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June 16, 2022 
 
Dear Editor, 
  
We offer below our point-by-point responses to queries and comments on our submitted 
manuscript previously titled, “A novel multifunctional role for Hsp70 in binding post-translational 
modifications on client proteins” (now retitled “Cross-linking mass spectrometry analysis of 
Hsp70 complexes reveal novel PTM-associated interactions”). We would like to thank yourself 
and the reviewers for guidance and constructive comments. This work was initially started just 
before the pandemic hit the senior author graduated after the submission of this paper. Despite 
this, we have done our best to answer the reviewer queries. We have been able to complete 
most of the requested experiments and have adjusted the text to better reflect the data 
presented.  
 
Before we go into the point-by-point responses, we wanted to address here some general 
queries. We would ask the reviewers to keep in mind that this work is being considered as a 
Resource article. As per the PLOS Biology website, “Resources consist of data sets or other 
significant scientific resources that are of general interest and provide exceptional value for the 
community that could spur future research”. We would ask the reviewers and Editor to 
compare our revised manuscript with [1], a smaller resources paper published in PLOS Biology 
in 2020 on a related, yet distinct theme and methodology.  We set out to identify novel direct 
interactors of Hsp70 by using cross-linking mass spectrometry, something that has not been 
attempted previously. We recruited proteomic experts Dr. Luca Fornelli (University of 
Oklahoma) and Dr. Romain Huguet (Thermo, Mass Spectrometry section). We designed and 
analyzed the proteomics experiments with appropriate controls and statistics to ensure an 
extremely high degree of rigor. Through this work, we have identified novel chaperone 
interactions, many of which appear to be associated with PTMs (95% of these PTMs were 
previously unknown). Aside from the interest to the general chaperone community, the newly 
discovered PTMs on a range of proteins will be interesting to the scientific community as a 
whole. 
 
In accordance with reviewer suggestions, we have been careful to remove the term “client” 
throughout the manuscript where client status has not been fully investigated. We have also 
altered the title to “Cross-linking mass spectrometry analysis of Hsp70 complexes reveal novel 
PTM-associated interactions” to reflect this change.  
 
Our work (now including requested data) suggests that Ssa1 self-association is important for a 
subset of its chaperone functions, particularly the heat shock response. We revised this 
section in particular for clarity and insight. While much more work needs to be done to explore 
all of these fascinating interactions, we believe these data will be of great benefit to the 
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chaperone community (and beyond) and thus fulfills the criteria for a Resources article in 
PLOS Biology.  
 
Response to Reviewer 1 comments 
 
“A major absence is the experiment showing that the E540A/N537K mutants do not dimerize - 
this is inferred but not tested despite the reagents being in hand.” 
 
We agree with the reviewer. We have completed the recommended experiment and the new 
data can be found as Fig. 2D. 
 
“Fig. 1G - I believe the N537A nomenclature is incorrect as the results text reads N537K” 
 
Yes, it should be N537A and we have made the appropriate changes to Fig. 1G and the text. 
 
“Fig. 1G and 1H - the temperature sensitive phenotype is indeed quite dramatic and an attempt 
is made to link the growth phenotype to a reduced HSR. While this is possible, it is not 
consistent with past results that suggest that impaired HSR does not typically result in ts 
growth but rather heat shock sensitivity, which could be easily tested.  
 
Defects in yeast Hsf1 activity are known to result in yeast temperature sensitivity. A good 
example if this is the well-characterized hsf1-583 mutant [2-4]. 
 
“More importantly, it would be useful to assess Hsf1 target protein levels in the strains to 
ascertain if chaperone levels are truly significantly reduced in the mutant strains. I suspect they 
are not.” 
 
We thank the reviewer for this suggestion. We examined the inducibility of two Hsf1-driven 
proteins (Hsp26 and Hsp42) in WT and N537A/E540A strain via Western Blotting. There was a 
very clear defect in Hsp26 and Hsp42 inducibility in the mutant. This taken together with the ts 
phenotype and HSE-luciferase assays clearly shows that there is an issue with activation of 
the HSF in N537A/E540A. The new figure can be found as Figure 2G. We have revised the 
appropriate section in the results and discussion sections of the manuscript in accordance with 
this. 
 
“Finally, the corresponding author is well aware that chaperone and Hsf1 mutants are typically 
ts due to failure to maintain the cell wall stress response. This should also have been tested 
using sorbitol plates as done later in the manuscript to ask whether osmotic support 
suppresses the ts phenotype.” 
 
This is a fair point by the reviewer-the corresponding author has published several papers 
linking the HSR to cell wall integrity. We have completed the proposed sorbitol experiment 
which can now be found in a revised Fig. 1E. There is a clear suppression of the 
N537A/E540A ts phenotype, adding to evidence that N537A/E540A has a defective heat shock 
response, similar that of the hsf1-583 mutant [2-4]. 
 
“Fig. 1I - why is the load control protein GAPDH present in the FLAG-Ssa1 IP?  
 
This result may appear strange, but GAPDH is actually a known interactor, but not a client of 
Ssa1 [1]. We decided to use this as a control for our experiment using Ssa1 V435F. As 
expected, V435F Ssa1 still interacts with GAPDH confirming its non-client status. 
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“As an extension of comment #4, the paper relies heavily on differential signals by immunoblot 
for protein levels and pulldowns, yet no quantitation of these blots is provided”. 
 
While quantitation is useful in some studies, we do not think this is the case here. In the 
experiments demonstrating novel protein interaction with Ssa1, it is a binary result (either 
interacting or not). For drug inhibition assays, there is a clear decrease in client levels upon 
chaperone inhibition. We believe in this case the addition of graphs showing blot quantitation 
would not only make the figures less readable but would be an unnecessary time and cost 
burden for the researchers involved. 
 
“Fig. 3 C - what is the purpose of the cartoon of a yeast cell above the pulldowns? What is 
happening in the lysates for Hsp82?” 
 
The purpose of the cartoon yeast was to clarify which experiments were performed in yeast vs 
cell culture. We agree this was a bit confusing and inconsistent and have removed this from 
the figures.” 
 
With regards to Hsp82 lysate levels, we agree that it is interesting that Hsp82 levels are altered 
in response to overexpression of Sse1 and Ura8. We saw this on multiple attempts of this 
experiment. Hsp82 is a stress-induced protein and it is possible that overexpression of these 
client proteins is triggering the production of Hsp82. For the purposes of this experiment, we 
simply sought to demonstrate Hsp82-interaction with these potential clients, which we believe I 
clear from our presented data. 
 
“Fig. 5D - what is being pulled down here - the results say Lonp-1 is the bait while the figure 
suggests it is FLAG-Hsc70.” 
 
The reviewers are quite correct, the original experiment used FLAG-Hsc70 as the bait. On 
reflection, we realized a much better experiment would be to use FLAG-Lonp-1 as the bait. We 
have completed this experiment which can now be found in revised figure 5D. 
 
“It is unclear what is actually happening in Fig. 5H and 5J. Does bortezomib inhibit the lon 
protease? If so, a citation would be useful to support that fact.” 
 
We apologize for the lack of clarity on this. Yes, several studies have shown Bortezomib does 
inhibit Lon protease processing. In addition to this, the crystal structure of yeast, bacterial and 
mammalian lon protease with bortezomib has been characterized [5-9]. We have now added 
these references to the manuscript.  
 
“In 5J, the results state that self-cleavage was restored in the S974D mutant. However, it 
appears that cleavage is actually blocked in the asparate mutant in the presence of Ssa1 - am 
I misinterpreting the banding patterns here?”. 
 
With regards to the S974 mutant the reviewer is correct-cleavage is actually blocked in the 
asparate mutant in the presence of Ssa1 when expressed in bacteria. We apologize for this 
error and have corrected this in the text. 
 
“Is Ssa1 associated with cytosolic Pim1 prior to mitocondrial insertion? No comments are 
made regarding the organellar nature of this client.” 
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This is an interesting point from the reviewer. Pim1 functions in the mitochondria whereas 
Ssa1 is typically found in the cytoplasm. Our collaborator Dr. Rong Li, (a world leader in 
Pim1/Lonp-1 function) believes that based on our data the Ssa1-Pim1 interaction is occurring 
in the cytoplasm, preventing Pim1 from inappropriately digesting cytoplasmic targets. Release 
of Pim1 by Ssa1 into the mitochondria would allow it to perform its appropriate function. 
Experimentally, this is very complex to decipher, but we have altered the manuscript 
discussion to discuss this potential mechanism in more detail.  
 
“Fig. 7 - much of the results in this figure appear to show no real effects of the mutations and 
should either be moved to the SI or the authors should consider removing the figure entirely - 
there's not a lot going on here and it ends the paper on a less-than-compelling note.” 
 
Ste11 was one of the first identified clients of the Hsp90 system in yeast and as such we were 
excited to see this protein as a direct interactor of Ssa1. The regulation of the Ste11 pathway is 
complex involving multiple layers of regulation. The modification on Ste11 (di-methylation on 
R305) has not been previously identified. To try and tease out the role of this site we recruited 
two leading experts in Ste11 pathway regulation, Drs. Tatebayashi and Pryciak, who were very 
excited by our XL-MS data (given the proximity of R305 to activatory phosphorylation sites). 
Although subtle, their data do clearly show an impact of R305 mutation on Ste11 function. This 
modification is particularly challenging to tease apart as there are no good antibodies for di-
methylation modification. This may be addressed in future studies using in vitro dimethylation 
or expanded genetic code technologies, but we have done the best we could given the 
available reagents. Given that this is a resources article, we believe identification of this site as 
an interesting regulatory site for Ste11 is enough for publication. 
 
 “Why is the presence of Hsp82 investigated in most if not all of the interactions?  The positive 
results here suggest that these are actually clients of the greater Hsp90 system, which of 
course include Hsp70 as a precursor step. It is also unusual for both Hsp90 and Hsp70/Ydj1 to 
be present at the same time, so the pulldowns likely represent mixed populations of clients 
with several different chaperones.” 
 
We agree with the reviewer that the nature of the MS experiment means that we are likely 
pulling down mixed populations of clients and that many of these interactions are likely to be 
clients of the greater Hsp90 system. However, although Hsp70 and Hsp90 have distinct roles 
in the folding process, they are often seen together in complexes. Examples include studies 
from the Wickner lab which demonstrate that Hsp70 and Hsp90 can directly interact [10, 11] 
and multiple high-profile studies from the Agard lab on the glucocorticoid receptor which forms 
a complex of both Hsp90 and Hsp70 at the same time [12, 13]. 
 
 
Response to Reviewer 2 
 
“Nitika et al provide an in vivo interactive analysis of the Hsp70 chaperone Ssa1, using cross-
linking mass spectrometry. If correct, this study is absolutely awesome” 
 
We thank the review for the kind comments, it means a lot to the students and faculty involved. 
 
“Almost 80% of the interactions are located in the nucleotide binding domain (NBD). While it is 
plausible that regulatory factors interact with the NBD, it not plausible that such interactions 
outnumber substrate interactions by 4:1. In fact, I would have even expected more interactions 
in the substrate binding domain than identified by the authors. This raises the questions 
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whether the interactions monitored here are relevant and really reflect meaningful interactions 
inside the cell. Ssa1 is a rather abundant protein, equipped with a cross linker it may interact 
with many proteins. Would overproduction of NBD lead to a similar interactive? Would it me 
toxic, by competing out the interactions? Would V435F be toxic? How does the interactive of 
this mutant compare to wildtype?” 
 
The whole purpose of this work was to identify direct interactors of Hsp70 as opposed to those 
in a complex. We have over 10 years of experience analyzing chaperone interactions by mass 
spectrometry and have published these in well-respected journals [14-20].  For this project, we 
were fortunate enough to also recruit collaborators Dr. Luca Fornelli (an expert in carrying out 
and the analysis of XL-MS experiments) and Dr. Romain Huguet (who works for Thermo 
pioneering new MS technologies). From a technical perspective, appropriate steps were taken 
to ensure a high level of confidence in the MS data. All the interactions we have followed up on 
so far have proven to be genuine interactors through complementary technologies.  
 
We agree with the reviewers that it is unexpected that many of the interactions seen are with 
the N-terminus as opposed to the C-terminus, given that the C-terminus is defined as the 
client-binding region. There are several potential explanations for these results. Firstly, it is 
possible that during the client protein-binding process, there are multiple interactions between 
chaperone and client-protein that engage the entirety of Hsp70. Secondly, it is likely that we 
are detecting the interaction of Hsp70 in fully-formed protein complexes, such as observed in 
[12, 13]. Finally, several of the N-terminal interactions may represent novel co-
chaperones/regulators of Hsp70, which we hope to investigate in future studies. From a 
technical perspective, the imbalance of interactions observed between the N and C-terminal 
domains of Ssa1 may arise from the cross-linker used. Hsp70 has a client binding preference 
consisting of short stretches of amino acids enriched in hydrophobic and non-polar amino 
acids, with a model client peptide of NRLLLTG often being used in in vitro studies [48]. DSSO 
is a lysine cross-linker and it is possible that the lack of lysines on clients at the Ssa1 client-
binding domain interface may prevent DSSO linkage [26]. It is also worth noting that the 
substrate-binding domain on Ssa1 is heavily modified by PTMs, many of which occur on 
surface lysines [21]. The presence of these PTMs on the SBD may inhibit DSSO-cross linking 
in this region. 
 
Experimentally, this is hard to tease out. A lack of interaction between the isolated Hsp70 NBD 
and a protein does not disprove that an interactor can bind the NBD. This result could also be 
explained by a model in which the protein can interact with both NBD and SBD, but this is 
dependent on the SBD. We considered performing single domain experiments in yeast but the 
NBD by itself is not enough to sustain yeast viability. If the NBD were expressed in yeast in the 
presence of full-length Ssa1, results would be complicated by the ability of Ssa1 to either 
oligomerize or NBD-SBD interactions that happen as part of the Ssa1 conformational cycle. 
We have however made substantial edits to the manuscript to discuss these points, including a 
removal of the term “client” from most of the figures and text. We hope that this satisfies the 
reviewers. 
 
“The authors find many interactions for the dimerisation of Hsp70. When analysing substrate 
interactions, they only observe single cross-links. This suggests that concentration indeed 
plays a major role for the findings of the study. E.g. Hir1 shows only 1 cross link to the SBD, 
Pim1 only 1 cross link to the NBD.” 
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We agree with the reviewer, but it should be noted observation of single crosslinks are pretty 
standard in the XL-MS field even in highly purified recombinant protein complexes (Please see 
[21-23]). 
 
“Pim1 is a mitochondrial protease. Why should it now interact with the NBD of Hsp70?” 
 
After identifying interaction between Ssa1 and Pim1, we recruited Dr. Rong Li, an expert in 
Pim1/LonP from Johns Hopkins University to study this interesting interaction. With her help, 
the data we have collected suggests that the Ssa1 binds Pim1, preventing it from self-cleaving, 
becoming active and inappropriately digesting cytoplasmic targets. Release of Pim1 by Ssa1 
into the mitochondria would allow it to perform its native function. While our data suggests that 
Pim1 is a direct interactor and client of Ssa1, the fact that we observe a cross-link only at the 
N-terminus of Ssa1 does not of course mean the interaction is exclusively through this region. 
It is likely that Ssa1 and Pim1 interact at multiple points, but that the nature of the experiment 
and kinetics of interaction did not allow us to capture these other interactions. We have altered 
the manuscript discussion to discuss this potential mechanism in more detail and why many 
more interactions with NBD than SBD were observed.  
 
“For the analysis of dimerisation, the question is to which extent does dimerisation play a role - 
how much of Hsp70 is present in the dimer? if the interaction is meaningful under stress, what 
would be its physiological role? Dimerisation had been suspected in the literature as a storage 
function (although never proven in vivo), but this would expect that under heat stress Hsp70 
should more monomers to interact with unfolded clients.” 
 
There is substantial evidence from mammalian and bacterial systems that Hsp70 
homodimerizes/oligomerizes (please see our review [24]). Qinglian Liu’s lab obtained the 
structure of a DnaK dimer and impaired DnaK function via mutagenesis of dimer-disrupting 
sites [25]. Human Hsp70 has also been observed as anti-parallel dimers (at least in vitro) by 
cross-linking mass spectrometry, native electrospray mass spectrometry and small-angle X-ray 
scattering based studies [12, 26]. In addition, ER-localized Hsp70 (BiP) has been known to 
form dimers under stress conditions [27-29].  
 
We now show with additional experiments suggested by the reviewers that mutation of amino 
acids in Ssa1 that are conserved and are critical for DnaK and human Hsc70 dimerization 
appear to prevent Ssa1 self-association. These same mutations prevent yeast from mounting 
an appropriate heat shock response. This includes temperature sensitivity that can be 
suppressed by sorbitol, a loss of HSE-luciferase activity and induction of Hsp26/42. While 
beyond the scope of this Resources article we hypothesize that Ssa1 dimerization alters 
interaction with the core heat shock machinery rather than unfolded protein. We hope to 
investigate this further in future studies. We apologize for not explaining this well and have 
substantially edited the text for clarity. 
 
 
Response to Reviewer 3 
 
“The manuscript was written in a readable and accessible style, and the data are beautifully 
and clearly presented. I have some minor suggestions for the authors to consider during 
revision of the manuscript.” 
 
We thank the reviewer for their kind comments. This means a lot to all the researchers 
involved. 
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“Figure 1A describes the core of the methodology but is hardly mentioned in the narrative at 
all. It is left implicit that the reader will figure out the approach from the figure. It would be 
useful to the reader to provide a concise but informative narrative to describe the broad 
approach in the text.” 
 
We apologize for this error and have added detail to the methods section as requested. 
 
Fig 2F: there are no controls for the BiFc analysis. As a minimum, the untagged VN and VC 
should be shown for the reader to have confidence in the data. 
 
We agree and have added this data as supplemental figure S1B. 
 
“Fig 2G-H: Would it be possible to conclusively demonstrate loss of dimerisation using the IP 
or BiFc approach as reported by the authors for example?”  
 
We agree with the reviewer’s comment. We have now performed an experiment demonstrating 
that the mutant does not dimerize to the same extent as WT Ssa1. This figure can be found as 
revised Fig. 2D 
 
“The authors use the term 'client' quite loosely when describing the interactome analysis. My 
understanding, which is reinforced by the authors themselves later in the ms, is that interaction 
alone is not sufficient to infer client status. A client is one that interacts and is reliant on the 
chaperone (i.e. is perturbed upon chaperone inhibition). Therefore, it would be more accurate 
to use the term "interactor" or similar unless where the authors demonstrate client status”. 
 
We absolutely agree with the point. While we have demonstrated novel client-like behavior for 
a few proteins, the others are untested. We have removed “client” in the text where true client 
behavior has not been demonstrated. To that end we also changed the title of the manuscript 
accordingly. 
 
“Fig 4 D: the - and + signs are not correctly aligned with the lanes” 
 
Fixed 
 
“Figure 5H and I: should it be Pim1-GFP?” 
 
Fixed 
 
“Fig 6H and I: How certain are you at the increased localization to the kinetochore of the YFP 
tagged protein is not just due to higher levels of protein expression? There did appear to be 
high levels of diffuse fluorescence in the background?” 
 
The Y86 site lies in the interface between Mtw1 and other core kinetochore components [30, 
31] and thus likely impacts Mtw1 interactions. Given monetary and time constraints we were 
unable to experimentally address this, but instead have edited the manuscript to discuss this in 
more detail.  
 
“Page 14, line 5: 'previous' should be 'previously'” 
 
Fixed 
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“The methods section needs to be reviewed for formatting and consistency. There are several 
minor issues that should be easily resolved.”  
 
We apologize for these mistakes and now have corrected the figures and text as requested. 
 
We hope that these responses and the revised manuscript are satisfactory.  Again, we thank 
the Editor and Reviewers for their careful reading and valuable feedback.  We feel this process 
has led to a vastly improved manuscript. 
 
Sincerely, 
 
 

 
 
Andrew Truman, PhD 
Associate Professor, Biological Sciences, University of North Carolina at Charlotte 
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