Dear Editor,
We thank you and the reviewers for the helpful feedback. Please see below for a point-by-point response to editorial and reviewer 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. Please define all abbreviations at first use.
We have proofread the manuscript and defined all abbreviations at first use.

2. Please revise the following lines to avoid overlap with previously published work: 3.4-3.5; from note after 3.5 (from “for the 0.2,..”) to 3.7 (“…extract to the “)
The following concern has been addressed. Changes have been made to the protocol for steps 3.5 through to 3.8.

3. 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 details to your protocol steps. 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. 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.
We have added these details to our protocol steps. 

4. Note after 1.2: please cite a reference for the plasmid and related details. Please also provide one or more figures that will help readers understand what the plasmid and the proteins (His-tagged etc) look like.
We have cited a reference for the plasmid and included a plasmid map in the revised Figure 4. We have also included a schematic of the SNAP T7 RNAP iin Figure 2A.

5. What is the composition of the storage buffer, equilibration buffer, wash buffer etc?
[bookmark: _Hlk58690574]We have added the composition of the buffers in the buffer preparation protocol section. They are also listed in the following tables:
Table 1. Lysis/equilibration buffer formula.
Table 2. Wash buffer formula.
Table 3. Elution buffer formula.
Table 4. Storage buffer formula.
Table 15. Reaction formula for elution buffer (11.1).
Table 16. Reaction formula for 5X annealing buffer.
 
6. To clarify, is the highlighted portion of your protocol a specific example for the video that is derived from the unhighlighted part of your protocol?
The highlighted portion of the protocol is the portion we wish to demonstrate in the video.

7. Please include table legends in the figure and table legends section.
Table legends have now been included in the figure and table legends section.

8. As we are a methods journal, please add limitations of your technique to the Discussion.
We have added a discussion of the limitations to the Discussion, which we include here for reference: 
“While our proposed system brings together the scalability of a DNA circuit with the functionality of a protein-based transcriptional circuit, it also introduces limitations seen in transcriptional circuits. One of the many advantages of DNA computers is the stability of nucleic acids in a variety of environments. With the addition of polymerases, the tethered polymerase system must be stored in specific conditions to prevent denaturation.  Furthermore, computing must occur in an environment with specific buffer conditions that allow for transcription. While the RNA polymerase from the T7 bacteriophage is used in this demonstration, another RNA polymerase with more application-appropriate conditions may be used to circumvent this limitation.”

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. Please include volume and issue numbers for all references and do not abbreviate journal names.
The references have been corrected to the appropriate format.

10. Please sort the Materials Table alphabetically by the name of the material.
The Materials Table has been readjusted to sort materials alphabetically. 

____________________________________
Reviewers' comments:
Reviewer #1:
In this work, Lee et al. develop a building block for molecular computing. It consists of an engineered T7 polymerase covalently fused to a user-designed oligonucleotide tether. This design allows regulating the enzymatic activity of the polymerase via toehold-mediated DNA strand displacement (TMDSD) reactions. The paper is well suited for JoVE as it presents an interesting methodology to enable programmable DNA computing. However, the text must be improved to increase clarity:

Major concerns:
- Paragraphs 5-7 of the Introduction aim to explain the key ideas and concepts of the proposed strategy, but the explanation is convoluted and not clear enough. Improving these paragraphs will positively affect the understanding of the strategy.
We have edited paragraphs 5-7 of the manuscript for a clearer explanation of the proposed strategy. We include the revised paragraphs here for review:
[bookmark: _Hlk58695023]“Here we introduce a novel building block for molecular computing that combines the functionalities of transcriptional circuits with the scalability of DNA-based circuits. This building block is a T7 RNAP covalently attached with a single-stranded DNA tether (Figure 2A). To synthesize this DNA-tethered T7 RNAP, we first produced the polymerase fused to an N- terminal SNAP-tag24 via recombinant expression in E. coli. The SNAP-tag is then reacted with an oligonucleotide functionalized with the BG SNAP-Tag substrate. The oligonucleotide tether allows us to position molecular guests in close proximity to the polymerase via DNA hybridization. One such guest is a competitive transcriptional blocker that we refer to as a “cage”, which consists of a “faux” T7 promoter DNA duplex with no gene downstream (Figure 2B). When bound to the RNAP via its oligonucleotide tether, the cage stalls polymerase activity by outcompeting other DNA templates for RNAP binding, rendering the RNAP in an “OFF” state (Figure 2C). To activate the polymerase to an “ON” state, we designed T7 DNA templates with single-stranded “operator” domains upstream of the T7 promoter of the gene. The operator domain (i.e., domain a*b* Figure 2C) can be designed to displace the cage from the RNAP via TMDSD and position the RNAP proximal to the T7 promoter of the gene, thus initiating transcription. Alternatively, we also designed DNA templates where the operator sequence is complementary to auxiliary nucleic-acid strands that we refer to as “artificial transcription factors” (i.e., TFA and TFB strands in Figure 3A). When both strands are introduced into the reaction, they will assemble at the operator site, creating a new pseudo-contiguous domain a*b*. This domain can then displace the cage via TMDSD to initiate transcription (Figure 3B).”

- A concept that is key to the methodology developed in the manuscript is TMDSD. Whereas the authors state in the Introduction that it is a well-established motif in the field of dynamic DNA nanotechnology, JoVE aims to publish self-contained articles that clearly present methods. Therefore, an introduction briefly presenting TMDSD will greatly improve the clarity of the manuscript.
We thank the reviewer for this suggestion, and we have added an introduction to TMDSD and revised Figure 1 to help illustrate the mechanism.

Minor concerns:
- Figures 1A, 6A, and 6C are never mentioned in the main text.
We have now added references to these figures in the main text

Text on pages 12-14 is highlighted in yellow, what does it mean?
JoVE requires the authors to highlight specific texts in the manuscript that they wish to include for video production. 

Reviewer #2:
The paper by Lee et al. demonstrates how programmable self-assembly of nucleic acid concepts and tools can shape the enzymatic activity of the phage-derived T7 RNA polymerase (RNAP) means to tune the dynamics of synthetic gene regulatory networks. They engineered a synthetic oligonucleotide-tethered T7 RNAP enzyme that, based on nucleic-acid strand displacement, can be used in programmable transcription in vitro applications. Also, they generated auxiliary nucleic acid assemblies that can be used as "artificial transcription factors" to regulate interactions between RNAp-T7-DNA templates.

The work is well-planned and presented, but it is poorly written; many sentences in the Introduction and Discussions of the manuscript require English revisions. In its present form, provided the authors revise the significant points and concerns highlighted here, I recommend this work to be published in the Journal of Visualized Experiments.

The authors should revise the manuscript following the comments below and consider citing relevant publications to bring light to the relevance of the work. They should also consider clarifying the novel mechanisms' schematics to represent ON/OFF and Cage/Uncaged states of the system within the drawings. The definition in Figure1, for example, should bring the concept of ON/OFF tool and how one can make use of this mechanism straight away.

I added a few examples of revisions to be considered, starting from the introduction section, and added some points to help the author address the minor problems of the manuscript:

1-The first two sentences, for example, should give the readers the past critical publications in the field:
"DNA computing uses a set of designed oligonucleotides as the medium for computation. These oligonucleotides are programmed with sequences to dynamically assemble according to the user-specified logic and in response to specific nucleic-acid inputs."
We thank the reviewer for these helpful comments. We have added citations to support this statement.

2-There should be a sentence indicating the scientific relevance of the work and why novel regulatory mechanisms need to be developed for in vitro transcription regulation?
We have added justification for development of nucleic-acid-based transcription regulation. 

3-Please add two examples (with citations) for systems that can interface with bio-systems in the following paragraph:

"Compared to silicon-based computers, the advantages of DNA computers include their ability to interface directly with biomolecules, operate in solution in the absence of a power supply, as well as their overall compactness and stability."
We have cited Lopez, Wang & Seelig and Pardee et al as DNA computers which interface directly with biological molecules. 

4-These sentences are a bit confusing, as they require revisions for English:

"Compared to self-assembly-based DNA circuits, the de novo synthesis of RNA polymers involved in vitro transcriptional circuits also enables an efficient means of in situ signal amplification and signal cascading. However, one pitfall of current transcriptional circuits is the lack of scalability, and this is because their regulation requires the use of orthogonal protein-based transcription factors, which are difficult to design."

" The proposed computing architecture is more scalable than previous designs17 because it has no sequence constraints. Coupled with a programmable TMDSD activation switch, we propose this building block will enable the construction of large cascading molecular circuits for demanding applications such as multi-gene expression analysis and molecular information processing."
We have re-written these paragraphs for clarity. They are appended below for reference:
[bookmark: _Hlk58697182]“Synthetic gene circuits, such as transcriptional gene circuits, are also capable of computation21–23. These circuits are regulated by protein transcription factors, which activate or repress transcription of a gene by binding to specific regulatory DNA elements. Compared to DNA-based circuits, transcriptional circuits have several advantages. First, enzymatic transcription has much higher turnover rate than existing catalytic DNA circuits, thus generating more copies of output per single copy of input, providing more efficient means of signal amplification. In addition, transcriptional circuits can produce different functional molecules, such as aptamers or messenger RNA (mRNA) encoding for therapeutic proteins, as computation outputs, which can be exploited for different applications. However, a major limitation of current transcriptional circuits is their lack of scalability. This is because there currently exists a very limited set of orthogonal protein-based transcription factors and de novo design of new protein transcriptions factors remains technically challenging and time-consuming.”

5-What is the actual advantage of a caged/non-caged T7-RNAp instead of selecting the concentration and timing of a T7 promoter by merely adding a conventional T7-RNAp in the system at appropriate moments? The authors should discuss how the system proposed here differs from a regular cell-free TXTL system, for example, containing T7-RNAP with a controllable injection of this particular enzyme (by a syringe pump, externally) into a tube containing DNA template activated by T7-promoter to control the expression of any gene cassette.
Aside from transcription at a controlled timepoint, the caged/non-caged system has other unique advantages: (i) it enables selective transcription of a single template from a pool of templates; (ii) it enables autonomous signal cascading, where the output of one template activates the another; (iii) similar to the previous point on cascading. this makes it possible to implement molecular circuits with feedback. We have mentioned these features in the last paragraph of the introduction.

6-Please add a sentence to introduce the SNAP-tag mechanism in the paragraph:

"To synthesize the DNA-tethered T7 RNAP, we first produced the polymerase fused to an N- terminal SNAP-tag via recombinant expression in E. coli."
We have added this sentence in our introduction. 

In the representative results section, please address the following points:

1-In Fig-1C and Fig2, although there is a red arrow representing the switching aspect, the schematics of the states ON and OFF of the mechanism are not exact, lacking the demonstration of how this mechanism switches transcription active to inactive.
The figures have now been revised as Figure 2C and Figure 3A. We have discussed these differences individually in the introduction paragraph as appended above.

2-In the plot presented in Fig3-B, it is unclear how a line is obtained from multiple experimental data-points in time. Is this a line-fit of any sort? Or simply the connection of the data-points? Please make the actual data-point relevant in the plot (as small solid circles or diamonds). Most importantly, there should be error bars representing biological replicates of the results. The same revision should be considered for Fig6-C
These two figures have now been revised as Figures 5-B and 8-C. The line is simply a connection between data-points. We have included data-points in the plot. The kinetic traces are representative plots, and the independent replicates have been included in the endpoint.

3-Similar to Fig5-B, Fig3 should also explain the fold-change difference expected for the novel transcription mechanism regulation.
These two figures have now been revised as Figures 5-B and 8-C. Figure 5-B is a representative plot of transcription kinetics from a single batch of recombinantly expressed SNAP T7 RNAP. We use this to verify that the expressed proteins are functional.

4-The system presented in Fig2 or Fig6 with two transcription factors does not inform very clear how one or two TFs can act together to either activate or inactivate genes downstream of the process. Namely, it is not clear whether the mechanism of activation is the fact that now T7-RNAp is release to drive transcription, while TFs are removed from the system or the fact that TFs are attached to T7-RNAP, there is an increase in the binding specificity and affinity to T7-promoters, acting as natural sigma factors, which would not be possible otherwise. I see some attempt to explain the mechanism in the caption of Figures 1 and 2, but their schematics do not show the mechanism precisely. I suggest better adaption of the re-printed figures, perhaps the creation of your schematics this time.

"Fig2. … when the transcription factors (TFA and TFB) are present, they bind to the anchor region upstream of the promoter, forming a pseudo-single-stranded sequence (a*b*), capable of displacing the cage through toehold mediated DNA displacement."
We have re-adapted Figure 2 to show binding domains and mechanism more clearly. This is now Figure 3 in the revised manuscript. We have kept Figure 6 the same for brevity and clutter. 

4-Fig5-C is hard to interpret the test and the result intended. Please add a legend in the gel lanes to inform what they refer to. If it is the case, please add some comparison indicating the results that should be presented (e.g., comparing the desired product and at least one control) to prove your point. However, the gel itself does not look great. I strongly suggest replacing this gel (perhaps repeat this result) to add a better-looking figure of the gel.
The intention of this gel figure was to illustrate how the SDS in the running buffer of the gel interacts poorly with cyanine nucleic acid staining dye and the importance of the washing step of the protocol. In light of the reviewer’s suggestion, we have removed this figure in favour of stressing the importance of the washing step instead within the protocol itself.


Reviewer #3:
I understand that the paper need not be scientifically novel, but I assume it should still be useful. Here the manuscript and all figures are almost perfect copies of the original research paper, and the protocols are overly simple molecular biology routines: recombinant protein expression with histag purification, gel purif, and a protocol to couple benzylguanine on oligos (diregarding the fact that this moiety is widely available as a modiciation on commercial oligos).
We thank the reviewer for this feedback. Our goal was to outline a methodology for synthesizing and characterizing a DNA-conjugated enzyme, and to highlight the potential of using this strategy to control enzymatic activity and design in vitro gene circuits.

Reviewer #4:
Manuscript Summary:
The manuscript from Lee and co-authors focuses on DNA-based nanotechnology to program the enzymatic activity of the phage derived T7 RNA polymerase (RNAP) and to build scalable synthetic gene regulatory networks.
The approach is elegant and the protocol is well written and suitable for publication.

I would just suggest to include some relevant citations and comment more in depth about the perspective application of this tool.

Minor Concerns:
1. In the following sentence" Over the past thirty years, increasingly complex DNA computational circuitries have been demonstrated, such as various digital logic cascades, chemical reaction networks, and neural networks1-3. " It's worth to mention also the importance of tight predictability of synthetic networks (https://doi.org/10.1007/978-1-61779-412-4_4; https://doi.org/10.1007/s11047-018-9715-9), and of tools for robust functionality (e.g. computational sequence design for various applications https://doi.org/10.3389/fbioe.2014.00041;
https://doi.org/10.1007/978-1-4939-7223-4_18; https://doi.org/10.1016/j.asoc.2013.06.010).
We have added mentions of mathematical predictions and computation tools (and their citations).

2. "The ability to rationally design a variety of circuit behaviours at scale should enable the implementation of complex molecular computing algorithms for applications such as disease detection, portable biomanufacturing, as well as molecular data processing and storage. "
It would be interesting if the authors could add few more insights on the use of this approach with some examples of relevant, recent works in that direction.
We have included citations for recent works in disease detection, biomanufacturing and data storage. 
