cell lysis (input [step 1.13]) and
after elution with biotin (elution [step 1.24]). (B) Silver stain of proteins from RaPID with MS2-tagged and untagged cells. Protein samples from
elution fractions of MS2-tagged PMP1 (+MS2L) or untagged (-MS2L) control were run in SDS-PAGE and silver stained. Bands with differential
intensity (indicated by asterisks) were cut out of the gel and determined by mass spectrometry analysis. The arrow indicates the MS2-CP-GFP-
SBP fusion protein, which demonstrates equal protein loading. Irrelevant lanes were cropped out for clarity. (C) Western analysis of positive
controls. Western blot with antibodies that recognize the Yef3 or GFP moiety of the MS2-CP fusion protein was conducted. Irrelevant lanes were
cropped out for clarity. Please click here to view a larger version of this figure.

Discussion

Various methods use the isolation of specific mRNAs to identify their associated proteins11,34 35. These methods apply in vitro and in vivo
strategies to probe RNA-protein interactions. In vitro methods incubate exogenously transcribed RNA with cell lysate to capture RBPs and
isolate RNP complexes36,37. An effective approach of this type was presented recently, which enabled the identification of novel proteins that
bind a regulatory RNA motif18. A drawback of these methods is the binding of non-specific RBPs because the association occurs outside of
the cellular environment. In vivo methods, in which proteins are crosslinked while in their natural settings, may provide a better view of RNA-
protein association. Furthermore, crosslinking allows higher stringency during isolation and therefore higher specificity. The PAIR approach17

utilizes the transfection of the antisense sequence to the target RNA in order to direct a peptide moiety to the vicinity of RBPs. The peptide-RBPs
can then be crosslinked and isolated through beads that are linked to a sequence that is complementary to the antisense sequence. The PAIR
methodology is very advantageous due to its simple application to many cell types without the need for complex genomic manipulations. It is,
however, dependent on the efficiency of transfection, and cases where a low percentage of cells accept the antisense will have low efficacy.
Furthermore, the isolation of the RBP-peptide-antisense sequence is obtained through magnetic streptavidin beads that are coupled with
biotinylated oligonucleotide complementary to the antisense nucleic acid. The multiplicity of interactions (magnetic beads, streptavidin-biotin
and base pairing) may limit the stringency and efficiency of the isolation. The RaPID method24 described here provides an alternative to these
limitations in several aspects. First, the integration of the MS2 loops into the genomic loci ensures that all cells express it, thus increasing its
yield. Second, it uses the high affinity interaction of the MS2-CP-GFP-SBP to twelve MS2 loop sequences and allows them to bind in vivo. Third,
the fixation of the RNA-protein interaction enables more stringent washes and reduces the identification of non-specifically bound proteins.
Finally, the SBP domain binds streptavidin beads with high affinity and is easily eluted with free biotin.

Insertion of the MS2 loop into the RNA is advisable between the ORF and the 3' UTR to minimize translation perturbation and to ensure
expression of all loops. Six to 24 MS2 loop repeats were used previously for the visualization of mRNA localization38-40. However, the insertion of
a long sequence of MS2 loops may cause changes in the processing and structure of the RNA; it might destabilize the transcript or change the
repertoire of RBPs bound to it. In our experience, 12 loops are sufficient to get an efficient elution of MS2-tagged RNA20. In this respect, we note
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that we usually observed additional shorter transcripts in our northern hybridizations. Northern analyses with different probes revealed that these
shorter forms included the MS2L and part of the 3' UTR20, indicative of premature transcription termination. Such cases are likely to reduce the
efficiency of the isolation of proteins associated with the 3' UTR. Therefore, the number of inserted loops and their location within the RNA should
be balanced between high efficiency pull-down and transcript stability.

The RNA has to remain intact throughout the protocol to enable efficient isolation and detection of the maximal array of bound proteins. Chances
for external RNase contamination can be reduced by wearing gloves, ensuring a clean work area, preparing solution with RNase-free water, and
working concisely and efficiently to reduce protocol time. Nevertheless, we found that the greatest contributor to RNA degradation is the release
of cellular RNases to the lysate upon cell lysis. It was proposed that cryogenic grinding of yeast cells with a mechanical mill results in improved
RNA purification41. This can be tried in cases where significant degradation is observed with this protocol.

A common drawback of pull-down assays is the isolation of numerous proteins that bind nonspecifically to the column. Therefore, the use of a
yeast strain with untagged RNA is an important control. This strain expresses the MS2-CP-GFP-SBP fusion protein to further exclude proteins
that bind to the fusion protein and not the target RNA. We note that this does not exclude proteins that might bind the MS2 loop itself, and these
need further validation with the protein pull-down assay. Figure 1B shows that we were able to identify several proteins that bind specifically to
PMP1 mRNA, and some were subsequently validated by a co-IP assay20.

The RaPID methodology is currently limited to yeast systems, utilizing its well-established site-specific integration methodologies. Site-specific
integration protocols are currently being developed for genes in other systems using the CRISPR-Cas system42,43. These will be of great
importance in expanding the utilization of RaPID to additional systems. Another future application of RaPID is for the isolation of RNAs that
are associated with an mRNA of interest. This can be easily achieved, by subjecting the isolated material to RNA-seq rather than LC-MS/
MS. Considering the important roles of small RNAs in regulating mRNA expression, this application is likely to be of great importance. Finally,
improvements in mass spectrometry (MS) analysis and the use of quantitative MS methods such as SILAC will result in the quantitative measure
of mRNA-bound proteins under different conditions. RaPID can be used with yeast grown in media enriched with heavy isotopes and compared
to cells grown under different conditions (e.g., stress) with unlabeled media44,45. Applying the RaPID method together with quantitative MS
analysis will yield accurate measures of changes in the RBP repertoire that are associated with a particular mRNA.
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