Dear Dr Bajaj,

Thank you for giving the opportunity to resubmit a revised manuscript for ‘A sample preparation pipeline for microcrystals at the VMXm beamline.’ We would like to thank the reviewers for taking the time to read the manuscript and give thoughtful and detailed comments that have improved the manuscript as well as ideas to improve our protocol. We have edited the manuscript to incorporate the minor comments provided by the reviewers in addition to your editorial comments. Below I have outlined our responses and the changes we have made to the manuscript to each of the reviewers’ comments.


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

Response: Manuscript has been proofread by the authors and a small number of spelling and grammar issues have been corrected.

2. Please provide an email address for all authors.

Response: Email addresses have been checked and corrected for E.V. Beale and A. Stallwood.

3. Use “mL/µL” instead of “ml/µl”, “min” instead of “minutes/mins”, “s” instead of “seconds”.

Response: Formatting of units have been changes to mL/µL, min and s.

4. Line 196: What do you mean by “long period”?

Response: Wording for step 2.14 (previously step 2.7) has been changed to provide a time range of 2-3s.

5. Lines 279-286: Do not include secondary lists (other than the numbered steps) in the protocol.

Response: The secondary list has been moved to be part of the protocol in section 5.5, as part of imaging process for the grids to assess their suitability and whether to proceed with the protocol.

6. Maintain a 0-inch left indent throughout the text and indicate new paragraphs using single-line spacing. Include a single line space between successive protocol steps.

Response: Single line spacing has been added throughout the manuscript to indicate new paragraphs and between protocol steps.

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.” E.g. Lines 201-205, etc.

Response: Language edited with the removal of “should” and “would be” to ensure use of imperative tense throughout the protocol.

8. 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 follow the JoVE Instructions for Authors for numbering the steps. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary.

Response: The feedback has been taken on board and the steps have been broken down and simplified in several places. E.g. Step 2 has been further split to ensure that each point is simplified.

9. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – LastPage (YEAR).] For more than 6 authors, list only the first author then et al. Do not abbreviate the journal name.

Response: References have been checked and full journal names added in place of previous abbreviations.

10. Please sort the Materials Table alphabetically by the name of the material.

Response: Materials have been sorted alphabetically.


Reviewers' comments:
Reviewer #1: 
Manuscript Summary:
In this work the authors describe detailed procedures for VMXm beamline at Diamond. These procedures, which are based on those used for single particle cryo-EM and microED have been tailored for X-ray diffraction and will be very useful for users hoping to collect X-ray diffraction data from small crystals. The manuscript is well written and I have no major concerns regarding the work. There are a few minor points and clarifications on the text.

Response: We thank the reviewer for their positive comments regarding the manuscript and have attempted to address their concerns below.

Minor Concerns:
-Figure 2: what are the crystals in figure 2 panel C and D? The sample is described for panel A and B, but is missing for C and D. If possible, the names of the proteins in these images should be given.

Response: Descriptions of crystals in figure 2 panel C and D have been updated to include the names of the proteins: lysozyme needles in panel C; proteinase K crystals in panel D.

-Page 4, line 11-112: "...and micro-electron diffraction (microED)". The more commonly used name for microED is "microcrystal electron diffraction".

Response: The wording for microcrystal electron diffraction has been corrected.

-Page 4, line 115: "...embedded in very thin layers (~100s nm) of vitreous ice..." The ideal thickness for single particle cryo-EM just slightly thicker than the particle itself. Really great samples may have thicknesses on the order of 20-50nm.

Response: The authors appreciate the comment regarding ice thickness for cryo-EM and have adjusted the comparison of ice thickness in the text of the introduction. The sentence now reads “In the preparation of samples for single particle cryoTEM, the particles under investigation are embedded in very thin layers (typically <100 nm) of vitreous ice such that electrons are able to transmit through the sample.”

-Some clarification on Step 2.7 may be needed. While testing the blotting behavior without the sample, is the sample actually plunged? The text states "If this effect is observed, the sample should be plunged as soon after." Do you actually plunge with no sample on when screening blotting times? If you do plunge could you clarify why and what is done later with these no-crystal grids to asses them. If you don't actually plunge the no-crystal samples, it could be specially stated in the text near this section.

Response: The wording regarding initial blotting times and plunging in sections 2.14 (was 2.7) has now been simplified as described in our earlier response. Plunging has been replaced with the notion of the blotting being stopped, as it is the blotting time that is being optimised in this section and clarification has been made that there is no requirement to plunge freeze these test grids.

Reviewer #2:
Manuscript Summary:
The authors have made a description of the workflow for the sample preparation, which they claim to assists in optimizing the quality of the diffraction data from sub-10 micron crystals at VMXm beamline. The overall article is interesting, logical and can be published with minor changes.

Response: We thank the reviewer for their supportive comments regarding the manuscript and have attempted to address their comments in below.

Below are some minor comments on the article:
A) The article mainly discusses on the use of the sample preparation protocol for the crystals of water-soluble proteins. No discussion on the feasibility of the method for non-water soluble proteins, the high-quality crystals of which generally are grown in a very viscous medium, is made. A clear mention of this would help the reader to quickly access if they can use this protocol for their sample preparation or not.

Response: Greater clarity has been made in the abstract, introduction and discussion that this protocol is suited to soluble protein crystals. We have added a sentence in the introduction (end of 3rd paragraph) and a brief paragraph to the discussion (penultimate paragraph) to address high viscosity samples such as LCP membrane protein crystals and include references to recent work on the topic.
· “While this pipeline is suited to soluble protein crystals, those that form in very viscous mediums such as membrane proteins in LCP present a different challenge for which this protocol is not suited. However, strategies are emerging for preparing LCP crystals on cryoTEM grids for microED which include reducing the viscosity of the samples by inducing a phase change to the LCP. This permits the samples to be applied to grids in a similar manner to that described in this article. Finally the sample can be milled with a focused ion beam to remove excess non-crystal material31-33.”
· 

B) The protocol is proposed as an alternative to the existing highly robust standard sample "preparation and mounting" protocols at synchrotron MX beamlines. How efficient is the protocol? From the sample at hand to the optimized grid, how long would it take? Is the protocol suitable for testing and optimizing the quality of the crystal or is it just suitable once you have well diffracting high quality crystals? These questions remains unanswered in the manuscript. I would suggest authors to discuss these questions.

Response: Discussion of the throughput of the pipeline, its suitability in testing microcrystals and optimization of the crystallisation has been added to the discussion. 
· “Overall, this pipeline will generally take 1-2 hrs (including equipment setup time) to follow from the sample arriving at VMXm to providing optimized grids with well dispersed, vitrified samples depending upon sample availability, concentration of crystals and the viscosity of the crystallization solution.”
· “It should be noted that the protocol can be applied to all microcrystal samples not just well diffracting samples that have already been optimized. A crystallization experiment that produces microcrystalline material would traditionally be a target for optimization with the aim of obtaining larger crystals, however, this sample preparation method and the capabilities of VMXm may allow adequate data to be collected from such samples without further optimization. Alternatively, if such microcrystalline samples diffract poorly, the data collected from VMXm using this sample preparation method could still act as a useful guide for further optimization of crystallization conditions.”

C) Success rate: For current sample preparation protocol at MX beamline, the success-rates are quite high. Even when you have a single high-quality crystal of suitable size, you can collect the dataset. What is the success rate of the proposed protocol? How often are the grids destroyed during blotting? How often is the sample lost in the process of optimization of the grid? What are the chances that you over blot the sample and dry up the crystal? The overall success rate needs to be quantified, at least from the general experience.

Response: Section has been added to the discussion to address the success rate of the process. ‘While cryoTEM grids are fragile, those experienced in the harvesting of crystals in loops will quickly adapt to the handling of the grids. With a small amount of experience, few grids will be lost during the blotting, freezing and loading stages of the protocol. The optimisation steps are however critical to this success and careful preparation will reduce the chances of losing crystals or reducing crystal integrity.’

D) Some other technical comments are:
1. A better reference for variable beam sizes would be https://doi.org/10.1038/srep24801. I suggest the authors to include this as the reference.

Response: Thank you. The reference has been added to the introductory section discussing microfocus MX beamlines.

2. In section 2.1. The blotting force, time and other relevant parameter are variant with the sample environment, even with the instrument used for blotting. It would be good to rephrase this sentence and make it more general. Although, there is an explanation of this at a later part of the manuscript, it gives false impressions that the text written here are applicable and general to all sample environments.

Response: As we only use single sided blotting, we do not have parameters for blotting force. We find that as long as the grid touches the blotting paper then blotting is generally consistent and efficient. We have added a NOTE: after 2.1 to highlight this potential variability, however.
“NOTE: These starting parameters are most suitable for the Leica GP plunge freezer, other parameters such as blotting force are available on the FEI Vitrobot. Single sided blotting offers consistent and efficient blotting of the grids as long as contact is made between the blotting paper and the grid. Users should note that starting parameters may need to be adjusted for their particular system.”

3. In section 5, Are the imaging conditions (parameters) for SEM generic? What kind of source did you use for the SEM? Which SEM was used? It would be better to have this information over there.

Response: More information has been added to section 5 regarding the SEM and the type of source we use at VMXm. “At VMXm, a JEOL JSM-IT100 SEM (tungsten source) with a Quorum PP3006 airlock and cryostage are utilized”
s
4. What do you mean by arbitrary unit for electron current? A proper current value with proper dwell time and other relevant information can provide user with the necessary information to grab the image of the crystal before damaging them.

Response: Unfortunately, our JEOL JSM-IT100 does not report the exact probe current only a value on a scale of 1-99, we have therefore corrected the text to reflect this, and the text now refers to a spot size of 40. The dwell times for our image parameters have been added to section 5 which keep the exposure of the sample to electrons well below the threshold for radiation damage and references have been added to support this (Hattne et al., 2018; Beale et al., 2020).

5. The diffraction picture consist of "red" overlays on many of the spots. What are they? They are not explained in any part of the text.

Response: These were an artefact from producing the image in Albula. The figure has been remade without the red boxes.

6. By what factor the S/N ratio can be enhanced by using this protocol especially at high resolutions?

Response: VMXm has been designed to minimise all sources of background scatter generated by the beamline apparatus, leaving the sample as the major source of X-ray scattering. The details of the contributions of instrument and sample background scatter are the topic of a separate manuscript in preparation. The method described here provides a means to minimise the background scatter from the sample by removing excess liquid and minimizing crystalline ice formation. The background X-ray scatter generated by the solution surrounding the crystal as observed at the detector will be directly proportional to the volume of solution intersected by the X-ray beam. This is illustrated in a paper that we have cited in the text. Figure 5 illustrates the impact on the measurable X-ray background when this method is followed and a line plot across the diffraction image has been added to the figure to demonstrate this. However, the solvent channels within the crystal itself still contribute to general X-ray background – dependent on crystal size and solvent content. We have not presented a quantitative assessment given the many factors impacting measurable background – however the message of minimising unwanted solvent surrounding the crystal is most critical.

Reviewer #3:
Manuscript Summary:
The author descried a protocol for preparing microcrystal samples for the VMXm beamline at Diamond Light Source. The protocol utilizes an approach similar to those used in cryo-EM single particle analysis and MicroED. The protocol is clear and the easy to follow. The representative results are very encouraging. Experiences learnt at the VMXm beamline will be useful to other micro-focus beamlines, as well as labs working on MicroED. Therefore, I recommend the publication of the protocol and I am looking forward to seeing the videos.

Response: We thank the reviewer for the comments and enthusiasm regarding the pipeline for preparing the samples and the VMXm beamline.

Some minor comments:
- Page 5, Line 147. The current setup of the plunge freezing instrument uses a single blotting arm (ie. Leica EM GP/GP2). Did the authors try double-sided blotting (ie. Thermo Fisher Vitrobot)? It may be useful to add pressure assisted blotting (for viscous liquid) and ink-jet spraying (see http://scripts.iucr.org/cgi-bin/paper?ic5114) to the setup in the future.

Response: We thank the reviewer for this suggestion, we have not extensively tried double-sided blotting with the Vitrobot and therefore we have little experience of pressure assisted blotting, however, we recognise this could be useful for particularly viscous samples. During double-sided blotting, the direct contact between the blotting paper and the crystals may be detrimental to crystal integrity. Single-sided blotting, where the blotting paper contacts the grid only may reduce the risk of mechanical damage to the crystals. The other advantage of the Leica, single sided blotting system is the inbuilt microscope which permits a macroscopic view of the blotting process which very instructive during blotting optimisation. This is not the case with the Thermo Fisher Vitrobot.  We welcome the suggestion of ink-jet spaying such as used in the Chameleon and would be interested to compare the results with blotting in the future.

- Page 5, Equipment setup, adding a camera to the microscopes (the one used for crystal harvesting and the one used for monitoring the blotting process) may be beneficial for specimen tracking, quality control and method development.

Response: Adding cameras to both the microscope for crystal harvesting and the plunge freezer are aspects of the pipeline which we are actively addressing for our own bookkeeping of samples arriving at the beamline. A point to capture this information has also been added to the protocol.


- Page 6, step 2.1, the blotting time can be varied according to the viscosity of the liquid and density of the crystals in the drop. Sometimes, multiple layers of blotting paper or glass fiber paper (https://scripts.iucr.org/cgi-bin/paper?S2059798320012474) can be used to improve the efficiency of blotting.

- Page 7, sample assessment. It could be a good idea to slightly adjust the conditions (ie. deposition volume, blotting time, humidity) for sample assessment, so that the optimal condition could be identified for a specific sample.

Response: For the above two points regarding step 2.1 and sample assessment discussed on page 7, greater discussion of the adjustment on deposition volume, blotting time and humidity have been added to the discussion section. The use of different blotting materials such as glass fibre paper is a very useful suggestion and we have added this to the discussion.

- Page 9, line 370, for viscous crystallization conditions, pressure can be added to assist the blotting. (https://www.biorxiv.org/content/10.1101/665448v1)

Response: Point has been added to discussion on the use of pressure to improve blotting of viscous crystallisation conditions. We thank the author for bringing the preprint regarding pressure assisted blotting to our attention.

- Page 12, the hole size and spacing between the holes will also affect the blotting. (https://www.biorxiv.org/content/10.1101/665448v1)

Response: Sentence added to discussion to address different hole sizing and shapes in support films – “Other support films such as those with 1 µm holes with a 4 µm spacing as well as support films with different shaped holes are available, all of which will affect the blotting time.”

The widely used EM grids are not optimized for cryo-EM SPA and MicroED applications. With the development of micro-focused X-ray beamlines, it could be a good time to design new supporting grids. For example, they can be made into a new shape for easier handling. Furthermore, it should be possible to create patterns on the supporting film for trapping crystals like those fixed target chips used in serial crystallography at synchrotrons.

Response: We thank the reviewer for these suggestions. We agree that there are some limitations to the grids we currently use and are particularly interested in changing the shape of the support film to prevent issues such as preferential orientation. We hope to be able to explore and tackle these issues soon.

We look forward to hearing from you regarding our resubmission and would be happy to answer any further points you may have.

Yours sincerely,

Dr Adam Crawshaw
Dr Gwyndaf Evans
