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1st Editorial Decision 08 January 2016

Thank you for submitting your manuscript to The EMBO Journal. Your study has now been seen by
three referees and I am afraid that the overall conclusion is not a positive one.

While the referees appreciate the interest of the topic, they also raise concerns with the analysis that
preclude publication here. The referees raise concerns primarily regarding the conclusiveness of the
analysis. They find that the dataset is essentially negative data, that there are possible confounding
issues (like lactacystine toxicity) and that there are no positive controls. Referee #2 also finds that
the extent of the analysis is too narrow and that one should have looked at the more proteins.

Given these comments from good experts in the field, I am afraid that I can't offer to consider

publication here. I am very sorry that I can't be more helpful on this occasion, but I hope that you
find the referees' comments helpful.
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REFEREE COMMENTS
Referee #1:

The authors analyze here the rates of synaptic protein degradation in cultured neurons, under
proteasome inhibition. They use rely on mass spectrometry and SILAC approaches, and study the
effects of two proteasome inhibitors, lactacystin and epoxomicin. They find that the degradation
rates of most synaptic proteins are not affected by the two drugs, albeit the degradation of a handful
of proteins was significantly slowed by proteasome inhibition. The authors conclude that most
synaptic proteins are not degraded by the ubiquitin-proteasomal system.

In the current form, it is difficult to accept the conclusions of the manuscript. They are essentially
negative, and therefore difficult to interpret. A number of controls are required, to raise the level of
confidence of the conclusions:

The authors require a positive control. They need to express a protein tagged with a specific degron
sequence, which directs it to the proteasome, and they need to show that the degradation of such a
protein stops upon lactacystin or epoxomicin treatment. First, this type of experiment needs to be
performed by quantitative immunoblotting, to determine the amounts of the protein of interest with
higher precision than it is possible for mass spectrometry. Second, the authors should also perform
the analysis by mass spectrometry, using both approaches presented in their manuscript, in order to
calibrate their measurements to a known and controlled protein (the degron-tagged protein).

The blot in Supplementary Figure 1 is not sufficient to show that lactacystin blocks the proteasome
completely. It only shows a certain increase in the amount of ubiquitin conjugates. But is the
inhibition complete? The fact that no effect is seen on neuronal spiking (Supplementary Figure 5)
actually argues against this hypothesis. Other groups have observed severe lactacystin-induced
cytotoxicity, even at lower concentrations than those used by the authors here (for example, Perez-
Alvarez et al., 2009, British Journal of Pharmacology). The lack of any measurable effects in
Supplementary Figure 5 may be attributed to an insufficient penetration of lactacystin in the cells.
This issue could be resolved by a proper positive control, as suggested in the previous paragraphs.
If the results from Supplementary Figure 5 are indeed true, and the neurons are not negatively
affected by proteasome inhibition, the authors should probably prolong the exposure to lactacystin,
in order to obtain a clearer image of the protein degradation. However, if a positive control (see
above) looks convincing even for the short time periods used in the manuscript, this issue may be
irrelevant.

Do the authors note any changes in other degradation machineries? A few immunostaining
experiments (for, among others, lysosomal markers) would be important to add.

Referee #2:

In this manuscript, the authors attempted to globally explore synaptic protein turnover by the latest
mass spec approach. Recently, metabolic labeling combined with high throughput mass spec has
emerging as a popular method to analyze protein turnover (protein synthesis and degradation). The
authors adopted the strategy for neuronal culture and carefully characterized the turnover of less
than 2000 proteins upon the inhibition of proteasomal degradation. The experiments were well
planned (e.g. multiplex SILAC with 3 replicates) and the MS data analysis was solid (e.g. the use of
at least 2 peptides for ID). Unfortunately, the authors found that only a small percentage of proteins
were affected by the treatment and suggested that "most synaptic proteins are degraded through
alternative pathways". To this reviewer, the conclusion is overstated. Main points are as follows.

1. Upon proteasomal inhibition, it is assumed that the fast turnover proteins would be accumulated
rapidly, whereas the slow turnover proteins may appear to be not influenced, even if these are still
degraded by the proteasomal pathway. Moreover, the long-term proteasomal inhibition will result in
the blockage of protein synthesis, which will further reduce the effect on protein abundance. This
scenario also occurs under the inhibition of protein synthesis. Therefore, it is very reasonable to see
only a small portion of proteins are affected. If the author claimed that alternative pathways are
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responsible. Then the major alternative pathway would be autophagy-lysosomal pathways, which
can be interfered with specific chemicals. The authors should validate this possibility by other
inhibitors or blocking all known degradation pathways simultaneously.

2. The scope of the analysis is relatively shallow. Considering that 12-14K proteins are expressed in
neurons, this analysis only measured the most abundant ~2000 proteins. As the abundant proteins
are often degraded at low rate, this could also explain why so few proteins are shown to be affected
by proteasomal inhibition, as many fast turnover proteins are not identified in the analysis.

3. Based on other MS-base turnover studies, protein localization may also affect protein
degradation. The authors used the whole cell lysate during the analysis. It is possible that the authors
observed the sum effect of degradation in synaptic regions, neurites and soma.

4. The main methodology is largely published by other papers and thus is not novel.

Overall, it is an interesting study but with overstated interpretation. The limitation of the scope of
MS analysis and the use of only proteasomal inhibition conditions prevent the full, unbiased
understanding of protein degradation events in synapse.

Referee #3:

Hakim et al. examine the rates of synthesis and degradation of proteins in primary neurons in
extended culture that were treated with proteasome active-site inhibitors (usually lactacystin). Most
of the analysis uses quantitative SILAC-based mass spectrometry. Surprisingly, relatively few short-
lived synaptic proteins become more long-lived in the presence of lactacystin, but there are
substantial effects on protein synthesis rates. This latter effect is suggested to result from a
proteotoxic stress response caused by proteasome inhibition, which is likely related to the unfolded
protein response in the ER. This would be consistent with previous work on proteasome inhibition
and the UPR.

Besides the unexpectedly weak degradation effects observed, this manuscript is noteworthy for its
careful consideration of experimental assumptions and variables and its quantitative treatment of the
data. This has the potential for clarifying conflicting observations in the literature on synaptic
protein turnover. Many of the inferences are reasonable, albeit indirect.

On the negative side, the analysis was not done in any condition that directly alters, or monitors,
synaptic function, so it is not yet clear to what extent the meager degradative changes observed from
pharmacological inhibition of the proteasome in cultured rat cortical neurons extend to neurons
undergoing excitation or inhibition (or to the intact brain). Importantly, left untested was how
severely the proteasome was actually inhibited under the conditions used. I also felt that the paper
was longer than it needed to be, and a number of the figures could be put in the Supplementary
Materials.

Overall, I would like to see additional controls that support the central, essentially negative finding
of minimal proteolytic perturbation by proteasome inhibition of these neurons.

Specific additional comments:

1. Proteasomes might only be inhibited weakly by the inhibitor treatments used, and if strong
inhibition is not occurring, the major (negative) findings go out the window. Evidence for some
inhibition is a) an anti-ubiquitin immunoblot (poorly documented; was also done with cortical
neurons, not the hippocampal neurons used for microscopy), which shows more HMW ubiquitin
with time of treatment (Fig. S1), b) the proteotoxic stress response, and ¢) the observed stabilization
of certain proteins, such as NEDD4. None of these data, however, indicates whether the proteasomal
protease activity is blocked by 10% or 100% or whether only a subset of the three different
proteasome active sites (possibly mostly just the beta5 subunit sites) is blocked. Specific
proteasomal peptidase activities can be monitored pretty sensitively in cell extracts, or even better,
extracts from synaptosome preparations. I am not familiar with these cells/tissues, but it may be
necessary to fractionate proteasomes on gradients if other peptidases are interfering with the assay.
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This control is essential.

2. Another issue, which the authors do discuss in detail, is that inhibitor treatment was maximally 24
h long, and it might be hard to detect small changes in levels of proteins with longer half-lives. I
wonder if it would be possible to monitor at longer times? Eventually, the cells would be expected
to apoptose with inhibitor present; when does this start to happen with 10 uM lactacystin treatment
of these cells?

3. p. 4, bottom. Lactacystin is known to inhibit at least one additional cellular protease at
micromolar concentrations - Cathepsin A.

4. Figure 4 at least should go to Supplemental. Figures 2 and 7 would also be candidates for moving.
5. p. 15. The UPS inhibition causes more than a response just in the ER (UPR). I don't believe
proteasome upregulation is observed, for example, when the UPR is specifically induced by an ER
stress.

6. The paper is very clearly written, but the writing could be made much more succinct.

7. What is meant by the word "Intact" in the title? Was proteasome "intactness" ever assessed?

8. Fig. S1. The blot needs to be labeled better (looks like it came from someone's group meeting)
and should include a parallel vehicle control (DMSO?).

9. The correlation between the two inhibitors (r=0.5) is actually not that high. The authors should
comment on this.

Resubmission — author response 01 June 2016
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We truly appreciate the constructive comments made by all three reviewers, and did our best to
address these.

Referee #1:

In the current form, it is difficult to accept the conclusions of the manuscript. They are essentially
negative, and therefore difficult to interpret. A number of controls are required, to raise the level
of confidence of the conclusions:

The authors require a positive control. They need to express a protein tagged with a specific
degron sequence, which directs it to the proteasome, and they need to show that the
degradation of such a protein stops upon lactacystin or epoxomicin treatment. First, this type of
experiment needs to be performed by quantitative immunoblotting, to determine the amounts of
the protein of interest with higher precision than it is possible for mass spectrometry. Second, the
authors should also perform the analysis by mass spectrometry, using both approaches
presented in their manuscript, in order to calibrate their measurements to a known and
controlled protein (the degron-tagged protein).

The blot in Supplementary Figure 1 is not sufficient to show that lactacystin blocks the
proteasome completely. It only shows a certain increase in the amount of ubiquitin conjugates.
But is the inhibition complete? The fact that no effect is seen on neuronal spiking (Supplementary
Figure 5) actually argues against this hypothesis. Other groups have observed severe lactacystin-
induced cytotoxicity, even at lower concentrations than those used by the authors here (for
example, Perez-Alvarez et al., 2009, British Journal of Pharmacology). The lack of any
measurable effects in Supplementary Figure 5 may be attributed to an insufficient penetration of
lactacystin in the cells. This issue could be resolved by a proper positive control, as suggested in
the previous paragraphs.

If the results from Supplementary Figure 5 are indeed true, and the neurons are not negatively
affected by proteasome inhibition, the authors should probably prolong the exposure to
lactacystin, in order to obtain a clearer image of the protein degradation. However, if a positive
control (see above) looks convincing even for the short time periods used in the manuscript, this
issue may be irrelevant.

These are important points, which were raised by other reviewers as well.
Proteasomal inhibition:

We completely acknowledge that a clear demonstration and quantification of the extent to
which lactacystin and epoxomicin inhibit proteasomal activity in these preparations should have
been included. We originally assumed, naively perhaps, that the extensive literature on these
inhibitors, the fact that their activities are rarely verified in most papers in which they are used
and the fact that they are considered to be “gold standard” proteasome inhibitors were
sufficient reasons to assume that proteasome function was strongly inhibited in our
experiments. In retrospect this was a glaring omission, one pointed to by all three reviewers.
We thus addressed this matter in four ways. We first used an in-vitro assay and a fluorogenic
substrate to measure proteasomal activity in extracts from neurons treated with either



lactacystin or epoxomicin for 4 hours before they were washed and extracted. We find that
these treatments resulted in ~20 fold reductions in fluorescence accumulation rates as
compared to extracts of untreated neurons (Fig. S1). In the second, we repeated these
experiments in living cells, using a similar fluorogenic substrate. Here we observed a ~3 fold
reduction (Fig. S1), but this is almost certainly an underestimate, as we noted that substrate
penetration into neurons was slow, and that fluorescence increases were observed only within
intracellular organelles, indicating that the substrate, once cleaved, was not retained in the
cytosol. Third, we measured by Western blots how lactacystin or epoxomicin affect cellular
levels of p21*2f/crt
characterized, finding that in the presence of these inhibitors, p21
practically undetectable to very substantial over 4-8 hours (Fig. S2). Finally, we performed live
imaging using destabilized GFP (Ub-R-GFP) and found that lactacystin increases GFP
accumulation rates ~20 fold while having no effects on a co-expressed fluorescent protein (CFP),

a short-lived protein whose proteasomal degradation has been well

wafl/cipl |avels increased from

both of which were expressed from identical expression vectors (Fig. 1). In sum, these data show

that proteasomal inhibition in our experiments was very effective. These experiments are now

described in the first section of the Results.

Several further comments in this regard —

e The blot in Supplementary Figure 1 (now Supplementary Figure 10), was never meant to
calibrate inhibitor efficacy, only to verify that inhibitor stocks we purchased were
pharmacologically active (as we originally wrote). This was done as a precaution for every
stock of lactacystin and epoxomicin we purchased. This matter is now clarified in the text
which was moved to Materials and Methods.

e The basis for the statement that quantitative immunoblotting is more precise than mass
spectrometry is not clear to us. We are not aware of an established comparison which points
to this conclusion. We note that our data (Fig. 6F) suggests that in our assays, quantification
errors greater than 9% (2 standard deviations) will happen by chance for <5% of such
measurements, and quantification errors greater than 14% (3 standard deviations) will
happen by chance for <1% of measurements (a conclusion based on measurements made for
1,469 proteins). For biochemical assays aimed at comparing protein abundance in two
samples, this is quite remarkable precision.

It is also important to emphasize that western blots provide information on total protein
abundance; thus, changes in staining intensity, unlike the proteomic approach described in
Fig. 5, do not reveal if such changes stem from altered synthesis or altered degradation,
complicating interpretation of changes in protein abundance observed in western blots.

Inhibitor toxicity

Obviously, blocking the proteasome for prolonged periods is ultimately toxic. We did not mean
to imply otherwise. We now explain this in the Discussion and add data suggesting that while
detrimental effects are not readily observed during the first 24 hours they become quite obvious
after 48 hours (Fig. S9). This is in line with the lack of obvious effects on network activity (Fig.
S8), and the normal morphology of neurons which have been exposed to lactacystin for 10-24
hours (Figs. 1A,C; Fig.2) even when proteasomal activity in the same cells is effectively



suppressed (Figs. 1A,C). This is in perfect agreement with the study of Dantuma et al., 2000 (Nat.
Biotechnol. 18:538-43,) which reported that “It is noteworthy that, whereas the cytotoxic effect
of proteasome inhibitors requires between 24 and 48 h, a significant accumulation of the GFP
reporter was already evident after 2h”. This being so, extending the analysis beyond 24 hours
did not seem prudent.

Interestingly, the paper mentioned above by the reviewer implicates mitochondria in
lactacystin—induced cell death whereas our own data suggests that proteins most strongly
affected by proteasomal inhibition were related to mitochondria (Results).

Do the authors note any changes in other degradation machineries? A few immunostaining
experiments (for, among others, lysosomal markers) would be important to add.

Our proteomic analysis did not point to obvious changes in alternative catabolic pathways.
However, we are now fiercely examining alternatives using both proteomic and cell-biological
approaches. We feel that a serious consideration of other catabolic pathways is beyond the
scope of this manuscript (which is quite long already — 10 primary and 10 supplementary
figures).

Referee #2:

1. Upon proteasomal inhibition, it is assumed that the fast turnover proteins would be
accumulated rapidly, whereas the slow turnover proteins may appear to be not influenced, even
if these are still degraded by the proteasomal pathway. Moreover, the long-term proteasomal
inhibition will result in the blockage of protein synthesis, which will further reduce the effect on
protein abundance. This scenario also occurs under the inhibition of protein synthesis. Therefore,
it is very reasonable to see only a small portion of proteins are affected. If the author claimed
that alternative pathways are responsible. Then the major alternative pathway would be
autophagy-lysosomal pathways, which can be interfered with specific chemicals. The authors
should validate this possibility by other inhibitors or blocking all known degradation pathways
simultaneously.

We completely agree that proteins with faster turnover rates will be the proteins most strongly
impacted, and that proteins with particularly slow turnover rates might be missed. In fact, this is
one of the major points our manuscript makes. We therefore introduced known protein

turnover rates to examine this matter in a quantitative manner (Figs. 9,10) within an analytical
framework we developed for this purpose (Fig. 8), and went to great lengths to characterize our
sensitivity and the range of turnover rates within which our data provides meaningful
information (Fig. 6). We find that for proteins with half-lives < 5 days our data are informative.
We think that this matter was therefore fully addressed.

As to the effects of blockage of protein synthesis and their effects on protein abundance, the
experiments of Figs. 5-10 —the major part of the paper — were designed in such a manner that



changes in protein synthesis would have no effect on our readouts. (Fig. 5). To further clarify this

crucial point we added a new illustration (Fig. 5B).

2. The scope of the analysis is relatively shallow. Considering that 12-14K proteins are expressed
in neurons, this analysis only measured the most abundant ~2000 proteins. As the abundant
proteins are often degraded at low rate, this could also explain why so few proteins are shown to
be affected by proteasomal inhibition, as many fast turnover proteins are not identified in the
analysis.

We obtained information on the effects on 1,416 proteins and 174 synaptic proteins, including
many well-studied ones. We are not aware of any comparable large scale survey of synaptic
protein metabolism sensitivity to proteasomal inhibition that is even remotely close in scope,
not to mention the fact that in prior papers concerning synaptic proteins, no separation was
made between effects on protein degradation and synthesis. We thus feel that the claim that
our analysis is shallow is debatable.

In fairness, however, we acknowledge that MS based analyses are inherently biased toward the

more abundant proteins. On the other hand, we note that the proteomic findings are generally

in agreement with the limited survey we did using immunocytochemistry (Fig. 2) where only one
of six proteins showed evidence for UPS-mediated degradation under basal conditions.

In this regard it is also worth considering the results of two other large scale proteomic studies

carried out in human Jurkat cells (Udeshi et al., 2012; Mol Cell Proteomics. 11:148-59) and U20S

osteosarcoma cells (Larance et al., 2013; Mol Cell Proteomics 12:638-50). These noted that

o “Steady-State Protein Levels are Largely Unaffected Following Proteasome and DUB Inhibition
... We were initially surprised to find that nearly all protein levels were unaffected following
MG-132 or PR-619 treatment” (Udeshi et al., 2012, ~2,500 proteins, MG132 or PR-619 (a DUB
inhibitor), 5 hour incubations)

e “A particularly striking finding of this study on U20S cells was that inhibition of the
proteasome for 6 h did not cause an increase in the abundance of almost any of the 5000
proteins identified” (Larance et al., 2013; MG132, 6 hour incubations)

Explanations were provided that could partially account for these findings (low stoichiometry of

ubiquitinated protein forms, protein synthesis shutdown due to an unfolded protein response);

Nevertheless, these extensive surveys do indicate, that UPS-mediated degradation under basal

conditions might not be as widespread as commonly believed, which is one of the tentative

conclusions we reach on the matter of synaptic protein degradation. Moreover, in our
experiments 1) potential effects on protein synthesis were largely eliminated by protocol design,
and 2) we did identify proteins for which degradation was slowed down in the presence of
proteasomal inhibitors in a manner which agreed quite well with their known half-lives.

3. Based on other MS-base turnover studies, protein localization may also affect protein
degradation. The authors used the whole cell lysate during the analysis. It is possible that the
authors observed the sum effect of degradation in synaptic regions, neurites and soma.



We completely agree; here too, we note, however, that our immunocytochemical analysis (Fig.
2) did not provide any indication for more pronounced UPS-mediated degradation at synapses.
On the other hand, our evidence points to the importance of proteasomal degradation outside
of synapses, possibly as part of quality control processes, or perhaps as regulatory steps en
route to synapses (see also Saliba et al., 2007 J. Neurosci. 27: 13341-51). An interesting study in
this regard (Shin et al., 2012; Nat. Neurosci. 15: 1655—66) concerns GKAP, a postsynaptic
scaffolding molecule previously shown to be degraded via the UPS. Here it was found that over-
excitation decreases GKAP levels at synapses; yet this decrease was not prevented by
proteasomal inhibitors — instead, these induced large GKAP aggregates in the soma and
proximal dendrites, suggesting centralized degradation sites. This and similar findings show that
it is imperative to examine the entire cellular contents even where synaptic proteins are
concerned, in order to end up with correct interpretations of proteasomal function in synaptic
protein metabolism.

4. The main methodology is largely published by other papers and thus is not novel.

We have not claimed that the main methodologies used here are novel. Our major goal was to
examine how synaptic protein metabolism is affected by proteasomal inhibition, and the
proteomic approaches described here were means to this end. Having said this, we are not
aware of any study to date that has used such methods in conjunction with information on
protein half-lives (Figs. 9-10) within the quantitative framework we devised (Fig. 8) to examine
the findings validity and place boundaries on their interpretation.

Referee #3:

Besides the unexpectedly weak degradation effects observed, this manuscript is noteworthy for
its careful consideration of experimental assumptions and variables and its quantitative
treatment of the data. This has the potential for clarifying conflicting observations in the
literature on synaptic protein turnover. Many of the inferences are reasonable, albeit indirect.
On the negative side, the analysis was not done in any condition that directly alters, or monitors,
synaptic function, so it is not yet clear to what extent the meager degradative changes observed
from pharmacological inhibition of the proteasome in cultured rat cortical neurons extend to
neurons undergoing excitation or inhibition (or to the intact brain). Importantly, left untested
was how severely the proteasome was actually inhibited under the conditions used. | also felt
that the paper was longer than it needed to be, and a number of the figures could be put in the
Supplementary Materials.

Overall, I would like to see additional controls that support the central, essentially negative
finding of minimal proteolytic perturbation by proteasome inhibition of these neurons.

1. Proteasomes might only be inhibited weakly by the inhibitor treatments used, and if strong
inhibition is not occurring, the major (negative) findings go out the window. Evidence for some



inhibition is a) an anti-ubiquitin immunoblot (poorly documented; was also done with cortical
neurons, not the hippocampal neurons used for microscopy), which shows more HMW ubiquitin
with time of treatment (Fig. S1), b) the proteotoxic stress response, and c) the observed
stabilization of certain proteins, such as NEDD4. None of these data, however, indicates whether
the proteasomal protease activity is blocked by 10% or 100% or whether only a subset of the
three different proteasome active sites (possibly mostly just the beta5 subunit sites) is blocked.
Specific proteasomal peptidase activities can be monitored pretty sensitively in cell extracts, or
even better, extracts from synaptosome preparations. | am not familiar with these cells/tissues,
but it may be necessary to fractionate proteasomes on gradients if other peptidases are
interfering with the assay. This control is essential.

These control experiments were now performed and provided as Fig. 1, S1 and S2. Please see
our response to reviewer #1 (“Proteasomal inhibition”) for a full explanation.

2. Another issue, which the authors do discuss in detail, is that inhibitor treatment was
maximally 24 h long, and it might be hard to detect small changes in levels of proteins with
longer half-lives. | wonder if it would be possible to monitor at longer times? Eventually, the cells
would be expected to apoptose with inhibitor present; when does this start to happen with 10
uM lactacystin treatment of these cells?

Please see our response to reviewer #1 (“Inhibitor toxicity”).

3. p. 4, bottom. Lactacystin is known to inhibit at least one additional cellular protease at
micromolar concentrations - Cathepsin A.

We thank the reviewer for this comment. We now mention this point when introducing
epoxomicin.

4. Figure 4 at least should go to Supplemental. Figures 2 and 7 would also be candidates for
moving.

Fig. 4B was moved to a supplementary figure (S6); Figs. 2B,C were moved to a supplementary
figure (S3). We added, however, a new illustration to figure 4 (now Fig. 5B) as it seemed that the
underlying logic of the experiments of Figs. 5 — 10 was not sufficiently clear.

5. p. 15. The UPS inhibition causes more than a response just in the ER (UPR). | don't believe
proteasome upregulation is observed, for example, when the UPR is specifically induced by an ER
stress.

The reviewer is probably correct, and it is likely that an UPR is only one of the cellular responses
evoked by proteasome inhibition. We therefore rephrased the text concerning this matter to be
more inclusive and removed the mention of an UPR from the abstract.



We note that the conclusion that proteasomal inhibition invokes an UPR (among others) was
also reached in the proteomic study of Larance et al. (2013), a conclusion they further
substantiated by measuring elF2alpha phosphorylation levels and establishing that these were
increased as expected.

6. The paper is very clearly written, but the writing could be made much more succinct.

We tried to shorten it where possible, although perhaps it could be shortened further. Please
note, however, that it was originally pointed out by the editor that the terminology (H/M, H/L,
etc.) can be confusing and that it is easy to get lost in technicalities. We therefore tried to be as
clear as possible, at the expense of brevity.

7. What is meant by the word "Intact" in the title? Was proteasome "intactness" ever assessed?

What we were referring to is intact function, that is, intact in the sense that proteasome
function is unperturbed / undisturbed

As this term seems to be confusing, we shortened the title to “Dependence of Synaptic Protein
Degradation on Proteasomal Function”. We also rephrased the text in all other instances in
which the term ‘intact’ was used.

8. Fig. S1. The blot needs to be labeled better (looks like it came from someone's group meeting)
and should include a parallel vehicle control (DMSQO?).

We apologize for this. As we mentioned in our response to reviewer #1, this blot was merely an
example of an assay we did as a precaution whenever we purchased a new batch of lactacystin
or epoxomicin, just to verify that the material was pharmacologically active. This matter is now
clarified in the text, which was moved to Materials and Methods.

9. The correlation between the two inhibitors (r=0.5) is actually not that high. The authors should
comment on this.

More information on this matter as well as several additional details are now provided in the
legend of this figure (S7).
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2nd Editorial Decision 18 July 2016

Thanks for submitting your revised manuscript to The EMBO Journal. Your study has now been
seen by the original referees #1 and 3.

As you can see below, the referees appreciate the introduced changes and support publication here.
There are a few minor comments that I would appreciate your response to in the point-by-point
response and perhaps in manuscript text if helpful.

Referee #2 also finds the text a bit long. Have a careful look at the manuscript and see if it makes
sense to move some parts into the appendix.

REFEREE REPORTS
Referee #1:

The authors replied to my comments by performing several experiments. My most important
comment was that the authors need to show that they inhibit the proteasome completely with
lactacystin and epoxomicin.

I think the authors have done what could be done in this direction. I am still not fully convinced that
complete proteasomal inhibition has been obtained. For exmple, in Figure 1 the authors show that
the amounts of a destabilized GFP increase after treatment with lactacystin treatment, indicating that
at least some proteasome inhibition takes place. But why is there no change in the concentration of
CFP, which is co-expressed in these cultures? Is CFP not degraded by the proteasome? But, since
we do not know what happens with CFP in the neurons, this type of argument is not a solid one.
And the authors' experiments have show that there is at least a substantial degree of proteasome
inhibition. Therefore, I now support the publication of the manuscript.

Referee #3:

The revision from Hakim et al. addresses many of the concerns I had with the original submission,
which generally speaking I had liked already. The results, again, have two major take-home
messages. One highlights the fact that synaptic proteins are mostly fairly stable and not strongly
affected by proteasome inhibitors and even for short-lived proteins, relatively few seem to be
strongly affected by these inhibitors. The second is that protein synthesis of synaptic proteins is
strongly affected, probably through the UPR (or more generally, the Integrated Stress Response,
which is worth stating). The relatively small number of proteins that are turning over rapidly due to
proteasomal degradation may surprise some, but the analysis is careful and I agree with the authors.

I still worry that the lack of strong effects of lactacystin and epoxomicin is due to inhibition only of
the chymotrypsin-like active sites (such findings have been made in yeast, for example). However,
the authors do now check in vivo R-GFP, an N-end rule substrate, which was strongly impaired by
these drugs in neurons (they also mentioned UFD substrates, but I don't think they actually checked
any of these). Overall, I think they do a good job of considering various variables, and I think this is
worth publishing in the EMBO Journal. It still feels incredibly long, and some thought should still
be given on parts to put in the Supplementary Data.

2nd Revision - authors' response 02 August 2016

© European Molecular Biology Organization



Referee #1:

The authors replied to my comments by performing several experiments. My most important
comment was that the authors need to show that they inhibit the proteasome completely with
lactacystin and epoxomicin.

I think the authors have done what could be done in this direction. | am still not fully convinced
that complete proteasomal inhibition has been obtained. For exmple, in Figure 1 the authors
show that the amounts of a destabilized GFP increase after treatment with lactacystin
treatment, indicating that at least some proteasome inhibition takes place. But why is there no
change in the concentration of CFP, which is co-expressed in these cultures? Is CFP not degraded
by the proteasome? But, since we do not know what happens with CFP in the neurons, this type
of argument is not a solid one. And the authors' experiments have show that there is at least a
substantial degree of proteasome inhibition. Therefore, | now support the publication of the
manuscript.

We thank the reviewer for his support. Indeed, the degree of inhibition was quantified by
comparing the rate of destabilized GFP or fluorogenic substrate accumulation in the presence
and absence of inhibitors (Figs. 1, EV1). These comparisons led us to conclude that the inhibitors
reduced degradation rates ~20 fold, although probably not completely. Note, however, and as
we show in Fig. 8B, that any suppression beyond a 10x suppression would result in essentially
the same log,(H/M) ratio readouts; thus differences between 20 fold and complete suppressions
of proteasomal activity would be nearly negligible in the assays used here.

As to CFP, EGFP and its spectral variants are very stable proteins, with half-lives >24 hours when
expressed in mammalian cell lines* (such as CHO cells), and probably longer in neurons, in which
turnover rates are generally slower, even for the same proteins’. It is therefore not very
surprising that ECFP concentrations were quite stable over the time course of these
experiments.

Referee #3:

The revision from Hakim et al. addresses many of the concerns | had with the original
submission, which generally speaking | had liked already. The results, again, have two major
take-home messages. One highlights the fact that synaptic proteins are mostly fairly stable and
not strongly affected by proteasome inhibitors and even for short-lived proteins, relatively few
seem to be strongly affected by these inhibitors. The second is that protein synthesis of synaptic
proteins is strongly affected, probably through the UPR (or more generally, the Integrated Stress

Li et al., (1998) Generation of destabilized green fluorescent protein as a transcription reporter. J Biol Chem. 1998
Dec 25;273(52):34970-5.
Price et al., (2010) Analysis of proteome dynamics in the mouse brain. Proc Natl Acad Sci U S A. 107:14508-13.



Response, which is worth stating). The relatively small number of proteins that are turning over
rapidly due to proteasomal degradation may surprise some, but the analysis is careful and |
agree with the authors.

I still worry that the lack of strong effects of lactacystin and epoxomicin is due to inhibition only
of the chymotrypsin-like active sites (such findings have been made in yeast, for example).
However, the authors do now check in vivo R-GFP, an N-end rule substrate, which was strongly
impaired by these drugs in neurons (they also mentioned UFD substrates, but | don't think they
actually checked any of these). Overall, | think they do a good job of considering various
variables, and | think this is worth publishing in the EMBO Journal. It still feels incredibly long,
and some thought should still be given on parts to put in the Supplementary Data.

We thank the reviewer for his positive assessment.

e Integrated Stress Response (ISR): Looking into our data, we found evidence that expression
levels of four proteins, whose expression was reported to be elevated as part of an ISR in an
ATF4-dependent manner?, were elevated following exposure to lactacystin. The expression
of one additional ISR-associated protein® was also found to be elevated. Therefore, and as
suggested by the reviewer, we now state in the discussion the possibility that the effects we
observed for protein synthesis might have involved an ISR.

e Inhibition of chymotrypsin-like active sites only: Lactacystin® and Epoxomicin® have been
reported to effectively block the chymotryptic, tryptic and peptidylglutamyl proteolytic
activities of proteasomes at the concentrations used here, although the same studies also
reported that inhibition of chymotryptic activities occurs at much faster rates. More recent
studies, based on newer probes, confirmed that Epoxomicin (1 to 10uM, one hour
exposures) inhibits the three B subunits (B5, B2, B1) associated with these three activities
quite effectively and with equal affinities’. Interestingly, the same study indicated that in
brain tissue, B subunits associated with tryptic and chymotryptic activities are the most
prevalent subunits. Finally, detailed mutation analysis (in yeast) suggests that B5 subunits
(associated with chymotryptic-like activity) strongly dominate substrate degradation in vivo®.

Harding et al., (2003) An integrated stress response regulates amino acid metabolism and resistance to
oxidative stress. Mol Cell 11:619-633

Young & Wek (2016) Upstream open reading frames differentially regulate gene-specific translation in
the Integrated Stress Response. J. Biol. Chem. pii: jbc.R116.733899.

Fenteany et al. (1995) Inhibition of proteasome activities and subunit-specific amino-terminal
threonine modification by lactacystin. Science 268: 726—31; Craiu et al (1997) Lactacystin and clasto-
lactacystin b-lactone modify multiple proteasome b-subunits and inhibit intracellular protein
degradation and major histocompatibility complex class | antigen presentation. J Biol Chem
272:13437-13445;

Meng et al., (1999) Epoxomicin, a potent and selective proteasome inhibitor, exhibits in vivo
antiinflammatory activity. Proc Natl Acad Sci U S A. 96:10403-10408

Berkers et al., (2007) Profiling proteasome activity in tissue with fluorescent probes. Mol.
Pharmaceutics, 4:739-748.

Jager et al., (1999). Proteasome beta-type subunits: unequal roles of propeptides in core particle
maturation and a hierarchy of active site function. J. Mol Biol. 291:997-1013



Thus, to the best of our understanding, the possibility that the lack of strong effects reflects
an exclusive inhibition of chymotrypsin-like activities is not very likely.

UFD substrates — the reviewer is right. This was a mistake in our reading of the paper of
Dantuma et al., (2000). Mention of UFD substrates was removed.

Paper length - the Results and Discussion sections were shortened by about two pages, by
tightening the wording throughout and moving the derivation of the mathematical
framework of Fig. 8 to the Appendix.
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This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures

1. Data

The data shown in figures should satisfy the following conditions:
2 the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the

L2 2 2 7

experiments in an accurate and unbiased manner.

figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful way.

graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.

if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified

Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

2. Captions

Each figure caption should contain the following information, for each panel where they are relevant:

Y vy Vv Y

a specification of the experimental system investigated (eg cel line, species name).
the assay(s) and method(s) used to carry out the reported observations and measurements
an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entityies) that are i

perturbed in a controlled manner.
the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

 common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

Please ensure that the answers to the following questions are reported in the manuscript itself. We encourage you to include a
specific subsection in the methods section for statistics, reagents, animal models and human subjects.

In the pink boxes below, provide the page number(s) of the manuscript draft or figure legend(s) where the

information can be located. Every question should be answered. If the questiol

is not relevant to your research,

please write NA (non applicable).

B- Statistics and general methods

http://1degreebio.org
http:

www.equator-network.org/reporting -research-repo

http://grants.nih.gov/grants/olaw/olaw.htm

http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/L index.htm
http://ClinicalTrials.gov

http://www.consort-statement.ory
http://www.consort-statement.org/checklists/view/32-consort/66-title

http://www.equats twork.org/reporting-guidel porting-r -for-tun

http://datadryad.org
http://figshare.com
http://www.ncbi.nlm.nih.gov/gap
http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/

d.nih.gov/biosecurity/biosecurity_documents.html
lectagents.gov,

Please fill out these boxes W (Do not worry if you cannot see all your text once you press returi

T.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

[The main data set is based on five independent repeats, in Proteomic studies where 2-3 repeats
are common practice, this is considered to be a very robust sample size. The robustness and

ity were quantifi ively by analyzing at time 0, where no effects
were expected as detailed in Fig 6 B,D,F.
[Additional data sets were based on very large numbers of cells and synapses obtained from
multiple experiments as detailed in the legend of each figure (Figs. 1,2).

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

N/A

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

Criteria for data inclusion were detailed in the main text and the Materials and Methods section:
For multiplexed SILAC, only proteins for which H/M ratios were quantified for at least 2 peptides in
each sample and time point were included. Data obtained from experiments were pooled, and
pooled results were reported only for proteins for which H/M ratio measurements were obtained
as described above in each of at least 110f the 12 Lactacystin samples (3 experiments 4 time
points) and at least 7 of the 8 epoxomicin samples (2 experiments, 4 time points).

Before subjecting data to MS analysis, preparative gels made for each sample were stained by
Coomassie blue and inspected visually. One sample was excluded as the gel was indicative of very
low protein content and suggestive of a problem in the cell culture used or the extraction process.
Consequently, this sample was discarded.

Beyond this single sample, all data was included.

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g.
randomization procedure)? If yes, please describe.

No subjective assessment of data was made.

For animal studies, include a about r evenifnor

was used.

N/A

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results
(e.g. blinding of the investigator)? If yes please describe.

[Apart from one discarded sample (see item #2) all samples and data were included and analysed in|
identical fashion

4.b. For animal studies, include a statement about blinding even if no blinding was done

N/A

5. For every figure, are statistical tests justified as appropriate?

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

All statistical tests (Welch t-tests) used here were parametric as proteomic data have a very strong
tendency to be normally distributed (see for example Fig. 6). Welch tests were used for the
proteomic data as no assumption is made in this test that the variances of the compared data sets
are equal.

Is there an estimate of variation within each group of data?

Ves, Fig 6.

Is the variance similar between the groups that are being statistically compared?

[The assumption that variances of the compared data sets were equal was not made hence the use
of Welch t-tests.

C- Reagents



6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

Synapsin-I - BD Transduction Laboratories Cat # 611392

PSD-95 - Synaptic Systems, Cat # 124-011, clone 108E10.

SV2A - Synaptic Systems, Cat # 119-002.

Bassoon - monoclonal mab7f - tom Dieck et al. 1998, J Cell Biol 142:499-509
ProSAP2 - guinea-pig polyclonal Bockmann et al., 2002, J Neurochem 83:1013-1017.
ProSAP2 - Synaptic Systems Cat # 162 302.

RIM - BD Transduction Laboratories Cat # 610906, clone 26.

P21 - BD Pharmingen Cat # 556430, clone SX118.

aTubulin — Millipore Cat # MABT205 clone DM1A

7. 1dentify the source of cell lines and report if they were recently authenticated (e.g,, by STR profiling) and tested for N/A
mycoplasma contamination.
*for all hyperlinks, please see the table at the top right of the document
D- Animal Models
8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |N/A
and husbandry conditions and the source of animals.
9. For experiments involving live vertebrates, include a of with ethical and identify the |N/A
committee(s) approving the experiments.
10. We r the ARRIVE (see link list at top right) (PLoS Biol. 8(6), €1000412, 2010) to ensure [N/A
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting
Guidelines’. See also: NIH (see link st at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.
E- Human Subjects

11. Identify the committee(s) approving the study protocol. NA
12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments NA
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.
13. For publication of patient photos, include a statement confirming that consent to publish was obtained. NA
14. Report any restrictions on the availability (and/or on the use) of human data or samples. NA
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. NA
16. For phase Il and Il randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) |NA
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under
‘Reporting Guidelines’. Please confirm you have submitted this list.

NA

F- Data A«

G- Dual u;

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at
top right). See author guidelines, under ‘Reporting Guidelines'. Please confirm you have followed these guidelines.

ccessibility

18. Provide accession codes for deposited data. See author guidelines, under ‘Data Deposition’-

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. cr i data for small

d. Functional genomics data

e. Proteomics and molecular interactions

Raw data of all proteomic data will be available in the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository.

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the
iournal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of
datasets in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ o in
unstructured repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

Data sets generate in the study are provided as Table EV1 to EV3

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while
respecting ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible
with the individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

N/A

21. As far as possible, primary and referenced data should be formally cited in a Data Availability section. Please state
whether you have included this section.

Examples:

Primary Data

Wetmore KM, Deutschbauer AM, Price MN, Arkin AP (2012). Comparison of gene expression and mutant fitness in
is MR-1. Gene Expression Omnibus GSE39462

Referenced Data
Huang J, Brown AF, Lei M (2012). Crystal structure of the TRBD domain of TERT and the CR4/5 of TR. Protein Data Bank
2

[AP-MS analysis of human histone deacetylase interactions in CEM-T cells (2013). PRIDE PXD000208

Section was included at the end of the section titled 'In gel proteolysis and mass spectrometry

analysis" in the Materials and Methods

22. Computational models that are central and integral to a study should be shared without restrictions and provided in a
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized
format (SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the
MIRIAM guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list
at top right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be

ited in a public repository or included in y information.

N/A

se research of concern

23. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.

No




