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SUMMARY: 17 

Sequence specificity is critical for gene regulation. Regulatory proteins that recognize specific 18 

sequences are important for gene regulation. Defining functional binding sites for such proteins 19 

is a challenging biological problem. An iterative approach for identification of a binding site for 20 

an RNA-binding protein is described here and is applicable to all RNA-binding proteins. 21 

 22 

ABSTRACT: 23 

Gene regulation plays an important role in all cells. Transcriptional, post-transcriptional (or RNA 24 

processing), translational, and post-translational steps are used to regulate specific genes. 25 

Sequence-specific nucleic acid-binding proteins target specific sequences to control spatial or 26 

temporal gene expression. The binding sites in nucleic acids are typically characterized by 27 

mutational analysis. However, numerous proteins of interest have no known binding site for such 28 

characterization. Here we describe an approach to identify previously unknown binding sites for 29 

RNA-binding proteins. It involves iterative selection and amplification of sequences starting with 30 

a randomized sequence pool. Following several rounds of these steps—transcription, binding, 31 

and amplification—the enriched sequences are sequenced to identify a preferred binding site(s). 32 

Success of this approach is monitored using in vitro binding assays. Subsequently, in vitro and in 33 

vivo functional assays can be used to assess the biological relevance of the selected sequences. 34 

This approach allows identification and characterization of a previously unknown binding site(s) 35 

for any RNA-binding protein for which an assay to separate protein-bound and unbound RNAs 36 

exists. 37 

 38 

INTRODUCTION 39 

In cell biology, gene regulation plays a central role. At one or multiple steps along the gene 40 

expression pathway, genes have the potential to be regulated. These steps include transcription 41 

(initiation, elongation, and termination) as well as splicing, polyadenylation or 3’ end formation, 42 

RNA export, mRNA translation, and decay/localization of primary transcripts. At these steps, 43 

nucleic acid-binding proteins modulate gene regulation. Identification of binding sites for such 44 
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proteins is an important aspect of studying gene control. Mutational analysis and phylogenetic 45 

sequence comparison have been used to discover regulatory sequences or protein-binding sites 46 

in nucleic acids, such as promoters, splice sites, polyadenylation elements, and translational 47 

signals1–4.  48 

 49 

Pre-mRNA splicing is an integral step during gene expression and regulation. The majority of 50 

mammalian genes, including those in humans, have introns. A large fraction of these transcripts 51 

is alternatively spliced, producing multiple mRNA and protein isoforms from the same gene or 52 

primary transcript. These isoforms have cell-specific and developmental roles in cell biology. The 53 

5’ splice site, the branch-point, and the polypyrimidine-tract/3’ splice site are critical splicing 54 

signals that are subject to regulation. In negative regulation, an otherwise strong splice site is 55 

repressed, whereas in positive regulation an otherwise weak splice site is activated. A 56 

combination of these events produces a plethora of functionally distinct isoforms. RNA-binding 57 

proteins play key roles in these alternative splicing events.  58 

 59 

Numerous proteins are known whose binding site(s) or RNA targets remain to be identified5, 6. 60 

Linking regulatory proteins to their downstream biological targets or sequences is often a 61 

complex process. For such proteins, identification of their target RNA or binding site is an 62 

important step in defining their biological functions. Once a binding site is identified, it can be 63 

further characterized using standard molecular and biochemical analyses.  64 

 65 

The approach described here has two advantages. First, it can identify a previously unknown 66 

binding site for a protein of interest. Second, an added advantage of this approach is that it 67 

simultaneously allows saturation mutagenesis, which would otherwise be labor intensive to 68 

obtain comparable information about sequence requirements within the binding site. Thus, it 69 

offers a quicker, easier, and less costly tool to identify protein binding sites in RNA. Originally, 70 

this approach (SELEX or Systematic Evolution of Ligands by EXponential enrichment) was used to 71 

characterize the binding site for the bacteriophage T4 DNA polymerase (gene 43 protein), which 72 

overlaps with the ribosome binding site in its own mRNA. The binding site contains an 8-base 73 

loop sequence, representing 65,536 randomized variants for analysis7. Second, the approach was 74 

also independently used to show that specific binding sites or aptamers for different dyes can be 75 

selected from a pool of approximately 1013 sequences8. In fact, this approach has been broadly 76 

used in many different contexts to identify aptamers (RNA or DNA sequences) for binding 77 

numerous ligands, such as proteins, small molecules, and cells, and for catalysis9. As an example, 78 

an aptamer can discriminate between two xanthine derivatives, caffeine and theophylline, which 79 

differ by the presence of one methyl group in caffeine10. We have extensively used this approach 80 

(SELEX or iterative selection-amplification) to study how RNA-binding proteins function in splicing 81 

or splicing regulation11, which will be the basis for the discussion below.  82 

 83 

The random library: We used a random library of 31 nucleotides. The length consideration for 84 

the random library was loosely based on the idea that the general splicing factor U2AF65 binds to 85 

a sequence between the branch-point sequence and the 3’ splice site. On average, the spacing 86 

between these splicing signals in metazoans is in the range of 20 to 40 nucleotides. Another 87 

protein Sex-lethal was known to bind to a poorly characterized regulatory sequence near the 3’ 88 



 

splice site of its target pre-mRNA, transformer. Thus, we chose a random region of 31 nucleotides, 89 

flanked by primer binding sites with restriction enzyme sites to allow for PCR amplification and 90 

attachment of the T7 RNA polymerase promoter for in vitro transcription. The theoretical library 91 

size or complexity was 431 or approximately 1018. We used a small fraction of this library to 92 

prepare our random RNA pool (~1012–1015) for the experiments described below. 93 

 94 

PROTOCOL: 95 

 96 

NOTE: Figure 1 provides a summary of key steps in the iterative selection-amplification (SELEX) 97 

process. 98 

  99 

1. Generation of a random library template 100 

 101 

1.1) Synthesize the forward primer 5’- GTAATACGACTCACTATAGGGTGATCAGATTCTGATCCA-3’ 102 

and the reverse primer 5’- GCGACGGATCCAAGCTTCA-3’ by chemical synthesis on a DNA 103 

synthesizer.  104 

 105 

NOTE: The primers and the random library can be synthesized commercially. 106 

 107 

1.2) Synthesize a random library oligonucleotide template 5’- 108 

GGTGATCAGATTCTGATCCA(N1…N31)TGAAGCTTGGATCCGTCGC-3’ by chemical synthesis. Use an 109 

equimolar mixture of four phosphoramidites during synthesis for the 31 randomized positions 110 

shown above as N.  111 

 112 

NOTE: The sequence of the library template contains 31 random nucleotides (N1 to N31) and 113 

flanking sequences for the binding of the forward and reverse primers. The forward primer 114 

includes the T7 RNA polymerase promoter sequence (underlined) for in vitro transcription and a 115 

restriction site Bcl1 (italicized) for cloning. The reverse primer contains restriction enzyme sites 116 

BamH1 and HindIII (italicized) to facilitate cloning.  117 

 118 

2. Generation of the DNA random library pool 119 

 120 

2.1) Attach the T7 RNA polymerase promoter to the library by polymerase chain reaction (PCR) 121 

containing 1 µM DNA random library pool, 1 µM of each primer, 20 mM Tris (pH 8.0), 1.5 mM 122 

MgCl2, 50 mM KCl, 0.1 µg/µL acetylated bovine serum albumin, 2 units of Taq polymerase, and 123 

200 µM each of dNTPs (deoxyguanosine, deoxyadenosine, deoxycytidine, and deoxythymidine 124 

triphosphate).  125 

 126 

2.2) Use five cycles of denaturation, annealing, and extension steps (94 °C for 1 min, 53 °C for 1 127 

min, and 72 °C for 1 min) of PCR followed by one cycle of extension (72 °C for 10 min). 128 

 129 

3. Synthesis of pool 0 RNA 130 

 131 

3.1) Set up a 100 µL transcription reaction12. Mix T7 transcription buffer, 1 µM random library 132 



 

pool DNA, 10 mM dithiothreitol (DTT), 2 mM guanosine triphosphate (GTP), 1 mM each of 133 

adenosine triphosphate (ATP), cytidine triphosphate (CTP), and uridine triphosphate (UTP), and 134 

2 units/µL T7 RNA polymerase.  135 

 136 

NOTE: RNA can be transcribed in vitro using commercially available kits with an option of the T7 137 

or SP6 RNA polymerase. 138 

 139 

3.2) Incubate the above reaction mixture in a microcentrifuge tube for 2 h at 37 °C.  140 

 141 

3.3) Gel purify RNA in a 10% denaturing polyacrylamide gel.  142 

 143 

3.4) Identify location of the transcripts on the gel by staining it with methylene blue or 144 

autoradiography by including traces of radioactivity (0.5 µL or less of α-32P UTP) in the 145 

transcription reaction.  146 

 147 

3.4.1) Place the gel slice in a centrifuge tube and break into smaller pieces, for example, with a 148 

homogenizer tip. Add proteinase K (PK) buffer (100 mM Tris, pH 7.5, 150 mM NaCl, 12.5 mM 149 

EDTA, 1% Sodium dodecyl sulfate) to immerse the gel pieces. Leave the tube on a nutator from 150 

2 h to overnight at room temperature.  151 

 152 

3.5) Spin in a high-speed microcentrifuge (14,000 rpm or 16,873 x g) for 5 min at room 153 

temperature to remove the gel debris and recover the buffer solution. 154 

 155 

3.6) Vortex the sample two times with an equal volume of phenol-chloroform and one time with 156 

chloroform.  157 

 158 

3.7) Mix the aqueous phase from above with one-tenth volume of sodium acetate (3.0 M, pH 159 

5.2), 10 µg of tRNA or 20 µg of glycogen, and ethanol (2–3 volumes, stored at -20 °C). Leave the 160 

tubes at -80 °C for 1 h.  161 

 162 

3.8) Spin the tubes containing the solution for 5–10 min at 4 °C in a microcentrifuge (14,000 rpm 163 

or 16,873 x g). Discard the supernatant carefully. Rinse the RNA pellet with 70% ethanol and spin 164 

for 2–5 min. Aspirate ethanol carefully. Air dry the RNA pellet.  165 

 166 

3.9) Solubilize the RNA pellet in 50 µL of water treated with of diethyl pyrocarbonate (DEPC). 167 

Leave the sample at -20 °C for storage.  168 

 169 

NOTE: Purify the RNA using commercially available spin columns, which are currently more 170 

commonly used to remove unincorporated radioactivity and serve as a quick and more 171 

convenient alternative for RNA purification.  172 

 173 

CAUTION: Use an acrylic glass shield, gloves, and other precautions to protect from radioactivity.  174 

 175 

4. Protein binding reaction and separation of bound RNA  176 



 

 177 

4.1) Carry out binding of protein and RNA in 10 mM Tris-HCl, pH 7.5 in a volume of 100 µL by 178 

adding the following ingredients to these final concentrations: 50 mM KCl, 1 mM DTT, 0.09 µg/µL 179 

bovine serum albumin, 0.5 units/µL RNasin, 0.15 µg/µL tRNA, 1 mM EDTA, and 30 µL of 180 

appropriate recombinant protein (PTB) concentration. Add RNA from the appropriate pool. 181 

 182 

NOTE: The splicing factor U2AF65 typically binds to the polypyrimidine-tract/3’ splice sites of 183 

model introns with a binding affinity (equilibrium dissociation constant or Kd) of approximately 184 

1–10 nM. Therefore, the first two rounds of binding used protein concentration 10-fold above 185 

the Kd for U2AF65; for SXL and PTB proteins, the starting concentration in this range was only our 186 

best guess. This ensured that desired RNA species that could bind, although lower affinity 187 

sequences also potentially bound. In rounds 3 and 4 (transcription, binding, and amplification), 188 

the protein concentration was reduced three-fold (Step 4.1). This was done to successively 189 

eliminate low affinity RNA species.  190 

 191 

4.2) Place the tubes containing the binding reactions for about 30 min at 25 °C in a temperature 192 

block (or on ice). 193 

 194 

4.3) Fractionate the bound RNA from the unbound RNA for the first 4 rounds of selection-195 

amplification using the following steps.  196 

 197 

4.3.1) Filter the sample (100 µL) at room temperature through a nitrocellulose filter attached to 198 

a vacuum manifold.  199 

 200 

NOTE: The RNA-protein complex, but not the unbound RNA, remains on the filter.  201 

 202 

4.3.2) Chop the filter with retained RNA into fragments with a sterile razor blade; insert these 203 

into a centrifuge tube. Recover RNA by tumbling the tube gently for a minimum of 3 h (or 204 

overnight) with filter pieces immersed in the proteinase K (PK) buffer. 205 

 206 

4.3.3) Deproteinize the RNA sample by vortexing it in the presence of an equal volume of phenol-207 

chloroform (1:1) and then of chloroform. Recover the aqueous phase each time by centrifuging 208 

the sample at high speed for 5 min at room temperature.  209 

 210 

4.3.4) Mix it with sodium acetate (0.1 volume of 3.0 M, pH 5.2) and ethanol (2–3 volumes of 211 

absolute ethanol, 200 proof). Leave the tube in a -80 °C freezer for 30 min, centrifuge it at high 212 

speed for 10 min, and, following the washing and drying steps (step 3.8), solubilize the RNA in 213 

water treated with DEPC. These steps are outlined above (steps 3.6 to 3.9). 214 

 215 

4.4) Separate the protein-bound RNA fractions from the unbound fractions for the last 2 rounds 216 

(rounds 5 and 6; transcription, binding, and amplification) as follows. Reduce the protein 217 

concentration in the binding reaction (step 4.1) by further three-fold for additional selection 218 

pressure to enrich high-affinity binding sequences and preferentially remove low-affinity 219 

sequences. 220 



 

 221 

4.4.1) Pre-cast a native polyacrylamide gel (5% with 60:1 acrylamide:bis-acrylamide ratio) in 0.5x 222 

TBE buffer (Tris-Borate-EDTA) prior to setting up the above RNA:protein-binding (step 4.1) 223 

reaction. Electrophorese this gel in a cold room (4 °C) by applying 250 V for 15 min.  224 

 225 

4.4.2) Pipette the above RNA:protein binding reactions (step 4.1) into different wells of this gel.  226 

 227 

NOTE: The protein is stored at -80 °C and diluted prior to use in 20 mM 4-(2-228 

Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 8.0, 20% glycerol, 0.2 mM 229 

ethylenediaminetetraacetic acid (EDTA), 0.05% NP-40, and 1 mM dithiothreitol (DTT). Addition 230 

of 0.5–1.0 mM protease inhibitor phenylmethane sulfonyl fluoride (PMSF) is optional. In the 231 

binding reaction, this buffer contributes about 6% glycerol, which allows direct loading of 232 

samples into the wells without the need for mixing them with a separate gel-loading buffer. 233 

 234 

4.4.3) Fractionate the bound RNA from the unbound RNA using gel electrophoresis in a cold room 235 

(4 °C) at 250 V for 1 to 2 h. This process is also known as gel mobility shift assay.  236 

 237 

NOTE: Duration of electrophoresis varies depending on features of the RNA and protein used for 238 

binding. 239 

 240 

4.4.4) Expose the gel to an X-ray film and identify the location of the bound RNA using 241 

autoradiography. Cut out the gel slice with the bound RNA and insert it into a tube.  242 

 243 

4.4.5) Incubate the crushed gel slice in the PK buffer used for elution for 3 h or overnight. 244 

 245 

4.4.6) Repeat steps 3.5 to 3.9 outlined above. Briefly, vortex the eluted RNA sample vigorously 246 

first with phenol-chloroform and then with chloroform.  247 

 248 

4.4.7) Mix sodium acetate and ethanol with the aqueous phase after chloroform extraction. 249 

Following incubation in -80 °C freezer, spin at 4 °C for 5–10 min to collect the RNA pellet. Wash 250 

the RNA pellet with ethanol and air dry it by leaving the lid of the tube open. Dissolve the RNA in 251 

water treated with DEPC. 252 

 253 

NOTE: Switching to the gel mobility shift assay for fractionation allows elimination of unwanted 254 

RNA species that might have been enriched for binding, for example, to the nitrocellulose filter 255 

here (or any matrix) used in the initial rounds for fractionation. 256 

 257 

5. Reverse transcription and PCR amplification 258 

 259 

5.1) Synthesize cDNA from the dissolved RNA using reverse transcriptase and the reverse primer 260 

by incubating the 20 µL reaction (2 µL of 10x RT Buffer, 2 µL of AMV reverse transcriptase, 1 µM 261 

reverse primer, 10 µL of RNA, RNase inhibitor optional) at 42 °C for 60 min. 262 

 263 

5.2) Amplify the cDNA using 20–25 PCR cycles as described in step 2.1. 264 



 

 265 

6. Transcription and protein binding 266 

 267 

6.1) Repeat the process of RNA synthesis, protein binding, separation of protein bound and 268 

unbound fraction, as described in section 3–5 above.  269 

 270 

7. Analysis of RNA-protein interactions 271 

 272 

7.1) Use the gel mobility shift assay (step 4.4) or the filter binding assay (step 4.3) to determine 273 

binding affinity and specificity for selected pools or individual sequences within each pool (see 274 

step 8.3). 275 

 276 

7.2) Use autoradiography or a phosphor imager to detect and quantify bands in the bound 277 

fraction and unbound fraction.  278 

 279 

8. Cloning and sequencing 280 

 281 

8.1) Digest the final PCR DNA product with restriction enzymes Bcl1 and HindIII for 1–2 h, ligate 282 

with the appropriately digested pGEM3 or other plasmids carrying the restriction sites from 2 h 283 

to overnight, transform the ligation product into competent bacterial cells by heat shock or 284 

electroporation using standard molecular biology procedures13. 285 

 286 

8.2) Grow bacteria overnight by plating the transformed cells on agar plates with Luria-Bertani 287 

(LB) medium and ampicillin (50 µg/mL) at 37 °C. Pick colonies to inoculate culture tubes 288 

containing LB liquid medium with ampicillin and grow at 37 °C in a shaking incubator overnight. 289 

Purify plasmid DNAs containing DNA inserts using a standard plasmid isolation protocol13.  290 

 291 

NOTE: Commercial kits are available for plasmid purification. 292 

 293 

8.3) Sequence the plasmids with DNA inserts using the dideoxy chain termination sequencing 294 

protocol, following manufacturer’s instructions for sequencing14.  295 

 296 

NOTE: Sequencing can be performed in house or done commercially. 297 

 298 

9. Sequence alignment 299 

 300 

9.1) Align sequences and obtain a consensus binding site(s) using available online alignment tools 301 

(https://www.ebi.ac.uk/Tools/msa/).  302 

 303 

REPRESENTATIVE RESULTS: 304 

The following observations demonstrate successful selection-amplification (SELEX). First, we 305 

analyzed pool 0 and the selected sequences for binding to the protein used for the iterative 306 

selection-amplification approach. Figure 2 shows that the mammalian polypyrimidine-tract 307 

binding protein (PTB) shows barely detectable binding to the pool 0 sequence but high affinity 308 



 

for the selected sequence pool. There was barely detectable binding to pool 0 when we used 309 

about 300-fold higher protein concentration for binding than used for the selected pool. Thus, 310 

there was at least a several hundred-fold difference in protein binding affinities between the 311 

random or starting pool and the selected pool. This observation experimentally confirms that the 312 

selection-amplification protocol described here is successful.  313 

 314 

Second, we sequenced the selected pool and determined a consensus binding site. The 315 

consensus sequence obtained from alignment of the majority of selected sequences from the 316 

mammalian PTB-selected pool was: GCCUG(Y/G)UGCYYYYCYYYG(Y/G)CCC. This shows that we 317 

have selected unique pyrimidine-rich sequences that bind PTB11. When we performed iterative 318 

selection-amplification for the RNA-binding domain of the Drosophila PTB, we enriched CU-rich 319 

sequences interrupted by guanosines. Among the high affinity sequences that the Drosophila PTB 320 

selected was an 84% pyrimidine-rich sequence: GCUUUCCUCUGUCGCCCUUCUUCGUCCCCUG. In 321 

fact, this sequence is similar to the pyrimidine-rich sequence present in the alpha-tropomyosin 322 

intron which binds with high affinity to and is regulated by the mammalian PTB15. We have 323 

successfully used this approach repeatedly to study RNA-binding properties and functions 324 

splicing regulators and a splicing factor11, 15, 16. Table 1 shows successful examples of RNA-binding 325 

proteins for which SELEX was used to identify their preferred or consensus binding site(s). 326 

 327 

Third, an in vitro splicing assay, which is based on alternative 3’ splice site choice, shows 328 

functional relevance of distinct but overlapping RNA-binding specificities of polypyrimidine-tract 329 

binding proteins. Whereas an upstream 3’ splice site is used by default, addition of the 330 

recombinant PTB leads to activation of the alternative or downstream 3’ splice site (Figure 3). In 331 

contrast, addition of recombinant hnRNP C17 leads to repression of both 3’ splice sites. Addition 332 

of the recombinant general splicing factor U2AF65 reverses the hnRNP C1-mediated 3’ splice site 333 

repression (Figure 3) as well as the PTB-mediated effect on downstream 3’ splice site activation 334 

(data not shown). A simple explanation for these effects is a direct competition between the 335 

binding of the general splice factor U2AF65 and PTB (also called hnRNP I), which preferentially 336 

binds to and represses certain 3’ splices sites, or between U2AF65 and hnRNP C, which binds to 337 

and represses both 3’ splice sites.  338 

 339 

FIGURE & TABLE LEGENDS: 340 

 341 

Figure 1: Summary of key steps in iterative selection-amplification process (SELEX). 342 

 343 

Figure 2: Enrichment of PTB-binding RNAs. Increasing concentration (filled triangles) of 344 

recombinant PTB was used with either radiolabeled pool 0 RNA or the selected pool obtained 345 

following six rounds of selection and amplification. Positions of unbound RNA and the 346 

RNA:protein complex are indicated.  347 

 348 

Figure 3: Splice site switching assay validates distinct binding specificities of pyrimidine-binding 349 

proteins. (A-Top) Schematics of the splicing substrate. The splicing substrate contains a 5’ splice 350 

site and two alternative 3’ splice sites flanking the intron. Rectangles (open, with horizontal lines, 351 

and solid) are exons and the line is an intron. (A-Bottom) hnRNP C1 represses the upstream 3’ 352 



 

splice site (without activation of the downstream 3’ splice site), whereas PTB leads to activation 353 

of the downstream 3’ splice site. The splicing substrate was incubated in a HeLa cell nuclear 354 

extract. The splicing products (shown on the sides) were analyzed using a primer extension 355 

assay18 with splice-junction primers (arrows), which recognize splicing of the common 5’ splice 356 

site to either the upstream or the downstream 3’ splice site. (B) Recombinant U2AF65 (rU2AF65) 357 

reverses the repressive effect of hnRNP C1. Addition of the recombinant hnRNP C1, PTB, or 358 

rU2AF65 proteins to the splicing reaction is indicated by the + symbols.  359 

 360 

Table 1: Preferred binding sites for some RNA-binding proteins. 361 

 362 

DISCUSSION: 363 

Nucleic acid-binding proteins are important regulators of animal and plant development. A key 364 

requirement for the SELEX procedure is the development of an assay that can be used to separate 365 

protein-bound and unbound RNA fractions. In principle, this assay can be an in vitro binding assay 366 

such as the filter-binding assay, the gel mobility shift assay, or a matrix binding assay19 for 367 

recombinant proteins, purified proteins, or protein complexes. The assay can also be an 368 

enzymatic assay where the precursors and products (or intermediates) can be separated based 369 

on size or some other means20. 370 

 371 

While mutagenesis has been widely used to characterize binding sites for proteins, it is laborious, 372 

and time consuming and longer sequences are not as easily amenable to saturation mutagenesis. 373 

The significance of the iterative binding and amplification approach described here is that not 374 

only does it overcome some of the above limitations, it can most importantly identify previously 375 

unknown binding sites and provide important information about nucleotide requirements at 376 

each position at the same time.  377 

 378 

An important consideration for the success of iterative selection-amplification is binding affinity 379 

and specificity. Typically, 12 to 15 rounds of selection-amplification are employed and a sequence 380 

space of 1012 to 1015 molecules can be routinely sampled. The progress and eventual success of 381 

the selection-amplification protocol can be monitored using a binding assay or direct sequencing, 382 

which monitors affinity for or enrichment of specific sequences in intermediate pools, 383 

respectively. While the binding assay was traditionally used, advent of the next generation 384 

sequencing allows analysis of sequence enrichment in ways not possible by manual Sanger 385 

sequencing14.  386 

 387 

A critical step in the success of SELEX is fold enrichment of the desired molecules at each step. 388 

The number of cycles required for SELEX varies and depends on several factors. For example, if 389 

fold-enrichment of desired or specific sequences is higher in each round, fewer rounds will be 390 

sufficient. However, if an assay allows a high proportion of undesired sequences in the bound 391 

pool, additional rounds will become necessary to enrich desired RNA sequences. A limitation of 392 

the technique or an unintended consequence of the need for additional cycles of selection-393 

amplification that must be kept in mind is the possibility that it might introduce artefacts or 394 

enrich sequences that have unrelated properties such as their ability to amplify. Finally, while 395 

some applications benefit from the highest affinity binders, for other uses, a balance must be 396 



 

struck during the selection-amplification process between binding affinity and function because 397 

tightest binding sequences might not necessarily be the most functional sequences in biological 398 

contexts (e.g., if a sequence is recognized multiple times by different proteins during splicing). 399 

 400 

Among the modifications and troubleshooting to improve the procedure, negative selection or 401 

counter selection can be employed to increase specificity. Similarly, use of different partitioning 402 

protocols, such as the filter binding assay followed by the gel mobility shift assay, can eliminate 403 

enrichment of unwanted sequences that bind, for example, to the nitrocellulose filter or a 404 

column matrix21. Given that proteins-nucleic acid interactions have both specific and non-specific 405 

components, buffer conditions such as salt and pH have effects on RNA-protein interactions. 406 

Moreover, use of appropriate protein concentration can have a direct effect on retention of 407 

strong, weak and non-specific binders. Selection pressure can be increased in successive rounds, 408 

for example, by including a competitor RNA, reducing protein concentration, or reducing the time 409 

of incubation. Thus, careful considerations and optimizing these parameters can impact the 410 

outcome of the SELEX protocol. 411 

 412 

Recently, many variations or modifications of the original SELEX protocol have been developed 413 

which overcome some of the limitations mentioned above. These include high throughput-SELEX 414 

(HT-SELEX), which combines SELEX and massively parallel sequencing6, RNAcompete, which 415 

involves incubation with excess non-random RNA, pull-down of the bound RNA, fluorescent 416 

labeling of RNA, and analysis on microarrays5, RNA Bind-n-Seq, which combines RNA affinity 417 

analysis in a quantitative and high throughput fashion22, and RAPID-SELEX, which shortens the 418 

process and includes a non-amplification step23. 419 

 420 

Chemically modified bases have been used to expand the repertoire of the RNA molecules for 421 

specific applications24. Diagnostics, therapeutics, as well as molecules with catalytic activities are 422 

among the many applications (including in medicine) of the selected molecules25. Aptamers 423 

complement antibody-based protocols and provide excellent tools whose potential, for example, 424 

in diagnostics, therapeutics, and other applications, remains to be fully exploited26–28. In the 425 

future, for example, clinical benefits are among the numerous desired applications, beyond what 426 

the first FDA-approved aptamer (Pegaptanib sodium) could deliver for the age-related macular 427 

degeneration. The scalable proteomic technology for protein measurements offers a step toward 428 

understanding health and diseases24. 429 

 430 
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Protein Preferred sequence(s)

U2AF
65

U-rich containing Cs

SXL U-rich containing 2-4 Gs

PTB UCUUC-rich with some Gs

hnRNP C1 U-rich (5-6 long)

CstF64 GU-rich

hnRNP E1/E2 and K C-rich

U2AF
65

/U2AF
35

 heterodimer UUUYYYYUNUAGGU
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Name of Material/ Equipment Company Catalog Number Comments/Description

Gel Electrophoresis equipment Standard Standard

Glass Plates Standard Standard

Nitrocellulose Millipore HAWP

Nitrocellulose

Schleicher 

& Schuell PROTRAN

polyacrylamide gel solutions Standard Standard

Proteinase K NEB P8107S

Recombinant PTB

Laboratory 

Preparatio

n Not applicable

Reverse Transcriptase NEB M0277S

Vacuum manifold

Fisher 

Scientific XX1002500 Millipore 25mm Glass Microanalysis Vacuum Filter 

Vacuum manifold Millipore XX2702552 1225 Sampling Vacuum Manifold

X-ray films Standard Standard
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I sincerely thank the reviewers for their time and valuable input. As a result, the revised manuscripts is significantly 
improved. I have carefully incorporated reviewers’ and editorial suggestions as best as I could. I hope the revised 
manuscript is suitable for publication. 
 
I have included a line-by-line response below. 
 
Editorial comments: 

You will find Editorial comments and Peer-Review comments listed below. Please read this entire email before 
making edits to your manuscript. 
NOTE: Please include a line-by-line response to each of the editorial and reviewer comments in the form of a letter 
along with the resubmission.  
 
Editorial Comments: 

 
• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or 
grammatical errors. 
 
• Textual Overlap: Significant portions of the manuscript show significant overlap with previously published work. 

Please re-write the text highlighted in the attached PDF report document (protocol steps 3.8-4.1,4.2-4.3.3,4.4.1-4.4.6) 
using ALL original text to avoid this overlap. 
 
Re-wrote these sentences in protocol steps 3.8-4.1,4.2-4.3.3,4.4.1-4.4.6.  
 
• Protocol Detail: Please note that your protocol will be used to generate the script for the video, and must contain 
everything that you would like shown in the video. Please add more specific details (e.g. button clicks for 
software actions, numerical values for settings, etc) to your protocol steps. There should be enough detail in 

each step to supplement the actions seen in the video so that viewers can easily replicate the protocol. Some 
examples: 
 
1) 3.5: Mention centrifuge speed in g, duration and temperature 
These details have been added. 
 
2) 8.2: Grow how? Mention incubation conditions and media. 
These details have been added. 
 
3) 8.3: Needs a reference 
Reference has been added. 
 
4) 9.1: Cite references for offline and online tools. 
Reference has been added. 
 
• Protocol Highlight: Please highlight ~2.5 pages or less of text (which includes headings and spaces) in yellow, to 

identify which steps should be visualized to tell the most cohesive story of your protocol steps. 
Text has been highlighted 
 
1) The highlighting must include all relevant details that are required to perform the step. For example, if step 2.5 is 
highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps 
where the details are provided must be included in the highlighting. 
2) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one highlighted 
step to the next. 
3) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces when calculating 
the final highlighted length. 
4) Notes cannot be filmed and should be excluded from highlighting. 
5) Please bear in mind that software steps without a graphical user interface/calculations/ command line scripting 
cannot be filmed. 
 
• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be similarly 

focused. Please ensure that the discussion covers the following in detail and in paragraph form (3-6 paragraphs): 1) 
modifications and troubleshooting, 2) limitations of the technique, 3) significance with respect to existing methods, 4) 
future applications and 5) critical steps within the protocol. 
The discussion has been expanded with these details 
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• Please define all abbreviations at first use. 
 
• Please use standard abbreviations and symbols for SI Units such as µL, mL, L, etc., and abbreviations for non-SI 
units such as h, min, s for time units. Please use a single space between the numerical value and unit. 
 
• If your figures and tables are original and not published previously or you have already obtained figure permissions, 
please ignore this comment. If you are re-using figures from a previous publication, you must obtain explicit 
permission to re-use the figure from the previous publisher (this can be in the form of a letter from an editor or a link 
to the editorial policies that allows you to re-publish the figure). Please upload the text of the re-print permission (may 
be copied and pasted from an email/website) as a Word document to the Editorial Manager site in the "Supplemental 
files (as requested by JoVE)" section. Please also cite the figure appropriately in the figure legend, i.e. "This figure 
has been modified from [citation]." 
  

 
 
 
Comments from Peer-Reviewers:  

 
 
 
Reviewers' comments: 

 
 
 
Reviewer #1: 
 
Manuscript Summary: 
RNA-protein binding is central to gene regulation. The author has provided a simple and elegant approach to identify 
the binding site for known splicing factors. 
 
Major Concerns: 
None 
 
Minor Concerns: 
 
The 65 in RNA binding protein U2AF65 should be superscript.  
65 is now in superscript throughout the manuscript. 
 
In section 1.1: The author should add that primers as well as random library can be synthesized commercially. 
The statement “The primers and the random library can be synthesized commercially” has been added. 
 
In section 3.1: RNA can be transcribed in vitro using commercially available kits with option of T7 or SP6 polymerase. 
The statement “RNA can be transcribed in vitro using commercially available kits with option of T7 or SP6 
polymerase” has been added. 
 
Section 4.3.2: elute RNA from the filter for 2-2 h or overnight with gentle agitation. 
This sentence in modified form has been included as part of the re-writing process. 
 
Section 8.1: ligated with appropriately digested pGEM3 or other plasmid carrying restriction sites. 
The phrase “or other plasmids carrying restriction sites” has been added. 
 
Section 8.3: Sequencing can be performed in house or commercial source. 
The sentence “Sequencing can be performed in house or done commercially” has been added. 
 
Section 9.1: Author may provide link to NCBI or other links for sequence alignment. 
A link for multiple sequence alignments options has been added - https://www.ebi.ac.uk/Tools/msa/ 
. 
 
Figure 3B bottom: The author should clarify the M-tra significance in the contest of this figure. 
The label M-tra has been deleted from the figure; M-tra was one of many recombinant intron substrates that we 
developed. Since it is the only substrate shown it is not necessary to use this name here. Furthermore, description of 

https://www.ebi.ac.uk/Tools/msa/


this substrate has been provided in the figure legend. 
 
 
Reviewer #2: 
 
Manuscript Summary: 
This is an excellent protocol manuscript describing a powerful selection of RNA sequences that bind to a specific 
protein. The rationale and experimental design are well described. The protocol is of a broad interest to RNA 
researchers. 
 
Major Concerns: 
How many rounds of selection are often needed? Is there a way to check in the middle rounds that the selection is 
going well or in the right direction? Is there a simple method to monitor the process (that is, to see if the complexity of 
the RNA pool is decreasing toward a few "winners")? If yes, perhaps a figure to show the assay results will be good 
to have. 
I have added discussion on the number of rounds and monitoring of the progress of SELEX.  
 
Minor Concerns: 
In Fig. 1, (a) PCR amplify, (b) binding sites. 
Not sure what to change 
 
In Fig. 3 legend, missing explanation for M-tra. 
As noted above, the label M-tra has been deleted from the figure. 
 
 
Reviewer #3: 
 
Manuscript Summary: 
The author provides a brief description of a the widely used SELEX method to uncover RNA binding protein 
specificity. 
 
Major Concerns: 
 
Overall the introduction and discussion need to be heavily edited. The author should take care to cite previous work 
on this topic, which has been broadly studied. Key studies using similar approaches such as HT-SELEX, 
RNAcompete and RNA bind-n-seq were not discussed. 
I have provided additional references and expanded both introduction and discussion to include these valuable 
suggestions. 
 
The author should include a brief description of why certain components are present in buffers (e.g NaCl or DTT). An 
effort should be made to describe alternative buffers/salts/concentrations and why one would choose to tweak these 
conditions. While the manuscript is constructed around a single protein, the importance of the technique is that it 
could be broadly applicable to other factors, thus how one would approach studying other factors should be 
discussed. 
I have included a brief discussion on alternative buffers/salts/concentrations and the need to tweak these conditions. 
 
As this is a methods paper using generic language like "in the freezer" should be avoided. Times, temperatures and 
volumes should be at the very least suggested. 
I have included these details at appropriate places, without excessively repeating details. 
 
Analysis is key to this type of experiment, yet the author spends almost no time describing how one should analyze or 
interpret the result. For example, how many inserts should be sequenced? Additionally, no primary data of the 
specific sequences enriched are shown in the example. The author should include examples of these data. 
I have included an extra figure with little animation, which specifically includes analysis and interpretation. 
Furthermore, I have added a Table to expand the examples of successful SELEX and provided consensus 
sequences for several proteins (rather than specific sequences for just one protein), as examples of these data. This 
is consistent with this reviewer’s sentiment (below) to “avoid simply discussing their previous work” and to reach 
broader audience for the article. 
  
While I appreciate the discussion regarding the ability of the assay to discern biology, the author should avoid simply 
discussing their previous work and focus on the caveats, alternative approaches and interpretation of results. 



Additional discussion in the revised manuscript should help with some of these concerns. I have deleted or 
considerably shortened our past work. 
 
Minor Concerns: 
 
Several grammar/typos throughout should be corrected. 
I have done both Spell-check and grammar-check. 
 
In the long abstract the following sentence is difficult to understand, please edit accordingly: "These interactions are 
identified by mutational approaches when the target sequence is somehow localized to a specific gene or region of 
DNA." 
This sentence has been revised. 
 
Please provide citation(s): "Mutational and phylogenetic sequence comparison have been used to identify and 
subsequently characterize protein-binding sites in nucleic acids. However, numerous orphan proteins are known 
whose binding site(s) remain to be identified." 
Some example references have been added. 
 
The statement needs to be corrected and a short description of available methods needs to be included. A real effort 
should be made by the author at helping the reader understand current approaches and the pros and cons of each: 
"However, if the binding site for a protein is unknown, the approach described here is possibly the only strategy to 
identify it." 
Additional discussion (both introduction and discussion) and revision should help with this concern. 
 
Vague statements should be avoided: "Extract with phenol-chloroform, chloroform, and collect aqueous phase. Add 
Sodium Acetate and ethanol and after incubation in freezer" and "The protein storage buffer provides sufficient 
glycerol for sample loading into wells." and "Align sequences and obtain a consensus binding site(s) using 
Revised text at many places should overcome this concern. 
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REVERSE Primer

5’-GCGACGGATCCAAGCTTCA-3’ 



RANDOM LIBRARY TEMPLATE

5’-GGTGATCAGATTCTGATCCA(N1…N31)TGAAGCTTGGATCCGTCGC-3’
Bcl1 HindIII
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