[bookmark: _GoBack]Point-by-Point Response to Editorial and Reviewers’ Comments:

Editorial comments:
General:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues.
Response: Thank you very much for the reminder. We have thoroughly read through the manuscript to correct all the spelling and grammar mistakes.

2. Please include email addresses for all authors in the manuscript itself.
Response: As per your suggestion, the email addresses for all authors have been added.

3. Please include at least 6 key words or phrases.
Response: As per your suggestion, we have included 6 keywords.

4. Please reduce the length of the Summary to 10-50 words.
Response: As per your suggestion, the length of the Summary has been reduced to 50 words.

Protocol:
1. There is a 10-page limit for the Protocol, but there is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the Protocol (including headers and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still be available to the reader.
Response: As per your suggestion, we have highlighted the essential steps in yellow for the video.

2. The protocol seems mostly fine as-is, but as you make edits, please ensure you answer “how” questions, i.e., how is each step performed? Alternatively, add references to published material specifying how to perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per step, please split into separate steps or substeps.
Response: As per your suggestion, we have listed experimental details in how is each step performed. In case a step includes more than 2-3 actions, we split them into separate steps, such as steps from 2.1.1 to 2.1.4.

Figures:
1. Please remove the embedded figures from the manuscript.
Response: We removed the embedded figures from the manuscript, and will submit each figure in JPG file during on-line submission.

References:
1. Please do not abbreviate journal titles.
Response: As per your suggestion, we now have full name of journal titles in References.

Table of Materials:
1. Please ensure the Table of Materials has information on all materials and equipment used, especially those mentioned in the Protocol.
Response: As per your suggestion, we have provided all the information for all the materials and instrument in the Table of Materials.

Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The authors present a protocol based on an interesting recent paper that describes an improved method to analyze short RNA oligonucleotides by mass spectrometry without tandem MS fragmentation. The method entails partial digestion of purified RNA oligonucleotides and analysis by high resolution LC-MS, where the chromatographic retention time and high resolution mass of hydrolytic fragments are both used to reconstruct the RNA sequence. This version of the method augments that in an earlier publication by adding an enzymatic end-labeling scheme and by incorporating chemical modifications to accommodate isobaric RNA modifications.

Response: We’d like to thank the reviewer’s positive comments and feedback.

Major Concerns:
In the abstract and summary, the authors are explicit that the manuscript "demonstrates" and "reports" findings. It appears that the data in Figures 1 and 2 of this manuscript are derived from their recent publication (ref 9), so the authors should be very careful with their language if in fact this manuscript reports only the protocols associated with that prior work, rather than novel results. If this is not the first publication of data, it should not be written as if new claims are being made herein.
Response: We’d like to thank the Reviewer for the comments. As per the suggestions, we have made changes on the expressions in the manuscript accordingly. More specifically, we have made the following revisions: 
1) In Summary, “Here we describe a detailed protocol for an LC-MS-based sequencing method, which can be used: 1) as a direct method to sequence short RNA (<35 nt per run) without a cDNA intermediate, and 2) as a general method to sequence different nucleotide modifications in a single study at single-base precision.”
2) In Abstract, “Recently we reported a direct RNA sequencing method by integrating a 2-dimensional mass-retention time hydrophobic end-labeling strategy into MS-based sequencing (2D-HELS MS Seq).”

If the data in Figure 3 is to be reviewed as a new result, then some clarifications about this experiment are needed. It is not at all apparent from the theory of the method that data of the kind in Figure 3 - i.e. mixtures of oligonucleotide digests of different length and composition - can in fact be analyzed simultaneously from MS spectra in a single run, as claimed in multiple places, when the sequence and composition of the oligonucleotides are unknown. Indeed, the authors refer to a manual analysis for complex mixtures based on known theoretical masses. Since the authors claim that this protocol can achieve "de novo sequencing," the authors must clarify whether and to what extent this kind of mixed pool can be analyzed successfully with an unknown mixture.
Additionally, despite being a far more challenging analysis of mixed oligonucleotide digests, the data presented in Figure 3 looks much cleaner than that shown for simpler digests of single oligos (e.g. in Figures 1 and 2), suggesting that it has been substantially cleaned or processed. In order for potential users of the protocol to understand its applicability to real analytical problems, an appropriate presentation of this capability would be to show the figure with a full dataset from which fragments of mixed oligonucleotides were analyzed.

Response: We’d like to be clear that we only use the known theoretical mass for base calling of each nucleobase like A, C, G, U, or nucleotide modifications, and have no prior knowledge of their order/sequence in RNAs when manually reading the sequences of RNA oligos. To reflect the point made by the Reviewer on de novo sequencing, we have added two paragraphs in DISCUSSION (in Line 469-495) to explain the theoretical foundation of how to achieve de novo sequencing using MS data to generate sequences without any prior sequence knowledge.  

For sequencing mixed RNA oligos, we have added a section of “Sequencing RNA mixtures” in REPRESENTATIVE RESULTS (Line 406-426) to explain how we sequence mixed RNA samples and generate sequences as shown in Figure 3. As stated in Line 419-421: For Figure 3, after manually reading out RNA sequences, “OriginLab software is used to re-construct 2D mass-tR graph, in which the tRs are normalized arbitrarily for better visualizing five different RNA sequences (Figure 3).” Also, we added Figure S1 in SI to show their tR without normalization, in which the letter codes (i.e., A, C, G, U, or modifications like ψ) sequences of 5 RNA strands would crowd together, and cannot be visualized as easy as in Figure 3.

The particular goal of a protocol paper is for others in the community to be able to apply the methodology, and thus it should be clear to readers whether and under what conditions the protocol is appropriate for their own problems. The intro should include a very specific discussion of the scenarios in which it is appropriate to use the protocol, when success or failure should be expected, and what the starting sample requirements might be.

Response: As per the suggestion, we have revised the Introduction (Page 3, Line 101-113) to include a specific discussion about the technical aspect of this protocol: 
[bookmark: _Hlk36723073][bookmark: _Hlk36724108]“Since RNAs are all made of phosphodiester bonds, all different kinds of RNAs can be acid hydrolyzed to generate an ideal sequence ladder for 2D-HELS MS Seq under optimal conditions. However, detection of all the ladder fragments in an RNA is instrument dependent. On a standard high-resolution LC-MS (40K), the minimal loading amount for sequencing purified short RNA sample (<35 nt) is 100 pmol per run. However, more material is required (up to 400 pmol per RNA sample) when additional experiments have to be conducted, e.g., to distinguish isomeric base modifications that share identical masses. This protocol used in sequencing the model synthetic modified RNAs will also be applicable to sequencing broader RNA samples, including biological RNA samples with unknown base modifications. However, a larger sample amount, such as 1000 pmol for sequencing tRNA (~76 nt) using a standard LC-MS instrument, is required for sequencing the complete tRNA with all the modifications, and an advanced algorithm needs to be developed for its de novo sequencing10.”

Minor Concerns:
1) The manuscript needs proofreading for grammar.
Response: Thanks for the reminder. We have performed proofreading and corrected all the grammar mistakes.

2) In the summary, the authors claim they can "quantify" RNA mixtures. No discussion of quantification appears in the protocol, and it is unclear from a theoretical perspective how quantification of chemically distinct species could be achieved by this method alone. The claim should therefore be dropped or somehow justified.
Response: As per the suggestion, we have deleted the language related to quantification in the summary, as it was not included in the current version of the protocol. However, we carried out the quantification of stoichiometry/percentage of modified RNA in our previous publication (More details can be found in Zhang N. et al. Nucleic Acids Res, 2019, 47: e125). 

3) The protocol should be clear about where the specified enzyme reaction buffers are of a commercial formulation.
Response: As per the suggestion, we have added the compositions of enzyme reaction buffers in the protocol (Page 4, Line 144-145): “10× adenylation reaction buffer (50 mM sodium acetate, pH 6.0, 10 mM MgCl2, 5 mM DTT, 0.1 mM EDTA).”

4) Step 2.1.5: specify the source of the column used here.
Response: The source of the column has been added in the protocol (Page 4, Line 165-166): “Provided by Oligo Clean & Concentrator.”

5) Step 3.1: the buffer composition is not specified.
Response: The composition of 1× B&W buffer has been added in the protocol (Page 5, Line 196-197): “1× B&W buffer (5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl).”

6) Step 6.4: more information about the instrument are likely needed here.
Response: The information about the LC-MS instrument for our sample analysis has been added to Section 6.4 (Page 6, Line 295-297): 
“Samples are separated and analyzed on a 6550 Q-TOF mass spectrometer coupled to a 1290 Infinity LC system equipped with a Micro AS autosampler and Surveyor MS Pump Plus HPLC system. LC column is a 50 mm × 2.1 mm Xbridge C18 column with a particle size of 1.7 μm.”

7) Step 7.1: the language is very unclear in this step, and this may need more explanation.
Response: We have made revisions to explain more in Step 7.1 (Page 8, Line 315-322): 
“Sort out MFE extracted compounds in order of high volume (peak intensity) and retention time. Perform data pre-selection via 1) setting retention time from 4 to 10 min to select the RNA  fragments labeled by the biotin since the tRs of the biotin labeled mass ladder components are shifted to the tR window  (4 min to 10 min), and 2) using an order-of-magnitude higher of input compounds than the number of ladder fragments for algorithm computation to reduce data amount based on volume. For instance, for a 20 nt RNA, 20 labeled mass- tR ladder components will be required for sequencing of the 20 nt RNA, thus, 200 compounds from MFE data file will be selected based on volume.”

8) Step 7.2: if special software is needed to carry out the protocol, it may be necessary to provide links to the source code deposited in an online repository accessible to readers.
Response: The link for the algorithm’s source code has been provided in Section 7.2: “(https://academic.oup.com/nar/article/47/20/e125/5558343#supplementary-data)”


Reviewer #2:
Manuscript Summary:
In this manuscript, Zhang et al. described a novel sequencing method that can not only carry out RNA sequencing without making cDNA intermediates but also identify RNA modification for mixed RNAs. The method integrates a 2-dimensional mass-retention time hydrophobic end-labeling strategy into MS-based sequencing (2D-HELS MS Seq), generating a promising strategy to reveal RNA modification for biological samples in the near future.
Major Concerns:
No major issues were found.

Response: We’d like to thank the reviewer’s positive comments and feedback.

Minor Concerns:
Lines 44-46, please recognize the sentence.
Response: The sentence has been revised (Page 2, Line 50-54) to: “The procedures and protocols described here in sequencing these model RNAs will be applicable to other short RNA samples (<35 nt) when using a standard high-resolution LC-MS system. In the future with the development of more robust algorithms and with better instruments, we anticipate that this method will allow the sequencing of more complex biological samples.”

[bookmark: _Hlk36209326]Line 51: please change "are currently lacking" to "are not available"?
Response: As per the suggestion, we made the change in the manuscript (Page 2, Line 59-60).

Line 58, please move reference 8 to the end of the sentence. Eliminate "sequencing" in " mainly limited to sequencing purified synthetic short RNA".
Response: The ref 8 has been moved to the end of the sentence. The "sequencing" in " mainly limited to sequencing purified synthetic short RNA" has been eliminated (Page 2, Line 66-67).

Line 59, please change "it cannot read a complete sequence from one single ladder solely" to "it cannot read a complete sequence solely based on one single ladder". Change " but have to" to "but has to". Eliminate "fore reading a complete sequence" in Line 60.
Response: All the above-mentioned changes have been made in the manuscript (Page 2, Line 67-68).

Line 71, change "to be sequences" to "to be sequenced".
Response: We’d like to thank the reviewer for pointing out the error, and we have corrected grammar mistake (Page 2, Line 79).

Line 112. Please eliminate the comma between nuclease-free and deionized.
Response: The comma had been removed and we modified this sentence to “nuclease-free DEPC-treated water” (Page 4, Line 132).

Reorganize the sentence in lines 115-116.
Response: The sentence has been revised (Page 4, Line 136-138) to: “To avoid possible RNA sample degradation, use RNase-free experimental supplies including DEPC-treated water, microcentrifuge tubes, and pipette tips. Frequently wipe down surfaces of lab supplies by RNase elimination wipes.”

Reorganize the sentence of 2.1.1.
Response: The sentence has been revised (Page 4, Line 144-147) to: “Add 1 μL of 10× adenylation reaction buffer (50 mM sodium acetate, pH 6.0, 10 mM MgCl2, 5 mM DTT, 0.1 mM EDTA), 1 μL of 1 mM ATP, 1 μL of 100 μM pCp-biotin, 1 μL of  50 μM Mth RNA ligase and 6 μL of DEPC-treated H2O (a total volume of 10 μL) into an RNase-free thin walled 0.2 mL PCR tube.”
Line 190, eliminate "needed".
Response: The word “needed” has been eliminated.

Line 318, move 8 towards the end of the sentence.
Response: The ref 8 has been moved to the end of the sentence.

Line 413, we used
Response: The sentence has been revised (Page 13, Line 528-529) to: “streptavidin capture and release are used to physically separate biotinylated RNA #1 prior to acid degradation (see Section 3).”


Reviewer #3:
Zhang et al. reports the development of a general LC-MS-based method for direct and de novo sequencing of RNA mixtures containing different nucleotide modifications. The method integrates a 2-dimensional mass-retention time hydrophobic end-labeling strategy into MS-based sequencing (2DHELS MS Seq). The authors successfully apply 2D-HELS MS Seq to accurately de novo sequence synthetic single-stranded RNA and RNA mixtures of up to 12 different sequences. Furthermore, authors show that their method can also identify nucleotide modifications using RNAs containing pseudouridine (Ψ) and 5-methylcytosine (m5C) nucleotide modifications as a proof-of-principle. Authors anticipate that in the near future 2D-HELS MS Seq will be applied to de novo sequence and identify known and even unknown nucleotide modifications in more complex RNA samples including the biological RNA samples.

Traditionally, mass spectrometry (MS)-based approaches have been successfully employed to identify known and unknown nucleotide modifications and map their location in the endogenous RNA of interest. However there has been limited success to accurately de novo sequence RNA and map nucleotide modification using either one-dimensional (1D) MS data or even 2D LC-MS-based RNA sequencing method. The 2D-HELS MS Seq method presented here is relevant and could be beneficial to the researchers in the field to study and map both known and unknown modifications in the RNA. However, there are some issues in its current format. I believe addressing the issues listed below could strengthen the impact of this paper.

Response: We’d like to thank the reviewer for the positive comment and feedback.

Comments:
(1) In the manuscript authors have not addressed how much input RNA is required for 2D-HELS MS Seq? Have the authors tested various amounts of input RNA to accurately sequence RNA and map nucleotide modifications? I think it would be beneficial to mention or comment on this point. Users would also find it beneficial to know the lowest amount of RNA input that can be used for doing 2D-HELS MS Seq.
Response: As per the suggestion on sample loading amount, we have added language in Introduction. More specially, we have made additions as follows (Page 3, Line 101-113): 
“On a standard high-resolution LC-MS (40K), the minimal loading amount for sequencing purified short RNA sample (<35 nt) is 100 pmol per run. However, more material is required (up to 400 pmol per RNA sample) when additional experiments have to be conducted, e.g., to distinguish isomeric base modifications that share identical masses. This protocol used in sequencing the model synthetic modified RNAs will also be applicable to sequencing broader RNA samples, including biological RNA samples with unknown base modifications. However, a larger sample amount, such as 1000 pmol for sequencing tRNA (~76 nt) using a standard LC-MS instrument, is required for sequencing the complete tRNA with all the modifications, and an advanced algorithm needs to be developed for its de novo sequencing10.”

(2) Related to the previous point, the authors mention that they have successfully sequenced a mixed population of tRNA samples (Ref 10). From Ref 10, I found that "400 μg purified RNase T1 partial digestion and 3´ biotinylation tRNA sample where sequenced by previous method after acid degradation and followed by LC-MS run". This is indeed a very high RNA input requirement. Can the authors comment on this point, especially that R. Ross et al./Methods 107(2016) 73-78 reported 1-5 μg of total tRNA is needed for MS. I believe optimizing the current protocol for using less amount of the input RNA could be helpful to users as the current requirement using 2D-HELS MS Seq for cellular RNA sequencing and mapping is almost prohibitive.
Response: Thanks for the Reviewer for pointing out the error. We used a wrong unit μg there in the BioRxiv paper (Ref. 10), which should be pmol. This mistake was corrected on our latest version of the manuscript; the paper with correct information will replace the on-line BioRxiv paper and will get published soon.

(3) Workflow diagram (Figure 1) is not clear and it is hard to follow. I suggest authors should modify the workflow diagram and add the time required for each step of the protocol. For example, try to include the headers from your main text as a flow diagram.
Response: Figure 1a has been updated according to the Reviewer’s helpful suggestions. Specifically, we have added the major steps include 1) hydrophobic tag labeling of RNA to be sequenced, 2) acid hydrolysis, 3) LC-MS measurement, 4) Extract and analyze MFE data and 5) sequence generation via algorithms or manual calculation.

(4) It will be helpful to include the catalog numbers of the reagents/material used in this protocol which will improve transparency and reproducibility. For example, Line 140 (what column?)
Response: The column information for RNA product purification has been added (Line 165-166) “Provided by Oligo Clean & Concentrator, Zymo Research.”
[bookmark: _Hlk36723458]We also have added information for LC-MS instrument and column (Line 295-297) “Samples are separated and analyzed on a 6550 Q-TOF mass spectrometer coupled to a 1290 Infinity LC system equipped with a Micro AS autosampler and Surveyor MS Pump Plus HPLC system. LC column is a 50 mm × 2.1 mm Xbridge C18 column with a particle size of 1.7 μm.” 
The sources about ALL chemicals and equipment are provided in a separate excel file “Table of Materials”.

(5) One suggestion: Lines 399-411. This information about the labeling efficiency should actually be highlighted and included as a separate section in the protocol aimed at optimizing the labeling step, as this is super crucial. If you have 100% labeling efficiency, you don't need high input of RNA, so improving/optimizing the labeling step can be a game changer as the method can also be applied to endogenous cellular RNAs.
Response: We completely agree that the labeling efficiency is very crucial for our sequencing method. For labeling 3' end more efficiently, we employed one-step protocol (described in 2.2) to replace two-step protocol (described in Section 2.1), and have one paragraph in Discussion (Page 13, Line 513-526) to discuss the labeling efficiency. To reflect the point made by the Reviewer, we have also added the language in Line 525-526: “Novel reactions are currently under development to achieve quantitative yield in labeling RNAs”.

(6) Along the same lines, related to Lines 434-444, has 2D-HELS MS Seq method been cross validated on a different MS platform?
Response: Yes, in addition to monoisotopic masses (exported by Agilent MassHunter) used here in the 2D-HELS MS Seq, we have also performed full-spectral analysis on using MassWork provided by Cerno Biosciences (Las Vegas, USA) to validate our sequencing data. 
[bookmark: _Hlk36222773](7) For practical purposes, the authors are encouraged to point out the steps where the user can safely stop and store the sample at -80 until the next step.
Response: As per the suggestion, we have added this NOTE in Sections 2.1.5 (Page 5, Line 175) and 4.6 (Page 6, Line 243): “Samples can be stored at -20°C at this stage until the next step is performed.”

(8) I suggest that authors should clearly state limitations and caveats of the 2D-HELS MS Seq method. For example, labeling efficiency and high RNA input requirement.
Response: As per the suggestion, we have added a section to discuss current limitations and aspects need to improve (Page 13, Line 556-564): “With our current workflow, ~100 pmol short RNA (<35 nt) is required for each LC-MS run. The loading amount increases when additional experiments are needed, e.g., for differentiating isomeric nucleotide modifications, and typically up to 400 pmol is required. For sequencing specific tRNA like tRNAPhe, ~1000-2000 pmol sample is needed for its sequencing. However, we expect decreased sample loading requirements on LC-MS instruments with greater sensitivity. With improvements in sample labeling efficiency, sequencing algorithm, instrument sensitivity and resolution, we expect our method to be applicable to a wider range of RNA samples, especially those with various RNA modifications.”

(9) I find many linguistic and grammatical errors along with typos throughout the manuscript. Authors should do a thorough proof-reading of the manuscript to make sure there are no typos and other grammatical errors.
Response: We have proofread the whole manuscript and corrected all the errors in the manuscript. 

