We would like to thank the reviewers and editor for their shared comments that improve the overall quality of the protocol. All comments are in blue. We would like to add an additional middle author (Miss Tanith Hanson – Kent) for assisting with extra experiments and supplementary protocols. Please note the line numbers in the track change file are offset by the track changes. We would also like to update the introduction within the manuscript based on a recent publication that advances E. coli cell-free yields.

“So far, current protocols for E. coli TX-TL have reached up to 4.0 mg/mL (~157 M) for the model green fluorescent protein (GFP) using a blend of 3-PGA (30 mM), maltodextrin (60 mM) and d-ribose (30 mM) as the secondary energy source 1.”

Reviewer #1:
Summary
Toh et al. detail a protocol for producing and measuring high-yields of recombinant protein from Streptomyces venezuelae based crude extracts. In general, the steps listed in the procedure are clear and easy to follow with side notes for complicated steps for users with minimal CFPS extract preparation experience. In addition to the 3-day extract preparation instructions, the authors provide a set of plasmids that allow the user to quantify and visualize their TX-TL reactions. Using this toolkit, they then demonstrate various uses of their crude extract system, including producing proteins with high G+C(%) and one-pot synthesis of uroporphyrinogen III. In addition to the detailed protocol, specific advantages to using cell-free TX-TL systems as well as S. venezuelae for natural product-based discovery are noted. I would recommend this manuscript for publication in JoVE if the authors address the questions and comments listed below.

We would like to thank for the reviewer for their time and comments.

Major Questions/Comments
1. Line 40: The authors state that reactions are "…also scalable since reactions do not require aeration for activity." Other CFPS based methods have noted that increasing reaction size in the same reaction vessel may decrease protein yields due to surface to volume effects. Have the authors demonstrated that the reaction vessel used for their CFPS reactions does not impact protein yields? If altering the reaction vessel does improve yields, the authors should consider adding a section describing the importance of optimizing reaction vessel for obtaining highest protein yields.

The reviewer makes an excellent point. Previously we have run our reactions in 384-well plates (10 L) or 2 mL tubes (33 L) and had not extensively optimised this variable. To address this point, we have performed some preliminary experiments, since we lacked this data. See below.
[image: ]
Interestingly, there is some variability as the reviewer suggests, however, all reactions in a 2 mL tube provide the highest yields. This variable requires further investigation and may not be due to aeration alone – we have unpublished data that suggests the TCA cycle is not fully functional. We have modified the manuscript in line with the reviewers recommendation.

Discussion
“The protocol is suited for both small-scale (10-100 mL) and larger-scale reactions (~2.5 mL), although some optimisation of reaction size/aeration may influence protein yield. The recommended reaction volume is 33 L in a 2 mL tube, or 10 L in a 384-well plate”

2. Figure 4 includes a workflow with semi-continuous reactions. While the use of semi-continuous reactions is mentioned a couple of times, the authors should consider including a brief description of semi-continuous reactions as well as the potential benefits to volumetric protein yield.

See below.

3. Lines 414- 417: In the representative results section, the authors note that they show the expression of the m-Scarlet-I fluorescent protein from the pTU1-A-SP44-mScarlet-I plasmid as well as the expression of a natural product pathway from the early-stages of haem biosynthesis. However, in figure 2B, the enzymes expressed are instead from the oxytetracycline BGC. Furthermore, while the authors do include Figure 4 as a workflow for the haem BGC, they do not provide any expression results or data. The authors should consider amending lines 414-417 to more clearly layout which enzyme expression results are demonstrated in the figures.

Thank you for highlighting this point. Since the protocol is focused on detailing the methodology for cell-free batch reactions, we did not provide extensive details on the semi-continuous methodology. We believe comment 2 and 3 can be addressed as follows:

“To serve as a model natural product biosynthetic pathway, the ‘one-pot’ biosynthesis of uroporphyrinogen III (uro’gen III) was performed using the pTU1-A-SP44-hemC-hemD/cysGA-hemB expression plasmid 2. This model biosynthetic pathway was chosen since uro’gen III is highly oxygen sensitive and rapidly oxidizes (loss of 6-electrons) to uroporphyrin III, which displays strong red fluorescence. This enables the reaction to be easily detected in real-time using fluorescence measurements, as well as analysis by HPLC-MS (Figure 4), as we have previously described 2. In addition, these reactions were studied using either a batch or semi-continuous method. A semi-continuous reaction is a strategy that uses a micro-dialysis device 3,4 that provides additional energy (NTPs, secondary energy source) and amino acids in order to prolong the reaction time period and increase protein synthesis yields. Here, we used the semi-continuous method to scale-up the haem model reaction and separate the TX-TL proteins from the reaction product to facilitate purification and analysis by HPLC-MS. Full details of this specific methodology is available in our previous work 2 or by others 3,4.  We propose our example schematic workflow (Figure 4) is adaptable to other natural product biosynthetic pathways.”

4. The authors should consider more strongly contrasting the use of cell-free TX-TL with in vivo protein production, particularly with regards to the open reaction environment and ease of expressing and assaying enzymes/genetic parts in parallel. Authors may also consider mentioning the use of high-throughput equipment that are amenable to cell-free systems, such as automated liquid handlers.

These are excellent points. We have added some remarks/references in the introduction and discussion to highlight these key advantages of cell-free.

Introduction

“…In addition, there is growing interest in TX-TL systems for high-value recombinant protein production in an open-reaction environment2, for example, to incorporate non-standard amino acids in antibody-drug conjugates3.”

“…strong reproducibility and automated workflows5–7. Automation of TX-TL permits the accelerated characterisation of genetic parts and regulatory elements5,7,8.”

Discussion
“…In addition, the high-throughput characterisation of genetic parts and gene expression can be assisted using next-generation sequencing 8 and acoustic liquid handling robotics 5,7.”

Specifically, we have also added a pre-print for a protocol that describes the use of liquid handling robotics assisted cell-free reactions from the Murray and Lux groups:

A Method for Cost-Effective and Rapid Characterization of Genetic Parts
https://www.biorxiv.org/content/10.1101/2021.04.30.440836v1.full

Minor Questions/Comments

- The abstract submitted to JoVE and the abstract presented in the manuscript differ with regards to the units provided for the volume of small scale reactions and the expected yields for proteins. Line 39 in manuscript indicates a range of 10 -100 uL for small scale reactions while the abstract submitted to JoVE indicates 10-100 mL. Line 41 in the manuscript estimates protein yields of ~5-10 uM while the abstract submitted to JoVE indicates ~5-10 mM.

This is part of the online submission and conversion, which does recognise special characters (Greek mu into plain text geometry "\mu"). Since there is no opportunity in the online submission, we can only clarify this to the reviewer.

- Lines 58-62: Sentence starting with "To increase TX-TL yields…" should remove the words "can increase TX-TL yields" at end of sentence due to repetition.

Thank you for highlighting – deleted.

- Line 159: Step 1.1 should not be included in the list of requirements for Day 1 as the prepared plate should be produced at least 48-72 hours prior to day 1 as indicated in the preparation notes.

Thank you for highlighting – deleted.

- Lines 185-187: For steps 1.13 and 1.14, there are no instructions for instances where the main culture OD600 is between 2.0-3.0. Should step 1.13 read "If OD600<3.0…"?

Thank you for highlighting this typo – we have modified as stated.

- Lines 250-252: Sonication instructions do not indicate that the cell suspension should be placed in an ice bath when being sonicated (Figure 1 image shows cell suspension placed on ice). Authors should consider emphasizing that cell suspension/lysed cells should be placed on ice to prevent enzyme degradation due to overheating.
- Lines 267-270: Same comment as above for lines 250-252 regarding specifying ice bath for cell suspension/lysed cells during sonication.

Thank you for highlighting – we have added comments and clarify why this is important.

“Place each microcentrifuge tube in a beaker of ice water, using a plastic tube rack to hold the tube for sonication. NOTE: Due to sensitivity of cell extract to over-heating, it is critical to ensure that the tubes do not warm up to prevent protein precipitation and reduced enzymatic activity.”

- The link for Figure 3 directs the reviewer to the excel file for Table 1. For panel C, the authors should consider changing the colors of the three different FIAsH-EDT2 conditions to larger differences in shading or different colors.

The Fig 3 link the reviewer refers to is created within the JoVE submission process, and beyond our control.

We agree the colour format for panel C is unsuitable – modified version shown below. We have also increased the size of panel B-D and altered the y-axis label to relative fluorescence units (RFU) and specified the excitation/emission settings used in the figure legend. 
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- Table 3: Authors should consider adding (mM) into the heading of 2.4X solution in Table 3 for additional clarity.

Thank you for highlighting this point - we have made this modification.

Reviewer #2:
Manuscript Summary:
The manuscript describes methods for implementing a S. venezuelae based TX-TL system. The intoduction provides useful context, rationale, and utility of this host in the rapidly expanding cell-free field. The manuscript is well written, easy to follow, and provides many useful suggestions for new users to implement the methods. The manuscript also describes multiple methods to evaluate the success of the TX-TL reactions, which can also be helpful for new users. This manuscript is going add a lot of value to the growing community of cell-free researchers.

We would like to thank for the reviewer for their time and comments.

Reviewer #3:
Manuscript Summary:
This manuscript described a very detailed protocol for the preparation of Streptomyces CFPS system, which can be adapted by new users in other labs. The optimized system was able to synthesize proteins with relatively high yields, showing potential for the expression of high G+C (%) genes involved in natural product biosynthesis. This manuscript makes a valued contribution to the scientific community. This reviewer recommends publication after clarifying a minor point:

We would like to thank for the reviewer for their time and comments.

In sections 2A and 2B: When sonicating in 1 mL fractions, the input energy was 240 J per mL of wet cells (lines 258-259). When the entire cell suspension (~6-8 mL) was sonicated together, the energy was used the same as in 1 mL suspension: 240 J per mL of wet cells (lines 276-277). Does this mean the total energy input is about 1440-1920 J? If yes, please consider adding the total energy input. Also in line 280: 720 J per mL is not the total energy input.

An excellent point. The volume can be variable depending on yield. To keep our protocol precise, we have modified our recommendation to a maximum of 5 mL of cell-suspension and included total energy input to 1200 J over 5 min of sonication.

Reviewer #4:
Manuscript Summary:

The manuscript presented by Toh et al provides a clear protocol of all the steps required for the preparation TX-TL system from Streptomyces spp. Although the manuscript shows the preparation for S. venezuelae ATCC 10712, the authors provide details on how to utilize the protocol for other Streptomyces spp. This protocol will be beneficial to the growing cell-free community. Our comments mainly focus on the representative result presented in Fig.3. However, we believe that the protocol and representative results would benefit from additional details and tips for troubleshooting. We leave it to the authors if they want to add more details only to the representative results, which is essential to understanding the presented results, or also to the protocol part which we highly encourage the authors to do.

We would like to thank for the reviewer for their time and comments.

We agree with the reviewer for highlighting these specific points on the representative results that use additional protocols. Based on related JoVE cell-free protocols (https://www.jove.com/t/50762/protocols-for-implementing-an-escherichia-coli-based-tx-tl-cell-free), we have included some separate protocols as supplementary files and provided tips for troubleshooting.

Supplementary Material S3. mScarlet-I calibration standard preparation and platereader measurements
Supplementary Material S4. FlAsH-tag methods
Supplementary Material S5. Semi-continuous reaction, purification, and HPLC-MS

Main comments:

Line 143: What batch variation do you expect, how do you verify it, and what batch variation is considered to be tolerable? We propose to use "investigate" rather than "verify" in this context

Based on the editors comments, this section has been moved to the discussion. Batch variation is an critical consideration in cell-free that we have previously discussed and provided batch variation data in Figure S2 of our recent publication2. With four tested batches, the average yield of protein (40 nM sfGFP plasmid) was 4.28 M sfGFP with a standard deviation of 1.20 M (28%). Based on this data, we suggest setting a minimum threshold for a new user with 30% less yield – this corresponds to 2.8 M sfGFP and 3.5 M mScarlet-I/mVenus-I. Increasing yields and improving batch variability is a key consideration for our future work. We have introduced some recommended targets into the manuscript text, along with some extended discussion on batch variation.

REPRESENTATIVE RESULTS
“As a guideline, this protocol should provide a minimum yield of 2.8 M for sfGFP and 3.5 M for mScarlet-I/mVenus from the expression plasmids provided on AddGene. These figures allow for typical batch variation (up to 28%) observed in previous data3, although yields greater than 10 M mScarlet-I have been achieved with optimal batches (unpublished data).”

DISCUSSION
“A major limitation for all cell-free systems is batch variation44,45. Generic factors include pipetting error, user experience, media batch variation and equipment differences. We specifically introduce a master mix to minimise pipetting error and provide detailed instructions that cover media and equipment use. To date, we report that the protocol is reproducible by a range of users in at least five UK research groups. However, it is unknown what role biological variation contributes to cell-free batch variability. Alongside global gene expression regulation differences, genome plasticity in Streptomyces spp. is widely reported and a potential contributor46. To safeguard against batch variability, key fundamental targets have been set in this protocol for new users to aim for. This includes reaching a recommended optical density (OD600 = 3.0) for cell-harvest within 16 hours of growth and achieving a minimum protein yield (within 30% of previous batch variation data) for the standard proteins. This is equivalent to 2.8 M for sfGFP and 3.5 M for mScarlet-I/mVenus.”

Lines 389-390: Aerobic and anaerobic conditions are very different; do you experience any difference in protein expression or functionality of the expressed proteins? Do you have recommended applications for either aerobic or anaerobic conditions? Furthermore: What kind of mineral oil do you use? To our knowledge some of them may still be gas permeable.

We used mineral oil (Sigma, UK) to limit oxygen diffusion in an attempt to prevent oxidation of the colourless uroporphyinogen III into the coloured and fluorescent porphyin oxidation product2. Mineral oil is used12 to quickly replicate anaerobic conditions for microbial cell cultures. However, without degassing or using an artificial reductant, we can’t guarantee that some oxygen is present – especially if it is not consumed during the reaction. We believe there are some significant differences (vesicles, ETC) between Gram-positive and Gram-negative TX-TL systems, which require further investigation. Therefore, the TX-TL reactions do not seem to require oxygen at the current level of protein production. We have unpublished data that shows succinate accumulates in the reactions, which suggests the ETC/oxidative phosphorylation may not be functional. Since it is not a major point within the protocol, we shall change all instances of “anaerobic” to “microaerobic”.

Paragraph 419 - Figure 3: The results presented in this paragraph and Figure 3 are highly valuable and show that the produced lysate is effective. However, the exact details of the experiments are missing (DNA concentration, additional components necessary, explanation of the presented results). Please add these details to the manuscript.
The different methods presented in this part will be very valuable to any new user. Therefore, as stated above, we would suggest to add how to set up the different methods of detection to the protocol.

We agree with the reviewer and have addressed the comment above.

Minor comments:

Line 49: Specify the TX-TL the first time used in text

Corrected

Line 138, 141, 229: You specify 2 numbers for the volume of lysate that should be produce. The minimal volume of 5 mL does not seem to be matching the expected pellet size.

We agree – we have corrected both numbers to 5 mL as a conservative estimate, to account for loss of material over the processing steps.

Lines 101 / 109: in line 101 you are writing about a "standard" plasmid, in line 109 about an "optimized" plasmid, at the same time you are writing about the same plasmid, as far as we understand it. Please specify.

Thank you highlighting – it is accurate to use “standard” plasmid and have corrected.

Line 156: How long can the plate be stored? Or do you recommend to make a new plate before each preparation?

We have not studied this variable in extract preparation, although S. venezuelae will survive on a GYM plate for months. Therefore, for consistency it is best use a fresh plate. In line with editor comments, we have provided some commentary on this point prior to the numbered protocol steps.

“…Also It is also recommended to streak a fresh culture of S. venezuelae ATCC 10712 from a -80°C glycerol stock onto a GYM agar plate and incubate at 28°C for at least 48-72 h until single colonies are clearly visible. Only fresh cultures should be used for the following steps.”

Line 245: Although the two versions for lysis are beneficial to the protocol, the reasoning seems to be flawed as the sonication is based on the volume of resuspended cells and therefore any losses during the previous steps are not relevant to the sonications.

Since it takes significant time and preparation to make the extracts, we have only optimised individual 1 mL sonication reactions. This provides a standard workflow, which we recommend a first time to try first. The volumes of the wet cells will differ. We agree with the reviewer and suggest it is more reasonable to modify this section to a set volume of 5 mL in a 50 mL falcon.

“Cell lysis by sonication to obtain the crude cell extract
The user can choose to disrupt the cells by sonication either in 1 mL fractions (option 2.1) or as a larger cell-suspension (5 mL) in a 50 mL tube (option 2.2). Both options have been detailed below to ensure reproducibility, since the final volume of the cell-suspension can change due to loss of cells between steps 1.17-1.32. We recommend a first-time user attempts option 2.1 to first establish the protocol.”

Line 260: How do fully disrupted cells compare to not fully disrupted cells? Do you have any tips to help new users.

Thank for you highlighting this. We have modified the protocol steps to help new users.

2.1.5. Run the sonication protocol. During the first two resting cycles, move the tube up/down and sideways, to ensure the cells are evenly sonicated. Record the energy input. Safety: Wear appropriate hearing protection during sonication. NOTE: The viscosity will decrease as cells are disrupted, and the pale cream wet cell pellet should turn into a homogenous brown fluid. The recommended energy input is 240 J per mL of well cells.
2.1.6. If the cells are only partially lysed the suspension will still appear cream-coloured with viscous clumps of cells. Repeat the sonication for an additional one or two 10-sec cyles, mixing frequently, until cells are fully disrupted.

Line 419-431: The same style is used for numbering and citations.

Thank you for highlighting this, we have changed the numbering format: 1.

Line 399: typo: as follows

Corrected

Line 495: Do you have any experience if one can also express from linear templates?

Yes – very poor (~95% less active). Although we have not tried protective recombinase proteins such as GamS. Data is available in the supplementary of our original work. Since it is not a significant finding, we prefer not to highlight this in the discussion.

Editorial comments:
Editorial Changes
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.

To the best of our ability

2. Please provide an institutional email address for each author.

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

Corrected

4. 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.
For example: Ultra Yield, Thomson, Falcon, Qiagen, etc.

Corrected

5. 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. Please include all safety procedures and use of hoods, etc.

Corrected

6. Line 134-146: Please move the discussion of the protocol to the Discussion section.

Corrected

7. Lines149-152/241-245/284-288: Please ensure that the Protocol section consists of numbered steps. We cannot have non-numbered paragraphs/steps/headings/subheadings.

Corrected – for the cell lysis stage, it is important to clarify the user has two options. We have added an extra note before introducing the numbered steps.

8. 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.

Corrected

9. Line 155-156: Add the sentence as a “NOTE”

Corrected

10. Line 176-177: Please specify how the absorbance is measured. Is a spectrophotometer used? How much sample (volume) is used to check the OD?

Corrected


11. Line 233-237/255-263/273-281: In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should only be used to provide extraneous details, optional steps, or recommendations that are not critical to a step. Any text that provides details about how to perform a particular step should either be included in the step itself or added as a sub-step. Please consider moving some of the notes about the protocol to the discussion section.

We have moved some of notes into the discussion section.

12. 338-364/384-393: 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.

Corrected

13. Please include a one-line space between each protocol step and then highlight 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.

Corrected

14. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”

15. 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

We have included additional paragraphs that covers these points.

16. For in-text formatting, corresponding reference numbers should appear as numbered superscripts after the appropriate statement(s).

Corrected

17. 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. Title case and italicize journal titles and book titles. Do not use any abbreviations. Article titles should start with a capital letter and end with a period and should appear exactly as they were published in the original work, without any abbreviations or truncations.

We have used the an equivalent reference style from PaperPile reference manager that adopts this format.

18. Figure 1: Please maintain a single space between the numeral and the unit (e.g., revise “4°C” to “4 °C”).

Corrected

19. Figure 4: Revise “16 hr” to “16 h”

Corrected

20. Table 3: Replace “uL” with “µL” amd “mg/ml” with “mg/mL”.

Corrected

21. Table 4: Replace “uL” with “µL”.

Corrected

22. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and Materials and sort the Table in alphabetical order.

Corrected
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