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SUMMARY: 34 

Presented here are protocols for in vitro biochemical assays using biotin labels that may be 35 

widely applicable for studying protein-nucleic acid interactions.  36 

 37 

ABSTRACT: 38 

Protein-nucleic acid interactions play important roles in biological processes such as 39 

transcription, recombination, and RNA metabolism. Experimental methods to study protein-40 

nucleic acid interactions require the use of fluorescent tags, radioactive isotopes, or other 41 

labels to detect and analyze specific target molecules. Biotin, a non-radioactive nucleic acid 42 

label, is commonly used in electrophoretic mobility shift assays (EMSA) but has not been 43 

regularly employed to monitor protein activity during nucleic acid processes. This protocol 44 
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illustrates the utility of biotin labeling during in vitro enzymatic reactions, demonstrating 45 

that this label works well with a range of different biochemical assays. Specifically, in 46 

alignment with previous findings using radioisotope 32P-labeled substrates, it is confirmed 47 

via biotin-labeled EMSA that MEIOB (a protein specifically involved in the meiotic 48 

recombination) is a DNA-binding protein, that MOV10 (an RNA helicase) resolves biotin-49 

labeled RNA duplex structures, and that MEIOB cleaves biotin-labeled single-stranded DNA. 50 

This study demonstrates that biotin is capable of substituting 32P in various nucleic acid-51 

related biochemical assays in vitro.  52 

 53 

INTRODUCTION: 54 

 55 

Protein-nucleic acid interactions are involved in many essential cellular processes such as 56 

DNA repair, replication, transcription, RNA processing, and translation. Protein interactions 57 

with specific DNA sequences within the chromatin are required for the tight control of gene 58 

expression at the transcriptional level1. Precise posttranscriptional regulation of numerous 59 

coding and noncoding RNAs necessitates extensive and complicated interactions between 60 

any protein and RNA2. These layers of gene expression regulatory mechanism comprise a 61 

cascade of dynamic intermolecular events, which are coordinated by interactions of 62 

transcription/epigenetic factors or RNA-binding proteins with their nucleic acid targets, as 63 

well as protein-protein interactions. To dissect whether proteins in vivo are directly or 64 

indirectly associated with nucleic acids and how such associations occur and culminate, in 65 

vitro biochemical assays are conducted to examine the binding affinity or enzymatic activity 66 

of proteins of interest on designed substrates of DNA and/or RNA. 67 

 68 

Many techniques have been developed to detect and characterize nucleic acid-protein 69 

complexes, including the electrophoretic mobility shift assay (EMSA), also termed gel 70 

retardation assay or band shift assay3-5. EMSA is a versatile and sensitive biochemical 71 

method that is widely used for studying the direct binding of proteins with nucleic acids. 72 

EMSA relies on gel electrophoretic shift in bands, which are routinely visualized using 73 

chemiluminescence to detect biotin labels6,7, the fluorescence of fluorophore labels8,9, or by 74 

autoradiography of radioactive 32P labels10,11. Other purposes of biochemical studies are the 75 

identification and characterization of nucleic acid-processing activity of proteins, such as  76 

nuclease-based reactions to assess the cleavage products from nucleic acid substrates12-14 77 

and DNA/RNA structure-unwinding assays to evaluate helicase activities15-17.  78 

 79 

In such enzymatic activity assays, the radioisotope-labeled or fluorophore-labeled nucleic 80 

acids are often used as substrates due to their high sensitivity. Analysis of radiographs of 81 

enzymatic reactions involving 32P labeled radiotracers has been found to be sensitive and 82 

reproducible18. Yet, in an increasing number of laboratories in the world, the usage of 83 

radioisotopes is restricted or even prohibited due to the health risks associated with 84 

potential exposure. In addition to biosafety concerns, other drawbacks are the required 85 

necessary equipment to conduct work with radioisotopes, required radioactivity license, 86 

short half-life of 32P (about 14 days), and gradual deterioration of the probe quality due to 87 

radiolysis. Thus, alternative non-isotopic methods have been developed (i.e., labeling the 88 



 

probe with fluorophores enables detection by fluorescent imaging19). However, a high-89 

resolution imaging system is needed when using fluorescently labeled probes. Biotin, a 90 

commonly used label, readily binds to biological macromolecules such as proteins and 91 

nucleic acids. Biotin-streptavidin system operates efficiently and improves detection 92 

sensitivity without increasing non-specific background20,21. Besides EMSA, biotin is widely 93 

used for protein purification and RNA pull-down, among others22-24.  94 

 95 

This protocol successfully uses biotin-labeled nucleic acids as substrates for in vitro 96 

biochemical assays that include EMSA, in addition to enzymatic reactions in which biotin has 97 

not been commonly used. The MEIOB OB domain is constructed and two mutants 98 

(truncation and point mutation) are expressed as GST fusion proteins25-27, as well as mouse 99 

MOV10 recombinant FLAG fusion protein16. This report highlights the effectiveness of this 100 

combined protocol for protein purification and biotin-labeled assays for miscellaneous 101 

experimental purposes. 102 

 103 

PROTOCOL: 104 

 105 

1. Protein preparation 106 

 107 

1.1. MEIOB and MOV10 expression constructs  108 

 109 

1.1.1. Generate cDNA expression constructs encoding mouse MEIOB-A, C, and E (Figure 1A) 110 

and MOV10.  111 

 112 

1.1.1.1. Set up the polymerase chain reaction (PCR) reactions for each fragment. Mix 1 μL of 113 

mouse cDNA (from C57BL/6 mouse testis), 1 μL of dNTP, 2 μL of 10 μM forward primer, 2 μL 114 

of 10 μM reverse primer, 1 μL of DNA polymerase, 25 μL of 2x PCR buffer, and 18 μL of 115 

double distilled H2O (ddH2O) in a final volume of 50 μL. 116 

 117 

NOTE: The primers for the amplification of Meiob and Mov10 gene fragments are listed in 118 

Table 1. 119 

 120 

1.1.1.2. Perform PCR reactions using the following programs: 95 °C for 5 min, 35 cycles of 121 

heating at 95 °C for 15 s, annealing at 64 °C for 15 s, extension at 72 °C for 20 s (2 min for 122 

extending full length MOV10), and final extension at 68 °C for 7 min. 123 

 124 

NOTE: Use primer pair MEIOB-E (forward) and MEIOB-E-mut (reverse) for amplifying MEIOB 125 

E and primer pair MEIOB-E-mut (forward) and MEIOB-E (reverse) to amplify two segments 126 

that contain the mutant sequence within an overlapping sequence at the 3’ and 5’ ends, 127 

respectively, to generate a mutant PCR template.  128 

 129 

1.1.2. Analyze the amplified PCR DNA by gel electrophoresis, cut the band of required size 130 

from the gel quickly under a UV lamp, and place into a centrifuge tube. 131 

 132 



 

NOTE: The expected product sizes visible on the agarose gel for MEIOB-A is 536 bp, MEIOB-C 133 

is 296 bp, MEIOB-E are 312 bp and 229 bp, and MOV10 is 3015bp.   134 

 135 

1.1.3. Purify the PCR DNA with a gel extraction kit following the manufacturer’s protocol.  136 

 137 

1.1.3.1. Add an equal volume of dissolving buffer into the centrifuge tube from step 1.1.2 138 

and melt gel in a 50–55 °C water bath for 5–10 min, ensuring that the gel pieces melt 139 

completely. Centrifuge briefly to collect any droplets from the wall of the tube. 140 

 141 

NOTE: The mass/volume concentration of the gel and the dissolving buffer is 1 mg/μL. 142 

 143 

1.1.3.2. Place the adsorption column in the collection tube, transfer the solution containing 144 

the dissolved gel fragment to the adsorption column, and centrifuge at 12,000 x g for 2 min. 145 

 146 

1.1.3.3. Discard the filtrate at the bottom of the collection tubes. Add 600 μL of the wash 147 

buffer to the column, centrifuge at 12,000 x g for 1 min, and discard the filtrate.  148 

 149 

1.1.3.4. Repeat step 1.1.3.3 once. 150 

 151 

1.1.3.5. Place the column back into the collection tube, and centrifuge at 12,000 x g for 2 152 

min to remove all the remaining wash buffer. 153 

 154 

1.1.3.6. Place the adsorption column in a 1.5 mL sterilized centrifuge tube, add 50 μL of 155 

ddH2O to the center of the adsorption column and centrifuge at 12,000 x g for 1 min. 156 

Measure the DNA concentration of the eluate using spectrophotometer.  157 

 158 

1.1.4. Restriction digestion of plasmids  159 

 160 

1.1.4.1. Digest pGEX-4T-1 vector with BamHI and NotI. To do so, mix 4 μg of pGEX-4T-1 161 

vector, 5 μL of 10x digest buffer, 1 μL of BamHI, and 1 μL of NotI and ddH2O to a final 162 

reaction volume of 50 μL. Incubate at 37 °C for 2 h. 163 

 164 

1.1.4.2. Digest pRK5 vector with BamHI and XhoI by mixing 4 μg of pRK5 vector, 5 μL of 10x 165 

digest buffer, 1 μL of BamHI, and 1 μL of XhoI and ddH2O to a final reaction volume of 50 μL. 166 

Incubate at 37 °C for 2 h.  167 

 168 

1.1.5. Analyze the vector DNA by gel electrophoresis, cut the desired size band from the gel 169 

quickly with a scalpel under a UV lamp and place it into a centrifuge tube. 170 

 171 

1.1.6. Purify the vector DNA with a gel extraction kit as 1.1.3 following the manufacturer’s 172 

instruction. 173 

 174 

NOTE: The length of linearized plasmids: pGEX-4T-1, 4.4kb; pRK5, 4.7 kb. 175 

 176 



 

1.1.7. Set up a standard recombinant ligation reaction by combining 0.03 pmol of linearized 177 

vector, 0.06 pmol of cDNA fragment, 2 μL of ligase, and 4 μL of 5x ligase buffer and ddH2O in 178 

a final reaction volume of 10 μL. 179 

 180 

NOTE: Clone MEIOB-A, C, and E into a pGEX-4T-1 vector and MOV10 into a pRK5 vector. 181 

 182 

1.1.8. Incubate the mixture at 37 °C for 30 min, and then cool the reaction immediately for 5 183 

min on ice. Transform MEIOB recombinant plasmids into BL21 bacteria and MOV10 184 

recombinant plasmids into DH5α bacteria. 185 

 186 

NOTE: Verify all recombinant constructs by Sanger sequencing.  187 

 188 

1.1.9. Prepare glycerol stocks of bacterial cultures containing verified recombinant plasmids 189 

by adding an equal volume of 50% glycerol to liquid cultures, and store at -80 °C.  190 

 191 

NOTE: For each subsequent experiment, streak out bacteria from glycerol stocks onto a fresh 192 

agar plate and use a single colony for the expansion as described in step 1.2. 193 

 194 

1.2. MEIOB protein extracts from bacteria 195 

 196 

1.2.1. Pick one colony of each BL21 strain transfected with the empty or recombinant pGEX-197 

4T-1 plasmid verified by sequencing and inoculate in 3 mL LB containing 100 µg/mL 198 

ampicillin. Grow overnight at 37 °C with shaking at 220 rpm.  199 

 200 

1.2.2. Inoculate 300 mL LB containing 100 µg/mL ampicillin from 3 mL overnight culture 201 

(from step 1.2.1). Grow the cultures with shaking at 37 °C for 2 h till OD600 reaches 0.5-1.0.  202 

 203 

1.2.3. Induce the protein expression by adding isopropyl beta-D-thiogalactopyranoside 204 

(IPTG) to a final concentration of 0.2 mM. Incubate the cultures for an additional 3 h with 205 

shaking at 180 rpm and 18 °C.  206 

 207 

1.2.4. Centrifuge the bacterial culture at 3,500 x g and 4 °C for 20 min.  208 

 209 

1.2.5. Resuspend the pellet in 20 mL of ice-cold Dulbecco's phosphate buffered saline (DPBS) 210 

buffer. Sonicate the bacterial suspension on ice for 25 cycles in short 10 s bursts (output 211 

power 20%) followed by 2–3 s resting on ice.  212 

 213 

1.2.6. Centrifuge the lysate at 12,000 x g and 4 °C for 15 min. Transfer all the supernatant to 214 

a fresh tube.  215 

 216 

1.2.7. Pre-wash beads. 217 

 218 

1.2.7.1. Add 300 μL of glutathione-sepharose beads to a fresh 50 mL tube and wash the 219 

beads with 10 mL of ice-cold PBS buffer.  220 



 

 221 

1.2.7.2. Centrifuge at 750 x g and 4 °C for 1 min to pellet the beads and discard the wash 222 

solution.  223 

 224 

1.2.8. Add the lysate to the washed beads and incubate at 4 °C for 2 h. Centrifuge at 750 x g 225 

and 4 °C for 1 min to pellet the beads. Rinse the beads in 10 mL of ice-cold PBS 8x.  226 

 227 

1.2.9. Elute the beads with 1 mL of the elution buffer (10 mM glutathione in 50 mM Tris-HCl 228 

at pH 8.0) 6x, incubating at 4 °C for 10 min prior to each elution step. Collect and pool the 6 229 

fractions.  230 

 231 

1.2.10. Transfer the eluted proteins into a centrifugal filter and concentrate by centrifugation 232 

at 7,500 x g to obtain a final volume of 100–200 μL. 233 

 234 

1.3. MOV10 protein extracts from HEK293T cells 235 

 236 

1.3.1. Transiently express the MOV10 proteins in cultured HEK293T cells.  237 

 238 

1.3.1.1. Prepare MOV10-pRK5 plasmid at a concentration >500 ng/μL.  239 

 240 

1.3.1.2. Seed HEK293T cells in 15 cm dishes. When the cell density reaches ~70%–90%, 241 

replace the cell culture medium with fresh Dulbecco's Modified Eagle Medium (DMEM) 242 

containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.  243 

 244 

1.3.1.3. For one transfection, dilute 60 μg of MOV10-pRK5 plasmid DNA in 3 mL of the 245 

reduced serum medium, then add 120 μL of the transfection enhancer reagent, and mix 246 

well. 247 

 248 

1.3.1.4. In a separate tube dilute 90 μL of the transfection reagent with 3 mL of reduced 249 

serum medium (without penicillin-streptomycin) and mix well. 250 

 251 

1.3.1.5. Add the diluted DNA to each tube of diluted transfection reagent. Incubate at room 252 

temperature for 15 min.  253 

 254 

1.3.1.6. Add the transfection mixture to the cell culture, and culture cells for ~36–48 h. 255 

 256 

1.3.2. After 36-48 h, collect cells from each plate in a 50 mL tube. Centrifuge at 500 x g for 5 257 

min at 4 °C. Wash each pellet with 10 mL of ice-cold PBS, and collect cells by centrifugation 258 

at 500 x g for 5 min at 4 °C. 259 

 260 

1.3.3. Resuspend the pellet in 3 mL of cell lysis buffer containing complete 261 

ehylenediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail. Incubate for 30 min 262 

on ice. Centrifuge the lysate at 20,000 x g and 4 °C for 20 min.  263 

 264 



 

1.3.4. Add 100 μL of anti-FLAG magnetic beads per dish of cells in a 1.5 mL tube.  265 

 266 

1.3.5. Wash the magnetic beads 2x with K150 buffer (50 mM HEPES at pH 7.5, 150 mM 267 

KoAc, 1 mM DTT, 0.1% NP-40). 268 

 269 

1.3.5.1 Resuspend the magnetic beads in 1 mL of ice-cold K150 buffer. 270 

 271 

1.3.5.2. Incubate the magnetic beads for 2 min at 4 °C with gentle rotation and pellet the 272 

magnetic beads with the help of a magnet. Remove and discard the supernatant. 273 

 274 

1.3.6. Add the magnetic beads to the cell lysate supernatant from step 1.3.3 and incubate at 275 

4 °C for 2 h. 276 

 277 

1.3.7. Wash the protein bound magnetic beads 3x with K150 buffer, then 2x with K150 278 

containing 250 mM NaCl, then 3x with K150 buffer as 1.3.5.  279 

 280 

1.3.8. Resuspend the beads in 300 μL of FLAG elution buffer (100 mM NaCl, 20 mM Tris-HCl 281 

at pH 7.5, 5 mM MgCl2, 10% glycerol), add FLAG peptide to a final concentration of 0.5 282 

μg/μL, and incubate with beads on a rotator at 4 °C for 1 h, then pellet the magnetic beads 283 

with the help of a magnet. 284 

 285 

1.3.9. Collect the supernatant which contains the eluted MOV10 proteins, determine the 286 

concentration, and store at -80 °C for future use. 287 

 288 

2. Nucleic acid preparation 289 

 290 

2.1. Purchase DNA and RNA oligonucleotides (oligos) with or without biotin labels from a 291 

suitable source. Dilute each oligo in RNase-free ddH2O to 20 μM and keep it at -80 °C for the 292 

future use. 293 

 294 

NOTE: The oligo sequences of DNA/RNA substrates used in this study are listed in Table 2.  295 

 296 

2.2. Prepare the following mixture for the double-stranded RNA (dsRNA) annealing reaction 297 

for MOV10 helicase activity assay: mix 60 mM N-2-hydroxyethylpiperazine-N-ethane-298 

sulphonic acid (HEPES) at pH 7.5, 6 mM KCl, 0.2 mM MgCl2 and RNase-free ddH2O in a final 299 

reaction volume of 20 μL. 300 

 301 

2.3. Anneal RNA oligos to form RNA duplex by heating a mixture of the biotin-labeled top 302 

strand (2 μM, final concentration) and a 1.5-fold of its unlabeled complementary bottom 303 

strand in the annealing buffer (step 2.2) at 95 °C for 5 min, and then slowly cool it to room 304 

temperature (RT). 305 

 306 

3. In vitro biochemical assays 307 

 308 



 

3.1. EMSA and enzymatic reactions 309 

 310 

3.1.1. For the MEIOB EMSA assay, mix 50 mM Tris HCl at pH 7.5, 2 mM MgCl2, 50 mM NaCl, 311 

10 mM EDTA, 2 mM dithiothreitol (DTT), 0.01% NP-40, 0.8 mM (or other relevant 312 

concentrations as shown in Figure 2 and Figure 3) MEIOB protein, and 10 nM biotin-labeled 313 

oligonucleotides and ddH2O in a final reaction volume of 20 μL. Incubate at RT for 30 min, 314 

and add 5x stop buffer (125 mM EDTA, 50% glycerol) to stop the reaction.   315 

 316 

3.1.2. Set up MEIOB nuclease activity reactions as described in step 3.1.1 but without the 317 

addition of 10 mM EDTA.  318 

 319 

3.1.3. For the MOV10 helicase activity assay, mix 50 mM Tris-HCl at pH 7.5, 20 mM KoAc, 2 320 

mM MgCl2, 0.01% NP-40, 1 mM DTT, 2 U/μL RNase inhibitor, 10 nM biotin-labeled RNA 321 

substrate, 2 mM adenosine triphosphate (ATP), 100 nM RNA trap, and 20 ng of MOV10 322 

protein and ddH2O in a final reaction volume of 20 μL. Incubate the reaction mixture at 37 °C 323 

for 10 min, 30 min, and 60 min. Add the 5x stop buffer to stop the reaction.  324 

 325 

NOTE: RNA trap, a biotin-unlabeled oligo with sequence, complementarity to the labeled 326 

oligo, which prevents the unwound dsRNA from annealing again. 327 

 328 

3.2. Polyacrylamide gels 329 

 330 

3.2.1. Wash the gel plates (16 cm x 16 cm) and 1.5 mm combs. Assemble the gel 331 

electrophoresis units. 332 

 333 

3.2.2. To prepare a 10% native polyacrylamide gel, mix 14 mL of ddH2O, 1.25 mL of 10x Tris-334 

boric acid-EDTA (TBE), 8.3 mL of 30% acrylamide, 1.25 mL of 50% glycerol, 187.5 μL of 10% 335 

freshly prepared ammonium persulfate (APS), and 12.5 μL of tetramethylethylenediamine 336 

(TEMED). 337 

 338 

3.2.3. To prepare a 20% native polyacrylamide gel, mix 5.5 mL of ddH2O, 1.25 mL of 10x TBE, 339 

1.25 mL of 50% glycerol, 16.7 mL of 30% acrylamide, 187.5 μL of 10% APS, and 12.5 μL of 340 

TEMED. 341 

 342 

3.2.4. Pour the acrylamide solution immediately to the gel and insert the comb. Let the 343 

mixture polymerize for approximately 30 min. 344 

 345 

3.3. Gel running  346 

 347 

3.3.1. Remove the comb, fill the tanks with the electrophoresis running buffer (0.5x TBE). 348 

 349 

3.3.2. Rinse the sample wells with 0.5x TBE buffer, then pre-run the gel at 100 V on ice for 30 350 

min. Replace the running buffer with fresh 0.5x TBE. 351 

 352 



 

3.3.3. Load 20–25 μL samples into each well.  353 

 354 

3.3.4. Use a 10% native acrylamide gel for the EMSA assay and a 20% native acrylamide gel 355 

for the enzymatic assays. Run electrophoresis at 100 V on the ice bath until the 356 

bromophenol blue marker has migrated to the bottom quarter of the gel.   357 

 358 

3.4. Disassemble the gel plates, trim the gel by removing loading wells and unused lanes. 359 

Place the gel in 0.5x TBE buffer.  360 

 361 

3.5. Cut the filter paper and the nylon membrane to the size of the gel. Pre-wet the clean 362 

filter paper and the nylon membrane.  363 

 364 

3.6. Assemble the stack for transfer. 365 

 366 

3.6.1. Place the pre-wet membrane onto the pre-wet filter paper. 367 

 368 

3.6.2 Place the gel on the membrane.  369 

 370 

3.6.3. Cover the gel with another layer of pre-wet filter paper. 371 

 372 

3.6.4. Remove all air bubbles by rolling a clean pipette from center to edge.  373 

 374 

3.7. Transfer the samples from the gel to the membrane in a semi-dry electrophoretic 375 

apparatus at 90 mA for 20 min. 376 

 377 

3.8. Stop the transfer, and then dry the membrane on a new filter paper for 1 min.  378 

 379 

3.9. Crosslink the samples by irradiating the membrane at 120 mJ/cm2 for 45–60 s in a UV-380 

light crosslinker equipped with 254 nm bulbs (auto crosslink function). Air dry the 381 

membrane at RT for 30 min. 382 

 383 

3.10. Chemiluminescence detection  384 

 385 

3.10.1. Protocol 1: Use a standard volume of commercial chemiluminescent nucleic acid 386 

detection kit.  387 

 388 

3.10.1.1. Add 20 mL of blocking buffer to the membrane and incubate for 15–30 min with 389 

gentle shaking on a rotator at 20–25 rpm.  390 

 391 

3.10.1.2. Prepare conjugate/blocking buffer solution by adding 66.7 μL stabilized 392 

streptavidin-horseradish peroxidase conjugate to 20 mL of blocking buffer. 393 

 394 

3.10.1.3. Gently remove the blocking buffer and replace it with conjugate/blocking buffer. 395 

Incubate for 15 min on a rotator at 20–25 rpm. 396 



 

 397 

3.10.1.4. Wash the membrane 4x with shaking at 40–45 rpm for 5 min each. 398 

 399 

3.10.1.5. Add 30 mL of substrate equilibration buffer to the membrane. Incubate the 400 

membrane for 5 min with shaking at 20–25 rpm. 401 

 402 

3.10.1.6. Prepare substrate working solution by adding 6 mL of luminol/enhancer solution to 403 

6 mL of stable peroxide solution. Avoid light.   404 

 405 

3.10.1.7. Cover the entire surface of the membrane with substrate working solution and 406 

incubate for 5 min. 407 

 408 

3.10.1.8. Scan the membrane in a chemiluminescent imaging system for 1–3 s. 409 

 410 

3.10.2. Protocol 2: Use 2x diluted commercial chemiluminescent nucleic acid detection kit 411 

and follow the steps 3.10.1.1–3.10.1.8. 412 

 413 

3.10.3. Protocol 3: Use self-made reagents6. 414 

 415 

3.10.3.1. Prepare blocking buffer: mix 0.1 M Tris-HCl at pH 7.5, 0.1 M NaCl, 2 mM MgCl2, and 416 

3% bovine serum albumin Fraction V. AP 7.5 buffer: mix 0.1 M Tris-HCl at pH 7.5, 0.1 M 417 

NaCl, and 2 mM MgCl2. AP 9.5 buffer: mix 0.1 M Tris-HCl at pH 9.5, 0.1 M NaCl, and 50 mM 418 

MgCl2. TE buffer: mix 10 mM Tris-HCl at pH 8.0, 1 mM EDTA at pH 8.0. 419 

 420 

3.10.3.2. Soak the membrane in blocking buffer at 30 °C for 1 h. 421 

 422 

3.10.3.3. Add 8.5 μL of streptavidin alkaline phosphatase to 10 mL of AP 7.5 Buffer. Shake 423 

the membrane gently in this solution at RT for 10 min. Then, wash the membrane 2x in 15 424 

mL of AP 7.5 buffer for 10 min. 425 

 426 

3.10.3.4. Wash the membrane one more time in 20 mL of AP 9.5 buffer for 10 min. Add 20 427 

mL of TE buffer to stop the reaction.  428 

 429 

3.10.3.5. Add 7.5 mL of development solution onto the membrane, and scan the membrane 430 

in a chemiluminescent imaging system for 1–3 s. 431 

 432 

REPRESENTATIVE RESULTS: 433 

 434 

The protein structure of MEIOB and the expression constructs used in this study are 435 

illustrated in Figure 1A. OB folds in MEIOB are compact barrel-like structures that can 436 

recognize and interact with single-stranded nucleic acids. One of the OB domains (aa 136–437 

307, construct A) binds single stranded DNA (ssDNA), the truncated protein (aa 136–178 438 

truncations, construct C) and the point mutant form (R235A mutation, construct E) of MEIOB 439 

do not have DNA-binding activity26. The GST-MEIOB fusion proteins were overexpressed in 440 



 

BL21 bacteria, with subsequent isolation steps resulting in purified proteins shown by 441 

Coomassie blue staining and western blot analysis (Figure 1B). Nucleic acid substrates at 442 

different concentrations illustrate the high sensitivity of the biotin signal, with a detectable 443 

signal of 1 nM oligo after a relatively short exposure time for 1-3 s (Figure 2A). The wild-type 444 

MEIOB-A protein, but not the mutant MEIOB-E and MEIOB-C proteins, bind strongly to 36 nt 445 

biotin-labeled ssDNA substrates (the same length and sequence as used previously26) (Figure 446 

2B) and cleave the substrates into ladders (Figure 2C).  447 

 448 

The in vitro assay of MEIOB proteins with RNA oligos of the same sequence as ssDNA 449 

substrates used in Figure 2B,C illustrates binding capacity and exonuclease activity of MEIOB 450 

on 36 nt single-stranded RNA (ssRNA) (Figure 3A,B). Binding activity of MEIOB with DNA and 451 

RNA was further quantitatively analyzed (Figure 3C). Additionally, FLAG-tagged MOV10 452 

proteins were purified from HEK293T cells (Figure 4A). To measure the helicase activity of 453 

MOV10, a duplex RNA was designed (same length but different sequence than used 454 

previously16) bearing an 18 nt 5’ overhang (Figure 4B). When the biotin-labeled RNA duplex 455 

was incubated with MOV10 in the presence of ATP, a lower band corresponding to the 456 

released single-stranded biotin-labeled RNA appeared with increasing time, reflective of the 457 

MOV10’s function as an RNA helicase. Lastly, to reduce costs, it was attempted to optimize 458 

the usage of reagents for chemiluminescence detection of the biotin label. It was found that 459 

a two-fold dilution of the chemiluminescent nucleic acid detection kit did not negatively 460 

affect the chromogenic sensitivity of the biotin-streptavidin system, and excitingly, the self-461 

made reagents worked almost equally well (Figure 5). 462 

 463 

FIGURE LEGENDS: 464 

 465 

Figure 1: Purification of MEIOB proteins. (A) Schematic representation of the MEIOB 466 

constructs used in this study26. MEIOB contains an OB domain. All MEIOB constructs (A, C, E) 467 

were expressed as GST fusion proteins. (B) Coomassie blue staining and western blot 468 

analysis of the MEIOB proteins purified using GST-bacteria system. The red arrows indicate 469 

the positions of purified MEIOB proteins. Bands at approximately 26 KDa correspond to 470 

glutathione. For western blot, anti-GST antibody was used with 1:6000 dilution. 471 

 472 

Figure 2: In vitro assays of MEIOB-ssDNA interactions. (A) Signal strength test of different 473 

concentrations of 36 nt biotin-labeled ssDNA. (B) EMSA result of MEIOB protein binding to 474 

biotin 5’ end-labeled DNA substrates (10% native gel). (C) MEIOB-mediated cleavage of 475 

biotin 5’ end-labeled DNA substrates (20% native gel). 476 

 477 

Figure 3: In vitro assays of MEIOB-ssRNA interactions. (A) EMSA result of MEIOB protein 478 

binding to biotin 5’ end-labeled RNA substrates (10% native gel). (B) MEIOB-mediated 479 

cleavage of biotin 5’ end-labeled RNA substrates (20% native gel). (C) Plot of percentage of 480 

DNA/RNA-bound versus MEIOB-A concentration. 481 

 482 

Figure 4: Purified MOV10 protein and its unwinding of 5’ tailed dsRNA in vitro. (A) 483 

Coomassie blue staining of MOV10 protein purified using the FLAG-HEK293T system. The red 484 



 

arrows indicate the positions of purified MOV10 protein. Bands on the Coomassie gel with a 485 

molecular weight of approximately 55 kDa correspond to the heavy immunoglobulin chain 486 

(IgG) from the FLAG antibody. (B) MOV10 unwinds 5’ tailed dsRNA with increasing time (10, 487 

30, 60 min) at 37 °C. ssRNA = 18 nt single-stranded RNA, dsRNA = 54 nt double-stranded 488 

RNA with an 18 nt 5’ tail (20% native gel). 489 

 490 

Figure 5: Alternative methods of using biotin chromogenic reagents on MEIOB assay. 491 

Commercial standard volume: instructed by chemiluminescent nucleic acid detection kit; 2x 492 

diluted commercial volume: two-fold dilution of each buffer in chemiluminescent nucleic 493 

acid detection kit, self-made reagents: see details in step 3.7.3.  494 

 495 

Table 1: Primers used to PCR amplify the gene fragments of Meiob and Mov10. The bold 496 

letters in forward and reverse primers are BamHI and NotI cutting sites; the italic bold letters 497 

in a reverse primer are XhoI cutting sites; boxes indicate the nucleotides corresponding to 498 

the point mutation R235A. 499 

 500 

Table 2: Sequences of DNA/RNA substrates used in this work. 501 

 502 

DISCUSSION: 503 

 504 

Investigating protein-nucleic acid interactions is critical to our understanding of molecular 505 

mechanisms underlying diverse biological processes. For example, MEIOB is a testis-specific 506 

protein essential for meiosis and fertility in mammals25-27. MEIOB contains an OB domain 507 

that binds to single-stranded DNA and exhibits 3’ to 5’ exonuclease activity26, which directly 508 

relates to its physiological relevance during meiotic recombination. As another example, 509 

MOV10 is an RNA helicase with ubiquitous function that may associate with RNA secondary 510 

structures16. Accordingly, MOV10 displays broad RNA-binding properties and 5’ to 3’ RNA 511 

duplex unwinding activity16. The studies reporting the above-mentioned biochemical 512 

activities of these proteins relied on the use of 32P isotope to label nucleic acids for in vitro 513 

assays. In the present study, we have established protocols for a series of biotin-labeled in 514 

vitro experiments of MEIOB and MOV10 function. These protocols begin with the 515 

preparation of active proteins and ended with imaging of biotin signals. 516 

  517 

Specifically, in line with previous studies25,26, MEIOB proteins were overexpressed in bacteria 518 

with and purification yielded one single band with strong Coomassie staining signal after gel 519 

electrophoresis. However, purification of full-length MOV10 protein was more effective 520 

when overexpressed as FLAG-tag-fused protein in HEK293T cells than as a GST-fused protein 521 

in bacteria (data not shown). To obtain sufficient amounts of protein at adequate purity for 522 

subsequent reactions, these two systems of protein purification need to be compared to 523 

determine the most suitable method for proteins with different sizes and/or properties. 524 

Nucleic acids were then labeled using biotin instead of 32P as substrate and obtained robust 525 

signal when examining the nucleic acid-binding affinity or nucleic acid-processing activities 526 

of both proteins. However, as proteins purified from bacteria are frequently contaminated 527 

with RNase, it is difficult to rule out the possibility that the cleavage activity seen during the 528 



 

in vitro reaction may in part result from contaminating RNase. In vitro assays with MEIOB 529 

mutants with reduced catalytic activity (truncated and point mutant) showed substantial 530 

impairment of RNA substrate processing, but possible RNase contamination cannot be 531 

excluded. The results obtained with each of MEIOB constructs acting on ssDNA and MOV10 532 

unwinding dsRNA are similar to those obtained in previous study16,26. However, MEIOB 533 

processes DNA to generate a smear, while a more discrete band is seen with RNA according 534 

to the experimental results (Figure 2C and Figure 3B). Possibly, MEIOB has differential 535 

binding abilities to DNA and RNA substrate (Figure 2B, Figure 3A,C), which leads to the 536 

difference in their cleavage products. It may also be possible that MEIOB cleaves DNA and 537 

RNA in a distinct manner. The exact role of MEIOB in RNA processing remains to be further 538 

investigated (for example, using FLAG-tag-fused MEIOB protein expressed in HEK293T cells). 539 

 540 

Biotin-labeled nucleic acid probes are advantageous over 32P-labeled probes in that they do 541 

not require specific protection and waste disposal. Secondly, biotin-labeled probes can be 542 

stably preserved for at least 1 year at -20 °C, whereas 32P-labeled probes last only for 2 543 

weeks. Hence, the same batch of the biotin-labeled nucleic acids can be used over a long 544 

period of time, maintaining reproducibility of experiments. Finally, rapid autoradiography of 545 

radioactive probes may depend on expensive instruments such as phosphor screen. In 546 

contrast, all biotin-labeled assays described here can be performed within a day and do not 547 

require special equipment. The drawbacks of biotin labeling encompass mainly additional 548 

experimental steps including gel transfer and chemiluminescence that are necessary to 549 

detect biotin-labeled substrates but may additionally require optimization or 550 

troubleshooting. Another general weakness is the relatively low sensitivity of biotin-labeling 551 

compared with that of radioisotope-labeling. In these assays, nonetheless, well-visible 552 

detection of very low concentration of nucleic acids was achieved (Figure 2A).  553 

 554 

In addition, semi-dry gel transfer apparatus is suitable for transferring longer-than-regular 555 

gels to membranes. Compared with wet transfer, semi-dry transfer is faster especially for 556 

nucleic acids, and yields a low background signal. Furthermore, costs of the chromogenic 557 

reaction of the biotin-streptavidin system were cut by either diluting the commercial 558 

reagents or making our own, both of which achieved similar signals. The detection 559 

sensitivity of the self-made reagents may not seem that high, albeit sufficient herein (Figure 560 

5C), but it can be enhanced by extending the blocking time (unpublished data). Also, the 561 

signals can be enhanced with an increased concentration of the nucleic acid probe used for 562 

the assays. Given the above experimental evidence, the biotin label may be an advantageous 563 

substitute for 32P in multiple in vitro biochemical assays. 564 

 565 

Collectively, this protocol offers a biotin-labeled platform for the study of protein-nucleic 566 

acid interactions that proves to be robust, reliable, efficient, and affordable.    567 
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Fragments Primers Sequences (from 5’ to 3’ )

forward CGGGATCCATGTTACTTTCTTTGATACACTTGCC

reverse ATGCGGCCGCTACTTTTAGCTGTTCCACTG

forward CCGCGTGGATCCATGGAACCAAAATACTTTACAACTTCA

reverse CGATGCGGCCGCCTCTTTATTTTCTCTTATATAATTCAGTAG

forward CCGCGTGGATCCATGTTACTTTCTTTGATACACTTGCC

reverse CGATGCGGCCGCTACTTTTAGCTGTTCCACTG

forward CTCTGATGTGGCAATAAATTTTAAC

reverse GTTAAAATTTATTGCCACATCAGAG

forward GACGACGATGACAAGGGATCCATGCCTAGCAAGTTCAGCTGCC

reverse GCTTACTCAGCTAAGCTCGAG TCAGAGCTCATTTCTCCACTCTG
MOV10

MEIOB-E-mut

MEIOB-A

MEIOB-C

MEIOB-E
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For figures Names  

Figure 2, 5 36 nt ssDNA

Figure 3 36 nt ssRNA

Figure 4 54 nt 5’ tailed dsRNA
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Sequences (From 5' to 3')

5’-Biotin-GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT-3’ (DNA)

5’-Biotin-GUGUGUGUGUGUGUGUGUGUGUGUGUGUGUGUGUGU-3’ (RNA)

5’-Biotin-ACCGCUGCCGUCGCUCCG-3’ (RNA)

5’-ACGAGGGAGACGAGGAGACGGAGCGACGGCAGCGGU-3’ (RNA)



Name of Material/ Equipment Company
Catalog 

Number
Comments/Description

Equipment

Centrifuge Eppendorf, Germany 5242R

Chemiluminescent Imaging System Tanon, China 5200

Digital sonifer Branson, USA BBV12081048A 450 Watts; 50/60 HZ

Semi-dry electrophoretic blotter Hoefer, USA TE77XP

Tube Revolver Crystal, USA 3406051

UV-light cross-linker UVP, USA CL-1000

Materials

Amicon Ultra-4 Centrifugal Filter Milipore, USA UFC801096 4 ml/10 K

Nylon membrane Thermo Scientific, USA TG263940A

TC-treated Culture Dish Corning, USA 430167 100 mm 

TC-treated Culture Dish Corning, USA 430597 150 mm 

Microtubes tubes AXYGEN, USA MCT-150-C 1.5 mL 

Tubes Corning, USA 430791 15 mL

Reagents 

Ampicillin SunShine Bio, China 8h288h28

Anti-FLAG M2 magnetic beads Sigma, USA M8823

ATP Thermo Scientific, USA 591136

BCIP/NBT Alkaline Phosphatase Color Development Kit Beyotime, China C3206

CelLyticTM M Cell Lysis Reagent Sigma, USA 107M4071V

ClonExpress II one step cloning kit Vazyme, China C112

Chemiluminescent Nucleic Acid Detection Kit Thermo Scientific, USA T1269950

dNTP Sigma-Aldrich, USA DNTP100-1KT

DMEM Gibco, USA 10569044

DPBS buffer Gibco, USA 14190-136

EDTA Invitrogen, USA AM9260G 0.5 M

EDTA free protease inhibitor cocktail Roche, USA 04693132001

EndoFree Maxi Plasmid Kit Vazyme, China   DC202

FastPure Gel DNA Extraction Mini Kit Vazyme, China DC301-01

FBS Gibco, USA 10437028
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FLAG peptide Sigma, USA F4799

Glycerol Sigma, USA SHBK3676

GST Bulk Kit GE Healthcare, USA 27-4570-01

HEPES buffer Sigma, USA SLBZ2837 1 M 

IPTG Thermo Scientific, USA 34060

KoAc Sangon Biotech, China 127-08-02

Lipofectamin 3000 Transfection Reagent Thermo Scientific, USA L3000001

MgCl2 Invitrogen, USA AM9530G 1 M

NaCl Invitrogen, USA AM9759  5 M 

NP-40 Amresco, USA M158-500ML

Opti-MEM medium Gibco, USA 31985062

PBS Gibco, USA 10010023 PH 7.4

RNase Inhibitor Promega, USA N251B

Streptavidin alkaline phosphatase Promega, USA V5591

TBE Invitrogen, USA 15581044

Tris-HCI Buffer Invitrogen, USA 15567027 1 M, PH 7.4

Tris-HCI Buffer Invitrogen, USA 15568025 1 M, PH 8.0

Tween-20 Sangon Biotech, China A600560
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