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Authors, please fill out the brief questionnaire below.   

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)____N.A._____  
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope: _____________________________________________
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.) 
2.2; 2.3; 2.4; 3.3; 3.8
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.)
2.3 and 2.4. The samples should stay frozen during the entire grinding procedure. We ensure that the samples stay in liquid nitrogen for at least 10 sec between each grinding.
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) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 


A. Experimental Goal: (read by voice talent at JoVE)

The overall goal of this procedure is to identify which regions of mRNA are translated into proteins and quantitatively measure protein translation in budding yeast Saccharomyces cerevisiae at the genome-wide level. (Intro)


B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Carine Beaupere: Ribosome profiling can be used to monitor the rate of protein synthesis and to study the mechanisms of translational regulation.
1.2. Carine Beaupere: The main advantage of this technique is that it has much greater sensitivity compared to other methods and allows measuring protein synthesis in vivo at the single codon resolution.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Rosalyn Chen: Though this protocol is specific for budding yeast, it is also useful for researchers who are trying to establish ribosome profiling in other model systems such as mammalian cells and tissues.



Protocol: (read by voice talent at JoVE)

2. Extract Preparation

2.1. Extracts will be prepared from yeast cells grown to mid-log phase. [1-WIDE-TXT] 

2.1.1. Talent removing a 2-L flask with culture from the shaker/incubator and taking the flask to the filter assembly. TEXT: Refer to text protocol for growing cells.

2.2. Use a glass holder filter assembly to filter the culture through 0.45-m membrane filters. [1-MED] Scrape the pellet with a spatula, flash freeze in liquid nitrogen, [2-CU] and store at -80 °C. [3-MED]

2.2.1. Talent pouring the yeast culture into the filter setup and the liquid flows through the filter.
2.2.2. Pellet is scraped up and put into a tube and the tube is placed in liquid nitrogen.  Author note: This shot was divided into two 2.2.2A and 2.2.2B. No specifications on which actions are in which shot were provided. 
2.2.3. Talent putting the tube into the -80 °C freezer.

2.3. Put three chrome-steel 3.2-mm beads into a 1.8-mL stainless steel tube [1-CU] and pre-chill the tube in liquid nitrogen. [2-CU] Add the frozen pellets and cover the steel tube with a silicone rubber cap. [3-MED]

2.3.1. *film as written.
2.3.2. *film as written.
2.3.3. *film as written.

2.4. Homogenize the sample by cryo-grinding for 10 seconds at 4,200 rpm. [1-MED/CU-TXT] 

2.4.1. Talent cryo-grinding the sample for 10 seconds and then putting the tube in liquid nitrogen. TEXT: Repeat cryo-grinding 10 times; chill tube in liquid nitrogen in between each round.

2.5. Carine Beaupere: To keep the samples frozen during the entire grinding procedure, it is critical to chill the tube in liquid nitrogen for at least 10 seconds in between each grinding. [1-INTERVIEW]

2.5.1. Talent speaking to camera.

2.6. When the homogenization is done, add 1 mL of Lysis Buffer that contains cycloheximide to the sample, mix well by pipetting, and transfer the sample to a new 1.5-mL tube. [1-MED] Centrifuge at 20,000 x g at 4 °C for 5 minutes. [2-MED-TXT]

2.6.1. Talent adding lysis buffer to the tube, mixing it by pipetting and then transferring the sample to a new 1.5-mL tube.
2.6.2. Talent putting the 1.5-ml tube (and a balance) into the centrifuge and starting the spin. TEXT: 20,000 x g; 4 °C; 5 min

2.7. Transfer the supernatant into a new 1.5-mL tube. [1-CU] Transfer 100 L of lysate to another new 1.5 mL-tube for poly(A) mRNA isolation. [2-CU]

2.7.1. *film as written.
2.7.2. 100 L of lysate being transferred to another new 1.5 mL-tube.

2.8. Flash freeze the tubes with the mRNA samples and the rest of the lysate, which will be used for footprint extraction, in liquid nitrogen [1-CU] and store at -80 °C. [2-MED-TXT] 

2.8.1. The tubes being placed into liquid nitrogen.
2.8.2. Talent putting the tubes into the -80 °C freezer. TEXT:  Refer to text protocol for poly(A) mRNA isolation procedure.

3. Footprint extraction

3.1. On the night before the footprint extraction, thaw previously prepared sucrose gradients at 4 °C. [1-WIDE/MED-TXT] 

3.1.1. Talent transferring sucrose gradients from freezer to refrigerator. TEXT:  Refer to text protocol for preparation of sucrose gradients.

3.2. On the following day, thaw the cell lysate on ice. [1-MED] Transfer an aliquot of cell lysate containing 50 OD600 units to a new 1.5-mL tube, add fresh Lysis Buffer up to 1 mL and 10 L of RNase I. [2-CU] Incubate at room temperature with gentle rotation on a head-over-heels rotator for one hour. [3-MED]

3.2.1. Talent putting the cell lysate (footprint sample) on ice.
3.2.2. *film as written.
3.2.3. Talent putting the tube on the rotator and turning it on.

3.3. Next, gently layer the lysate sample on top of a 10 to 50% sucrose gradient in polyallomer tubes. [1-CU] Using a SW-41 Ti rotor, [2-MED] ultracentrifuge at 35,000 rpm at 4 °C for 3 hours. [3-MED-TXT]

3.3.1. Sample being carefully pipetted into a tube containing the sucrose gradient.
3.3.2. Talent loading filled tubes into the buckets, and then hooking the buckets to the rotor.
3.3.3. Talent placing rotor inside ultracentrifuge and then starts the centrifugation. TEXT: 35,000 rpm; 4 °C; 3 h

3.4. During the ultracentrifugation, set up the gradient fractionation system: turn on the components and allow the UV monitor to warm-up for at least 30 minutes. [1-MED] Fill the syringe with Chase Solution, and remove any air bubbles inside the syringe and cannula. [2-MED]

3.4.1. Talent turning on the components of the gradient fractionation system and the UV monitor.
3.4.2. *film as written.

3.5. When the ultracentrifugation is complete, install and pierce the ultracentrifuge tube containing the sucrose gradient. [1-MED] Start the syringe pump at 1 mL per min, and collect 1-mL fractions while monitoring the A254 values. [2-MED] Fractions representing the 80S (Voiceover: “eighty S”) monosome peak are collected and pooled. [3-LM] 

3.5.1. Talent installing and then piercing the ultracentrifuge tube.
3.5.2. *film as written.
3.5.3. Show panel B only of 56820fig3large.jpg

3.6. Filter the fractions through 0.5-mL centrifugal filters at 12,000 x g at 4 °C for 10 minutes, [1-MED] discard the flow-through, [2-CU] and repeat until the volume is less than 100 L. [3]

3.6.1. Talent putting centrifugal filters into centrifuge and starting the spin.  Please get multiple usable takes; shot will be repeated later.
3.6.2. *film as written.
3.6.3. Use shot from 3.6.1.

3.7. Add 400 L of Release Buffer, mix by pipetting, and incubate on ice for 10 minutes. [1-MED] Transfer the unit into a new collection tube [2-CU] and centrifuge at 12,000 x g at 4 °C for 10 minutes. [3]

3.7.1. *film as written.
3.7.2. *film as written.
3.7.3. Use shot from 3.6.1.

3.8. Collect the flow-through. Subsequently, purify the footprint fragments and precipitate the samples using ethanol precipitation as described in the text protocol. [1-MED]

3.8.1. Talent transferring the flow through into new tubes and sets the tubes in a rack. 

4. Dephosphorylation

4.1. To begin this procedure, centrifuge the precipitated footprint and fragmented mRNA samples at 20,000 x g and 4 °C for 30 minutes. [1-MED-TXT] 

4.1.1. Talent putting the tubes into the centrifuge and starting the spin. TEXT: From this point on, protocol steps are identical for both footprint and fragmented mRNA samples.
 
4.2. After removing ethanol and air-drying the pellets, resuspend each pellet in 7.75 µL of water.  [1-CU] To each pellet, add 1 µL of 10x T4 polynucleotide kinase buffer, 1 µL of T4 polynucleotide kinase, and 0.25 µL of RNase inhibitor. [2-CU] Incubate at 37 °C for 1 hour. [3-MED]

4.2.1. 7.75 µL of water being added to each tube.
4.2.2. T4 polynucleotide kinase buffer, T4 polynucleotide kinase and RNase inhibitor being added to one tube.
4.2.3. Talent putting all tubes into the thermocycler.  Please get multiple usable takes; shot will be repeated later.

4.3. Add 10 µL of 2x TBE-urea sample buffer to 10 µL of each footprint and mRNA sample. [1-CU] Incubate the samples and appropriate controls at 75 °C for 3 minutes, [2-CU] spin down, [3-MED] and put on ice for 1 minute. [4-CU]

4.3.1. *film as written. Please get multiple usable takes; shot will be repeated later.
4.3.2. Talent putting samples and controls into a heating block set at 75 °C.  Please get multiple usable takes; shot will be repeated later.
4.3.3. Talent putting the tubes into the centrifuge for a 10-second spin. Please get multiple usable takes; shot will be repeated later.
4.3.4. Tubes being placed on ice. Please get multiple usable takes; shot will be repeated later.

4.4. Load each sample into 2 wells of a 15% TBE-urea gel, [1-CU] and separate the RNA fragments by gel electrophoresis at 180 V for 1 hour. [2-MED]

4.4.1. A sample being loaded into 2 wells of the gel. Please get multiple usable takes; shot will be repeated later.
4.4.2. (after all samples have been loaded) Talent selecting the correct settings and starting the gel run. Please get multiple usable takes; shot will be repeated later.

4.5. Stain the gel with a nucleic acid gel stain, protected from light, for 5 minutes. [1-MED] While visualizing the gel under a blue light trans-illuminator, excise the proper band between 28 and 32 nucleotides for footprint samples [2-LM] and around 50-70 nucleotides for mRNA samples. [3-LM] 

4.5.1. Talent putting the gel into a container that contains staining solution, covers the container to keep the gel in the dark, and puts it on the rotator. Please get multiple usable takes; shot will be repeated later.
4.5.2. Show panel A only of 56820fig4large.jpg
4.5.3. Show panel B only of 56820fig4large.jpg

4.6. Freeze the excised polyacrylamide gel pieces at -80 °C for at least 10 minutes before extracting RNA from the polyacrylamide gel.  [1-MED-TXT] 

4.6.1. Talent putting tubes into the -80 °C freezer. TEXT: Refer to text protocol for RNA extraction.



5. Reverse transcription

5.1. Prior to reverse transcription, perform 3’ adapter ligation and precipitate the samples as described in the text protocol.  [1-MED] Resuspend each pellet in 11.5 µL of nuclease-free water. Then add 0.5 µL of 8 µM reverse transcription primer and 1 µL of dNTP mix. [2-MED] Incubate at 65 °C for 5 minutes, [3-MED] and then place on ice. [4-CU]

5.1.1. [bookmark: _GoBack]Talent setting out on the bench top the footprint and mRNA samples that have already been 3’ adapter ligated and air-dried. Author note: this shot was not filmed
5.1.2. Talent adding water to a sample, followed by reverse transcription primer and dNTP mix.
5.1.3. Talent putting samples into the thermocycler. Please get multiple usable takes; shot will be repeated later.
5.1.4. Samples being put on ice.

5.2. To each sample, add 4 µL of 5x first strand buffer, 2 µL of 0.1 M DTT, 0.5 µL of RNase inhibitor, and 0.5 µL of reverse transcriptase. [1-CU-TXT] Incubate at 48 °C for 30 minutes, 65 °C for 1 minute and 80 °C for 5 minutes. [2-TXT] 

5.2.1. Reagents being added to one sample in the order narrated.  Add text overlay of each reagent as it is added.  TEXT: 4 µL 5x first strand buffer; 2 µL 0.1 M DTT; 0.5 µL RNase inhibitor (20 U/μL); 0.5 µL reverse transcriptase (200 U/µL).
5.2.2. Use shot from 5.1.3. TEXT: 48 °C for 30 min; 65 °C for 1 min; 80 °C for 5 min

5.3. Proceed immediately to the hydrolysis of RNA by adding 0.8 µL of 2M sodium hydroxide to each sample [1-CU] and incubating at 98 °C for 30 minutes. [2] Add 0.8 µL of 2M Hydrogen Chloride to neutralize the reaction. [3-CU]

5.3.1. NaOH being added to a sample.
5.3.2. Use shot from 5.1.3.
5.3.3. HCl being added to a sample.

5.4. After precipitating the samples as described in the text protocol, resuspend each pellet in 5 µL of nuclease-free water and add 5 µL of 2x TBE-urea sample buffer. [1] Incubate at 75 °C for 3 minutes, [2] spin down, [3] and ice for 1 minute. [4]

5.4.1. Use shot from 4.3.1.
5.4.2. Use shot from 4.3.2.
5.4.3. Use shot from 4.3.3.
5.4.4. Use shot from 4.3.4.

5.5. Load the sample in one well of a 10% TBE-urea gel. [1] Separate the products of the reverse transcription reaction by gel electrophoresis at 180 V for 50 minutes. [2]

5.5.1. Use shot from 4.4.1.
5.5.2. Use shot from 4.4.2.

5.6. Stain the gel with a nucleic acid gel stain, protected from light, for 5 minutes. [1] Using a blue light trans-illuminator, excise the band around 128 nucleotides and higher. [2-LM] 

5.6.1. Use shot from 4.5.1.
5.6.2. Show panel A only of 56820fig5large.jpg

5.7. Freeze the polyacrylamide gel pieces at -80 °C for at least 10 minutes before extracting DNA from the polyacrylamide gel. [1-TXT] 

5.7.1. Use shot from 4.6.1. TEXT: Refer to text protocol for DNA extraction.

5.8. To circularize the DNA, resuspend each DNA pellet in 16.75 µL of nuclease-free water. [1-MED] Add 2 µL of 10x single-stranded DNA ligase buffer, 1 µL of 50 mM manganese chloride and 0.25 µL of single-stranded DNA Ligase. [2-CU-TXT] Incubate at 60 °C for 1 hour, followed by 80 °C for 10 minutes. [3-TXT]

5.8.1. Talent adding water to a DNA pellet (after it is air dried) to resuspend it.
5.8.2. Reagents being added to one sample in the order narrated.  Add text overlay of each reagent as it is added.  TEXT: 2 µL 10x ssDNA ligase buffer; 1 µL 50 mM MnCl2; 0.25 µL ssDNA Ligase (100 U/µL).
5.8.3. Use shot from 5.1.3. TEXT: 60 °C for 1 h; 80 °C for 10 min

5.9. Without precipitating, store the single-stranded DNA ligation reaction product at -20 °C. Subsequently, perform PCR library amplification followed by library quantification and high-throughput sequencing, as described in the text protocol. [1-MED]

5.9.1. Talent putting all samples into the -20 °C freezer.  Please get at least 30 seconds of footage.

6. Results: Ribo-seq enables genome-wide quantification of translation  of specific mRNAs under different cellular conditions

6.1. Representative Bioanalyzer profiles of the PCR-amplified footprint library [1-LM] and the sequencing library obtained for mRNA samples are shown. [2-LM] The expected average size of the footprint library is 148 to 152 nucleotides [3-LM] and the expected size of the mRNA library is 170 to190 nucleotides. [4-LM]

6.1.1. Show panel A only of 56820fig7large.jpg.  
6.1.2. Add panel B below panel A of 56820fig7large.jpg.
6.1.3. 56820fig7large.jpg. Highlight/draw circle around the 152 peak in the panel A graph.
6.1.4. 56820fig7large.jpg. Highlight/draw circle around the 181 peak in the panel B graph.

6.2. This graph shows the combined number of mRNA, footprint, and rRNA reads obtained for two independent biological replicates of a wild-type sample and the hbs1 (Voiceover: pronounced “H B S one”) deletion mutant. [1-LM] 50 to 60% of all sequenced reads in the footprint libraries corresponded to ribosome-protected footprint fragments. [2-LM] In contrast, only 3% of rRNA-derived fragments were observed in mRNA libraries,[3-LM] demonstrating that poly(A) mRNA isolation allows effective elimination of rRNA reads. [4-LM]

6.2.1. Show panel A only of 56820fig8large.jpg.
6.2.2. Panel A of 56820fig8large.jpg.  Highlight/draw circle around the two green rectangles in the graph.
6.2.3. Panel A of 56820fig8large.jpg.  Highlight/draw circle around the very small red rectangles in WT mRNA and hbs1 mRNA 
6.2.4. Panel A of 56820fig8large.jpg.  

6.3. Both footprint [1-LM] and mRNA sample libraries [2-LM] show good reproducibility as indicated by a Pearson correlation coefficient of about 0.99 between matched samples. [3-LM]

6.3.1. Show left two graphs of panel B of 56820fig8large.jpg.
6.3.2. Add right side graphs of panel B of 56820fig8large.jpg.
6.3.3. Panel B of 56820fig8large.jpg. Highlight the four R values in the graphs.

6.4. When combined with mRNA abundance measurements, ribosome profiling allows measuring changes in translation efficiency between experimental conditions. [1-LM] Significantly up-regulated and down-regulated genes in the hbs1 deletion mutant are grouped in accordance to whether they are affected by a change in mRNA transcription, [2-LM] translation efficiency, [3-LM] or by a common effect. [4-LM]

6.4.1. Show panel C only of 56820fig8large.jpg.
6.4.2. Panel C only of 56820fig8large.jpg. Highlight green box and ‘transcription’ in legend.
6.4.3. Panel C only of 56820fig8large.jpg. Highlight blue box and ‘translation’
6.4.4. Panel C only of 56820fig8large.jpg. Highlight purple box and ‘common’


7. Conclusion (said by authors on camera)
7.1. Carine Beaupere: Once mastered, the entire protocol can be performed in approximately 11 days.
7.2. Carine Beaupere: While attempting this procedure, it’s important to remember to wear gloves and perform all steps using RNase free reagents and consumables to avoid RNase contamination and lower the risk of RNA degradation in the samples.
7.3. Rosalyn Chen: After watching this video, you should have a good understanding of how to generate ribosome footprints using nuclease digestion, isolate intact ribosome-footprint complexes by sucrose gradient fractionation, and prepare DNA libraries for deep sequencing.
7.4. Rosalyn Chen: Don't forget that working with liquid nitrogen can be extremely hazardous and precautions such as wearing safety glasses and cryo gloves should always be taken while handling extremely cold materials.   
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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.
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