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Author Questionnaire 

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique?  No  

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes
If Yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.

3. Filming location: Will the filming need to take place in multiple locations?   Yes
If Yes, how far apart are the locations?        15-minute drive
For RNA sample preparation: Columbia University, 500 W 120th St, New York, NY 10027
For LC-MS measurement: Hunter College, 695 Park Ave, New York, NY 10065


 

Introduction

1. Introductory Interview Statements

REQUIRED: 
1.1. Shenglong Zhang: This protocol covers all essential steps needed when using the new method that we developed to directly sequence RNA; regardless if the RNA sample is single-stranded, mixed, or modified.

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.2. Shenglong Zhang: The method is not affected by enzymatic error or base complementarity. It provides a direct workflow and general solution that makes it possible to sequence different RNA modifications simultaneously, rather than one specific modification at a time. 

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

OPTIONAL: 
1.3. Shenglong Zhang: This technology can be developed into a diagnostic tool to determine signature RNA segments related to human diseases, and an accurate tool to study RNA modifications at the epitranscriptomic level.

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.4. Shenglong Zhang: The method does not rely on any previous sequencing method. Instead, it is a completely new approach, and we aim to make it the go-to method for sequencing any modified RNA.

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: This statement is optional. If there is no time, don’t film it. 



1.5. Ning Zhang: Some parts of this protocol contain critical aspects that can be conveyed more accurately by visual demonstration, such as labeling the 3´-end of RNA, LC-MS data acquisition, and data analysis by the MassHunter software.

1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.


Introduction of Demonstrator on Camera	Comment by Anastasia Gomez: Authors: We only need to introduce Barney Yoo here because Ning will be introduced with a text overlay as the above statement is delivered. 

1.6. Shenglong Zhang: Helping to demonstrate this procedure will be Dr. Barney Yoo, who will help to set up LC-MS and measure our RNA samples. 
1.6.1. INTERVIEW: Author saying the above. 
1.6.2. The named demonstrator(s) looks up from workbench or desk or microscope and acknowledges the camera.

1.7. 

Protocol
2. Label the 3'- end of RNA and Acid Hydrolysis of RNA to Generate MS Ladders for Sequencing
2.1. To perform a one-step labeling reaction, combine 2 microliters of 150 micromolar AppCp-biotin (pronounce “App-C-P-biotin”), 3 microliters of 10 X ligase reaction buffer [1], 1.5 microliters of 100 micromolar RNA sample, 3 microliters of anhydrous DMSO, 10 units of T4 RNA ligase, and 19.5 microliters of DEPC-treated water for a total volume of 30 microliters [2]. Videographer: This step is difficult and important!
2.1.1. WIDE: Establishing shot of talent at the lab bench combining the reagents.
2.1.2. Talent mixing the reaction, with the reagents in the background.
2.2. Ning Zhang: The maximum starting amount of RNA is 150 pmol per reaction. Add parallel reactions if you need to scale up the starting amount. The best strategy is to prepare a master solution containing all the reaction components and divide it into parallel reaction tubes.

2.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: This statement is optional. If there is no time, don’t film it.
2.3. Incubate the reaction overnight at 16 degrees Celsius, then perform column purification according to manuscript directions [1]. Videographer: This step is important!
2.3.1. Talent putting the reaction tube in an incubator.
2.4. To generate sequence ladders for mass spectrometry, divide each RNA sample into three equal aliquots to set up 3 separate reactions [1] and add an equal volume of formic acid to each reaction for a 50% formic acid concentration [2-TXT]. Videographer: This step is important!
2.4.1. Talent dividing the sample into three tubes.
2.4.2. Talent adding formic acid to the reaction tubes, with the formic acid container in the shot. TEXT: Caution! Formic acid is hazardous. Work in a fume hood
2.5. [bookmark: _GoBack]Incubate the reactions at 40 degrees Celsius, with one reaction running for 2 minutes, one for 5 minutes, and one for 15 minutes [1]. Once each reaction is finished, quench the acid degradation by immediately freezing the sample on dry ice [2]. Videographer: This step is important!
2.5.1. Talent placing reaction tubes in the incubator.
2.5.2. Talent taking a reaction tube out of the incubator and placing it in dry ice.
2.6. Use a centrifugal vacuum concentrator to dry the sample, which should take approximately 30 minutes [1]. Resuspend the dried samples in 20 microliters of DEPC-treated water and combine them [2]. Store the samples at -20 degrees Celsius until LC-MS measurement [3]. Videographer: This step is important!
2.6.1. Talent putting the sample in the vacuum. 
2.6.2. Talent resuspending a sample.
2.6.3. Talent placing sample tubes in the freezer and closing the door.

3. LC-MS Measurement
3.1. Prepare mobile phases A and B according to manuscript directions [1] and transfer the RNA sample to the LC-MS sample vial. Each sample injection volume should be 20 microliters and should contain 100 to 400 picomoles of RNA [2]. 
3.1.1. Tubes with phases A and B, labeled.
3.1.2. Talent transferring the RNA sample to the sample vial.
3.2. Set the LC conditions to column temperature of 35 degrees Celsius, a flow rate of 0.3 milliliters per minute, a linear gradient from 2 to 20% mobile phase B in 15 minutes followed by a 2-minute wash step with 90% mobile phase B [1]. 
3.2.1. SCREEN: LC conditions being set. 	Comment by Anastasia Gomez: Authors: Please acquire screen captures and upload them to your project page at your earliest convenience: https://www.jove.com/account/file-uploader?src=18690753
3.3. For MS settings, use negative ion mode, 350 to 3200 mass-to-charge range, 2 spectrum per second scan rate, 17 liters per minute drying gas flow, 250 degrees Celsius drying gas temperature, 30-pounds per square inch gauge nebulizer pressure, 3500-volt capillary voltage, and 365-volt fragmentor voltage [1].
3.3.1. SCREEN: MS conditions being set.
3.4. After acquiring the data, use the Molecular Feature Extraction workflow to extract compound information including mass, retention time, volume, and quality score.  Use the centroid data format and small molecules settings. Set the peak height to at least 100 but less than 1000 and the quality score to at least 50 [1]. 
3.4.1. SCREEN: MFE settings being set and data analysis performed.




Results
4. Results: 2D-HELS MS Seq of Representative RNA Samples 
4.1. The separation of the 3-prime ladder from the 5-prime ladder and other undesired fragments is shown here on a 2D mass retention time plot [1]. It is also possible to sequence mixed samples containing two RNA strands of different lengths with a 5-prime biotin label at each RNA [2].
4.1.1. LAB MEDIA: Figure 1 C. 
4.1.2. LAB MEDIA: Figure 1 D. 
4.2. To differentiate a uridine from a pseudouridine, the RNA was treated with CMC, which converts a pseudouridine to a CMC-pseudouridine adduct [1]. The adduct has a different mass than a uridine and can be differentiated in the 2D-HELS MS Seq (pronounce ‘2-D-H-E-L-S-M-S-seek’) [2]. 
4.2.1. LAB MEDIA: Figure 2 B. 
4.2.2. LAB MEDIA: Figure 2 B. Video Editor: Emphasize the red triangles. 
4.3. The HPLC profile of the crude product of the reaction converting pseudouridine to its CMC-adduct was used to calculate the percent conversion, which was 42% [1]. 
4.3.1. LAB MEDIA: Figure 2 A. 
4.4. A mixture of five different RNA strands were sequenced by 2D-HELS MS Seq approach with 3-prime-end labeling. OriginLab software was used to re-construct a 2D mass-retention time graph, in which the retention times were normalized arbitrarily for better visualization of multiple RNA sequences [1].
4.4.1. LAB MEDIA: Figure 3.
4.5. Without the normalization, the letter codes for the sequences of the 5 RNAs would be crowded together [1].
4.5.1. LAB MEDIA: Figure S1.


Conclusion
5. [bookmark: _Hlk27388131]Conclusion Interview Statements


5.1. Ning Zhang: When attempting this procedure, set up the labeling reaction carefully to obtain a high yield of labeled RNA samples. Also, carefully monitor the degradation time to create reliable mass ladders and collect the maximum amount of dried samples with 20 μL H2O.

5.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 2.1.2 for reaction setup, 2.4.2 and 2.5.1 for the degradation reaction, 2.6.2 for resuspending sample. 

5.2. Shenglong Zhang: A question that can be asked after performing this protocol is how to increase the read length and throughput of the sequencing method. A better algorithm and more advanced instrument with higher resolution and sensitivity can help.

5.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: This statement is optional. If there is no time, don’t film it.

5.3. Shenglong Zhang: After the development of this protocol, it became possible to directly sequence a broader range of RNA samples containing both canonical and modified nucleotides without any error related to cDNA-based RNA sequencing.

5.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Videographer: This statement is optional. If there is no time, don’t film it.
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