Point-by-Point Response to the Reviewers’ Comments 
 (The Reviewer’s original comments were in italics, and response in dark blue)

Editorial Comments:

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammatical errors.

Response: We thank the Editor for this comment. We have thoroughly checked the manuscript to ensure no spelling or grammar errors.  

• Please list a minimum of 6 keywords/phrases.

Response: Key words have been added.  

• Textual Overlap: Significant portions show significant overlap with previously published work. Please re-write lines 60-65, 104-107, 134-136, 191-197, 205-207, 244-248, 259-261, 270-272, 275-279, 288-291, 297-299, 301-305, 306-314, 352-372, 406-408, avoid this overlap.

Response: We thank the Editor for arising this concern and relevant changes have been made to avoid significant overlap with previously published work.  

• Protocol Language: Please ensure that ALL text in the protocol section is written in the imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.) Any text that cannot be written in the imperative tense may be added as a “Note”, however, notes should be used sparingly and actions should be described in the imperative tense wherever possible. Some examples NOT in the imperative:
1) 8.2, 8.5, 8.6, 8.7, 8.8, 8.9, 8.10, 9.6-9.8

Response: We have looked through the protocol section and relevant changes have been made to ensure that imperative voice/tense was used in the protocol.  

• Protocol Detail: 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 add more specific details (e.g. button clicks for software actions, numerical values for settings, etc) to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol. Some examples:
1) 1.2: How are they removed?
2) 2.1: How is the alignment performed?
3) 2.5, 3.5,5.2, 6.5, etc: Convert the speed to g.
4) 4.1: Mention sonication amplitude (in Watt) and frequency (in Hz).

Response: Relevant changes have been made in the revised manuscript.  

• Protocol Numbering:
1) Please adjust the numbering of your protocol section to follow JoVE’s instructions for authors, 1. should be followed by 1.1. and then 1.1.1. if necessary.
2) All steps should be lined up at the left margin with no indentations.
3) Please add a one-line space after each protocol step.

Response: We have formatted the manuscript accordingly.

• Protocol Highlight: Please highlight ~2.5 pages or less of text (which includes headings and spaces) in yellow, to identify which steps should be visualized to tell the most cohesive story of your protocol steps.

Response: We have highlighted the protocol with focusing on sample processing steps.  

1) The highlighting must include all relevant details that are required to perform the step. For example, if step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be included in the highlighting.

Response: All relevant details are included for the highlighted steps.  

2) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from one highlighted step to the next.

Response: The order of these highlighted steps essentially contains the logical flow (pretreatment of PCR tubes – FACS cell sorting – the addition of carrier, internal standards and TFE – cell lysis and protein denaturation – reduction and alkylation – trypsin digestion – preparation for direct LC-SRM analysis).  

3) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces when calculating the final highlighted length.

Response: Relevant highlights have been made in the revised manuscript.  

4) Notes cannot be filmed and should be excluded from highlighting.

Response: We thank the Editor for pointing out this. 
• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should be similarly focused. Please ensure that the discussion covers the following in detail and in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance with respect to existing methods, 4) future applications and 5) critical steps within the protocol.

Response: We have followed this guideline for preparation of the section of Discussion.  

• References: Please spell out journal names.

Response: Journal full names have been spelled out.  

• Commercial Language:JoVE is unable to publish manuscripts containing commercial sounding language, including trademark or registered trademark symbols (TM/R) and the mention of company brand names before an instrument or reagent. Examples of commercial sounding language in your manuscript are BD Influx flow cytometer, Speed Vac, a nanoACQUITY UPLC® 259 (Waters Corporation, TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific, etc.
1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding language in your manuscript with generic names that are not company-specific. All commercial products should be sufficiently referenced in the table of materials/reagents. You may use the generic term followed by “(see table of materials)” to draw the readers’ attention to specific commercial names.

Response: All commercial sounding language has been removed in the revised manuscript.  

• Table of Materials:
1) Please sort in alphabetical order.

Response: We have changed the order (please see the revised table for details).  

• Please define all abbreviations at first use (e.g, BSA, PCR, etc)

[bookmark: _Hlk48833556]Response: All the abbreviations have been defined when they appeared for the first time.  

• If your figures and tables are original and not published previously or you have already obtained figure permissions, please ignore this comment. If you are re-using figures from a previous publication, you must obtain explicit permission to re-use the figure from the previous publisher (this can be in the form of a letter from an editor or a link to the editorial policies that allows you to re-publish the figure). Please upload the text of the re-print permission (may be copied and pasted from an email/website) as a Word document to the Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please also cite the figure appropriately in the figure legend, i.e. "This figure has been modified from [citation]."
 
Response: We have reused Fig. 2 which originated from Analytical Chemistry (ACS publications) with modifications suggested by the Reviewer. We have obtained the explicit permission from ACS publisher with the link (https://s100.copyright.com/AppDispatchServlet) and uploaded the pdf file to the Editor Manger site in the ‘Supplemental Files’ section. The sentence ‘This figure has been modified from Zhang et al30 with the explicit permission from ACS publisher’ has been added in the end of Fig. 2 legend.

Reviewers' comments:
Reviewer #1: 
Manuscript Summary:
In the manuscript, the authors present a detailed protocol for cLC-SRM analysis of proteins in small numbers of human cells. The protocol includes cell sorting, cell lysis and protein digestion, LC-SRM analysis, and data analysis. MS-based proteomics has become very powerful to globally analyze proteins. However, it is very challenging for effective processing of single cells with minimal sample loss prior to MS analysis. The authors have recently developed a convenient protein carrier-assisted one-pot sample preparation method coupled with liquid chromatography (LC) - selected reaction monitoring (SRM) for targeted proteomics analysis of small numbers of human cells including single cells. Using the combined excessive exogenous protein as a carrier and low-volume one-pot processing, they greatly reduced the sample loss. High-specificity of LC-SRM can effectively address the issue about the increased dynamic concentration range resulted from the addition of exogenous carrier protein. This method is very useful for proteomics analysis of limited amount of samples. Many scientists will benefit from this useful method and protocol presented in this manuscript.

Major Concerns:
None

Response: We thank the Reviewer for this positive comment. 

Minor Concerns:
"NOTE: 10 μL of 500 mM DTT is added into 90 μL of 25 mM NH4HCO3 to make 50 mM DTT." Because DTT is solid, it might be better to use the weight of DTT. It might also be better to add: the solution needs to be freshly prepared. The same is for IAA.

Response: Relevant changes have been made in the section of Reduction and alkylation.

"High percentage TFE inhabits trypsin digestion." Here it should be "inhibits".

Response: We have changed the wrong spelling.  
Reviewer #2: 
Manuscript Summary:
Martin et al provide a manuscript accompanying a to-be-produced video protocol for cLC-SRM (carried-assisted one-pot sample preparation coupled with liquid chromatography - selected reaction monitoring). This builds upon earlier work by the authors from 2018 (doi: 10.1038/s42003-018-0107-6) that describes a proof of principle for the approach of using an excess of carrier protein (such as BSA or a complex lysate of a different species) to facilitate sample preparation of small numbers of cells for proteomic analysis with minimal sample loss.

Single-cell proteomics approaches are in their infancy, and innovations in sample preparation will be instrumental to advance the field. A video protocol will be of great use for the proteomics community.
The authors demonstrate that they can detect transitions for selected proteins of medium to high abundance and that the intensity ratio over a heavy-labeled spike-in standard correlated with the amount of input material, both from cell lysate equivalent to small numbers of cells, as well as from samples actually prepared from small numbers of cells. Finally, the authors show that very short LC gradients (5 min) can be sufficient to detect signal from small cell numbers for abundant proteins.

General comments:
1) The reviewer feels that manuscript in its current form would benefit from a greater focus on the practical aspects of readers trying to replicate this type of sample preparation (rather than, e.g. on further optimization of the protocol, such as shortening the gradients).
There are lots of optional or alternative steps contained in the protocol and presented with a high degree of ambiguity. To maximize the utility of the protocol, these need to be not just listed but rather presented to the reader in the form of a decision tree.
Specifically:
Depending on the properties of the sample or the desired outcome, when should the reader skip the optional reduction/alkylation step? Is having/not having cysteines in the target peptides the main/only criterion?

Response: We thank the Reviewer for raising these questions. We have added a note in the subsection of Reduction and alkylation: The reduction and alkylation steps are optional when there are no cysteine-containing peptides selected for target proteins. In addition, in the section of Discussion one sentence is used for additional explanation: ‘One drawback is that cysteine containing peptides cannot be selected as surrogate peptides for target proteins’.  

Similarly, the use of DDM vs TFE is discussed very vaguely, leaving the reader more confused than supported in executing the protocol.
What are the benefits/drawbacks of using a non-human carrier lysate over using BSA? How should the carrier lysate be prepared?

Response: We agree with the Reviewer. It is vague for discussion of DDM versus TFE. In the section of Discussion, we have added one sentence that ‘We are working on several different ways to further improve cLC-SRM performance with the potential of moving towards sensitive targeted single-cell proteomics.’ DDM is one way to be explored. Another way is to replace single BSA protein with non-human cell lysate as a carrier because single BSA protein may not be sufficient for unbiasedly reducing surface adsorption losses for every protein. 

For digestion, samples are to be incubated "at 75-90 °C". This is a huge temperature range and it is unclear what the implications are of picking temperatures towards the extremes of that range.

Response: We thank the Reviewer for point out this issue. We have changed the range of temperature into 90 °C to avoid such confusion.

2) The authors present the potential of the applicability of their protocol to the analysis of single cells as one of the main selling points of their protocol. (The term "single cell" is mentioned 6 times in the abstract.) However, the reviewer was somewhat sobered to find that there is only one piece of data actually from single cells (in Fig. 3). Also, in this particular instance, some data had to be removed "due to severe matrix interference" (what is that?). The reviewer thinks that it is therefore appropriate to tone down the emphasis on single cells. (The title of the manuscript was appropriate in this regard.)

Response: We agree with the Reviewer. In the section of Abstract we have reduced the number of using the term of ‘single cell’ down to 3 (please see the revised manuscript). In Fig. 3 the lowest abundance transition (chestnut) has been removed due to significant SRM signal contributed by matrix (background) interference and the highest abundance SRM transition (blue) was used for quantification.     

3) In Fig. 2 the calibration curves are calculated for samples prepared from lysate *corresponding to* defined numbers of cells, not actually from single cells. This is misleading for a number of reasons: First, it is unclear how these samples were prepared as the protocol only discusses the preparation of samples from actual individually sorted cells. Second, using data from amounts of lysate corresponding to certain cell numbers likely yield a much higher correlation of signal to input compared to data from actual single cells, because of the inherently less robust sample preparation, in addition to cell-to-cell fluctuations in protein abundance. It is important for the reader to get a realistic expectation of the power of the method by showing correlations of cell numbers (input) to signal (output). The most straightforward way is to extract the ratios from the 10 and 100 cell samples in panel C and prepare similar plots as presented in panel B. These would only have 2 data points for each transition (i.e. correlation = 1), but one could observe the deviation from a trendline going through the origin.

Response: We thank the Reviewer for this constructive comment. However, we do not agree with the Reviewer that it is misleading to use cell lysates for initial performance evaluation. As mentioned in the section of Representative results, when compared to small numbers of cells sorted by FACS, small amounts of cell lysates (e.g., 0.5-20 ng equivalent to 5-200 cells) are more uniform with less variations, which would be perfect for evaluation of the cLC-SRM method. We agree with the Reviewer that cell lysates should give much higher correlation between SRM signal and low-mass input when compared to actual small numbers of cells (e.g., robust processing and cell-to-cell variations). Due to only 2 data points for 10 and 100 cells we then turned to plot the 3 data points from the short gradient though the SRM data is preliminary with one replicate for each cell number (Fig. 3B). As expected, we do observe the trendline of SRM signal against the cell number.  

4) The preparation of the spike-in reference standard is not discussed and the procedure of calibrating crude heavy peptide concentrations with high-purity light peptides needs to be expanded on (at least referenced).
Also, from a practical point of view, adding a volume of 0.3ul of standard seems prone to rather large pipetting errors which will carry over to the quantitative accuracy of the method.
Making a master mix of NH4HCO3 /BSA/reference standard and adding a larger volume could be an option here.

Response: One note has been added to the protocol about how to prepare the spike-in reference standard and how to add a volume of 0.3 µL of peptide standard. To avoid confusion, we have removed the content for calibrating crude heavy peptide concentrations because pure heavy peptide standard is commercially available but with higher cost than crude peptide standard. We appreciate the insightful suggestion made by the Reviewer for making a master mixture and will consider this in our future work. 


Minor:
1) Fig. 1: What is "IS"?

Response: ‘IS’ is ‘Internal Standard’. Relevant change has been made in the revised manuscript.  

2) Line 265. unclear statement: "directly loading all the samples".
Should probably read: "directly loading all of the sample" or "directly loading the entire sample"

Response: We appreciate this suggestion made by the Reviewer. We have modified ‘directly loading all the samples’ into ‘directly loading all of the sample’.

3) The transition plots (Figs. 2 and 3) need to be improved.
All axes need to be geometrically aligned with each other.
The axes also need to be equally scaled where appropriate:
Retention time ranges have to be exactly (not just roughly) the same across corresponding plots.
For the heavy reference peptides, the scales need to be equal across cell numbers, rather than scaling all peaks to the same height with varying intensity ranges. This will provide a sense of the reproducibility of the spike-in standard across samples.
The fonts for axis labels are sometimes distorted.
Many labels are redundant, i.e. unnecessarily plotted multiple times.
Lines of the colors need to be defined in a legend that is part of the figure, not just in the text of the figure legend.
Gene names should be listed in the figure and "copy number" appended to make clear what the approximate numbers refer to.

Response: We thank the Reviewer for all these constructive comments. However, the SRM transition plots in Figs. 2-3 were automatically generated by using the most popular publicly available Skyline software and we cannot change the plotting format of the two figures. Gene name has been included in Figs. 2-3 (please see the revised Figs. 2-3). 


Reviewer #3:
The authors provide a protocol for a method (cLC-SRM) that they published 2 years ago.

The manuscript omits important competing methods and mischaracterizes others. Below are a few examples:
-- The authors did not mention the nanoliter-scale oil-air-droplet (OAD) chip (Anal. Chem. 2018, 90, 5430−5438, DOI: 10.1021/acs.analchem.8b00661) and other methods which in some ways outperform their method.

Response: We thank the comments raised by the Reviewer. The OAD chip method has been mentioned in the section of Introduction in the revised manuscript. There are few methods reported for proteomic analysis of single mammalian cells (Marx et al Nat Methods 2019, 16, 809) and most methods require specific devices that cannot be readily accessible by research community. For example, the OAD chip method that the Reviewer mentioned is difficult to be adopted by other researchers without expertise in microfluidics. There is no direct comparison in performance between other and our methods, and thus it is hard to determine the performance of other methods for targeted proteomics analysis of small numbers of cells. Furthermore, performance comparison is beyond the scope of this manuscript.      

-- The authors wrote that antibody methods allow for low multiplexing. However, in terms of demonstrated capability, the cLC-SRM method described by the authors has much lower multiplexing capabilities and lower throughput compared to antibody based methods, such as CyTOF.

[bookmark: _Hlk48833905]Response: It is well known that antibody-based methods have low multiplex (≤30 target proteins) and limited specificity. SRM-based targeted proteomics has been demonstrated for enabling quantification of ≥150 proteins in a single analysis with high specificity (Lee et al Cancer Epidemiol Biomarkers Prev. 29(8),1665-1672 (2020); Thermo Scientific. https://assets.thermofisher.com/TFS-Assets/CMD/Reference-Materials/pp-qqq-ms-altis-quantis-msum2017-en.pdf). Therefore, cLC-SRM has much higher multiplex than antibody-based methods though in this manuscript it was only used for simultaneous quantification of 32 target proteins. We agree that cLC-SRM has much lower sample throughput when compared to antibody-based methods.     

[bookmark: _Hlk53531339][bookmark: _Hlk53531390]-- The authors mischaracterize the advantages of the isobaric carrier approach (DOI: 10.1016/j.cbpa.2020.04.018) and the accuracy and reproducibility of SCoPE-MS. Both the original publication and the reproduction of the isobaric carrier by some of the authors (DIO: 10.1021/acs.analchem.9b03349 and DIO: 10.1074/mcp.RA119.001857) demonstrate reproducibility at r = 0.99 and accuracy at r = 0.7 - 0.8.

Response: We respectfully disagree with the Reviewer. In the section of Introduction we have clearly stated that SCoPE-MS (DOI: 10.1016/j.cbpa.2020.04.018) has low reproducibility with a correlation coefficient of only ~0.2-0.4 (Vitrinel et al ACS Omega 2020, 5, 25, 15537) between replicates because it cannot effectively prevent surface adsorption losses when single tube was used for single-cell processing without any protection. However, this does not rule out other isobaric carrier approaches. For example, the nanoPOTS platform has been well demonstrated for effective processing of single cells by downscaling sample processing volume down to ~200 nL for label-free global proteomic analysis and high reproducibility for TMT-based relative quantification (i.e., isobaric carrier) with correlation coefficient of 0.9 (DIO: 10.1021/acs.analchem.9b03349, Dou et al Anal Chem 2019, 91, 13119; DIO: 10.1074/mcp.RA119.001857, Tsai et al Mol Cell Proteomics 2020, 19, 828).   

Some statements are inaccurate. Below are a few examples:
-- "cLC-SRM was demonstrated to enable multiplexed accurate quantification of most moderately abundant proteins in small numbers of cells (e.g., 10-100 cells)..." cLC-SRM has been demonstrated to quantify only a few peptides, which is hardly "most moderately abundant proteins".

Response: Please check Table 2 for detected pathway proteins from Zhang et al Anal Chem 2019, 91, 1441, which has clearly indicated that most moderately abundant proteins can be detected by cLC-SRM. A set of surrogate peptides which correspond to EGFR/MAPK pathway proteins with a range of different protein abundance (i.e., protein copies per cell) were used to evaluate its detection sensitivity in small numbers of cells. Based on SRM analysis we concluded that it has the ability to detect and quantify target proteins at moderate abundance from small numbers of cells.     

-- The authors have many statements about "a wide dynamic range of concentrations", which I find misleading because I do not consider these ranges wide. It will be best if they specify with a number what that range, e.g., 10-fold. That fact that they find a 10-fold wide dynamic range is less useful information for the readers.

Response: We have clearly mentioned ‘a wide dynamic range of concentrations’ rather than the cell number. Please check Table 2 for detected pathway proteins (the highest abundance PEBP1: 1,245,120 copies per cell; the lowest abundance GAB1: 2867 copies per cell) from Zhang et al Anal Chem 2019, 91, 1441, which has indicated the quantitation dynamic range in protein concentrations.

-- "Recent technological advances in genomics (transcriptomics) allow for precise measurements for precise measurements of whole genome (transcriptome) in single cells 1-3." This overstates the capabilities of sequencing methods and is inaccurate.

Response: Relevant change has been made in the revised manuscript. 

Many limitations of cLC-SRM are not clearly stated, for example the FACS sorting requires that the starting material is large enough for FACS sorting.

[bookmark: _GoBack]Response: We respectfully disagree with the Reviewer. cLC-SRM is not only limited to small numbers of cells or single cells from FACS sorting, but it can also be used for analysis of other types of small samples (e.g., isolated circulating tumor cells from patient blood or LCM-dissected small tissue voxels). Furthermore, FACS can also be used to isolate rare populations of tumor cells from large numbers of normal cells for cLC-SRM analysis. In the section of Discussion, we have clearly discussed the limitations of current cLC-SRM and future improvement.

Reviewer #4: 
Manuscript Summary:
The manuscript provides a good step by step protocol to perform the proposed one-pot sample preparation - the authors give advice on critical steps and reproducing the experiments should not be a problem for anyone who worked with SRM assays before. The manuscript very well explains benefits and drawbacks of the proposed method in comparison to state of the art approaches. Additionally, the authors show a possible solution to their low sample throughput in contrast to other methods.

In general the protocol and the introduction need to be revised - several missing words, phrasing or spelling mistakes.

Response: We thank the Reviewer for this positive comment. Relevant changes have been made in the revised manuscript. 

Minor Concerns:
The authors stress, that their method 'can be easily implemented in any MS and proteomics laboratories at no additional cost for instrument or reagents'. However, the synthesis of heavy peptides might pose a challenge to some labs and indeed requires additional reagents.

[bookmark: _Hlk49030299]Response: We respectfully do not agree with the Reviewer. Heavy isotope-labeled peptide standards are commonly used for MS-based targeted proteomics and they are commercially available from multiple vendors (e.g., Thermo Scientific and New England peptide) with low cost for crude heavy peptides (~$30 per peptide).

In the text the authors often refer to a peptide shown in Fig 2 or 3 according to its derived protein name, the addition of the respective protein name to the plots would increase readability. Additionally, in Fig 2 A I suggest adding the respective peptide/protein labeling even though it is just one peptide.

Response: We thank the Reviewer for this suggestion. Relevant changes have been made in the revised Figs. 2-3.

In Figure 2B it would be beneficial to add error bars to the data points, as all the measurements were acquired in technical triplicates and high reproducibility is proposed.

Response: We agree with the Reviewer. However, not every cell number equivalent has three replicates: three and two SRM replicates were performed for 0-10 and 20-200 MCF7 cell equivalents, respectively (Zhang et al Anal Chem 2019, 91, 1441). Thus, we have decided not to add error bars to the data points.

The short gradient experiments already improve one of the major drawbacks of the method, to achieve a direct comparison between the 'standard' and the short gradient I recommend a side by side comparison of the peptide shown in Fig 3 for both gradient times. Additionally, if available for the short gradient experiments displayed in Fig 3, a 100 cell analysis would be the ideal comparison to Fig 2C in terms of sensitivity.

Response: We agree with the Reviewer and thank the Reviewer for these suggestions. Unfortunately, the data from short gradients are still preliminary and we do not have the side by side comparison data (e.g., different numbers of cells at both short and standard gradients). We are working on further improving cLC-SRM performance for analysis of small numbers of cells including single cells using short LC gradients (to be published elsewhere).       

