Rebuttal letter for:

In vivo quantification of protein turnover in aging C. elegans using the photoconvertable Denrdra2


We would like to thank both reviewers for their time to review our manuscript and for the constructive criticism that allowed us to edit and improve the revised manuscript. Below we will comment on each specific point of both reviewers and we highlight our response in red for clarity. 
 

Reviewer #1:
Manuscript Summary:
In this manuscript, Pigazzini et al provide a comprehensive protocol for measuring the turnover of Dendra2-tagged proteins in C. elegans. The method allows tracking the metabolism of a protein in living organisms, in whatever cell type designated, and is inherently powerful and tractable. In particular, the use of C. elegans is outstanding, allowing in-depth investigations of pathways and factors involved in the degradation of the protein in question. The final manuscript should be very helpful for any wishing to replicate these experiments. However, the current version has several grammatical errors and oversights, and could be improved by attention to the following concerns:

We thank the reviewer for the overall positive feedback and the constructive criticism.


Major concerns
The authors fail to acknowledge the use of Dendra2 for labeling and tracking the metabolism of HTT and other neurodegenerative disease-associated proteins in previous studies. (PMID: 23873212, PMID: 24974230, PMID: 31018129, PMID: 30015619)

We thank the reviewer for pointing out missing references. Yet, we have referenced Tsvetkov et al., 2013 (PMID: 23873212; our reference number 19) as it is an elegant demonstration of the power of the technique ex vivo for aggregation-prone proteins. We did not intentionally exclude references, but also do not think that including all publications that utilized Dendra2 so far to study protein aggregation and neurodegeneration adds any further information. 


The authors also fail to acknowledge previous studies confirming that Dendra2 labeling does not affect the turnover of target proteins such as HTT, and that the half-life of HTT-D2 as measured by fluorescence microscopy is similar to that of HTT as determined by traditional metabolic pulse chase. This is an important question that many readers may have when reading the proposal.

The reviewer´s observations are very valuable. We refer to a series of papers in which various proteins of interest were tagged with Dendra2 and their turnover measured. Hamer et al., (2011), performed control experiments in C. elegans demonstrating that Dendra2 is stable over long periods of time and only with the addition of a selected POI gets degraded at various rates. Zhang et al., (2007), also performed extensive measurements in HEK293 cells on both the stability of unconverted green Dendra2 and the high stability of converted red Dendra2, and state that “practically no decay of red fluorescence after Dendra2 photoconversion was observed”. Only with the addition of a selected protein, Dendra2 is degraded at a rapid rate. In agreement with these publications,  in our HTT-D2 system, we observe that degradation already occurs within a few hours after conversion. It would be interesting to compare the overall degradation rate of HTT-D2 compared to other huntingtin-expressing system, however this is not a goal of this experimental set. The nematode does not have an endogenous homologue of huntingtin and the protein is completely foreign to this environment; we cannot be sure therefore that the results would be comparable. Our main aim is to show that Dendra2 can be used as a marker for degradation when fused to a disease-relevant protein and that some properties of the disease-relevant proteins (for example the effects of an expanded glutamine stretch), can have visible repercussions on its degradation. Further experiments to identify which components of the degradation machineries or upstream signalling pathways are involved can then also be studied. 


The authors should also the discuss how photo conversion of Dendra2 at 488nm (the excitation wavelength for non-photoconverted Dendra2; PMID: 17515192) during the data acquisition period (step 7) may affect half-life calculations, and how this can be avoided.

We thank the reviewer for this comment: it is indeed important not to expose Dendra2 to 488 laser light for prolonged time or intensity to avoid it´s conversion. We state this at two points in the manuscript: in section 6.3 as an important point (line 198), and again in the discussion (from line 486), where we mention that conversion can occur at 488 nm when the intensity or exposure time is long enough. However, this property is not necessarily a disadvantage as many microscopes are not equipped with a 405 laser, while 488 lasers are very common, allowing for the experiment to still be performed - with some care. We also thank the reviewer for the suggested reference that was however already included in the manuscript. 


Section 8.6 - integrated density measurements are highly dependent on area, which can potentially confound measurements. For instance, larger ROIs will have larger integrated densities. Mean intensity corrects for area and may be a more appropriate measure if the protein is distributed diffusely.

We decided to use the RawIntDen as we want to obtain a measurement between time points of the same neuron, which would have the same area/volume. We therefore want the sum of the values in our selection, and not its mean, which is dependent on area. Especially after 2 hours, as the nematode is immobile, the location/size/shape of the single imaged neuron is very similar, allowing to draw a comparable ROI. Furthermore, because the pinhole is set to the maximum, the confocal plane imaged is large enough to acquire fluorescence from the whole neuron and the resulting scan should include the intensity of the whole neuronal area. As for comparison between neurons/nematodes, the percentage of degradation are calculated within the same neuron and the final ratio is independent of the cell size. 

Section 9.3 - some discussion of replicates is required. For example, are individual neurons from the same animal considered technical replicates, while those from different animals are biological replicates? How are these values combined to allow for statistical comparisons?

We agree that some clarifications might be useful: each animal represents a biological repeat. Only one neuron is imaged per animal, each animal is imaged once per session, and imaging occurs over three session, which constitute technical repeats. The three session require that animals are synchronised on fresh plates before each experiment either on day 4 or day 10, allowing for whatever environmental variability is imposed on the nematodes. Three session also account for any variability that arises from the imaging set-up (e.g. laser power not exactly the same due to the room´s different temperature). All biological replicates obtained during the three repeats are then considered individual samples and utilised (i.e. N=20 nematodes) to establish significance. 

line 329: is the expression of HTT-D2 different in head vs. tail regions? Does expression or abundance of HTT-D2 affect its degradation? These questions should be answered before concluding that the metabolism of HTT-D2 differs between cell types.

The expression does not seem to change between head and tail of the same strain. Chen et al. (2011) previously described a robust expression of a GFP fusion protein under the control of rgef-1 promoter over time and throughout the nervous system, but we have not quantified this experimentally ourselves. As the transgene is not integrated within the nematode’s genome, the expression HTT-D2 can vary between animals. However, we only measure the difference of the converted red Dendra2 between two time points, and we observe that within this time span the signal decreases. Furthermore, most likely green HTT-D2 is constantly being removed and degraded, and re-synthetized, but its total abundance, or clearance, is not relevant to and cannot interfere with our measurements. The presence of other HTT-D2 within the cell should not have an effect on its turnover, as Dendra2 itself for example is very stable. We conclude that the increased degradation rate is due to either the protein being more easily degraded (e.g. when HTT has 25Qs rather than 97Qs) or when the metabolism of a cells is more active. 


line 344: is the expression of HTT25Q-D2 the same as HTT97Q-D2? Is the photoconversion as efficient? For example, is the absolute red fluorescence the same after conversion of HTT25Q-D2 and HTT97Q-D2?

As mentioned above, we have not established quantitatively (e.g. via RT-qPCR or western blot quantification at different time points) if the expression is the same between the strains. However, we are measuring the difference between a relative and not an absolute value. 
We do not fully convert HTT-D2 of a single neuron, but just a fraction. We then establish the ratio of degradation: not all red HTT-D2 is removed within our time points. It is important to state, and this is stressed in the protocol, that the settings used to perform the conversion are exactly the same throughout all experiments (e.g. laser power, iteration number, pinhole size, pixel dwell, etc). Although we expect some degree of variation imposed by both the set-up and the nematode´s biology, we can also assume that the conversion is occurring similarly within various neurons of different animals. 


line 372: does the exogenous transgene continue to overexpress protein over time? It could be that the cells accumulate higher and higher amounts of protein as they age. To determine this, the authors could measure GFP fluorescence as a function of age.

The exogenous gene is expressed over time controlled by the rgef-1 promoter, as referenced in Chen et al. (2011). But even in the presence of higher amounts of protein, only the relative converted red HTT-D2, and its consequential degradation, is measured to establish the rate at which neurons degrade HTT-D2. Newly synthesized HTT-D2 would be in its non-converted green state and thus not be considered for the analysis.


Figure 4B - Also, the large degree of variability in HTT97Q-D2 expressing cells is unusual. It looks like at the 24H time point there are really two populations of neurons, those which have around 40% of fluorescence and those with little or no decrease in fluorescence. Does aggregation correlate with this? For example, is there higher % fluorescence in cells displaying HT97Q-D2 aggregates? In general, this is an important point which can affect all of the authors measurements of degradation; that is, whether or not aggregation itself affects measurements of protein degradation. It could be that this method is not accurate for measuring the turnover of aggregate-prone proteins, as alluded to in previous work (PMID: 23873212, PMID: 24974230)

We appreciate the reviewer´s comment and agree that there are 2 populations present at 24 hours after conversion, and, as the reviewer points out, one of these populations resembles aggregated species. The fluorescence here is not necessarily higher, but the location/shape of HTT-D2 appears as condensed foci rather than diffused protein. It is possible that some of the mutant form of HTT-D2 has incorporated into higher amyloid structure over longer period of time and escaped its degradation. Aggregation most likely affects protein degradation and we believe the technique can still be used for aggregation-prone protein, but care has to be taken. For example, it is possible to distinguish the rate of degradation when measuring HTT-D2 exclusively in its soluble form. It is also possible to investigate the aggregates themselves, by converting HTT-D2 foci specifically, for example in different neurons or at different ages of the nematode. Such experiment would provide insight on the nature of the aggregate itself: can smaller aggregates be cleared faster? Do different neurons exhibit different degradation rates? And finally, what is the fate of both, the aggregates and the soluble HTT-D2, when the system is perturbed, for example by knockdown of specific chaperone or proteolytic pathways. We strongly believe the method can be employed to study aggregation, yet we agree with the reviewer, care must be taken when designing the experiment.


Minor concerns
p.1 line 26: "…how to track the disease-causing protein huntingtin" should be "…how to track the degradation of the disease-causing protein huntingtin."

We thank the reviewer for this improved phrasing and have amended the text accordingly.


p.1 line 36: "…machineries controlling degradation are deficient in the presence of aggregated huntingtin…" this makes it seem as if the pathway is compromised, rather than slow turnover of the aggregated protein itself (only the latter can be measured by Dendra2 labeling).

It has been shown that amyloid proteins can affect the activity of one major protein clearance pathway, the ubiquitin proteasome (UPS) in their fibrilized state (Hipp et al., 2012 JCB), but also as soluble oligomeric species (Thibaudeau et al., 2018 NatComm). As we cannot exclude that the presence of mutant huntingtin already in its soluble form is contributing to the impairment of the proteostasis network, we have rephrased the sentence to “machineries controlling degradation are deficient in the presence of mutant huntingtin…”. 


p. 1 line 37: huntingtin should not be capitalized

We apologise for this oversight and have amended the text.


p. 1 line 37: "… cease with the progression of aging" — this statement is confusing, unclear what the authors are trying to say

With the sentence we would like to stress that during aging the effect of huntingtin on the proteostasis network is aggravated. We have amended the text to make the statement more clear. 


p.1 line 40: "and the proteases…" should be "and the proteases responsible for its degradation…"

We thank the author for pointing this out and have amended the sentence for clarity.


p.1 line 41: "…further biological processes." This statement is vague

We apologise for the vagueness and have removed the end of the sentence.


p.2 line 48: discussion of timer proteins is not fully fleshed out, more confusing than informative here

We have omitted the concept as indeed it is not the scope of this protocol to discuss timer proteins. 


p.2 line 58: "for organelles:" colon is out of place, and this sentence is awkward as written

We agree about the unfortunate wording and have changed our sentence.


p.2 line 69: huntingtin should not be capitalized

We apologise for this oversight and have amended the text.


p. 2 line 75: "mutated" is not used correctly here. The mutation is the CAG expansion in the gene encoding HTT.

We apologise for our terminology: indeed the gene is mutated, resulting in a mutant protein. 


p. 2 line 82: it is unclear from this discussion whether C. elegans have a native HTT promoter driving HTT-D2, or the authors are using a transgene for pan-neuronal expression.

We apologise for the confusion. HTT-D2 is overexpressed as a transgene and remains extra-chromosomally within the nematode. It is stated in more detail as a first step on how to generate the Dendra2 construct (section 1) for C. elegans expression. We have however amended the introduction text to state the nature of the transgene. 


p.3 line 93: "only but a few information…" this sentence is awkward and not grammatically correct

We thank the reviewer for pointing this out. We have changed the text to state observations, rather than information.


Section 7.3 - how can autofluorescence be distinguished from red (photo converted) Dendra2 fluorescence?

We thank the author for pointing out this. Autofluorescence will be visible under all fluorescent light, without the use of laser power, and not necessarily only in the red channel. However, during laser scanning, both red and green Dendra2 will appear as a low/weak signal. We have amended the statement in the text to be clearer.


Section 8.8 - low signal intensity in the red channel may preclude drawing an accurate ROI around the photo converted neuron. Using the green channel for ROI generation might be easier.

We agree with the reviewer and added a note to suggest this, however, it should still be possible to identify the contours of the converted neuron by using the thresholding function in the red channel. 


Section 9.1 - is there any measurement to confirm the degree or magnitude of photo conversion?

The degree/magnitude of conversion could possibly be established by calculating the decrease in the green Dendra2. An intensity image of the green Dendra2 would need to be obtained before conversion and then right after conversion. A ratio could then be calculated between these two, describing how much Dendra2 has been converted. However, since we do not focus on how much Dendra2 is converted overall, but on how much is removed of the converted species, we did not embark in obtaining these calculations. 


line 305: "…pathogenic repeat with 97 glutamine residues"

We included the missing terminology.


line 348: it may be difficult to measure protein degradation in the setting of aggregation, since this can lead to paradoxical increases in red (photo converted) fluorescence intensity

We agree with the reviewer´s statement that the red signal could increase upon aggregation. However, we would like to point out that we measure the degradation mostly after 2 hours after conversion. In such a short time span it is unlikely that HTT-D2 incorporated into aggregates. In addition, we also convert HTT-D2 within a complete single neuron, rather than specific foci. Thus, we measure the red Dendra2 fluorescence of the entire cell, minimising the risk of artefacts.


Figure 1A/B - Labeling the panels themselves with HTT25Q-D2 (A) or HTT97Q-D2 (B) would be helpful.

The reviewer is right and we have added the title to the panels for clarity.


Figure 1A/B - Also, the differences between HTT25Q-D2 and HTT97Q-D2 are not very evident from these images; small foci look to be evident in HTT25Q-D2 expressing animals as well as those expressing HTT97Q-D2

The selected nematodes expressing HTT25Q-D2 and HTTQ97-D2 are young and foci formation is much more prominent as the nematode ages. The foci can be distinguished by intensity measurements, size and shape.


Figure 1A/B - Also, it would be helpful to see the red channel pre photo conversion, to compare with C/D.

The aim of the image depicted in figure 1 is to show that a specific ROI can be converted and that the green Dendra2 is not wholly converted, but colocalises with the converted red Dendra2. A pre-conversion image of the red channel is completely black and not very informative. Yet, we have included the red channel pre-conversion in figure 2, where all the conversion steps appear. 


Figure 2 - it would be helpful show ROI used to photocovert Dendra2

We thank the reviewer for the suggestion and have included the ROI used to convert the single neurons.


Figure 3A - differences here appear to be due to 2 outliers in the head neurons. Is the comparison the same when these two outliers are removed?

Yes, the significance is still present even after the outliers have been removed. Outliers were identified in PRISM8 software using the Identify Outliers function set with ROUT method to Q=5%. 


Figure 3A/B - how many animals (not just neurons) were used for these calculations? This should be included for all plots in Figure 3, 4 and 5

The number of neurons equals the number of animals as a single neuron was converted from each nematode. We have previously stated the n number in the figure legend, but have included the n number within the graph of figure 3 in the revised manuscript. 


Figure 3 - in general, it would be better if A and B were plotted on one plot and an ANOVA used (instead of two students T-tests)

The reason for choosing the students T-test was to statistically evaluate the rate of degradation within different neurons of the same strain. 


Figure 4B - in some cases, fluorescence increases with time… the authors may want to comment on this.

We postulate that either the acquisition parameters were not maintained appropriately, the system performed sub-par on the second day of acquisition, or another step in the recovery/mounting procedure was not correct. These are only suppositions, but indeed this event is only visible 24 hours after conversion. These possibilities have now been included in the manuscript in the section discussing the results (line 586). 


Figure 4 legend - line 414: "…HTT-D2 exhibit different rates of conversion" should be "HTT-D2 exhibit different rates of degradation" (hopefully)

We thank the reviewer for pointing out this oversight, it is indeed degradation.

Figure 5 - in this and all figures with statistics, please list the ANOVA post-test used to determine significance

We have included the missing information in the revised manuscript.


Figure 5 legend - The title has a typo in it. Also, please comment on how many hours after photoconversion measurements are taken.

We apologise for our oversight and have corrected the legend, including adding the time after conversion. The samples were measured 120 minutes after conversion. 

The authors should also mention that prolonged exposure to low-wavelength light (used to photo convert Dendra2) can elicit phototoxicity. In addition, citations are sometimes missing from the text where they would otherwise be expected; for instance, line 472-473.

We have stressed the ability of blue light to also convert Dendra2. We have added several ‘warnings’ and references as suggested. 


Reviewer #2:
Manuscript Summary:
This manuscript provides a thorough and clear protocol for using Dendra2-labeled proteins in C. elegans to quantify protein degradation. The manuscript and video would provide a useful protocol for labs that are new to photo-activatable fluorescent protein analysis. I have a few concerns that I think should be addressed before publication, but these should not require any new experiments and can hopefully be addressed relatively quickly.


We thank the reviewer for the positive assessment of our manuscript and thank the reviewer for the constructive criticism.


Major Concerns:
1. Figure 4 and Figure 5 need a more careful consideration of which statistical analysis to use, particularly if this protocol is to be a guideline for other labs. Because two factors are considered (head vs tail and 2h vs 24h, or Q25 vs Q97 and 4d vs 10d), a 2-way ANOVA (or other statistical model considering multiple factors) would be more appropriate than a 1-way ANOVA. If data points from the same worm are included at different time points, then a repeated-measures test would also be more appropriate. Finally, the type of pairwise comparisons and multiple testing corrections need to be defined clearly in the text.

We thank the reviewer for this comment. We have indicated in the text which type of post hoc comparison test was used. Our aim is to describe a protocol on how to create a system to track degradation, how to acquire data and analyse the resulting images, while the final statistical evaluation is chosen by the end users according to their hypothesis. 
We have selected a 1-way ANOVA as the comparison considers one independent variable at each point even though more groups are compared. For example, in figure 4, we compare the heads at time 2 hours vs time 24 hours of the HTTQ25-D2 strain, or the difference between heads and tails at time 2 hours only. We do not for example compare the ‘head values’ at 2 hours to the tail values at 24 hours. A similar analysis was performed for figure 5. We concede the graphical representation we have used might be a personal preference and the data can actually be grouped and used to compare multiple parameters at the same time, or also just two, for which a T-test would probably suffice. For this data, applying a two-way ANOVA did not change the statistical significance results. 


2. While the data in Figures 3-5 show clear differences between groups in many cases, there is a large variance in data among different worms. The manuscript would benefit from a short discussion of the expected variance within groups, and the predicted n numbers needed for labs to reproduce these results (or to find more subtle differences between groups).

The reviewer is correct in outlining the variation between C. elegans nematodes. Although they are supposed to be isogenic, many environmental factors impact their development and maintenance and consequently their protein expression, and indeed results can be variable also between different labs. It is common in the community to perform imaging on an average of 20 nematodes (each nematode, rather than a single neuron imaged, being n=1), and we would also suggest to continue with this number in three biological repeats. Regarding the very subtle differences, the technique can potentially be improved. For example, a z-stack of the single neurons can be acquired instead of a single plane with open pinhole, and the intensity measured from the maximum projection of the stack; acquisition might however require a spinning-disk confocal rather than a normal laser scanning, as the prolonged exposure to blue light will convert newly synthetized Dendra2 and skew the measurement of pre-converted red Dendra2. Another improvement could be the targeting of the exact same neuron in all samples: an easier way to achieve this is to select a promoter that exclusively drives expression of Dendra2 in a specific neuron, rather than pan-neuronally. Although the subtle differences imposed by the POI within that neuronal class might be detected, other characteristics of the protein itself or the cellular environment might be lost.   


3. In principle, a decrease in local signal for converted red-Dendra2 could result from either degradation of the protein or its diffusion and/or transport to a different cellular component (e.g. axons or dendrites). A short discussion of this limitation, and/or potential ways this protocol can get around this limitation, would be useful.

The reviewer raises an interesting issue. The decrease in Dendra2 could be due to transport and/or diffusion and indeed one of the advantages of the system is the ability to track the tagged POI. To trace transport along a specific axon or observe diffusion it would be better to convert a small fraction of Dendra2, and follow this process at high speed and magnification. For our application, we convert a whole single neuronal soma, at relatively low magnification (20x) and monitor the same cell over longer time. We assume that HTT-D2 remains largely in the neuronal soma and only very little amount is transported to the axons, as we do not observe a ‘spreading’ of the red signal. We included this issue in the revised manuscript, in the results section (from line 552).     
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4. For the steps requiring manual selection of regions of interest (steps 6.4 and 8.5), it will be important to include either figures or clear video demonstrations of how to properly select these regions manually.

The selection of the ROIs is paramount to the technique and analysis, and we do believe this is the reason why a visual presentation in a JoVE format is suited very well. With the video explanation we can clearly show screenshots of the process of acquisition on the microscope set-up and of analysis with the Fiji software. 


Minor Concerns:
1. The description in Lines 354-364 is somewhat unclear in describing the results of Figure 5. A simpler and more explicit description of each comparison might help here.

We thank the reviewer for the advice and have modified the text to provide a clearer explanation. 
 

2. The legend for Figure 3 should state the time point after conversion for the data represented here.

We have modified the legend accordingly. 
