Response to Editors’ and Reviewers’ Comments

Editorial comments:
Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues.

Response: Thank you. We have given the manuscript an additional round of proofreading.

2. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).

Response: We have reviewed the manuscript to avoid the use of personal pronouns where applicable. 

3. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials (including reagents, instruments, software, etc.). Please sort the Materials Table alphabetically by the name of the material.

Response: Thank you. We have checked the manuscript to remove trademarks, registered symbols, and company names preceding reagents.


4. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using bullets or dashes.

Response: We have edited the numbering formats to follow the formatting guidelines.

5. The Protocol should be made up almost entirely of discrete steps without large paragraphs of text between sections. Please simplify the Protocol so that individual steps contain only 2-3 actions per step and a maximum of 4 sentences per step.

Response: Thank you. We have checked the protocol to ensure only two to three actions are described in each step.

6. The Protocol should contain only action items that direct the reader to do something. Please move the discussion about the protocol to the Discussion.

Response: We have revised the protocol and moved appropriate material to the newly reorganized Discussion section (please see Response to Editorial Comment #11).

7. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.” However, notes should be concise and used sparingly.

Response: Thank you. We have modified the protocol to ensure the imperative mood is used, and additional details are marked with “Note”.

8. Please note that your protocol will be used to generate the script for the video and must contain everything that you would like shown in the video. Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to published material specifying how to perform the protocol action. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol.

Response: Thank you.

9. In the software, please ensure that all button clicks and user inputs are provided throughout. Also, please ensure that the button clicks are bolded.

Response: We checked the protocol again to ensure user clicks are documented. All button clicks are bolded in the article.

10. Please include one-line space between each protocol step and then highlight in yellow up to 3 pages of the Protocol (including headings 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: We have now included a single line spacing in between each step of the protocol. Steps in the protocol that are identified as essential have been highlighted in yellow.

11. As we are a methods journal, please revise the Discussion to explicitly cover the following in detail in 3-6 paragraphs with citations:
a. Critical steps within the protocol
b. Any modifications and troubleshooting of the technique
c. Any limitations of the technique
d. The significance with respect to existing methods
e. Any future applications of the technique

Response: Thank you for the instructions. We have now revised the Discussion section to cover the above topics. Specifically:

Line 622		“a) Critical steps within the protocol
       For the best performance, Opentrons-verified labware, modules, and consumables should be used that are compatible with OT-2. Custom labware can be created following Opentrons’ instruction at https://support.opentrons.com/en/articles/3136504-creating-custom-labware-definitions. Make sure to calibrate OT-2 deck and pipettes, labware when they are used for the first time.
       It is also critical to follow guidelines from SP3 beads manufacturer to prepare beads for peptide and protein cleanup. Importantly, during the bead and peptide binding reaction, the volume of acetonitrile in the binding reaction needs to be ≥95%, and the bead concentration needs to be ≥0.1 µg/µL. Keep the peptide concentration in the range of 10 µg/mL to 5 mg/mL. With the optimized parameters in the peptide cleanup script here, the acetonitrile volume ratio is 95%; the bead concentration is 0.37 µg/µL, and the peptides concentration are in the range of 14 – 37 µg/mL. The peptides mass is estimated to be 40–100 g in 100 µL of digestion reaction from our experience).  For SP3 protein cleanup, use 5–10 µg of beads to 1 µg of protein and ensure the minimal beads concentration is 0.5 µg/µL during protein binding. The recommended protein concentration is in the range of 10 µg/mL to 5 mg/mL. With the default parameter in the provided script, 1 mg of beads is used for 100 µg protein and the bead concentration during binding is 3.75 µg/µL whereas the protein concentration is 0.35 mg/mL.

b) Modifications and troubleshooting 
        The default variables in the Python scripts are optimized for standard workflows in our laboratory. It is important for users to adjust the variables to make the scripts compatible with their applications if needed. If low intensity is observed on MS spectra, check protein or peptide loss after each major protocol section with the protein BCA assay and peptide quantitative assay. For the first time using the protocol on OT-2, observe robot handling for each step to ensure the robot performs procedures as expected. At the time of writing, the P50 electronic pipette is no longer available in the Opentrons store. The current script has been modified to use the P20 pipette in its place. Users may refer to the Opentrons API to modify the scripts to use other pipettes, if necessary.

c) Limitations of the technique
      Despite the advantages of using a robotic liquid handling system, caution should be exercised at the performance of liquid transfer between technical replicates. Monitoring the robot during the initial setup and identifying steps is highly recommended, where manual recovery of residual volumes may be required following the robotic liquid transfer to avoid sample loss and reduce variabilities. 

d) Significance with respect to existing methods
      This protocol describes a semi-automated mass spectrometry sample preparation method using the low-cost and open-source OT-2 liquid handling robot. Very recently, other works have also begun to use of OT-2 toward proteomics applications9. Compared to existing methods, distinguishing features of this protocol include the use of a relatively low-cost, Python-programmable robot; the incorporation of semi-automated SP3 beads in two steps in the sample preparation protocols, namely the protein sample detergent removal step and the peptide desalting/cleanup step; as well as the availability of open-source Python scripts to support further development. SP3 Paramagnetic beads bind proteins and peptides efficiently and  have been coupled with automated liquid handling systems towards applications in protein cleanup/detergent removal prior to enzymatic digestion in MS sample preparation. 

Three open-source Python scripts are provided along with this protocol to researchers. The scripts are customizable for individual experimental conditions (e.g., sample number, replicate number, incubation temperature and time, etc.) and allow further development for modified workflows. We observed an excellent 3-6% technical CVs in the number of peptide and/or protein identification between MS runs, which are comparable with previous work on other liquid handling systems (<20%)7,9. 

e) Future applications 
This protocol demonstrates the utility of a low-cost programmable liquid handling system in conjunction with SP3 beads for semi-automated proteomics sample preparation, which can be potentially applicable to mass spectrometry laboratories and core facilities to improve the efficiency of sample processing.”

Reviewers' comments:

Reviewer #1:
Manuscript Summary:
In the manuscript "Shotgun proteomics sample processing automated by an open-source lab robot," Yu Han et al. present a protocol for semi-automated sample preparation utilizing the Opentrons OT-2. Overall, the approach that the authors use - sharing their protocol that can be used with affordable hardware is very laudable, and I am especially fond of the authors sharing their code on GitHub. This general motion towards open science deserves support and will ultimately lead to better and more reproducible science.

Overall, the protocol is easy to follow, and the code is clean, and the authors seem to state realistic expectations of what the advantage of their method is. At the time of reviewing, there were three protocols on OpenTrons related to mass spec, all by far not as extensive as the ones presented here.

Major Concerns:
- None

Response: We thank the Reviewer for reviewing our manuscript and for the encouraging comments. We believe the Reviewer’s recommendations have led to an improved revised protocol and manuscript.

Minor Concerns
General:
- It seems that the OT-2 P50 is no longer sold from the vendor. The next best range is either P20 or P300. For the presented scripts, the volumes seem to not exceed 20 uL, so this should not be a problem. However, the authors should add a note for this.

Response: We thank the Reviewer for the reminder. We have now included the note that the P50 is not available for purchase from Opentrons at the moment. As the Reviewer pointed out, the P20 and P300 combination will still cover all needed pipetting volumes. We have modified the scripts to use the P20 pipette by default, and included notes in the protocol (under Step 1.1 and under Discussion) that users may need to modify and verify the exact pipette configuration depending on whether they have the P20 or the P50 pipette.

Line 109: 		“Note: At the time of writing, the Opentrons P50 electronic pipette is unavailable for purchase in the Opentrons store and has been replaced with the P20 single-channel electronic pipette which is compatible with the volumes specified in the protocol. Notes and instructions have been made in the script that replaces the P50 pipette with the P20 pipette. Users may need to test and verify the compatibility of the particular pipette being used with this protocol following Opentrons API instruction.”

Line 647: 		“At the time of writing, the P50 electronic pipette is no longer available in the Opentrons store. The current script has been modified to use the P20 pipette in its place. Users may refer to the Opentrons API to modify the scripts to use other pipettes, if necessary.”

- Pricing. The base price of the OpenTrons is stated as $5.000. However, the additional modules used in the protocol do cost extra (Magnetic Module $2.400, Temperatur Module $3.000). With pipettes for the robot, a more realistic price estimate would be above $10.000. I think this is still affordable and would recommend the authors highlight these additional costs to generate realistic expectations.

Response: We agree with the Reviewer fully. We have now revised the Introduction section to include the cost of extra modules and consumables as instructed.

Protocol:
- Please add a note to consult the safety data sheet when handling hazardous substances (e.g. DTT)

Response: Thank you for the important reminder. We have now included additional “Caution” notes to remind users to refer to the chemical safety data sheets in relevant steps (1.9 for dithiothreitol, 1.16 for iodoacetamide, and 5.1 for formic acid).

- It would be great if the authors would start with a list of the required Opentrons hardware at the beginning of the protocol.

Response: We have now updated the protocol to include the list of required Opentrons hardware at the beginning. This list is also included in the updated README.md file on the GitHub repo. 

Discussion:
-It would be useful to state the total time of manual work in the protocol when performed manually. Otherwise, the 15 to 40-minute speedups are hard to assess. While the speedup might be marginal one could highlight that the process can be parallelized with multiple OT-2s. Furthermore, one would expect the robots to have a smaller variance than humans.

Response: We have now addressed the total time of manual work in the protocol when performed with or without the liquid handling system. We have also highlighted the fact that the time reduction benefits will increase when a larger number of samples are to be processed, or when multiple OT-2s are employed in parallel as suggested. We also now mention the potential for reduced variance of using the liquid handling system, using BCA data in the revised Supplementary Table 1. In our hands, the liquid handling system did indeed lead to a small reduction of variance (7.6% CV automated, vs. 9.2% by hand) although we assume that a more accurate estimate of manual CV will require averaging many studies and operators.

Line 584: 		“The semi-automated protocol therefore reduces about 20–25 min of hands-on bench processing time per sample. This time reduction becomes considerable when a large number of samples are to be processed, and may be further improved when multiple OT-2 robots are used in parallel.”

Line 568:		“The variabilities of human (hand-pipetted) vs. robot experimental results on measuring protein concentration were further compared using 3 protein standard samples with the BCA assay. The average CV (7.57%) of robot BCA assay was found to be lower than the human manual BCA assay (9.22%) (Supplementary Table 1).”

-Repeatability. Ideally, it would be great to see how the variance will be when applying the protocol over a longer time period. While maybe no experimental data exists for this, the authors could add a sentence on how they estimate long-term stability (or maybe state that they have successfully used their protocol for X time).

Response: We thank the Reviewer for this helpful suggestion, and have now included representative performance metrics (similar number of peptide and PSM identification) of the protocol performed two months apart in Supplementary Table 2. We have revised the text to note that long-term stability may be estimated as suggested by the Reviewer:

Line 573: 		“The described protocol showed consistent performance over time when the BSA digestion protocol was performed 2 months apart and produced comparable results. The median number of unique PSMs and peptides in Figure 2 are 728 and 65, respectively. The same experiments performed on the OT-2 system two months before generated an average of 647 PSMs and 54 peptides (n=2) (Supplementary Table 2). Longer-term stability may be estimated similarly.”

Code:
- The authors should extend their readme on their GitHub page. Specifically, a brief overview of the files can be found. It is to note that the GitHub repository contains 4 *.py scripts, however the protocol describes only 3.

Response: We thank the Reviewer for the suggestion. We have now updated the README.md file in the GitHub repository to include additional information, including an overview of the files, as well as hardware and software requirements. Regarding the number of scripts, three of the .py scripts concern protein digestion as mentioned in the manuscript, whereas the other is used for total protein quantification via bicinchoninic acid assay. This script has now been moved to the “misc_script” folder for clarity. We plan to include additional information and links to the protocol in the near future.
 
- Exception handling. Some exception handling is performed, but it potentially could be extended. As an example: File SP3_peptide_cleanup.py says for total_samples that it cannot exceed 48. Later there is a check if total_samples + starting_mag_well exceeds 95 and raises an error. As the default starting_mag_well is 0, one could set total_samples to 50 without causing an exception.

Response: We thank the Reviewer for the recommendation. We have now included additional assertions and exception handling in the updated script on GitHub. We plan to continue to update the code to handle additional use cases and scenarios in the future.

- Stars: The GitHub repository currently has 0 stars. I would propose that the authors star their repo to increase visibility.

Response: We thank the Reviewer for the helpful advice. We have starred the GitHub repository, and have plans to coordinate with the potential publication of the article to publicize the repository links on Twitter to further increase visibility.

- Plotting code: If the authors would also share the code they use for plotting the graphs this would be great and in line with the attempt to increase open science.

Response: We thank the Reviewer for the suggestion. We have now included the numerical data used to produce Figure 4 and Figure 5 in the GitHub repository under the example_results subfolder. The data should allow straightforward reproduction of the bar graphs using Python, R, Excel, or other software.

Text:
Sometimes there are symbols that seem to not belong to the text, e.g. L246: "the\ message"

Response: Thank you. This has now been corrected and we have given the manuscript another round of proofreading in preparing the revised submission.

Reviewer #2:
Manuscript Summary:
The manuscript describes a low-cost automated pipetting robotic system anticipated for application in high-throughput proteomics studies. It is well written and straight-forward to follow including a comprehensive discussion and conclusion on the results. Central to the manuscript are detailed protocols how to prepare the samples and how to fill individual wells in laboratory racks that are then loaded into the system. The python scripts as well as the corresponding opentrons python protocol documentation API are very easy to comprehend and adapt for individual purposes.

Response: We thank the Reviewer for the encouraging comments and helpful advice. We are convinced that they have helped us improve our protocol and manuscript.

Minor Concerns:
I have no major concerns and I think this technology could be of great interest to academic proteomics laboratories. In particular JoVe seems to be a nice way to publish and describe this system.

As a small remark to the protocol, while I can not judge the content of each step it seems to be well documented. I would maybe make references in the introduction to the respective protocol numbers BSA sample (Protocol sections 1,2,5,6) and complex human heart lysate (Protocol sections 3,4,5,6) or similar if this is correct to improve readability.

Response: Thank you for the suggestion. We have followed the Reviewer’s recommendation and included this in the Introduction section, paragraph 3.

Line 76: 		“The procedures for processing (i) a BSA sample and (ii) a complex cardiac lysate sample are detailed in PROTOCOL sections 1, 2, 5, 6 and 3, 4, 5, 6; respectively.”

In addition it would be great if its possible to showcase in the numbers of Table 2 how much less technical variability can be achieved using this system in contrast to manual pipetting work. If such numbers for CVmanual are available.

Response: We thank the Reviewer for the recommendation. Because manual CV is likely influenced by a large number of factors including operator experience, a more complete treatment will likely require a community survey or large-scale meta-analysis of the existing literature. Nevertheless, we have now included the new Supplementary Table 1, which shows circumstantial evidence of the potential for reduced variance of using the liquid handling system for BCA assays (7.6% CV automated, vs. 9.2% by hand), at least in our hands. Thank you again for the suggestion.


