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1st Editorial Decision 16th Oct 2023

Dear Prof. Moiseenkova-Bell

Thank you for the submission of your research manuscript to our journal. We have now received the full set of referee reports
that is copied below.

Given the supportive and constructive comments, we would like to invite you to revise your manuscript with the understanding
that the referee concerns must be fully addressed and their suggestions taken on board. Please address all referee concerns in
a complete point-by-point response. Acceptance of the manuscript will depend on a positive outcome of a second round of
review. It is EMBO Reports policy to allow a single round of revision only and acceptance or rejection of the manuscript will
therefore depend on the completeness of your responses included in the next, final version of the manuscript.

We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (January 16, 2023). Please discuss the revision progress ahead of this time
with the editor if you require more time to complete the revisions.

I am also happy to discuss the revision further via e-mail or a video call, if you wish.

You can either publish the study as a short report or as a full article. For short reports, the revised manuscript should not exceed
27,000 characters (including spaces but excluding materials & methods and references) and 5 main plus 5 expanded view
figures. The results and discussion sections must further be combined, which will help to shorten the manuscript text by
eliminating some redundancy that is inevitable when discussing the same experiments twice. For a normal article there are no
length limitations, but it should have more than 5 main figures and the results and discussion sections must be separate. In both
cases, the entire materials and methods must be included in the main manuscript file.

****IMPORTANT NOTE:
We perform an initial quality control of all revised manuscripts before re-review. Your manuscript will FAIL this control and the
handling will be delayed IN CASE the following APPLIES:

1) A data availability section providing access to data deposited in public databases is missing. If you have not deposited any
data, please add a sentence to the data availability section that explains that.

2) Your manuscript contains statistics and error bars based on n=2. Please use scatter blots in these cases. No statistics should
be calculated if n=2.

When submitting your revised manuscript, please carefully review the instructions that follow below. Failure to include requested
items will delay the evaluation of your revision.*****

When submitting your revised manuscript, we will require:

1) a .docx formatted version of the manuscript text (including legends for main figures, EV figures and tables). Please make sure
that the changes are highlighted to be clearly visible.

2) individual production quality figure files as .eps, .if, .jpg (one file per figure).
Please download our Figure Preparation Guidelines (figure preparation pdf) from our Author Guidelines pages
https://www.embopress.org/page/journal/14693178/authorguide for more info on how to prepare your figures.

3) a .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point responses to their comments. As
part of the EMBO Press transparent editorial process, the point-by-point response is part of the Review Process File (RPF),
which will be published alongside your paper.

4) a complete author checklist, which you can download from our author guidelines
(<https://www.embopress.org/page/journal/14693178/authorguide>). Please insert information in the checklist that is also
reflected in the manuscript. The completed author checklist will also be part of the RPF.

5) Please note that all corresponding authors are required to supply an ORCID ID for their name upon submission of a revised
manuscript (<https://orcid.org/>). Please find instructions on how to link your ORCID ID to your account in our manuscript
tracking system in our Author guidelines
(<https://www.embopress.org/page/journal/14693178/authorguide#authorshipguidelines>)

6) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable online.



A maximum of 5 EV Figures can be typeset. EV Figures should be cited as 'Figure EV1, Figure EV2" etc... in the text and their
respective legends should be included in the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be bundled together with their legends
in a single PDF file called *Appendix*, which should start with a short Table of Content. Appendix figures should be referred to in
the main text as: "Appendix Figure S1, Appendix Figure S2" etc. See detailed instructions regarding expanded view here:
<https://www.embopress.org/page/journal/14693178/authorguide#expandedview>

- Additional Tables/Datasets should be labeled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in
a separate tab in case of .xls files. Alternatively, the legend can be supplied as a separate text file (README) and zipped
together with the Table/Dataset file.

7) The Data Availability section should follow the model below (see also <
https://www.embopress.org/page/journal/14693178/authorguide#dataavailability>).

# Data availability
The datasets (and computer code) produced in this study are available in the following databases:

- RNA-Seq data: Gene Expression Omnibus GSE46843 (https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE46843)
- [data type]: [name of the resource] [accession number/identifier/doi] ((URL or identifiers.org/DATABASE:ACCESSION])

*** Note - All links should resolve to a page where the data can be accessed. ***

8) At EMBO Press we ask authors to provide source data for the main figures. Our source data coordinator will contact you to
discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload and
organize the files.

Additional information on source data and instruction on how to label the files are available
<https://www.embopress.org/page/journal/14693178/authorguide#sourcedatas.

9) The journal requires a statement specifying whether or not authors have competing interests (defined as all potential or actual
interests that could be perceived to influence the presentation or interpretation of an article). In case of competing interests, this
must be specified in your disclosure statement. Further information: https:/www.embopress.org/competing-interests

10) Figure legends and data quantification:
The following points must be specified in each figure legend:

- the name of the statistical test used to generate error bars and P values,
- the number (n) of independent experiments (please specify technical or biological replicates) underlying each data point,
- the nature of the bars and error bars (s.d., s.e.m.)

- If the data are obtained from n {less than or equal to} 5, show the individual data points in addition to the SD or SEM.
- If the data are obtained from n {less than or equal to} 2, use scatter blots showing the individual data points.

Discussion of statistical methodology can be reported in the materials and methods section, but figure legends should contain a
basic description of n, P and the test applied.

See also the guidelines for figure legend preparation:
https://www.embopress.org/page/journal/14693178/authorguide#figureformat

- Please also include scale bars in all microscopy images and define their size in the legend, not the image.

11) Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets that were re-used and
obtained from public databases. Data citations in the article text are distinct from normal bibliographical citations and should
directly link to the database records from which the data can be accessed. In the main text, data citations are formatted as
follows: "Data ref: Smith et al, 2001" or "Data ref: NCBI Sequence Read Archive PRINA342805, 2017". In the Reference list,
data citations must be labeled with "[DATASET]". A data reference must provide the database name, accession
number/identifiers and a resolvable link to the landing page from which the data can be accessed at the end of the reference.
Further instructions are available at <https://www.embopress.org/page/journal/14693178/authorguide#referencesformat>.

12) All Materials and Methods need to be described in the main text. We would encourage you to use 'Structured Methods', our
new Materials and Methods format. According to this format, the Materials and Methods section should include a Reagents and
Tools Table (listing key reagents, experimental models, software and relevant equipment and including their sources and



relevant identifiers) followed by a Methods and Protocols section in which we encourage the authors to describe their methods
using a step-by-step protocol format with bullet points, to facilitate the adoption of the methodologies across labs.

More information on how to adhere to this format as well as downloadable templates (.doc or .xls) for the Reagents and Tools
Table can be found in our author guidelines: <
https://www.embopress.org/page/journal/14693178/authorguide#manuscriptpreparations.

An example of a Method paper with Structured Methods can be found here:
<https://www.embopress.org/doi/10.15252/msb.20178071>.

13) As part of the EMBO publication's Transparent Editorial Process, EMBO Reports publishes online a Review Process File to
accompany accepted manuscripts. This File will be published in conjunction with your paper and will include the referee reports,
your point-by-point response and all pertinent correspondence relating to the manuscript.

You are able to opt out of this by letting the editorial office know (emboreports@embo.org). If you do opt out, the Review
Process File link will point to the following statement: "No Review Process File is available with this article, as the authors have
chosen not to make the review process public in this case."

We would also welcome the submission of cover suggestions, or motifs to be used by our Graphics lllustrator in designing a
cover.

I look forward to seeing a revised form of your manuscript when it is ready and please let me know if you have questions or
comments regarding the revision.

Yours sincerely,

Martina Rembold, PhD
Senior Editor
EMBO reports

Referee #1:

The manuscript by Pumroy et al., describes the molecular detail of ruthenium red (RR) on pore blocking in TRPV channels.
Overall the study is of a high quality and the cryoEM structures are clear. The study will be important in the field and the authors
should be commended for their work. There were no major concerns with the work, however there are a few minor comments
that may increase the clarity and/or impact of the study (in order of appearance).

The introduction is comprehensive to anyone who knows TRPV biochemistry but could do with a couple details for those who
are not, particularly a few words briefly explaining a knock on/knock off mechanism would be appreciated.

For consistency some units have a space before others don't for example TmM vs 0.5 mM
RR was added to ensure "saturation" it would be good to give what the concentration required would be without voltage, ie not
through patch clamp? Has this been studied previously or is it unknown? Does this then link to the 2 potential binding positions,

is one an artifact of the high concentration of RR?

For the datasets, its interesting that the PIP2 dataset contains a significant amount more particles per micrograph almost by an
order of magnitude. Why is this? Given the significant amount of data here, why only a small change in resolution.

It is interesting that when PIP2 is added the sample behaves very differently in terms of preferred orientation and the micrograph
shown. Do the authors know why this might be?

When comparing conformations it would be good to see an r.m.s.d value, maybe a table comparing these would be a good way
to display this.

For the methods, line 2, at 300c¢ with 200. 200 what? Assume r.p.m.
What wavelength was used for the O.D.

How was the sample concentrated?



What temperature were the centrifugal steps undertaken at, one would assume 4 Deg?
What size Superose 6 column was used?

Second paragraph, third line, should be HCI not HCL.

What were the glow discharge parameters used?

For the TRPV5RR dataset why was this the only one which used CRYOSPARC.

In Supp table 1, why does the pixel size vary from 0.834, 0.84, 0.83. In addition the dose should also be given, B-factors for the
model would help.

Labels in Supp 2 A and D would help identify the map seen as is done in supp fig 8.

Figure 1B, the density for 2-APB is not clear and in the current view it looks to be a poor fit.

Referee #2:

This manuscript from Pumroy etc. report the cryo-EM structures of TRPV2 and TRPV5 in complex with Ruthenium red, which is
a channel blocker, in presence and absence of agonist and then validate these structural finding using electrophysiology.
Transient Receptor Potential (TRP) channels, which are generally non-selective cation channels, conduct Ca2+ in response to
disparate activators, including sensory stimuli such as temperature, touch, and pungent chemicals. This manuscript is important
for the TRP channel community because it provides a RR based structural-functional framework for better understanding TRP
channel block. Although the structure of TRPV6, a homolog of TRPV5 and TRPV2, complexed with RR has been determined,
the structures presented here provide new additional insight into regulation of channel activity. However, however, there are
some important criticisms that we would first like to be addressed.

1. Authors mentioned that "As this density is not present in the otherwise similar TRPV2Apo2 (PDB 6U86/EMD-20678)
structure, we attribute this density to RR, although the irregular shape does not allow for the molecule to be built. This irregular
shape may be due to the flexibility of the TRPV2 SF, giving RR the freedom to sample multiple binding conformations" but this
in contrast to the structure solved in presence of 2-ABP, where the RR has bound to the channel with explicitly RR, snugly fitting
in the predicted density. Therefore, RR in the TRPV2 structure where 2-APB is not present need further clarification. It would be
interesting to see whether the focused refinement or signal subtraction improves the density for RR in TRPV2 SF.

2. Supplementary figures 3 indicate the use of C4 symmetry in the TRPV2-2APB+RR structure and C1 symmetry in the
TRPV2+RR structure. Is there a specific reason for the symmetry change in the TRPV2+RR structure? Is the pore still exhibiting
4-fold symmetry?

3. The sentence "the addition of RR to the open channel led to the pore reverting to the closed conformation” does not clarify
whether RR also binds to the closed state and stabilize it. It is possible that RR stabilizes the closed state. Considering that
PIP2 only binds to a small fraction of particles, it is also possible that RR does not stabilize the PIP2-bound open state rather
inhibited state since PIP2 is not present in the structure. The authors should exercise caution in their analysis regarding these
possibilities.

4. The sentence "RR is not large enough to simultaneously occupy all three positions" authors need to explicitly state which
three position are these?

5. The authors suggest that the irregular shape of RR density in TRPV2-RR may be due to the flexibility of the TRPV2 SF,
allowing RR to adopt various binding conformations. However, in the presence of 2-APB, the RR density is well-defined and
matches the predicted density. Further clarification is needed to clarify the RR density in TRPV2 when 2-APB is absent. It would
be valuable to explore focused refinement or signal subtraction to improve RR density in the TRPV2 SF and see if the predicted
density matches with that of RR.

6. The text mentions that "it is unclear if RR binding in the TRPV2RR SF represents a blocked state of the channel." It would be
helpful to elaborate on the potential consequences or significance of this uncertainty. What are the broader implications of this
observation for the ion channel field?



7. When referencing previous work, it is important to include citations to support the claims made. For instance, when
mentioning the "TRPV2Apo2 state (PDB 6U86)," provide a citation to the relevant paper or publication.

8. Previously, it was established that substituting D542A in the SF of TRPV5 or TRPV6 renders the channel nonfunctional.
Therefore, it's essential to clarify how currents are obtained in a double mutation (T539A/D542A) channel and how RR inhibits
this channel.

9. What causes the difference in RR binding when PIP2 is present compared to when it is absent? These structural findings are
very interesting and needs to be explained in the text.

10. Despite RR having a higher affinity for the channel, TRPV2-2APB+RR still appears to be in an open-like state, rather than
inhibited or closed. It is worth investigating whether any other channel conformations were excluded during data processing,
possibly representing an inactivated state. Additionally, why isn't PIP2 observed in the TRPV5 structure? It is possible that PIP2-
containing particles were excluded from data processing because they represent only a subset of particles. The data processing
flow chart shows many classes that could be refined to a decent resolution, making it interesting to explore these different
conformations.

11. Possibly beyond the scope of this article, but | am very curious how your data set might benefit from 3D variability analysis
and/or multi-body refinement for the two particle stacks individually and/or also combined? It would be great to see if undulations
coincide with RR bindings, and/or improvements in resolutions using multi-body refinement approaches

12. How the lipids are placed in the channel in these structures and compared to previously published structures? Do authors
observe any differences in lipid movement or displacement in RR bound state? | think a figure is required for comparing the lipid
presence or absence or displacement in different conformation of these channels.

Referee #3:

The manuscript entitled "Molecular Details of Ruthenium Red Pore Block in TRPV Channels" submitted by Pumroy et al and by
Vera Moiseenkova-Bell lab is an interesting manuscript.

Ruthenium Red has been used as a channel blocker for a long time. In this manuscript, the authors attempted to understand the
binding site of the Ruthenium Red on TRPV2 and TRPV5, a thermosensitive and a non-thermosensitive ion channel
respectively. Though this work is good and a lot of work has been included in this manuscript, at present this manuscript lacks
some key aspects. My comments are not the quality of the data that has been provided. My comments are mainly to address
the questions and confirming the findings.

Major concerns are:

1) No mutagenesis work has been done to conform the role of main residues that confer Ruthenium Red binding. Ideally these
few key residues should have been mutated and electrophysiology data should be provided to show that efficacy of Ruthenium
Red binding on the mutated channel. In absence of this mutagenesis followed by electrophysiology data

2) Simulation data is required to supplement the binding of Ruthenium Red. The simulation data will provide more mechanistic
details.

3) Another major concern is the introduction section. The logic to pick up only TRPV2 and TRPV5 among all other TRP channels
are not properly justified.

4) Also use of 2APB as TRPV2 agonist is bit critical. 2APB is not a specific ligand for TRPV2 and it binds to many other ion
channels. In that context also logic to use 2APB as a ligand for TRPV2 need justification. The point is there might be a different
structure altogether if the ligand become highly-specific for a channel.

5) Is there any mutation known in the human disease data base/cancer data base that high-lights the key residues involved in
Ruthenium Red binding on the TRPV2 and TRPV5? Especially in the pore region?



1st Authors' Response to Reviewers 1st Dec 2023

Referee #1:

The manuscript by Pumroy et al., describes the molecular detail of ruthenium red (RR) on pore
blocking in TRPV channels. Overall the study is of a high quality and the cryoEM structures are
clear. The study will be important in the field and the authors should be commended for their
work. There were no major concerns with the work, however there are a few minor comments
that may increase the clarity and/or impact of the study (in order of appearance).

We thank the reviewer for their thoughtful comments.

The introduction is comprehensive to anyone who knows TRPV biochemistry but could do with
a couple details for those who are not, particularly a few words briefly explaining a knock
on/knock off mechanism would be appreciated.

We thank the reviewer for pointing this out, we have added a brief explanation of the
knock off mechanism to the introduction. We added the following sentence to the first paragraph
of the introduction:

“In this mechanism, the SF can host multiple ions simultaneously, then when a new Ca**
ion is introduced into SF, it displaces or "knocks off" the originally positioned Ca®* ion from the
pore, making room for the incoming one”

For consistency some units have a space before others don't for example 1mM vs 0.5 mM
We thank the reviewer for catching this, we have gone over the text and figures carefully
to make sure this formatting is consistent.

RR was added to ensure "saturation™ it would be good to give what the concentration required
would be without voltage, ie not through patch clamp? Has this been studied previously or is it
unknown? Does this then link to the 2 potential binding positions, is one an artifact of the high
concentration of RR?

We are not aware of any non-patch clamp experiments, such as cytoplasmic Ca”*
measurements examining the effect of RR on TRPV5 and TRPV2, but keep in mind that the
membrane potential of most cells is negative, so even in those experiments the membrane
potential would not be zero. In patch clamp experiments it is hard to determine RR block at 0
mV, as the currents reverse there. As for TRPV5, due to strong inward rectification, it is also
hard to determine RR block at positive voltages. Given that TRPV2 is inhibited less at positive
voltages, we may assume that inhibition also requires more RR at 0 mV than at negative voltage.
For this reason, and to align with established practices in cryo-EM structural studies of ion
channels [Pope et al.,, 2020 (PMCID: PMC7245552); Neuberger et al., 2021 (PMCID:
PMC8560856); Zhen et al., 2023 (PMCID: PMC10333285)], we employed 1 mM RR.

With regard to the 2 potential binding positions, that result could be due to the different
initial conformational states. When RR is closer to D542 in TRPVS5, it has not been subjected to
any activation stimulus. Conversely, when RR is positioned nearer to N572, the channel was
previously activated with PIP2.

For the datasets, its interesting that the PIP2 dataset contains a significant amount more particles
per micrograph almost by an order of magnitude. Why is this? Given the significant amount of
data here, why only a small change in resolution.



It can be challenging to make a clear connection between grid quality and freezing
conditions as samples that are apparently identical can result in grids of widely varying quality.
That being said, we have observed that the addition of charged lipids like PIP2 can have a big
effect on particle distribution, perhaps due to some effect at the air-water interface.

With regards to the small change in resolution despite a large difference in the number of
particles, there are a variety of factors that can contribute to the final structure quality beyond
particle count, such as ice thickness, heterogeneity and angular distribution. In this case, it's
important to consider that the activator directly influences the conformational state of the
channel. In the TRPV5 RR and PIP2+RR datasets, the RR dataset has very little heterogeneity
compared to the increased heterogeneity of the PIP2+RR dataset.

It is also worth noting that the highest resolution structure of TRPV5 currently deposited
in the RCSB database is 2.6 A, very close to the 2.65 A we report here for TRPV5ppo+rg.
Additionally, the difference in resolution between the TRPV5gg and TRPV5pp24rr Structures is
0.3 A, which is a significant improvement at this resolution range.

It is interesting that when PIP2 is added the sample behaves very differently in terms of preferred
orientation and the micrograph shown. Do the authors know why this might be?

We have observed that the addition of PIP2 can have an effect on particle distribution
and grid quality compared to freezing apo conditions of the same batch of protein on the same
day, but the effects are not consistent enough to establish a clear pattern. As we show in
Appendix Figure S5 (initially called Supplementary Figure 8), there’s a large change in angular
distribution among the three conditions with RR and PIP2. Difference in particle behavior may
be due to the addition of charge or perhaps due to some change at the air-water interface.

When comparing conformations it would be good to see an r.m.s.d value, maybe a table
comparing these would be a good way to display this.

We thank the reviewer for the suggestion, we have added r.m.s.d. values in the main text
when comparing the structures presented in this paper to previously published structures.

For the methods, line 2, at 300c¢ with 200. 200 what? Assume r.p.m.
What wavelength was used for the O.D.
How was the sample concentrated?
What temperature were the centrifugal steps undertaken at, one would assume 4 Deg?
What size Superose 6 column was used?
Second paragraph, third line, should be HCI not HCL.
What were the glow discharge parameters used?
We have added these details to the methods section

For the TRPV5RR dataset why was this the only one which used CRYOSPARC.

We have only included the processing trees done to obtain the final published structures,
but we did extensive analysis in both cryoSPARC and Relion to determine what states were
contained in each dataset and the processing strategy to get the best structures. We tended to
favor Relion over cryoSPARC for processing due to the Bayesian polishing feature, but did move
particles between programs for certain features. For example, the TRPV2,aps+rr dataset was
primarily processed in Relion, but the final set of particles were imported to cryoSPARC for non-
uniform refinement as a final step.



In Supp table 1, why does the pixel size vary from 0.834, 0.84, 0.83. In addition the dose should
also be given, B-factors for the model would help.

While all of the data was collected on the same microscope, the collections were
separated by several months. This resulted in some slight variations in pixel size at the same
magnification, especially as we had to swap out the camera during this period.

We have added the dose and model B-factors to Appendix Table S1 (before called
Supplementary Table 1).

Labels in Supp 2 A and D would help identify the map seen as is done in supp fig 8.
We thank the reviewer for this comment and have made this alteration to Appendix
Figure S1 (initially called Supplemental Figure 2).

Figure 1B, the density for 2-APB is not clear and in the current view it looks to be a poor fit.

We agree that the density for 2-APB is not ideal. This is due to the combined factors of
poor affinity of 2-APB (ECsy in the hundreds of micromolar range) for TRPV2 and the
heterogeneity of TRPV2 induced by 2-APB binding. While the density for 2-APB is not as clear
as the density we observe for RR, it is entirely consistent with both our previously observed 2-
APB density (Pumroy et al Nat Comm 2022) and the conformational changes we observe at S5
and the S4-S5 linker which create a gap at this site, as we mention in the text. Beyond the
structures the reviewer has access to (in this work and our previous publications), | should note
that we have obtained many structures of TRPV2 in the presence of 2-APB in a variety of
different conditions and 2-APB produces a strong and incredibly consistent structural effect on
TRPV2 in our hands.

Referee #2:

This manuscript from Pumroy etc. report the cryo-EM structures of TRPV2 and TRPV5 in
complex with Ruthenium red, which is a channel blocker, in presence and absence of agonist and
then validate these structural finding using electrophysiology. Transient Receptor Potential
(TRP) channels, which are generally non-selective cation channels, conduct Ca2+ in response to
disparate activators, including sensory stimuli such as temperature, touch, and pungent
chemicals. This manuscript is important for the TRP channel community because it provides a
RR based structural-functional framework for better understanding TRP channel block. Although
the structure of TRPV6, a homolog of TRPV5 and TRPV2, complexed with RR has been
determined, the structures presented here provide new additional insight into regulation of
channel activity. However, however, there are some important criticisms that we would first like
to be addressed.
We thank the reviewer for their thoughtful comments

1. Authors mentioned that "As this density is not present in the otherwise similar TRPV2Apo2
(PDB 6U86/EMD-20678) structure, we attribute this density to RR, although the irregular shape
does not allow for the molecule to be built. This irregular shape may be due to the flexibility of
the TRPV2 SF, giving RR the freedom to sample multiple binding conformations” but this in



contrast to the structure solved in presence of 2-ABP, where the RR has bound to the channel
with explicitly RR, snugly fitting in the predicted density. Therefore, RR in the TRPV2 structure
where 2-APB is not present need further clarification. It would be interesting to see whether the
focused refinement or signal subtraction improves the density for RR in TRPV2 SF.

While the processing for the structure we chose to publish in this work is the result of a
simple processing method, we did make extensive attempts to improve density/alignment of the
potential RR density in multiple programs, including focused refinement. We suspect that RR can
occupy a large number of conformations in the open SF that unfortunately do not seem to
coincide with even minor conformational changes to the channel which would usually aid in this
kind of classification.

2. Supplementary figures 3 indicate the use of C4 symmetry in the TRPV2-2APB+RR structure
and C1 symmetry in the TRPV2+RR structure. Is there a specific reason for the symmetry
change in the TRPV2+RR structure? Is the pore still exhibiting 4-fold symmetry?

We chose to present the TRPV2gg structure in C1 rather than C4 due to the amorphous
nature of the extra density in the SF. When C4 symmetry was applied, this averaged to a central
vertical density which would position RR outside interaction range of any pore residues, which
we consider an artifact (Appendix Figure S4). The channel itself does remain C4 symmetrical,
with only some slight variation in the pose of Glu609.

3. The sentence "the addition of RR to the open channel led to the pore reverting to the closed
conformation™ does not clarify whether RR also binds to the closed state and stabilize it. It is
possible that RR stabilizes the closed state. Considering that PIP2 only binds to a small fraction
of particles, it is also possible that RR does not stabilize the PIP2-bound open state rather
inhibited state since PIP2 is not present in the structure. The authors should exercise caution in
their analysis regarding these possibilities

We forgot to mention in the initial submission of this paper that TRPV5 was incubated
with PIP2 for 5-10 minutes before the addition of RR rather than the two drugs being co-applied.
In our cryoEM datasets of PIP2 alone, the open conformation is a major state immediately
obvious even before sorting. Based on this, we think RR is indeed closing PIP2 activated TRPV5.
We have clarified grid preparation conditions in the results section and methods.

4. The sentence "RR is not large enough to simultaneously occupy all three positions™ authors
need to explicitly state which three position are these?

We thank the reviewer for catching this mistake, this section was rearranged after being
initially written and previously came after our discussion of the three proposed Ca** binding
sites described for TRPV6 that we show in Figure 3. We have altered this line to remove the
reference to the Ca** binding positions.

5. The authors suggest that the irregular shape of RR density in TRPV2-RR may be due to the
flexibility of the TRPV2 SF, allowing RR to adopt various binding conformations. However, in
the presence of 2-APB, the RR density is well-defined and matches the predicted density. Further
clarification is needed to clarify the RR density in TRPV2 when 2-APB is absent. It would be
valuable to explore focused refinement or signal subtraction to improve RR density in the
TRPV2 SF and see if the predicted density matches with that of RR.



As mentioned above, we did make extensive attempts to resolve the conformation of RR in
TRPV2gr. Unfortunately, RR is either too small, too poorly coordinated, or too heterogeneous to
be resolved for that dataset.

6. The text mentions that "it is unclear if RR binding in the TRPV2RR SF represents a blocked
state of the channel.” It would be helpful to elaborate on the potential consequences or
significance of this uncertainty. What are the broader implications of this observation for the ion
channel field?

We thank the reviewer for pointing out that this sentence touches on a much bigger
implication for the ion channel field. We decided to remove this sentence because based on the
data we have, all we can say is that the SF in TRPV1-TRPV4 is flexible even in the absence of
activators, as shown previously both functionally and structurally [Jara-Oseguera et al eLife
(PMID: 31724952) and Pumroy et al eLife (PMID: 31566564)] and that RR does not take on a
stable conformation with this wide SF. Now the sentence reads:

“Thus, our results agree with the previous observation that the TRPV1-TRPV3 SF is
dynamic and can permit cation passage even when the pore is closed at the lower gate.”

7. When referencing previous work, it is important to include citations to support the
claims made. For instance, when mentioning the "TRPV2Apo2 state (PDB 6U86)," provide a
citation to the relevant paper or publication.

We thank the reviewer for catching this oversight, we have added the reference.

8. Previously, it was established that substituting D542A in the SF of TRPVS or TRPVG6 renders
the channel nonfunctional. Therefore, it's essential to clarify how currents are obtained in a
double mutation (T539A/D542A) channel and how RR inhibits this channel.

While the reviewer is correct that the D542A mutant of TRPV6 is non-functional, the
same mutant in TRPV5 is not permeable to Ca®*, but it still conducts monovalent currents
[Nilius et al Cell Ca 2001 (PMID: 11352507) and Nilius et al JBC 2001 (PMID: 11035011)].
We measured monovalent currents in our experiments. This is described in the revised MS in the
results section.

9. What causes the difference in RR binding when PIP2 is present compared to when it is absent?
These structural findings are very interesting and needs to be explained in the text.

It's not entirely clear to us why the RR position differs, but our findings suggest an
intimate connection between RR positioning within the pore and channel state. Specifically,
when we compare the pores of TRPV54,, and TRPV5pp,, We observe that the lower gate is wider
in the activated state than in the apo state (as shown in Fig. 2H). This aligns with the notion that
in the activated state, the passage of cations is facilitated. We conjecture that RR, in its attempt
to traverse the pore like any other cation, encounters obstacles due to its physicochemical
properties, notably its charge, and its size, and particularly due to the interaction with the N572.
These characteristics collectively impede its movement within the permeation pathway, causing
blockage of the channel and consequent closure. We have added this concept to the discussion
with the following lines:

“We also observed two possible positions for RR binding in the TRPV5 SF, a higher one
which seems to be preferred when the channel has not been opened coordinated at Asp542 and a
lower one coordinated by Asn572 which is dominant when the channel has previously been



activated by PI(4,5)P,. We propose that RR, in its attempt to traverse the pore like any other
cation, encounters obstacles due to interaction with the Asn572 and its physicochemical
properties, including charge, and size. These characteristics collectively impede its movement
within the permeation pathway, causing blockage of the channel and consequent closure.”

10. Despite RR having a higher affinity for the channel, TRPV2-2APB+RR still appears to be in
an open-like state, rather than inhibited or closed. It is worth investigating whether any other
channel conformations were excluded during data processing, possibly representing an
inactivated state. Additionally, why isn't PIP2 observed in the TRPVS structure? It is possible
that PIP2-containing particles were excluded from data processing because they represent only a
subset of particles. The data processing flow chart shows many classes that could be refined to a
decent resolution, making it interesting to explore these different conformations.

For the TRPV2,spg+rr dataset, the dominant initial state was the C4 activated
conformation presented in this paper. We have reported in the past that the addition of 2-APB
induces significant heterogeneity in TRPV2 (Pumroy 2022 Nat Comm), and particularly
produces a large percentage of particles in asymmetric states along the transition between the
fully activated and fully inactivated conformations. The C4 inactivated conformation was the
dominant stable conformation from that dataset, representing ~9% of particles with good TMD
density, while the C4 activated conformation represented less than 1% of those particles. By
comparison, ~33% of particles (66K out of 201K with good TMD density) sorted into the
activated TRPV2,ppe+rr Structure we present here. We did see evidence of the asymmetric
intermediate states as we saw previously for the 2-APB only data, but they were still too
heterogeneous to accurately build models, especially in the area around the RR binding site. As
a result, we have softened the language we use to describe how RR affects the state dynamics of
the 2-APB and RR treated dataset in the results and discussion section, but we have chosen to
keep the structure currently presented in the paper and not add any additional structures.

For the TRPV5pp2+rr Structure, we made an extensive effort to find classes in the dataset
that had PIP2 density, but were not ultimately able to find any. Throughout the data processing
phase, we did observe a significant number of particles containing RR within the pore where the
N-terminal end of helix 6 and a segment at the outset of the TRP helix remained undefined. This
region holds significance not only in terms of PI(4,5)P, binding but also because it undergoes
conformational alterations during activation. Consequently, it was our conjecture that some of
these particles could contain PIP2. Regrettably, our efforts to obtain a structure involving these
particles proved unfruitful.

11. Possibly beyond the scope of this article, but 1 am very curious how your data set might
benefit from 3D variability analysis and/or multi-body refinement for the two particle stacks
individually and/or also combined? It would be great to see if undulations coincide with RR
bindings, and/or improvements in resolutions using multi-body refinement approaches

We have performed 3D variability analysis on this data, but generally find that for our
datasets it results in a continuum of movement rather than distinct classes. Particularly for
TRPV2, that subtle movement is also present in the absence of RR so it seems to be an inherent
property of the channel rather than a meaningful effect of RR binding.

In all but the TRPV2gr dataset, RR binding is extremely robust and we do not observe
classes/conformations without RR bound.



12. How the lipids are placed in the channel in these structures and compared to previously
published structures? Do authors observe any differences in lipid movement or displacement in
RR bound state? | think a figure is required for comparing the lipid presence or absence or
displacement in different conformation of these channels.

We agree with the reviewer that the role of lipids is important when talking about TRP
channels. We have already included some figures showing lipid density present in these maps
(Appendix Figure S3 for the TRPV2 vanilloid lipid, Appendix Figure S9 for the TRPV5 PIP2
density), but we have added the TRPV2gr vanilloid lipid density to Appendix Figure S3 for
comparison.

For TRPV2, we observe some lingering lipid tail density at high contour levels in the
vanilloid pocket, but it is much weaker than we see in the apo channel or in TRPV2gg. This
indicates that there is less lipid occupancy of this pocket, as we describe in the text.
Unfortunately, the high degree of heterogeneity induced by 2-APB limited the quality of most
other lipids bound to TRPV2.

We do not observe a significant change in lipid densities between TRPV5a,, and
TRPV5pp, apart from the added PIP2. The other lipids we observe in the TRPV5gg and
TRPV5pp2+rr are essentially identical to the lipids we observe in TRPVSapo.

Referee #3:

The manuscript entitled "Molecular Details of Ruthenium Red Pore Block in TRPV Channels”
submitted by Pumroy et al and by Vera Moiseenkova-Bell lab is an interesting manuscript.
Ruthenium Red has been used as a channel blocker for a long time. In this manuscript, the
authors attempted to understand the binding site of the Ruthenium Red on TRPV2 and TRPVS5, a
thermosensitive and a non-thermosensitive ion channel respectively. Though this work is good
and a lot of work has been included in this manuscript, at present this manuscript lacks some key
aspects. My comments are not the quality of the data that has been provided. My comments are
mainly to address the questions and confirming the findings.

We thank the reviewer for their thoughtful comments

Major concerns are:
1) No mutagenesis work has been done to conform the role of main residues that confer
Ruthenium Red binding. Ideally these few key residues should have been mutated and
electrophysiology data should be provided to show that efficacy of Ruthenium Red binding on
the mutated channel. In absence of this mutagenesis followed by electrophysiology data

The reviewer may have missed the mutational experiments we performed, described in
the Results section and shown in Supplementary Figures 13 and 15 (in our first submission), and
now called Figure EV4 and Figure EV5, respectively, where we show a significant reduction in
RR block upon mutation of key residues identified in our cryoEM structures.

2) Simulation data is required to supplement the binding of Ruthenium Red. The simulation data
will provide more mechanistic details.

We agree with the reviewer that it would be ideal to include simulations of RR binding,
Our primary constraint in performing these experiments lies in the lack of a suitable force field



for the RR ligand. While some investigations have successfully addressed the isolated or in
complex examination of the ruthenium free ion, our situation is notably more intricate because
RR is a composite molecule. Although the generation of these parameters from the ground up is
not insurmountable, it necessitates an extensive and thorough independent study for their
development and validation that is beyond the scope of this work.

3) Another major concern is the introduction section. The logic to pick up only TRPV2 and
TRPV5 among all other TRP channels are not properly justified.

We explain in the introduction that we wanted to compare how two TRP channel
selectivity filters with different properties could be inhibited by the same molecule. While there
may be other TRP channels that would be interesting to add to this comparison, on a practical
level it is not trivial to optimize the expression and purification of any new protein, let alone the
notoriously tricky TRP channels.

4) Also use of 2APB as TRPV2 agonist is bit critical. 2APB is not a specific ligand for TRPV2
and it binds to many other ion channels. In that context also logic to use 2APB as a ligand for
TRPV2 need justification. The point is there might be a different structure altogether if the ligand
become highly-specific for a channel.

We agree with the reviewer that 2-APB is not a good ligand to use with TRPV2, but
unfortunately there isn’t really a better activating ligand for the channel as TRPV2 does not
currently have robust and specific drugs. However, there is compelling evidence that 2-APB can
actually act on some of these channels through unique and specific mechanisms, as we recently
showed that the agreed upon 2-APB binding site in TRPV3 [Hu et al PNAS (PMID: 19164517),
Singh et al NSMB (PMID: 30127359), Zubcevic et al eLife (PMID: 31070581), Deng et al
NSMB (PMID: 32572252)] is not conserved in TRPV2 [Pumroy 2022 Nat Comm (PMID:
31566564)].

5) Is there any mutation known in the human disease data base/cancer data base that high-lights
the key residues involved in Ruthenium Red binding on the TRPV2 and TRPV5? Especially in
the pore region?

Although TRPV2 and TRPV5 have been heavily implicated in a variety of cancers and
disease in recent years, in these cases the channels are either upregulated or downregulated
rather than undergoing mutations to alter function. The cancer database cBioPortal reports
some mutations close to the pore but none of them involve residues forming the RR binding site.
In TRPV5, for example, the mutant M578V has been found in colorectal adenocarcinoma, M5771
in skin cutaneous melanoma, or A576T and L5691 in uterine corpus endometrial carcinoma, all
of them located in the S6 helix.
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Yours sincerely,
Martina Rembold, PhD

Senior Editor
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