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A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)____N_____  

Can you record movies/images using your own microscope camera? (Y/N)_________  

If no, JoVE will need to record the microscope images using our scope kit (through a camera port or on
B.   Software Usage: Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)____N____ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 
2.5, 2.6, 3.5, 4.1, 5.1, 5.5
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 
The two critical steps for success of this procedure are 4SU treatment (Step 2.2) and UV crosslinking (Step 2.5). This method relies on efficient crosslinking of protein and RNA, and therefore if applying this procedure to different cell types it is strongly advised to first optimize the 4SU and UV crosslinking conditions before proceeding with the rest of the protocol.
E.  Will the filming need to take place in multiple locations? (Y/N) ___N____ If yes, how far apart are the locations? _____

1. Introduction (Experimental Goal and Author Interviews) 
A. Experimental Goal: (read by voice talent at JoVE)
The overall goal of this procedure is to identify RNA-binding proteins in live cells and map their RNA-binding regions using UV-mediated photocrosslinking followed by mass spectrometry. 
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Roberto Bonasio: This method can help answer key questions in the field of epigenetics, such as which epigenetic regulators are bound to RNA and what protein regions are required for the interactions. 
1.2. Robert Warneford-Thomson: The main advantage of this technique is that it does not involve purification of the protein–RNA complexes, and therefore requires little material, and identifies proteins bound to any type of RNA.  
C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Chongsheng He: As presented, this method focuses on nuclear proteins because that is our scientific interest, but with minor modifications in the fractionation steps it could be used to study RNA-binding proteins in other cellular compartments.
Protocol: (read by voice talent at JoVE)
2. Crosslink of Protein-RNA Interactions in Live Cells
2.1. After culturing and expanding mESCs (pronounce “mouse E-S-sees”) according to the text protocol [1-WIDE], expand the cells to the required number of 10-cm plates [2-MED/CU].  
2.1.1. Talent places expanded cells on bench under hood

2.1.2. Talent places a 10 cm plate of cells next to other plates already plated

2.2. Before the plates reach confluency, add 4SU directly into the medium to a final concentration of 500 µM [1-CU]. Leave (-)4SU control dishes untreated [2-CU]. 
2.2.1. Talent adds 4SU to plates
2.2.2. Talent points out dishes left untreated
2.3. Gently shake the plates to homogeneously distribute the 4SU throughout the medium [1-CU]. Then return the plates to the same tissue culture incubator for 2 h [2-WIDE-TXT].
2.3.1. Talent gently shakes plates to homogeneously distribute the 4SU
2.3.2. Talent places plates into incubator (TEXT: 37 °C, 5% CO2 and >95% humidity) 
2.4. Robert Warneford-Thomson, Step 2.2: The efficiency of 4SU incorporation varies across cell types, and therefore it might be necessary to optimize its concentration and incubation time to ensure efficient crosslinking and minimize toxicity [1-INTERVIEW].
2.4.1. Talent recites the above statement looking off camera
2.5. Next, transfer the plates to an ice bucket and discard the medium [1-MED/CU].  Then use 5 mL of ice-cold PBS to gently rinse the plates [2-CU]. 
2.5.1. Talent transfers plates to ice bucket and discards medium
2.5.2. Talent uses ice-cold PBS to gently rinse plates
2.6. Add 2 mL of ice-cold PBS and place the plates without lids into a crosslinker equipped with UVB-emitting bulbs [1/3-MED/CU-TXT]. Irradiate the plates at an energy setting of 1 J/cm2 [2-CU]. 
2.6.1. Talent adds ice cold PBS and places plates into crosslinker without lids (TEXT: 312 nm)
2.6.2. Talent sets irradiation setting and starts crosslinking.
2.6.3. Added CU shot of cells inside crosslinker.
2.7. Chongsheng He, Step 2.5: Efficient UV crosslinking is critical. We recommend using UVB light, but UVA can also be used.  In any case, the amount of UV energy used should be optimized and can be monitored by PAR-CLIP or ChIRP [1-INTERVIEW]. 
2.7.1. Talent recites the above statement looking off camera
2.8. Use cell lifters to collect the cells and transfer them to ice-cold PBS in conical tubes [1-CU]. Then centrifuge the cells at 2,000 x g and 4 °C for 5 min [2-MED]. 
2.8.1. Talent lifts cells and transfers them to ice-cold PBS in a conical tube
2.8.2. Talent places cells into centrifuge and sets speed and time with temp already set
2.9. Remove the supernatant and resuspend the cell pellet in 5 mL of ice-cold PBS with 2 mM EDTA and 0.2 mM PMSF [1-CU]. 
2.9.1. Talent finishes removing supernatant and resuspends pellet in PBS/EDTA/PMSF
2.10. With a hemocytometer, count the cells.  Expect 5 – 10 and 10 – 20 million cells from 10-cm and 15-cm plates respectively [1-MED].  Then centrifuge the cells at 2,000 x g and 4 °C for 5 min [2-MED-TXT]. 
2.10.1. Talent places hemocytometer of cells on microscope stage and starts to count cells
2.10.2. Talent places cells into centrifuge and sets speed and time (TEXT: Cells can be stored at -80 (C at this point)
3. Isolation of Nuclei
3.1. To isolate nuclei from the cells, prepare ice cold Buffer A as outlined in the text protocol [1-CU]. 
3.1.1. Talent prepares ice cold Buffer A 
3.2. Prior to use, add 0.5 mM DTT and 0.2 mM PMSF to the desired amount of ice-cold buffer A [1-CU-TXT].
3.2.1. Talent adds DTT and PMSF to buffer (TEXT: 2.5 mL per 10 million cells) 
3.3. Add 2 mL of the cold buffer to the cells to wash them [1-CU]. Then spin the cells at 2,500 x g and 4 (C for 5 minutes [2-MED].
3.3.1. Talent adds cold buffer to cells to wash them
3.3.2. Talent places cells into centrifuge and sets speed and time
3.4. Discard the supernatant, and add Buffer A supplemented with 0.2% of a nonionic, non-denaturing detergent [1-CU-TXT]. Then rotate the sample at 4 °C for 5 min [2-MED/CU]. 
3.4.1. Talent finishes discarding the supernatant and adds Buffer A with nonionic detergent (TEXT:  See Table of Materials for nonionic, non-denaturing detergent)
3.4.2. Talent places cells on rotator at 4 (C

3.5. After spinning the cells at 2,500 x g for 5 min [1-MED], remove the supernatant.   The pellet comprises intact nuclei devoid of cytoplasm [2-ECU].
3.5.1. Talent removes cells from centrifuge
3.5.2. Talent removes supernatant
4. Lysis of Nuclei and Trypsin Digestion
4.1. To lyse the nuclei, add 200 (L of lysis buffer to the tube [1-CU-TXT]. Use a 1/8” probe to sonicate the sample to shear the chromatin at a 50% amplitude setting for 5 – 10 seconds [2-MED/CU].
4.1.1. Talent adds lysis buffer to tube (TEXT: 9 M urea, 100 mM Tris-HCl pH 8.0, 24 °C)
4.1.2. Talent sonicates sample with 1/8” probe
4.2. Spin the sample at 12,000 x g for 5 min [1-MED] and collect only 175 µL of supernatant to avoid the pellet [2-CU/ECU].
4.2.1. Talent places sample into centrifuge and sets speed and time
4.2.2. Talent pipettes up 175 (L of supernatant to avoid pellet
4.3. Next, measure the protein concentration via the Bradford assay or similar technique [1-MED/CU]. Then use lysis buffer to dilute the protein in the different samples to 1 mg/mL or the lowest sample concentration [2-CU]. 
4.3.1. Talent sets up Bradford assay tubes
4.3.2. Talent adds lysis buffer to samples to dilute to lowest sample concentration
4.4. Add 5 mM DTT solution to the nuclear lysate and incubate the sample at room temperature for 1 hour [1-CU].  Then add 14 mM iodoacetamide from fresh stock [2-CU] and incubate the lysate at room temperature in the dark for 30 minutes [3-MED/CU]. 
4.4.1. Talent adds DTT to the lysate and sets on bench to incubate

4.4.2. Talent adds iodoacetamide to lysate

4.4.3. Talent covers sample on bench to incubate 
4.5. Dilute the lysate with 5 times the volume of 50 mM ammonium bicarbonate [1-CU].  Then add trypsin [2-CU-TXT].  Incubate the sample at 37 °C overnight [3-CU].
4.5.1. Talent dilutes lysate with ammonium bicarbonate
4.5.2. Talent adds trypsin (TEXT: 1 µg trypsin : 200 µg protein)
4.5.3. Talent places sample into incubator
5. Desalting of Peptides
5.1. To prepare one custom-made stage tip per sample, place a disk of solid phase extraction C18 material into the bottom of a 200 µL pipette tip [1-CU/ECU].
5.1.1. Talent places disk of solid phase C18 into bottom of pipette tip
5.2. Add 50 µL of oligo R3 reversed phase resin on top of the C18 disk [1/1B-CU]. Then place the stage tip inside a centrifugation adaptor and place the adaptor inside a 1.5 mL microfuge tube [2-CU].
5.2.1. Talent pipettes oligo R3 resin on top of C18 disk 
5.2.1.B Added – Extra shot of resin
5.2.2. Talent places tip inside centrifugation adaptor and places adaptor inside microfuge tube
5.3. Add 100 µL of 100% acetonitrile to the tips to wash them [1-CU]. Then centrifuge the tips at 1000 x g for 1 min to remove the solvent [2-MED].  Equilibrate the tips with 50 µL of 0.1% trifluoroacetic acid, or TFA [3-CU]. Then spin them again [4-MED-TXT].
5.3.1. Talent adds acetonitrile to tips to wash them
5.3.2. Talent places tips into centrifuge and sets speed and time 
5.3.3. Talent adds TFA to tips to equilibrate
5.3.4. Talent places tips into centrifuge again (TEXT: 1000 x g, 1 min)
5.4. Add 100% formic acid to the digested protein sample to decrease the pH to 2 – 3 [1-CU]. Then load the sample onto a custom-made stage tip [2-ECU], and centrifuge the tip with sample at 1000 x g for 1 min until all of sample goes through the tip [3-CU].
5.4.1. Talent adds formic acid to digested protein sample
5.4.2. Talent loads sample onto custom made stage tip
5.4.3. Talent places tip with sample into centrifuge
5.5. Wash the bound peptides with 50 µL of 0.1% TFA [1-CU]. Then after spinning the sample at 1000 x g for 1 min, elute the peptides by adding 50 µL of elution buffer to the stage tip [2-CU-TXT] and centrifuge at 1000 x g for 1 min to force the elution buffer out of the tip [3-MED].
5.5.1. Talent adds TFA to sample
5.5.2. Talent adds elution buffer to stage tip (TEXT: 75% acetonitrile, 0.025% TFA)
5.5.3. Talent places sample into centrifuge and starts spin
5.6. Use a vacuum centrifuge set at 150 x g and 1 – 3 kPa for 1 hour to dry the sample [1-MED/CU]. 
5.6.1. Talent sets sample into vacuum centrifuge and starts spin
6. Removal of Crosslinked RNA
6.1. To remove crosslinked RNA from the sample, resuspend the pellet in 50 µL of 2x nuclease buffer [1-CU-TXT].  Measure the peptide concentration at 280 nm assuming 1 mg/mL of peptides for an A280 of 1 [2-MED/CU]. 
6.1.1. Talent adds 2x nuclease buffer to pellet and resuspends (TEXT: 100 mM NH4HCO3, 4 mM MgCl2)
6.1.2. Talent places sample into spectrophotometer and measures OD at 280 nm

6.2. Use 2x nuclease buffer to adjust all samples to 1 mg/mL or to the lowest concentration [1-CU].  Then prepare a master mix of 50 µL of H2O + 1 µL of high purity nuclease per sample [2-CU-TXT].
6.2.1. Talent adds 2x nuclease buffer to adjust sample concentrations
6.2.2. Talent prepares master mix, first by adding water then the nuclease (TEXT: ≥250 U, Refer to the Table of Materials)
6.3. Combine 50 µL of peptide sample with 50 µL of H2O + nuclease master mix [1-CU].  Then incubate the sample at 37 °C for 1 h [2-WIDE].  Finally, carry out nano liquid chromatography, mass spectrometry and data processing according to the text protocol [3-LM].
6.3.1. Talent combines peptide sample with master mix
6.3.2. Talent places sample into incubator
6.3.3. LAB MEDIA (Source: https://www.jove.com/files/ftp_upload/56004/56004fig1large.jpg), Editor, use the two LC-MS/MS plots for the last step, step 6 here.  
7. Results: RNA-binding Protein and RNA-binding Region Identification
7.1. This figure shows a volcano plot of an RBR-ID result from mESCs.  Peptides that overlapped with an RNA recognition motif domain are in blue and show highly consistent depletion levels.  An RNA binding peptide from HNRNPC is highlighted in red [1-LM].
7.1.1. LAB MEDIA (Source:  https://www.jove.com/files/ftp_upload/56004/56004fig2large.jpg), Editor, begin with just the gray version of this figure.  For the motif domains that are in blue, transition to the gray and blue panel for this figure.  For the last sentence, transition to the gray and blue panel with the red ball and text.) 
7.2. Shown here is a heat map of RBR-ID scores, that are calculated as an estimate of a protein region’s RNA binding likelihood. The score is projected on the surface of the spliceosomal subunit U1-70k.  The bright red color in the vicinity of the RNA contact, as determined by the crystal structure, indicates correct identification of the protein-RNA interaction [1-LM].
7.2.1. LAB MEDIA (Source: https://www.jove.com/files/ftp_upload/56004/56004fig3large.jpg), Editor, begin with the figure without any of the text or the score column, then for the first sentence, add in the ‘RBR-ID score’ text and the gradient column in red. Then when (U1-70k) is mentioned at the end of the second sentence, add in the text for it.  For the ‘bright red color,’ use an arrow point out the bright red region at the bottom center.  For ‘in the vicinity of ‘RNA contact,’ add in the text ‘U1 RNA’ and use an arrow to point the surface of the bright red region that is in proximity with the navy blue structure. 
7.3. In this figure, TET2 is presented as a novel RBP and the RNA-binding activity is mapped to a C-terminal region by plotting the RBR-ID score along the primary sequence of the protein [1-LM].  
7.3.1. LAB MEDIA (Source:  https://www.jove.com/files/ftp_upload/56004/56004fig4large.jpg), Editor, begin with the top portion of panel A that has TET2 text and the line with the blue Tet JBP rectangle.  Then for ‘by plotting the RBR-ID…’, add in the middle and bottom portion of panel A that has the large rectangle and the word ‘Score’ on the left axis with 0 – 6 and the CD and yellow TAGS and blue bars (the top one has red at the right end). 
7.4. Finally, the requirement for this novel RBR could be verified by performing PAR-CLIP using the wild-type sequence and comparing the signal to that of a mutant lacking the predicted RBR [1-LM].
7.4.1. LAB MEDIA (Source:  https://www.jove.com/files/ftp_upload/56004/56004fig4large.jpg), Editor, for the ‘wild-type sequence,’ use an arrow to point out the (CD HA +) column and then for the mutant lacking the predicted RBR, point out the (CD (RBR HA +). 
8. Conclusion (said by authors on camera)

8.1. Robert Warneford-Thomson: Once mastered, this technique can be done in 7 - 8 hours over 2 days if it is performed properly.

8.2. Chongsheng He: Prior to crosslinking, cells can be stimulated with various treatments in order to answer additional questions, like how does differentiation start or how does the cell cycle regulate RNA-protein interactions.
8.3. Roberto Bonasio: After watching this video, you should have a good understanding of how to generate extracts containing crosslinked protein–RNA complexes to identify sites of protein–RNA interactions with mass spectrometry.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.

General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.

(2017, Journal of Visualized Experiments


