Response to Editorial and Reviewers’ comments
Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be present in the published version.
We have carefully checked the revised manuscript for errors. 

2. Please upload the custom code files as Supplemental Code Files to be included with the manuscript upon publication.

The code files are yet unpublished and will be subject of an upcoming publication, where the latest software version will be made accessible. We are in the process of submitting that manuscript.

3. Formatting:
-3.9 and throughout the manuscript – Please use “sec” as the abbreviation for second(s).
-4.2 – “multispec” should be “multispectral”
-12.5 – Are you referring to “section 11”?
We have made these changes.

4. Grammar:
-Please use American English throughout. For instance, “polarisation" should be “polarization”.
-4.11 – “choose “YES” else click “NO””
-5.7 – Please use imperative tense.
-“Tubing” should always be singular.
We have made these changes.

5. Visualization: Software usage must be performed in a GUI rather than entering commands into a terminal or running scripts. Please provide screenshots of the program used in sections 12 and 13 to confirm use of a GUI. If it is not a GUI, these sections cannot be filmed.

In the revised manuscript Section 12.1 is no longer highlighted. For the other sections we have added screenshots to ensure that these processes are performed in a GUI.

6. Additional detail is required:
-8.1, 9.1 – Please provide a citation.
We added the relevant citation.

-12.6 – What diameter is used here?
-12.9, 13.3 – What values are used here?
We added our recommended values to the corresponding sections in the protocol (see lines 569 and 581). The fluorescence anisotropy has to be measured by the researchers themselves according to Section 9, therefore we cannot give a specific value but included a cross reference to this section in line 594.

Furthermore, we included a paragraph in the discussion section with some general information about the calculation of the accessible volume (AV) of the dyes (lines 769 - 774)
“Each model uses the same accessible volume. The algorithm for the calculation of the dye AVs makes several assumptions. At first, the fluorophore’s spatial shape is approximated by a sphere. Thus, a diameter taking into account the fluorophore’s width, height and thickness should be used (Section 12). Further, the linker’s shape is approximated by a flexible rod. The values presented in Section 12 were computed for the dye Alexa 647 attached via a 12-C linker.”

-13.3 – What dye model is used here?
The user can decide which model is applied to which dye, i.e. he/she can choose between classic, iso, meanpos-iso, var-meanpos-iso and var-meanpos for every dye. Therefore, in the protocol we would rather not specify the choice as it is dependent on several parameters described in the introduction part. Please see also our reply to reviewer #3s comment 2.

-14.2 – What is meant by “one of the five models below”?
In the Calculation window the user can choose one of the five dye models described in the introduction: classic, iso, meanpos-iso, var-meanpos-iso and var-meanpos. By doing so, the individual selection of dye model combinations is overwritten and all dyes will be in the chosen model. If the user selects “User defined” the individual selection remains.


7. Branding should be removed from Figure 2 - Nesco

We have made the requested change.
---

Note: We added a new Figure, now Figure 1, according to one of reviewer #1s comments about the workflow. Therefore all the Figure numbering have changed in the new manuscript version.
Reviewers' comments:

Reviewer #1:
Manuscript Summary:
The submitted paper for JoVE provides a detailed instruction to determine accurate FRET values, related distances and meaningful location distribution of fluorescent dyes in biomolecules. The NPS of the Michaelis lab is one of the approaches following position triangulation to identify unknown dye positions and by this to determine structure (here in biomolecules). The group has made various contributions to the field of smFRET and in particular towards establishing smFRET as a quantitative ruler and tool for structural biology. The paper is well written, the content is sound and I have little requests for revisions. The paper details both the determination of all necessary correction factors, Förster radius and accurate FRET and provides sufficient advise to use custom-made software to reproduce the data presented here. The paper can be published without further review subject to minor changes:

-There are text parts highlighted in yellow; will this have any meaning later? Clarify

These highlighted parts are the essential protocol steps that will appear in the JOVE Video.

-Figure 1 looks like taken from a student practical (screenshot) and does not satisfy peer-review standards.
We have replaced Figure 1 with an appropriate figure. 

-The paper (and its understanding) would benefit from a schematic figure showing the "workflow", i.e., where which data and parameters are processed
We agree with the reviewer, that a schematic Figure would be very helpful to understand the overall protocol. Therefore we added a Figure showing the workflow of the acquisition and processing of the parameters needed for the Fast-NPS calculation (new Figure 1).

-Maybe this is only a problem in the current version of the paper but the whole manuscript could be structured better to find e.g., a method better when mentioned somewhere in the text
In the discussion part we added cross references to the protocol sections to improve the structure of the manuscript. For example:

line 719: “In order to ensure precise smFRET measurements (Section 3), it is crucial…”

line 734: “For the measurements on the fluorescence spectrometer (Sections 7 to 9) a good compromise…”


-Please provide examples of data pieces of the whole procedure if the journal allows, i.e., quantum-yield determination (spectra etc.), how r0 is determined with spectra, QY etc., show the resulting FRET histogramme of the trace in Figure 1 etc. Since figure 4 shows only the final dye positions, I am always a fan of seeing the intermediate "results" in terms of numbers etc. also in the text (or in a table)
Due to space constraints we cannot give more details regarding those computations. However, one has to note that these procedures are standard and are performed routinely by many laboratories worldwide.
Reviewer #2:
Manuscript Summary:
Dörfler et al. present a method to obtain structural information from single-molecule FRET experiments. This is a very timely issue and the group of Jens Michaelis is one of the few leading groups in this field. The focus of the manuscript is on the description and use of a significantly improved version of their NPS-software, namely Fast-NPS. In my opinion the use of sophisticated software becomes more and more important and requires good guidelines and documentation. Therefore, I do support publication of this manuscript after the following issues are addressed:

1."Short Abstract" and line 681: Please omit "complete", because this manuscript does not provide enough information to build such a "complete setup", which likely is also not intended. Only building the flow-chamber is described in detail.
We corrected this in the revised manuscript.

2.Please review the literature in the introduction. This is too much self-focused.

We have carefully checked the introduction and have added several other references. 

3.Third equation (line 115): Please give also the general definition of the gamma factor.

The general definition of the gamma factor is given in the sentence above the equation (lines 112). To clarify the connection between the definition and the given equation, we changed the sentence to:
“The 𝛾-factor corrects the difference in the relative detection efficiencies in the two channels as well as the differences in the fluorescence quantum yield of the donor and the acceptor dye. It is calculated from every individual time trace by…”


4.Line 136: I do not understand this sentence

For a better understanding we modified the sentences (line 135) and moved it to a different position in the introduction to improve the flow (line 153).
“Fast-NPS uses an advanced sampling algorithm reducing the calculation times drastically. Furthermore, Fast-NPS allows to perform a structural analysis and for each dye molecule the user can choose from a set of five different dye models which will be described next.”

5.Line 184: Lit. 29 is unpublished, which does not help at all, therefore please provide some more information, e.g. with the "representative result" (see below).

We agree with the reviewer that the unpublished literature is not a good reference here. The statistical tests we refer to are the consistency checks which are part of the JOVE protocol (section 16). We therefore included a clarifying sentence to line 191:

“These tests are included in the Fast-NPS software.”

6.Line 209 and 216: I think that Fig. 3 and Fig. 4 are interchanged.

Indeed, these two figures were interchanged. We changed the order of these figures and the corresponding captions.

7.Line 286: Gravity will not help sedimentation at all in 15min, unless the chamber is mounted in a ultra-centrifuge…

We thank the reviewer for this comment and omitted the mention of gravity in the revised manuscript.

8.Line 396: Could you comment on the use of ALEX. Should ALEX not be used?

For simplicity we restricted the protocol part to the analysis of movies taken without ALEX. However, we added a note to the measurement prerequisites to explain the use of ALEX (section 1.3):

“Note: Alternating laser excitation (ALEX) can be used when dynamics in the FRET time trajectories are observed [Kapanidis et al., Acc Chem Res 38, 523 (2005)]. Such dynamics can be caused by either conformational changes within the molecules or by fluctuations in acceptor brightness and acceptor blinking. ALEX allows for the discrimination between these two possible causes and prevents misinterpretation of dynamic FRET trajectories. However, for reasons of simplicity, we restricted the protocol part to the analysis of movies taken without ALEX.”


9.Line 479: Why are the slits set to these values? Are instruments with constant slits not usable?

We have changed the paragraph for clarification:

“7.3 Record emission spectra on a lamp-calibrated spectrometer operated in photon-counting mode. Perform the measurements with Glan-Thompson polarizers in the excitation (0°) and emission (54.7°) path (magic angle conditions) using a spectral bandwidth of about 5 nm and 2.5 nm for the excitation and emission monochromator, respectively.”
Also we included a paragraph in the discussion section describing the general requirements for these values (line 734):

“For the measurements on the fluorescence spectrometer (Sections 7 to 9) a good compromise between the signal intensity and the spectral resolution of the recorded data has to be found. To this end the slits in the excitation and emission pathway of the fluorescence spectrometer have to be adapted dependent on the instrument used and the sample concentration.”

10.Line 718: Please explain how "consistency with their smFRET measurements" is quantified. This is very important for choosing the dye model.

We have added a more in-depth discussion to the discussion section (line 777):

“To test whether a choice of models is consistent with the smFRET data, we calculate both the posterior and the likelihood. Consistency means that more than 90 % of the samples collected from the posterior are within the 95 % confidence interval of the likelihood.”
11.Fig. 6: Please discuss the consistency with the smFRET measurements for the given structures.

We see that the suggested information is missing and would constitute an important feature in understanding the conclusion of this figure. Thus we added in line 710:
“The classic and the var-meanpos networks are consistent with the smFRET data. In contrast networks where for all dyes the iso, meanpos-iso or the var-meanpos-iso model is chosen are inconsistent with the measured data.”
Reviewer #3:
Manuscript Summary:
In the above article, the authors describe how to perform and analyze single-molecule FRET data (smFRET) for doing trilateration using their newly developed Fast Nano Positioning System software. The method is relevant and knowing how to apply this method could be very useful to various groups in the FRET community. Hence, publication of this article in the Journal of Visualized Experiments would be interesting. However, there are a couple of issues that should be addressed to reach the audience.


1) The authors describe 5 different potential models that can be used when determining absolute distances with smFRET data. A more thorough discussion of these models, a figure to help clarify the differences between the models, and a discussion regarding under what conditions which model is more appropriate would be helpful.

It is indeed a crucial prerequisite that one understands for which condition one needs to choose a specific model. Therefore, we explained in the introduction (line 153-183) which environments can lead to the different spatial and temporal behavior described by the dye models. For a more detailed description of the different models and their application the reader is advised to read the publication by Beckers et. al. 32. To clarify this we have added the following sentence to the manuscript (line 183):
“More details about these models can be found in our recent publication [Beckers et al.]”

2) Related to the above point, very little is said regarding the anisotropy data. The authors should explain more what role anisotropy plays and what anisotropy values are consistent with which models.

The reviewer has pointed out one of the key aspects of the model selection. The fluorescence anisotropy may play an important role in the selection of the models. However, in our own experience we found that there is no one to one correspondence between anisotropy value and model selection. To address this point we have added the following statement to the discussion section (line 781): 
“While it is true that the lower the anisotropy, the smaller the distance uncertainty, in a smFRET network geometric arrangements of the dye molecules also have to be taken into account. Thus, while representing dye molecules with a low fluorescence anisotropy with an iso model is a typical first choice, the consistency test provides a more direct means for selecting the correct dye model. The optimal choice of dye models can lead to ….” 


3) The protocol needs to be more generalized. My impression is that the protocol is useful for students in Ulm working on the exact instruments for which the paper was written. However, if I wish to reproduce these types of experiments in my own lab, there are many questions remaining. For example, when setting up the camera, very specific information is given (Lines 307-310). It would be helpful to know what the aim of using the given the settings is. If I have a different camera, I can then figure out what settings to use. After giving the general idea, listing the settings that authors use is great but not helpful in my own lab if I am not given more general information. 

We are aware that there are many different camera types and microscope components available. However, we were following the JOVE guidelines by giving both, specific information and exact values for parameters used on our instruments in the protocol. To address the reviewer’s point we have included a new paragraph to the discussion section (line 728):

“The camera settings (integration time, electron multiplier gain, pre-amplifier gain and readout rate described in Section 3.9) should be set to values giving the best tradeoff between signal to noise ratio, dynamic range and time-resolution. They need to be re-adjusted for different experiments or if different hardware is used. The numbers of frames need to be high enough to ensure that most of the donor molecules bleach within the observation time.”

Also, the width of the slits used for the fluorescence spectroscopy measurements may depend on the spectrometer. More general information would be useful. These are only two examples of many.

Please see our reply to reviewer #2, comment 9 on the same concern.

At the end of section 4, the last instructions are to "Click "Cancel" in the next dialogue window". I am missing the bigger picture. What does "Cancel" do here? Normally, when I am finished with a task in a program, I do not press "Cancel"….

We agree with the reviewer that this last sentence is confusing. Therefore, we revised this part and clarified the working protocol by restructuring Sections 4 and 5. Section 4 now only describes the acquisition of the beadmap (Sections 4.1 to 4.7). Then Section 5 describes the protocol of processing the FRET data. We made some changes in the first steps of Section 5 which should now improve the understanding of this part.
4) What does the consistency check do? What is magic about 90?

See our reply to reviewer #2 above.

Specific Comments
5) Can the program handle site-specific quantum yields and thus Förster Radii?

The quantum yield of all the individual donors attached site specifically to the complex have to be measured one by one. This data is then used to calculate specific isotropic Förster Radii for every donor-acceptor pair. For further details please see sections 7 und 8. In the software one has to enter the specific isotropic Förster radius for each dye molecule.

6) Line 286: Remove the comment about gravity helping sedimentation. For a small protein, such as neutravidin, gravity plays no role.

We omitted the mention of gravity in the revised manuscript.

7) Line 396. 'uncheck the option "ALEX"'. Add something similar to line 411 ("when this option was not used during data collection")

This section was omitted for other clarifying reasons (see reviewer #3, comment 3).

8) Line 423. Should not this read "repeating 5.6?"

We modified the last sentence of section 5.11 (line 448) according to the editorial request to use the imperative tense, thereby omitting the reference to another section for simplification:

“To re-access a time trace click the “Prev” button.”


9) Line 688. : "As smFRET pairs, which do not show bleaching of the donor have to be excluded from the analysis…". This is not necessarily true. Please explain how to incorporate data when the donor bleaches before the acceptor. I realize it is suboptimal, but there are situations where it may be difficult to obtain molecules where the acceptor bleaches first.

The described protocol uses a molecule by molecule 𝛾-correction for which it is required that i) the acceptor bleaches before the donor and ii) donor bleaching is observed. However, in a less stringent approach also a mean 𝛾 could be used. In this case these two steps are not necessary. This leads to a different analysis procedure which is beyond the scope of this paper.


10) Figure 1. Add lines to guide the eye.
We modified this Figure.
