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1st Editorial Decision 8th January 2018 

 
Thank you again for submitting your work to Molecular Systems Biology. We have now heard back 
from the three referees who agreed to evaluate your study. As you will see below, the reviewers 
appreciate that the presented approach is a potentially valuable contribution to the interactomics 
field. They raise however a series of concerns, which we would ask you to address in a revision of 
the manuscript.  
 
The reviewers' recommendations are rather clear so I think that there is no need to repeat all the 
points listed below. As reviewer #2 mentions, some follow up analyses providing support for the 
biological significance of (some of) the identified CSPa interactions would significantly enhance the 
overall impact of the study. If you would like to discuss any of the reviewers' comments in further 
detail please do not hesitate to contact me.  
 
--------------------------------------------------------  
 
REFEREE REPORTS 
 
Reviewer #1:  
 
The manuscript entitled "A quantitative bioluminescence-based technology reveals the impact of 
disease-associated mutations on synaptic CSPα interactions" by Trepte et al, utilizes a double-
readout bioluminescence-based two-hybrid technology called LuTHy, which provides two 
quantitative scores in one experimental procedure for testing binary protein-protein interactions in 
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mammalian cells. Specifically, quantification of binary PPIs is achieved using BRET and co-IP 
approaches. Using this double read-out, the authors show they can detect interactions with higher 
sensitivity than traditional single read-out methods. Furthermore, using LuTHy, the authors 
identified 47 interactions for the chaperone CSPα, and almost 70% of these PPIs were found to be 
perturbed in the disease-causing L115R substitution and L116 deletion mutants of CSPα.  
 
Overall, the study and technology are interesting, as LuTHy can be used to detect both weak and 
strong interactions as well as direct (BRET) and indirect (co-IP) PPIs in one experiment, using two 
different biophysical detection principles. Such an approach would result in the detection of binary 
PPIs with high sensitivity and specificity in mammalian cells, which offsets the limitations of 
traditional single read-out assays to detect binary PPIs. Since much of this paper is a method 
development and proof-of-principle of the approach, the following are suggestions I recommend to 
enhance the manuscript:  
 
Comment 1: The authors conducted a thorough analysis using different reference sets of the 
applicability of LuTHy. From the different PPIs analyzed, it would be interesting to see how 
accurate LuTHy is at determining both positive/negative PPIs in different cellular compartments. 
For example, is LuTHy able to detect with high confidence, PPIs that occur in the nucleus, plasma 
membrane, cytosol, etc? We recommend the authors try and break down the localization of the 
different PPIs analyzed and potentially provide ROC curves for different cellular compartments. 
This would be interesting as some of the currently available technologies can only detect PPIs in 
specific cellular compartments (ie. MaMTH is specifically used for membrane PPIs).  
 
Comment 2: Have the authors tried performing ligand stimulation experiments to assess the effect 
on downstream PPIs? It would be interesting to see how LuTHy is able to detect PPIs that are 
induced via a receptor-ligand interaction (ie. When cells are treated with EGF, how does it affect the 
ability of EGFR to interact with downstream signalling proteins).  
 
Comment 3: How amendable is LuTHy in other cell lines; specifically, ones that are difficult to 
transfect? Have the authors tried using a cell line other than HEK293 to show the scalability of this 
approach? It would be interesting to see how LuTHy can be used to detect PPIs in other cell lines.  
 
Comment 4: One of the limitations of LuTHy is the need for the transfection of both bait and prey 
proteins. Have the authors tried generating stable bait or prey cells to offset the need to transfect 
both plasmids? Even a stable inducible bait or prey cell system would be interesting to see how the 
assay performs. In addition, a stable inducible cell line would also be more amendable for 
prospective high throughput drug screening applications.  
 
 
 
Reviewer #2:  
 
Summary  
 
Trepte et al. describe a new protein/protein interaction (PPI) assay suitable for detecting and 
quantifying binary interactions in both live cells and in lysates. Their assay combines two well-
established assays, BRET and LUMIER, into one vector system which facilitates almost 
simultaneous detection of interactions with two complementary methods. They benchmark the assay 
with a collection of known interactors (PRS) and random reference set (RRS) in addition to a panel 
of binary interactions with known dissociation constants.  
 
The first part of the manuscript describes and benchmarks the method, whereas the second part 
focuses on the interactions of one protein, CSPa, involved in synapse function.  
 
General remarks  
 
There are many well-established interaction assays that scientists can use, but the problem is that 
there is no single assay that works in every situation. In particular, transient interactions that are 
difficult to detect but biologically highly relevant have been challenging to study with many existing 
methods. Therefore, it is important that new assays are still developed and rigorously benchmarked.  
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Technically, the experiments described in the manuscript are well controlled and clearly presented, 
and the results are (mostly) convincing. I only have a few comments about the technical aspects of 
the manuscript (listed below).  
 
As a method development paper, this manuscript is almost entirely technical in nature. The authors 
do not perform any follow-up experiments with the interactors detected in the CSPa screen, and 
therefore the biological significance of the interactions remains to be determined.  
 
Major points  
 
The number of interactors detected in the CSPa screen is, to me, alarmingly high (38% of tested 
pairs!). While it is possible that this is true (given that CSPa is a chaperone), it would be important 
to control this more rigorously. I suggest the authors test another membrane protein or membrane-
associated protein for interactions with the same set to make sure these interactions are not due to 
crowding at the two-dimensional surface to which membrane proteins are tethered.  
 
In the PRS/RRS experiment, were the positive hits from both orientations included in the analysis? 
In all previous assays (Y2H, MAPPIT, LUMIER etc), the interactions were tested in only one 
orientation, so comparison to the union of two different orientations in LuTHy is not appropriate. It 
would be better to show the performance of the assay with both orientations and compare them 
separately to the other established assays. In addition, I would suggest the authors add a 
supplementary figure where they plot the interaction scores from one orientation against the other to 
get an idea of the robustness of the assay.  
 
Because BRET is highly dependent on the proximity of the donor and acceptor, it would be nice to 
have an indication as to how much the interactions change when proteins are tagged in the C versus 
N terminus. "Where should I tag my favourite protein?" is a very common question for everyone 
working with fusion proteins, and such data would be very helpful to anyone who wants to use 
LuTHy assay in the future. I would encourage the authors to add such data if they have it.  
 
The authors state that the CSPa preferentially targets membrane proteins, since 88% of interactors 
were of such kind. Please test if this is a significant enrichment over the starting pool, since synaptic 
proteins are likely enriched in membrane proteins to begin with.  
 
It is not clear to me how the proteins screened for CSPa interactions were tagged (N terminus or C 
terminus). If they were tagged in the N terminus (as it seems), I would be very worried about proper 
trafficking of many membrane proteins since this would disrupt the signal sequence. Please 
comment.  
 
Minor points  
 
The authors state (page 14) that LuC is less suitable for detecting changes in interactions due to 
mutations. However, they only tested with LuC those interactions that were detected as changed by 
BRET. Thus, it is possible that 1) LuC is less suitable (as they claim), 2) BRET is less suitable 
because the changes it detected are not real, or 3) LuC is more suitable because it would have 
detected other changed interactions that BRET did not detect, or 4) they are equally suitable.  
 
The authors state that BRET detects direct interactions, because the donor and the acceptor have to 
be in close proximity. This is incorrect, since they can be in close proximity even if the interaction is 
not direct.  
 
On page 6 (and in several graphs), the authors mention measuring luminescence. Technically, the 
emitted light is not only luminescence but a combination of luminescence (photos emitted by 
Nanoluc) and fluorescence (photons emitted by mCitrine).  
 
Page 10: co-produced -> co-expressed  
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Reviewer #3:  
 
The LuTHy assay described by Trepte and colleagues combines two orthogonal protein protein 
interaction (PPI) assays, Bioluminescence Resonance Energy Transfer (BRET) and luminescence-
based co-precipitation (LuC), as a new improved method for the mapping of PPIs. This clever 
approach deals with a typical validation strategy for PPIs detected with a particular assay, i.e. the 
confirmation in an orthogonal assay. The authors rightfully point out that the high heterogeneity 
underlying PPIs requires complementary approaches and they refer to important papers in the field. 
The authors indeed suggest to combine the data from the two assays as a robust sensitive research 
tool to obtain a comprehensive view on the interactome.  
The different aspects related to state-of-the-art binary interactomics are nicely addressed in this 
study: small molecule effects, weak interactions, donor saturation assays for binding constants, and 
interactome profiling of pathogenic variants.  
The manuscript is clearly written and well structured. Figures are clear and to the point. Sufficient 
additional figures are provided to assess validity of all the claims. Overall quality of the work is very 
high.  
While experimentally sound, and a nice contribution to the binary interactomics field, one important 
aspect is not handled in this manuscript. The plasmids used in this study contain CMV promoters. 
Combined with PEI-based transfections in HEK293 cells, it can be assumed that extremely high 
levels of both bait and prey are obtained in the cells. This can have different effects on the cells 
themselves (various levels of overexpression stress) and can also lead to artifacts such as false 
positives. While this is controlled to some extent by the random reference set (and the non-synapse 
set), this point should be addressed in the manuscript. Although the donor saturation assay uses 
increasing levels of one of the partners, it is not the best way to show this. Ideally, the authors 
should show the system for lower expression levels. Lentiviral transduction or stable integration of 
bait and prey can be considered, preferably in a different cellular background (for instance: in the 
SHEP cells). I have mentioned higher that an orthogonal approach is a good validation strategy. 
Actually most studies now indeed aim at orthogonal validation, but at the endogenous level. As an 
alternative, the authors can consider to evaluate some of the found interactions for CSPalpha at the 
endogenous level.  
It is clear however that forced expression is a typical drawback with most binary approaches.  
Minor points:  
Please explain how the selection was made to obtain the panel of interactions for the affinity range. 
What criteria (if any) were used?  
How do the cut-offs defined in the materials and methods (p26 first paragraph; >= 0.03 and >= 0.05) 
relate to the data in the table EV6?  
Figure 4A, Figure 5D: Is the data normalized for expression levels?  
Please also address what kind of false positives can be expected for the individual approaches, and 
for the combined assay (if any)  
 
1st Revision - authors' response 31st May 2018 

Reviewer #1:  
	
  
The	
  manuscript	
  entitled	
  "A	
  quantitative	
  bioluminescence-­‐based	
  technology	
  
reveals	
  the	
  impact	
  of	
  disease-­‐associated	
  mutations	
  on	
  synaptic	
  CSPα	
  interactions"	
  
by	
  Trepte	
  et	
  al,	
  utilizes	
  a	
  double-­‐readout	
  bioluminescence-­‐based	
  two-­‐hybrid	
  
technology	
  called	
  LuTHy,	
  which	
  provides	
  two	
  quantitative	
  scores	
  in	
  one	
  
experimental	
  procedure	
  for	
  testing	
  binary	
  protein-­‐protein	
  interactions	
  in	
  
mammalian	
  cells.	
  Specifically,	
  quantification	
  of	
  binary	
  PPIs	
  is	
  achieved	
  using	
  BRET	
  
and	
  co-­‐IP	
  approaches.	
  Using	
  this	
  double	
  read-­‐out,	
  the	
  authors	
  show	
  they	
  can	
  
detect	
  interactions	
  with	
  higher	
  sensitivity	
  than	
  traditional	
  single	
  read-­‐out	
  
methods.	
  Furthermore,	
  using	
  LuTHy,	
  the	
  authors	
  identified	
  47	
  interactions	
  for	
  the	
  
chaperone	
  CSPα,	
  and	
  almost	
  70%	
  of	
  these	
  PPIs	
  were	
  found	
  to	
  be	
  perturbed	
  in	
  the	
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disease-­‐causing	
  L115R	
  substitution	
  and	
  L116	
  deletion	
  mutants	
  of	
  CSPα.	
  	
  
	
  
Overall,	
  the	
  study	
  and	
  technology	
  are	
  interesting,	
  as	
  LuTHy	
  can	
  be	
  used	
  to	
  detect	
  
both	
  weak	
  and	
  strong	
  interactions	
  as	
  well	
  as	
  direct	
  (BRET)	
  and	
  indirect	
  (co-­‐IP)	
  PPIs	
  
in	
  one	
  experiment,	
  using	
  two	
  different	
  biophysical	
  detection	
  principles.	
  Such	
  an	
  
approach	
  would	
  result	
  in	
  the	
  detection	
  of	
  binary	
  PPIs	
  with	
  high	
  sensitivity	
  and	
  
specificity	
  in	
  mammalian	
  cells,	
  which	
  offsets	
  the	
  limitations	
  of	
  traditional	
  single	
  
read-­‐out	
  assays	
  to	
  detect	
  binary	
  PPIs.	
  Since	
  much	
  of	
  this	
  paper	
  is	
  a	
  method	
  
development	
  and	
  proof-­‐of-­‐principle	
  of	
  the	
  approach,	
  the	
  following	
  are	
  
suggestions	
  I	
  recommend	
  to	
  enhance	
  the	
  manuscript:	
  	
  
	
  
Comment	
  1:	
  The	
  authors	
  conducted	
  a	
  thorough	
  analysis	
  using	
  different	
  reference	
  
sets	
  of	
  the	
  applicability	
  of	
  LuTHy.	
  From	
  the	
  different	
  PPIs	
  analyzed,	
  it	
  would	
  be	
  
interesting	
  to	
  see	
  how	
  accurate	
  LuTHy	
  is	
  at	
  determining	
  both	
  positive/negative	
  
PPIs	
  in	
  different	
  cellular	
  compartments.	
  For	
  example,	
  is	
  LuTHy	
  able	
  to	
  detect	
  with	
  
high	
  confidence,	
  PPIs	
  that	
  occur	
  in	
  the	
  nucleus,	
  plasma	
  membrane,	
  cytosol,	
  etc?	
  
We	
  recommend	
  the	
  authors	
  try	
  and	
  break	
  down	
  the	
  localization	
  of	
  the	
  different	
  
PPIs	
  analyzed	
  and	
  potentially	
  provide	
  ROC	
  curves	
  for	
  different	
  cellular	
  
compartments.	
  This	
  would	
  be	
  interesting	
  as	
  some	
  of	
  the	
  currently	
  available	
  
technologies	
  can	
  only	
  detect	
  PPIs	
  in	
  specific	
  cellular	
  compartments	
  (ie.	
  MaMTH	
  is	
  
specifically	
  used	
  for	
  membrane	
  PPIs).	
  	
  
	
  
We	
  appreciate	
  this	
  important	
  suggestion	
  by	
  the	
  reviewer.	
  We	
  have	
  now	
  
categorized	
  the	
  interactions	
  in	
  the	
  hPRS	
  and	
  hRRS	
  reference	
  sets	
  using	
  the	
  
available	
  information	
  about	
  their	
  subcellular	
  localization	
  (see	
  Appendix	
  Tab.	
  S2	
  
and	
  S3).	
  We	
  now	
  also	
  provide	
  ROC	
  curves	
  for	
  the	
  recovery	
  of	
  PPIs	
  with	
  
cytoplasmic,	
  nuclear	
  and	
  membrane	
  proteins	
  (see	
  Appendix	
  Fig.	
  S5C-­‐F).	
  Our	
  
analysis	
  revealed	
  that	
  PPIs	
  where	
  both	
  proteins	
  are	
  known	
  to	
  be	
  membrane-­‐
associated	
  or	
  contain	
  membrane-­‐spanning	
  domains	
  are	
  indeed	
  recovered	
  from	
  
the	
  reference	
  sets	
  with	
  a	
  lower	
  specificity	
  than	
  PPIs	
  with	
  nuclear	
  or	
  cytoplasmic	
  
proteins.	
  We	
  have	
  therefore	
  adjusted	
  the	
  cBRET	
  and	
  cLuC	
  cutoffs	
  for	
  the	
  detection	
  
of	
  such	
  PPIs	
  to	
  decrease	
  the	
  possibility	
  to	
  detect	
  false-­‐positive	
  interactions	
  (see	
  
main	
  text	
  page	
  7,	
  line	
  18	
  to	
  page	
  8,	
  line	
  2).	
  	
  
	
  
	
  
Comment	
  2:	
  Have	
  the	
  authors	
  tried	
  performing	
  ligand	
  stimulation	
  experiments	
  to	
  
assess	
  the	
  effect	
  on	
  downstream	
  PPIs?	
  It	
  would	
  be	
  interesting	
  to	
  see	
  how	
  LuTHy	
  is	
  
able	
  to	
  detect	
  PPIs	
  that	
  are	
  induced	
  via	
  a	
  receptor-­‐ligand	
  interaction	
  (i.e.	
  When	
  
cells	
  are	
  treated	
  with	
  EGF,	
  how	
  does	
  it	
  affect	
  the	
  ability	
  of	
  EGFR	
  to	
  interact	
  with	
  
downstream	
  signalling	
  proteins).	
  	
  
	
  
We	
  thank	
  the	
  reviewer	
  for	
  bringing	
  up	
  this	
  important	
  point.	
  Since	
  EGF	
  ligand	
  
stimulation	
  for	
  the	
  EGF	
  receptor	
  has	
  been	
  previously	
  shown	
  to	
  work	
  in	
  BRET	
  
assays	
  (for	
  example	
  Schiffer,	
  H.	
  H.	
  et	
  al.	
  (2007)	
  Pharmacology	
  and	
  signaling	
  
properties	
  of	
  epidermal	
  growth	
  factor	
  receptor	
  isoforms	
  studied	
  by	
  
bioluminescence	
  resonance	
  energy	
  transfer.	
  Molecular	
  Pharmacology	
  71,	
  508–
518),	
  we	
  investigated	
  whether	
  the	
  oligomerization	
  of	
  the	
  heat	
  shock	
  factor	
  HSF1	
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can	
  be	
  stimulated	
  indirectly	
  by	
  the	
  treatment	
  of	
  cells	
  with	
  small	
  molecules	
  or	
  heat.	
  
The	
  results	
  are	
  presented	
  now	
  in	
  Fig.	
  4D	
  and	
  E	
  and	
  described	
  in	
  the	
  text	
  (see	
  page	
  
12,	
  line	
  20	
  to	
  page	
  13,	
  line	
  19).	
  Our	
  studies	
  strongly	
  indicate	
  that	
  external	
  stimuli	
  
can	
  indeed	
  significantly	
  influence	
  the	
  association	
  of	
  tagged	
  proteins	
  in	
  mammalian	
  
cells.	
  
	
  
	
  
Comment	
  3:	
  How	
  amendable	
  is	
  LuTHy	
  in	
  other	
  cell	
  lines;	
  specifically,	
  ones	
  that	
  are	
  
difficult	
  to	
  transfect?	
  Have	
  the	
  authors	
  tried	
  using	
  a	
  cell	
  line	
  other	
  than	
  HEK293	
  to	
  
show	
  the	
  scalability	
  of	
  this	
  approach?	
  It	
  would	
  be	
  interesting	
  to	
  see	
  how	
  LuTHy	
  
can	
  be	
  used	
  to	
  detect	
  PPIs	
  in	
  other	
  cell	
  lines.	
  	
  
	
  
To	
  answer	
  this	
  question,	
  we	
  generated	
  new	
  lentiviral	
  expression	
  vectors	
  
(Appendix	
  Fig.	
  S1B),	
  from	
  which	
  we	
  produced	
  lentiviral	
  particles	
  and	
  infected	
  
primary	
  hippocampal	
  neurons.	
  To	
  this	
  point	
  we	
  have	
  only	
  used	
  them	
  to	
  validate	
  
the	
  effects	
  of	
  the	
  disease-­‐causing	
  mutations	
  in	
  CSPα	
  on	
  the	
  interaction	
  with	
  
ZDHHC17.	
  The	
  new	
  data	
  are	
  now	
  presented	
  in	
  Fig.	
  6E.	
  Importantly,	
  the	
  mutation-­‐
induced	
  increase	
  of	
  cBRET	
  and	
  cLuC	
  values	
  could	
  be	
  validated	
  with	
  LuTHy	
  in	
  
primary	
  neurons	
  (see	
  page	
  19	
  line	
  22	
  to	
  page	
  20,	
  line	
  2).	
  These	
  results	
  suggest	
  
that	
  LuTHy	
  can	
  be	
  applied	
  in	
  other	
  cell	
  lines	
  besides	
  HEK293	
  cells,	
  including	
  cells	
  
that	
  are	
  difficult	
  to	
  transfect,	
  such	
  as	
  primary	
  neurons.	
  
	
  
	
  
Comment	
  4:	
  One	
  of	
  the	
  limitations	
  of	
  LuTHy	
  is	
  the	
  need	
  for	
  the	
  transfection	
  of	
  
both	
  bait	
  and	
  prey	
  proteins.	
  Have	
  the	
  authors	
  tried	
  generating	
  stable	
  bait	
  or	
  prey	
  
cells	
  to	
  offset	
  the	
  need	
  to	
  transfect	
  both	
  plasmids?	
  Even	
  a	
  stable	
  inducible	
  bait	
  or	
  
prey	
  cell	
  system	
  would	
  be	
  interesting	
  to	
  see	
  how	
  the	
  assay	
  performs.	
  In	
  addition,	
  a	
  
stable	
  inducible	
  cell	
  line	
  would	
  also	
  be	
  more	
  amendable	
  for	
  prospective	
  high	
  
throughput	
  drug	
  screening	
  applications.	
  	
  
	
  
To	
  this	
  point,	
  we	
  have	
  not	
  generated	
  and	
  tested	
  stable	
  cell	
  lines.	
  However,	
  this	
  is	
  
planned	
  for	
  future,	
  larger	
  scale	
  PPI	
  and	
  drug	
  screening	
  studies	
  with	
  LuTHy.	
  
Because	
  tagged	
  proteins	
  of	
  interest	
  can	
  now	
  be	
  produced	
  with	
  lentiviral	
  
expression	
  vectors,	
  the	
  rapid	
  generation	
  of	
  stable	
  lines	
  is	
  clearly	
  feasible.	
  	
  
	
  
  



Molecular Systems Biology   Peer Review Process File  
 

 

 
© European Molecular Biology Organization 7 

Reviewer #2:  
	
  
Summary	
  	
  
	
  
Trepte	
  et	
  al.	
  describe	
  a	
  new	
  protein/protein	
  interaction	
  (PPI)	
  assay	
  suitable	
  for	
  
detecting	
  and	
  quantifying	
  binary	
  interactions	
  in	
  both	
  live	
  cells	
  and	
  in	
  lysates.	
  Their	
  
assay	
  combines	
  two	
  well-­‐established	
  assays,	
  BRET	
  and	
  LUMIER,	
  into	
  one	
  vector	
  
system	
  which	
  facilitates	
  almost	
  simultaneous	
  detection	
  of	
  interactions	
  with	
  two	
  
complementary	
  methods.	
  They	
  benchmark	
  the	
  assay	
  with	
  a	
  collection	
  of	
  known	
  
interactors	
  (PRS)	
  and	
  random	
  reference	
  set	
  (RRS)	
  in	
  addition	
  to	
  a	
  panel	
  of	
  binary	
  
interactions	
  with	
  known	
  dissociation	
  constants.	
  	
  
	
  
The	
  first	
  part	
  of	
  the	
  manuscript	
  describes	
  and	
  benchmarks	
  the	
  method,	
  whereas	
  
the	
  second	
  part	
  focuses	
  on	
  the	
  interactions	
  of	
  one	
  protein,	
  CSPa,	
  involved	
  in	
  
synapse	
  function.	
  	
  
	
  
General	
  remarks	
  	
  
	
  
There	
  are	
  many	
  well-­‐established	
  interaction	
  assays	
  that	
  scientists	
  can	
  use,	
  but	
  the	
  
problem	
  is	
  that	
  there	
  is	
  no	
  single	
  assay	
  that	
  works	
  in	
  every	
  situation.	
  In	
  particular,	
  
transient	
  interactions	
  that	
  are	
  difficult	
  to	
  detect	
  but	
  biologically	
  highly	
  relevant	
  
have	
  been	
  challenging	
  to	
  study	
  with	
  many	
  existing	
  methods.	
  Therefore,	
  it	
  is	
  
important	
  that	
  new	
  assays	
  are	
  still	
  developed	
  and	
  rigorously	
  benchmarked.	
  	
  
	
  
Technically,	
  the	
  experiments	
  described	
  in	
  the	
  manuscript	
  are	
  well	
  controlled	
  and	
  
clearly	
  presented,	
  and	
  the	
  results	
  are	
  (mostly)	
  convincing.	
  I	
  only	
  have	
  a	
  few	
  
comments	
  about	
  the	
  technical	
  aspects	
  of	
  the	
  manuscript	
  (listed	
  below).	
  	
  
	
  
As	
  a	
  method	
  development	
  paper,	
  this	
  manuscript	
  is	
  almost	
  entirely	
  technical	
  in	
  
nature.	
  The	
  authors	
  do	
  not	
  perform	
  any	
  follow-­‐up	
  experiments	
  with	
  the	
  
interactors	
  detected	
  in	
  the	
  CSPa	
  screen,	
  and	
  therefore	
  the	
  biological	
  significance	
  
of	
  the	
  interactions	
  remains	
  to	
  be	
  determined.	
  
	
  
Our	
  main	
  intention	
  with	
  this	
  study	
  was	
  to	
  present	
  the	
  design,	
  the	
  benchmarking	
  
and	
  the	
  validation	
  of	
  a	
  new,	
  double-­‐readout	
  PPI	
  detection	
  method.	
  To	
  underline	
  
this	
  point	
  we	
  have	
  now	
  changed	
  the	
  title	
  of	
  our	
  study.	
  The	
  PPI	
  screen	
  with	
  CSPα	
  
and	
  the	
  synaptic	
  proteins	
  was	
  performed	
  to	
  provide	
  proof-­‐of-­‐principle	
  that	
  the	
  
established	
  method	
  is	
  capable	
  of	
  detecting	
  relevant	
  PPIs	
  in	
  a	
  larger-­‐scale	
  
interaction	
  screening.	
  Thus,	
  a	
  comprehensive	
  validation	
  of	
  the	
  biological	
  
significance	
  of	
  the	
  newly	
  detected	
  CSPα	
  interactions	
  would	
  go	
  beyond	
  the	
  scope	
  
of	
  this	
  paper.	
  Nevertheless,	
  we	
  now	
  have	
  validated	
  some	
  of	
  the	
  detected	
  CSPα	
  
interactions	
  in	
  primary	
  neurons	
  using	
  a	
  proximity	
  ligation	
  assay	
  (PLA),	
  suggesting	
  
that	
  also	
  the	
  endogenous	
  proteins	
  interact	
  in	
  cells.	
  The	
  experiments	
  are	
  descried	
  
in	
  the	
  text	
  (see	
  page	
  17,	
  line	
  4-­‐12);	
  the	
  results	
  are	
  presented	
  in	
  Appendix	
  Fig.	
  14E.	
  	
  
	
  
Major	
  points	
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The	
  number	
  of	
  interactors	
  detected	
  in	
  the	
  CSPa	
  screen	
  is,	
  to	
  me,	
  alarmingly	
  high	
  
(38%	
  of	
  tested	
  pairs!).	
  While	
  it	
  is	
  possible	
  that	
  this	
  is	
  true	
  (given	
  that	
  CSPa	
  is	
  a	
  
chaperone),	
  it	
  would	
  be	
  important	
  to	
  control	
  this	
  more	
  rigorously.	
  I	
  suggest	
  the	
  
authors	
  test	
  another	
  membrane	
  protein	
  or	
  membrane-­‐associated	
  protein	
  for	
  
interactions	
  with	
  the	
  same	
  set	
  to	
  make	
  sure	
  these	
  interactions	
  are	
  not	
  due	
  to	
  
crowding	
  at	
  the	
  two-­‐dimensional	
  surface	
  to	
  which	
  membrane	
  proteins	
  are	
  
tethered.	
  	
  
	
  
We	
  agree	
  with	
  the	
  referee	
  that	
  PPIs	
  between	
  membrane-­‐associated	
  proteins	
  or	
  
proteins	
  with	
  membrane-­‐spanning	
  domains	
  need	
  to	
  be	
  carefully	
  assessed	
  and	
  
validated.	
  We	
  first	
  reanalyzed	
  the	
  hPRS/hRRS	
  reference	
  sets	
  (see	
  also	
  suggestion	
  
by	
  Reviewer	
  #1)	
  for	
  PPIs	
  with	
  membrane	
  proteins	
  and	
  found	
  that	
  especially	
  
interactions	
  where	
  both	
  tested	
  proteins	
  are	
  membrane-­‐associated	
  or	
  contain	
  
membrane	
  domains	
  are	
  recovered	
  with	
  a	
  lower	
  specificity	
  from	
  the	
  reference	
  sets	
  
(see	
  text	
  page	
  7,	
  line	
  18	
  to	
  page	
  8,	
  line	
  2;	
  and	
  Appendix	
  Fig.	
  S5C-­‐F).	
  We	
  therefore	
  
defined	
  more	
  stringent	
  cutoffs	
  for	
  the	
  cBRET	
  and	
  cLuC	
  ratios	
  specifically	
  for	
  such	
  
interactions.	
  Using	
  the	
  new	
  cutoffs,	
  we	
  reanalyzed	
  all	
  PPIs	
  with	
  membrane	
  
proteins	
  initially	
  detected	
  in	
  the	
  CSPα	
  screen	
  and	
  performed	
  a	
  secondary	
  
validation	
  screen	
  with	
  interactions	
  above	
  the	
  cutoffs.	
  This	
  step	
  did	
  reduce	
  the	
  
number	
  of	
  identified	
  CSPα	
  interaction	
  partners	
  with	
  a	
  membrane	
  association	
  
(from	
  initially	
  36	
  to	
  now	
  22),	
  suggesting	
  that	
  the	
  remaining	
  proteins	
  indeed	
  
specifically	
  associate	
  with	
  CSPα	
  (Appendix	
  Tab.	
  S6).	
  	
  
Finally,	
  as	
  suggested	
  by	
  the	
  reviewer,	
  we	
  performed	
  an	
  additional	
  focused	
  
validation	
  screen	
  and	
  investigated	
  whether	
  the	
  membrane	
  associated	
  protein	
  
PICK1	
  also	
  interacts	
  with	
  the	
  22	
  membrane	
  proteins	
  that	
  interact	
  with	
  CSPα.	
  The	
  
results	
  are	
  described	
  in	
  the	
  text	
  (see	
  page	
  16,	
  line	
  21	
  to	
  page	
  17,	
  line	
  3	
  and	
  
presented	
  in	
  Appendix	
  Fig.	
  S14B-­‐D	
  and	
  Appendix	
  Tab.	
  S9).	
  Strikingly,	
  we	
  found	
  no	
  
overlapping	
  interactions	
  with	
  PICK1,	
  supporting	
  our	
  hypothesis	
  that	
  CSPα	
  interacts	
  
specifically	
  with	
  synaptic	
  membrane	
  proteins.	
  
	
  
	
  
In	
  the	
  PRS/RRS	
  experiment,	
  were	
  the	
  positive	
  hits	
  from	
  both	
  orientations	
  included	
  
in	
  the	
  analysis?	
  In	
  all	
  previous	
  assays	
  (Y2H,	
  MAPPIT,	
  LUMIER	
  etc),	
  the	
  interactions	
  
were	
  tested	
  in	
  only	
  one	
  orientation,	
  so	
  comparison	
  to	
  the	
  union	
  of	
  two	
  different	
  
orientations	
  in	
  LuTHy	
  is	
  not	
  appropriate.	
  It	
  would	
  be	
  better	
  to	
  show	
  the	
  
performance	
  of	
  the	
  assay	
  with	
  both	
  orientations	
  and	
  compare	
  them	
  separately	
  to	
  
the	
  other	
  established	
  assays.	
  In	
  addition,	
  I	
  would	
  suggest	
  the	
  authors	
  add	
  a	
  
supplementary	
  figure	
  where	
  they	
  plot	
  the	
  interaction	
  scores	
  from	
  one	
  orientation	
  
against	
  the	
  other	
  to	
  get	
  an	
  idea	
  of	
  the	
  robustness	
  of	
  the	
  assay.	
  	
  
	
  
While	
  the	
  PRS/RRS	
  sets	
  have	
  indeed	
  only	
  been	
  tested	
  in	
  one	
  orientation	
  initially	
  
using	
  assays	
  such	
  as	
  Y2H,	
  MAPPIT	
  or	
  LUMIER	
  (Braun,	
  P.	
  et	
  al.	
  (2009)	
  An	
  
experimentally	
  derived	
  confidence	
  score	
  for	
  binary	
  protein-­‐protein	
  interactions.	
  
Nat.	
  Methods	
  6,	
  91–97),	
  the	
  sets	
  have	
  been	
  used	
  consistently	
  over	
  the	
  years	
  with	
  
other	
  assays	
  such	
  as	
  KISS	
  (Lievens,	
  S.	
  et	
  al.	
  (2014)	
  Kinase	
  Substrate	
  Sensor	
  (KISS),	
  a	
  
mammalian	
  in	
  situ	
  protein	
  interaction	
  sensor.	
  Mol	
  Cell	
  Proteomics	
  13,	
  3332–3342)	
  
and	
  DULIP	
  (Trepte,	
  P.	
  et	
  al.	
  (2015)	
  DULIP:	
  A	
  Dual	
  Luminescence-­‐Based	
  Co-­‐
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Immunoprecipitation	
  Assay	
  for	
  Interactome	
  Mapping	
  in	
  Mammalian	
  Cells.	
  Journal	
  
of	
  Molecular	
  Biology	
  427,	
  3375–3388),	
  where	
  already	
  two	
  orientations	
  were	
  
tested.	
  	
  
We	
  reanalyzed	
  the	
  hPRS/hRRS	
  reference	
  sets	
  for	
  both	
  orientations	
  individually	
  
and	
  included	
  this	
  analysis	
  in	
  Appendix	
  Tables	
  S2	
  and	
  S3.	
  For	
  orientation	
  1,	
  we	
  find	
  
a	
  sensitivity	
  and	
  specificity	
  of	
  35.6%	
  and	
  97.3%,	
  respectively,	
  while	
  for	
  orientation	
  
2,	
  a	
  sensitivity	
  of	
  43.8%	
  and	
  a	
  specificity	
  of	
  100%	
  was	
  determined.	
  The	
  interaction	
  
scores	
  for	
  both	
  orientations	
  of	
  the	
  hPRS	
  and	
  hRRS	
  are	
  displayed	
  in	
  Appendix	
  
Figure	
  4C,D	
  and	
  Appendix	
  Figure	
  5A,B.	
  All	
  interaction	
  scores	
  for	
  the	
  two	
  
orientations	
  can	
  be	
  found	
  in	
  Appendix	
  Tables	
  S2	
  and	
  S3.	
  
However,	
  we	
  do	
  not	
  believe	
  that	
  plotting	
  the	
  interactions	
  scores	
  of	
  the	
  two	
  
orientations	
  against	
  each	
  other	
  gives	
  an	
  indication	
  of	
  the	
  robustness	
  of	
  the	
  assay.	
  
The	
  orientations	
  tested	
  have	
  an	
  impact	
  on	
  the	
  obtained	
  interaction	
  scores	
  (see	
  
new	
  Fig.	
  5)	
  resulting	
  probably	
  from	
  factors	
  like	
  expression	
  levels,	
  proportion	
  of	
  
donor/prey	
  to	
  acceptor/bait,	
  affinity	
  and	
  competitive	
  binding	
  of	
  endogenous	
  
proteins	
  that	
  can	
  all	
  influence	
  the	
  recovery	
  of	
  PPIs	
  from	
  reference	
  sets.	
  
To	
  understand	
  the	
  impact	
  of	
  fusion	
  tags	
  and	
  orientations	
  more	
  comprehensively,	
  
we	
  have	
  devised	
  an	
  independent	
  experiment.	
  We	
  systematically	
  tested	
  the	
  
potential	
  interactions	
  between	
  VCP	
  and	
  10	
  UBX	
  domain-­‐containing	
  proteins	
  in	
  all	
  
8	
  possible	
  combinations	
  (PA-­‐mCit	
  and	
  NL	
  fusion	
  tags	
  at	
  the	
  N-­‐terminus	
  and	
  the	
  C-­‐
terminus).	
  Importantly,	
  we	
  could	
  validate	
  all	
  interactions	
  between	
  VCP	
  and	
  the	
  10	
  
UBX	
  domain-­‐containing	
  proteins,	
  even	
  though	
  not	
  all	
  8	
  orientations	
  were	
  positive	
  
for	
  all	
  interactions.	
  For	
  example,	
  while	
  all	
  8	
  orientations	
  between	
  VCP	
  and	
  UBXD9	
  
were	
  recovered,	
  only	
  4	
  orientations	
  were	
  positive	
  for	
  the	
  interaction	
  between	
  VCP	
  
and	
  UBXD3	
  (please	
  see	
  Fig.	
  5A-­‐D	
  and	
  Appendix	
  Tab.	
  S5	
  for	
  more	
  details).	
  To	
  
obtain	
  the	
  highest	
  assays	
  sensitivity,	
  we	
  can	
  only	
  advise	
  to	
  systematically	
  test	
  all	
  
possible	
  8	
  fusion	
  tag	
  orientations.	
  The	
  results	
  are	
  described	
  in	
  the	
  text	
  (see	
  new	
  
text	
  page	
  13,	
  line	
  21	
  to	
  page	
  14,	
  line	
  26).	
  
	
  
	
  
Because	
  BRET	
  is	
  highly	
  dependent	
  on	
  the	
  proximity	
  of	
  the	
  donor	
  and	
  acceptor,	
  it	
  
would	
  be	
  nice	
  to	
  have	
  an	
  indication	
  as	
  to	
  how	
  much	
  the	
  interactions	
  change	
  when	
  
proteins	
  are	
  tagged	
  in	
  the	
  C	
  versus	
  N	
  terminus.	
  "Where	
  should	
  I	
  tag	
  my	
  favourite	
  
protein?"	
  is	
  a	
  very	
  common	
  question	
  for	
  everyone	
  working	
  with	
  fusion	
  proteins,	
  
and	
  such	
  data	
  would	
  be	
  very	
  helpful	
  to	
  anyone	
  who	
  wants	
  to	
  use	
  LuTHy	
  assay	
  in	
  
the	
  future.	
  I	
  would	
  encourage	
  the	
  authors	
  to	
  add	
  such	
  data	
  if	
  they	
  have	
  it.	
  	
  
	
  
To	
  systematically	
  address	
  this	
  important	
  question	
  the	
  potential	
  interactions	
  
between	
  VCP	
  and	
  10	
  selected	
  UBX-­‐domain	
  containing	
  proteins	
  were	
  investigated	
  
(see	
  Fig.	
  5A-­‐D	
  and	
  Appendix	
  Tab.	
  S5).	
  We	
  tested	
  a	
  total	
  of	
  80	
  interactions	
  
between	
  VCP	
  and	
  the	
  10	
  UBX-­‐domain	
  contacting	
  proteins	
  by	
  analyzing	
  all	
  8	
  
possible	
  orientations	
  in	
  BRET	
  and	
  LuC	
  assays.	
  We	
  could	
  indeed	
  recover	
  all	
  
previously	
  described	
  interactions	
  (Raman,	
  M.	
  et	
  al.	
  (2015)	
  Systematic	
  proteomics	
  
of	
  the	
  VCP–UBXD	
  adaptor	
  network	
  identifies	
  a	
  role	
  for	
  UBXN10	
  in	
  regulating	
  
ciliogenesis.	
  Nat	
  Cell	
  Biol	
  17,	
  1356–1369),	
  but	
  not	
  in	
  all	
  orientations,	
  indicating	
  
that	
  the	
  tag	
  orientation	
  indeed	
  has	
  an	
  impact	
  on	
  the	
  recovery	
  rate	
  of	
  PPIs	
  
(Appendix	
  Tab.	
  S5).	
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Additionally,	
  we	
  analyzed	
  the	
  results	
  more	
  quantitatively	
  to	
  understand	
  which	
  
orientation	
  provides	
  the	
  highest	
  BRET	
  and	
  LuC	
  ratios.	
  These	
  results	
  show	
  nicely	
  
that	
  for	
  PPI	
  detection	
  with	
  the	
  BRET	
  readout,	
  the	
  tags	
  should	
  be	
  fused	
  in	
  close	
  
proximity	
  to	
  the	
  interaction	
  domain	
  (here	
  N-­‐terminally	
  on	
  VCP	
  and	
  C-­‐terminally	
  on	
  
the	
  UBX-­‐domain	
  containing	
  proteins).	
  In	
  comparison,	
  for	
  LuC	
  experiments	
  it	
  is	
  
more	
  important	
  to	
  decide	
  which	
  of	
  the	
  two	
  tested	
  proteins	
  of	
  interest	
  should	
  be	
  
used	
  as	
  the	
  PA-­‐tagged	
  bait.	
  We	
  e.g.,	
  found	
  that	
  PA-­‐tagged	
  VCP	
  fusions	
  work	
  very	
  
efficiently	
  as	
  baits	
  and	
  recover	
  a	
  high	
  number	
  of	
  PPIs	
  from	
  the	
  interaction	
  set	
  (see	
  
new	
  text	
  page	
  13,	
  line	
  21	
  to	
  page	
  14,	
  line	
  26	
  and	
  new	
  Figure	
  5D).	
  	
  
	
  
	
  
The	
  authors	
  state	
  that	
  the	
  CSPa	
  preferentially	
  targets	
  membrane	
  proteins,	
  since	
  
88%	
  of	
  interactors	
  were	
  of	
  such	
  kind.	
  Please	
  test	
  if	
  this	
  is	
  a	
  significant	
  enrichment	
  
over	
  the	
  starting	
  pool,	
  since	
  synaptic	
  proteins	
  are	
  likely	
  enriched	
  in	
  membrane	
  
proteins	
  to	
  begin	
  with.	
  
	
  
This	
  is	
  an	
  important	
  point.	
  We	
  have	
  performed	
  a	
  statistical	
  test	
  (see	
  Appendix	
  Fig.	
  
S14A	
  and	
  Appendix	
  Fig.	
  S14H)	
  and	
  observed	
  that	
  interactions	
  of	
  CSPα	
  with	
  
membrane	
  proteins	
  were	
  not	
  significantly	
  enriched	
  over	
  interactions	
  with	
  non-­‐
membrane	
  proteins	
  in	
  the	
  synaptic	
  and	
  non-­‐synaptic	
  interaction	
  set.	
  We	
  have	
  
removed	
  the	
  statement	
  that	
  CSPα	
  preferentially	
  targets	
  membrane	
  proteins	
  from	
  
the	
  text.	
  
	
  
	
  
It	
  is	
  not	
  clear	
  to	
  me	
  how	
  the	
  proteins	
  screened	
  for	
  CSPa	
  interactions	
  were	
  tagged	
  
(N	
  terminus	
  or	
  C	
  terminus).	
  If	
  they	
  were	
  tagged	
  in	
  the	
  N	
  terminus	
  (as	
  it	
  seems),	
  I	
  
would	
  be	
  very	
  worried	
  about	
  proper	
  trafficking	
  of	
  many	
  membrane	
  proteins	
  since	
  
this	
  would	
  disrupt	
  the	
  signal	
  sequence.	
  Please	
  comment.	
  	
  
	
  
The	
  tag	
  orientation	
  was	
  chosen	
  for	
  membrane	
  proteins	
  according	
  to	
  their	
  
“architecture”	
  in	
  the	
  membrane,	
  so	
  that	
  the	
  fusion	
  tag	
  would	
  be	
  located	
  in	
  the	
  
cytoplasm.	
  Similarly,	
  if	
  the	
  protein	
  contained	
  a	
  membrane	
  anchor,	
  the	
  fusion	
  tag	
  
was	
  added	
  to	
  the	
  protein	
  on	
  the	
  opposite	
  side	
  in	
  order	
  not	
  to	
  disrupt	
  membrane	
  
localization.	
  All	
  tag	
  orientations	
  are	
  indicated	
  in	
  Appendix	
  Tables	
  S6	
  and	
  S10.	
  
	
  
	
  
Minor	
  points	
  	
  
	
  
The	
  authors	
  state	
  (page	
  14)	
  that	
  LuC	
  is	
  less	
  suitable	
  for	
  detecting	
  changes	
  in	
  
interactions	
  due	
  to	
  mutations.	
  However,	
  they	
  only	
  tested	
  with	
  LuC	
  those	
  
interactions	
  that	
  were	
  detected	
  as	
  changed	
  by	
  BRET.	
  Thus,	
  it	
  is	
  possible	
  that	
  1)	
  LuC	
  
is	
  less	
  suitable	
  (as	
  they	
  claim),	
  2)	
  BRET	
  is	
  less	
  suitable	
  because	
  the	
  changes	
  it	
  
detected	
  are	
  not	
  real,	
  or	
  3)	
  LuC	
  is	
  more	
  suitable	
  because	
  it	
  would	
  have	
  detected	
  
other	
  changed	
  interactions	
  that	
  BRET	
  did	
  not	
  detect,	
  or	
  4)	
  they	
  are	
  equally	
  
suitable.	
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We	
  have	
  tested	
  all	
  wild-­‐type	
  CSPα	
  interactions	
  that	
  were	
  initially	
  detected	
  with	
  
the	
  BRET	
  (36	
  PPIs)	
  or	
  LuC	
  (7	
  PPIs)	
  readout	
  against	
  the	
  two	
  disease	
  mutants	
  (see	
  
Appendix	
  Tab.	
  S11).	
  We	
  detected	
  with	
  the	
  BRET	
  readout	
  that	
  21	
  (ΔL116)	
  and	
  19	
  
(L115R)	
  of	
  the	
  36	
  CSPα	
  wild-­‐type	
  PPIs	
  were	
  affected	
  by	
  the	
  mutations,	
  
respectively.	
  With	
  LuC,	
  we	
  found	
  that	
  2	
  (ΔL116)	
  and	
  3	
  (L115R)	
  of	
  the	
  7	
  CSPα	
  wild-­‐
type	
  PPIs	
  were	
  affected.	
  This	
  suggests	
  that	
  both	
  readouts	
  are	
  suitable	
  to	
  detect	
  
the	
  effects	
  of	
  disease-­‐causing	
  mutations	
  on	
  interactions.	
  The	
  previous	
  statement	
  
that	
  LuC	
  is	
  less	
  suitable	
  for	
  detecting	
  changes	
  in	
  interactions	
  was	
  removed	
  from	
  
the	
  text.	
  	
  
	
  
	
  
The	
  authors	
  state	
  that	
  BRET	
  detects	
  direct	
  interactions,	
  because	
  the	
  donor	
  and	
  the	
  
acceptor	
  have	
  to	
  be	
  in	
  close	
  proximity.	
  This	
  is	
  incorrect,	
  since	
  they	
  can	
  be	
  in	
  close	
  
proximity	
  even	
  if	
  the	
  interaction	
  is	
  not	
  direct.	
  	
  
	
  
We	
  agree	
  that	
  interactions	
  can	
  be	
  bridged	
  by	
  a	
  third	
  protein	
  also	
  in	
  BRET	
  
experiments,	
  without	
  being	
  in	
  direct	
  contact.	
  However,	
  it	
  seems	
  to	
  us	
  that	
  this	
  
may	
  be	
  a	
  very	
  unlikely	
  event.	
  We	
  believe	
  that	
  in	
  comparison	
  to	
  co-­‐precipitation-­‐
based	
  assays	
  (Zhang,	
  X.-­‐F.,	
  Ou-­‐Yang,	
  L.,	
  Hu,	
  X.	
  &	
  Dai,	
  D.-­‐Q.	
  (2015)	
  Identifying	
  
binary	
  protein-­‐protein	
  interactions	
  from	
  affinity	
  purification	
  mass	
  spectrometry	
  
data.	
  BMC	
  Genomics	
  16,	
  745	
  and	
  Las	
  Rivas,	
  De,	
  J.	
  &	
  Fontanillo,	
  C.	
  (2010)	
  Protein-­‐
protein	
  interactions	
  essentials:	
  key	
  concepts	
  to	
  building	
  and	
  analyzing	
  interactome	
  
networks.	
  PLoS	
  Comput	
  Biol	
  6,	
  e1000807),	
  in	
  BRET,	
  FRET	
  or	
  protein	
  
complementation	
  assays	
  such	
  as	
  BiFC	
  the	
  likelihood	
  is	
  very	
  high	
  that	
  proteins	
  of	
  
interest	
  directly	
  interact.	
  We	
  therefore	
  feel	
  that	
  our	
  cautious	
  statement	
  that	
  
“positive	
  BRET	
  indicates	
  direct	
  binding”	
  can	
  remain	
  in	
  the	
  text	
  (page	
  21,	
  lines	
  7-­‐8).	
  	
  	
  
	
  
	
  
On	
  page	
  6	
  (and	
  in	
  several	
  graphs),	
  the	
  authors	
  mention	
  measuring	
  luminescence.	
  
Technically,	
  the	
  emitted	
  light	
  is	
  not	
  only	
  luminescence	
  but	
  a	
  combination	
  of	
  
luminescence	
  (photos	
  emitted	
  by	
  Nanoluc)	
  and	
  fluorescence	
  (photons	
  emitted	
  by	
  
mCitrine).	
  
	
  
We	
  agree	
  that	
  the	
  detected	
  light	
  is	
  a	
  combination	
  of	
  photons	
  emitted	
  from	
  the	
  
luciferase	
  and	
  the	
  fluorescent	
  protein.	
  However,	
  we	
  believe	
  that	
  we	
  have	
  used	
  the	
  
term	
  luminescence	
  correctly.	
  The	
  term	
  was	
  first	
  introduced	
  in	
  1888	
  by	
  the	
  German	
  
physicist	
  Eilhardt	
  Wiedemann.	
  He	
  described	
  luminescence	
  for	
  “all	
  those	
  
phenomena	
  of	
  light	
  which	
  are	
  not	
  solely	
  conditioned	
  by	
  the	
  rise	
  in	
  temperature”	
  
(for	
  example,	
  glowing	
  of	
  metal	
  when	
  heated;	
  from	
  “A	
  history	
  of	
  Luminescence”,	
  
1957,	
  E.	
  Newton	
  Harvey,	
  
https://archive.org/stream/historyoflumines00harv#page/n9/mode/2up).	
  	
  
Therefore,	
  the	
  measured	
  light	
  is	
  luminescence,	
  as	
  it	
  is	
  technically	
  a	
  combination	
  of	
  
bioluminescence	
  (photons	
  emitted	
  by	
  the	
  luciferase	
  due	
  to	
  the	
  oxidation	
  of	
  the	
  
substrate)	
  and	
  of	
  fluorescence	
  (photons	
  emitted	
  by	
  mCitrine	
  through	
  the	
  energy	
  
transfer	
  from	
  the	
  luciferase).	
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Page	
  10:	
  co-­‐produced	
  -­‐>	
  co-­‐expressed	
  
	
  
The	
  wording	
  was	
  changed	
  throughout	
  the	
  text.	
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Reviewer #3:	
  
	
  
The	
  LuTHy	
  assay	
  described	
  by	
  Trepte	
  and	
  colleagues	
  combines	
  two	
  orthogonal	
  
protein	
  protein	
  interaction	
  (PPI)	
  assays,	
  Bioluminescence	
  Resonance	
  Energy	
  
Transfer	
  (BRET)	
  and	
  luminescence-­‐based	
  co-­‐precipitation	
  (LuC),	
  as	
  a	
  new	
  
improved	
  method	
  for	
  the	
  mapping	
  of	
  PPIs.	
  This	
  clever	
  approach	
  deals	
  with	
  a	
  
typical	
  validation	
  strategy	
  for	
  PPIs	
  detected	
  with	
  a	
  particular	
  assay,	
  i.e.	
  the	
  
confirmation	
  in	
  an	
  orthogonal	
  assay.	
  The	
  authors	
  rightfully	
  point	
  out	
  that	
  the	
  high	
  
heterogeneity	
  underlying	
  PPIs	
  requires	
  complementary	
  approaches	
  and	
  they	
  refer	
  
to	
  important	
  papers	
  in	
  the	
  field.	
  The	
  authors	
  indeed	
  suggest	
  to	
  combine	
  the	
  data	
  
from	
  the	
  two	
  assays	
  as	
  a	
  robust	
  sensitive	
  research	
  tool	
  to	
  obtain	
  a	
  comprehensive	
  
view	
  on	
  the	
  interactome.	
  	
  
The	
  different	
  aspects	
  related	
  to	
  state-­‐of-­‐the-­‐art	
  binary	
  interactomics	
  are	
  nicely	
  
addressed	
  in	
  this	
  study:	
  small	
  molecule	
  effects,	
  weak	
  interactions,	
  donor	
  
saturation	
  assays	
  for	
  binding	
  constants,	
  and	
  interactome	
  profiling	
  of	
  pathogenic	
  
variants.	
  	
  
The	
  manuscript	
  is	
  clearly	
  written	
  and	
  well	
  structured.	
  Figures	
  are	
  clear	
  and	
  to	
  the	
  
point.	
  Sufficient	
  additional	
  figures	
  are	
  provided	
  to	
  assess	
  validity	
  of	
  all	
  the	
  claims.	
  
Overall	
  quality	
  of	
  the	
  work	
  is	
  very	
  high.	
  	
  
	
  
We	
  want	
  thank	
  the	
  reviewer	
  for	
  her/his	
  very	
  positive	
  statement.	
  	
  
	
  
	
  
While	
  experimentally	
  sound,	
  and	
  a	
  nice	
  contribution	
  to	
  the	
  binary	
  interactomics	
  
field,	
  one	
  important	
  aspect	
  is	
  not	
  handled	
  in	
  this	
  manuscript.	
  The	
  plasmids	
  used	
  in	
  
this	
  study	
  contain	
  CMV	
  promoters.	
  Combined	
  with	
  PEI-­‐based	
  transfections	
  in	
  
HEK293	
  cells,	
  it	
  can	
  be	
  assumed	
  that	
  extremely	
  high	
  levels	
  of	
  both	
  bait	
  and	
  prey	
  
are	
  obtained	
  in	
  the	
  cells.	
  This	
  can	
  have	
  different	
  effects	
  on	
  the	
  cells	
  themselves	
  
(various	
  levels	
  of	
  overexpression	
  stress)	
  and	
  can	
  also	
  lead	
  to	
  artifacts	
  such	
  as	
  false	
  
positives.	
  While	
  this	
  is	
  controlled	
  to	
  some	
  extent	
  by	
  the	
  random	
  reference	
  set	
  
(and	
  the	
  non-­‐synapse	
  set),	
  this	
  point	
  should	
  be	
  addressed	
  in	
  the	
  manuscript.	
  
Although	
  the	
  donor	
  saturation	
  assay	
  uses	
  increasing	
  levels	
  of	
  one	
  of	
  the	
  partners,	
  
it	
  is	
  not	
  the	
  best	
  way	
  to	
  show	
  this.	
  Ideally,	
  the	
  authors	
  should	
  show	
  the	
  system	
  for	
  
lower	
  expression	
  levels.	
  Lentiviral	
  transduction	
  or	
  stable	
  integration	
  of	
  bait	
  and	
  
prey	
  can	
  be	
  considered,	
  preferably	
  in	
  a	
  different	
  cellular	
  background	
  (for	
  instance:	
  
in	
  the	
  SHEP	
  cells).	
  
	
  
We	
  agree	
  with	
  the	
  reviewer	
  that	
  protein	
  expression	
  levels	
  should	
  preferentially	
  be	
  
low	
  when	
  PPIs	
  between	
  tagged	
  proteins	
  are	
  assessed	
  in	
  cell	
  models.	
  To	
  address	
  
this	
  key	
  point	
  we	
  have	
  performed	
  two	
  additional	
  experiments:	
  	
  

1) We	
  transfected	
  different	
  amounts	
  of	
  plasmid	
  DNAs	
  into	
  HEK293	
  cells	
  and	
  
compared	
  the	
  transfected	
  fusion	
  protein	
  levels	
  to	
  their	
  respective	
  
endogenous	
  protein	
  levels	
  by	
  immunoblotting	
  (see	
  text	
  page	
  15,	
  line	
  1-­‐16	
  
and	
  Appendix	
  Fig.	
  S11A-­‐E).	
  Importantly,	
  luminescence	
  emission	
  could	
  still	
  
be	
  observed	
  when	
  transfecting	
  only	
  1	
  ng	
  of	
  plasmid	
  DNA	
  per	
  well	
  of	
  a	
  96-­‐
well	
  plate.	
  Under	
  these	
  conditions,	
  the	
  levels	
  of	
  the	
  fusion-­‐protein	
  NL-­‐VCP	
  
were	
  significantly	
  lower	
  than	
  endogenous	
  VCP.	
  Similarly,	
  fluorescence	
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could	
  still	
  be	
  measured	
  when	
  transfecting	
  as	
  little	
  as	
  25	
  ng	
  of	
  the	
  
fluorescent	
  protein	
  UBXD9-­‐mCit,	
  which	
  showed	
  comparable	
  levels	
  to	
  the	
  
endogenous	
  protein.	
  When	
  co-­‐transfecting	
  1	
  ng	
  of	
  NL-­‐VCP	
  and	
  25	
  ng	
  of	
  
UBXD9-­‐mCit,	
  a	
  significant	
  BRET	
  ratio	
  was	
  determined,	
  compared	
  to	
  the	
  
two	
  tested	
  control	
  interactions	
  NL-­‐VCP/PA-­‐mCit	
  and	
  NL/UBXD9-­‐mCit.	
  This	
  
shows	
  that	
  the	
  LuTHy	
  assay	
  is	
  very	
  sensitive	
  and	
  well	
  suited	
  to	
  detect	
  PPIs	
  
at	
  very	
  low	
  protein	
  concentrations.	
  	
  

2) We	
  also	
  generated	
  new	
  lentiviral	
  expression	
  vectors	
  that	
  contain	
  the	
  
relatively	
  weak	
  UBC	
  promoter.	
  We	
  generated	
  viral	
  particles	
  and	
  infected	
  
primary	
  neurons	
  for	
  the	
  expression	
  of	
  CSPα-­‐mCit-­‐PA	
  and	
  NL-­‐ZDHHC17.	
  
Strikingly,	
  the	
  interaction	
  between	
  CSPα	
  and	
  ZDHHC17	
  was	
  successfully	
  
validated	
  with	
  both	
  BRET	
  and	
  LuC	
  readouts.	
  Furthermore,	
  we	
  confirmed	
  
the	
  effects	
  of	
  the	
  disease-­‐causing	
  mutations	
  L116Δ	
  and	
  L115R	
  on	
  this	
  
interaction.	
  The	
  new	
  results	
  are	
  shown	
  in	
  Fig.	
  6E	
  and	
  described	
  on	
  page	
  19	
  
line	
  22	
  to	
  page	
  20,	
  line	
  2	
  in	
  the	
  text.	
  

	
  
	
  
I	
  have	
  mentioned	
  higher	
  that	
  an	
  orthogonal	
  approach	
  is	
  a	
  good	
  validation	
  
strategy.	
  Actually,	
  most	
  studies	
  now	
  indeed	
  aim	
  at	
  orthogonal	
  validation,	
  but	
  at	
  
the	
  endogenous	
  level.	
  As	
  an	
  alternative,	
  the	
  authors	
  can	
  consider	
  to	
  evaluate	
  
some	
  of	
  the	
  found	
  interactions	
  for	
  CSPalpha	
  at	
  the	
  endogenous	
  level.	
  	
  
It	
  is	
  clear	
  however	
  that	
  forced	
  expression	
  is	
  a	
  typical	
  drawback	
  with	
  most	
  binary	
  
approaches.	
  	
  
	
  
We	
  agree	
  with	
  the	
  referee	
  and	
  have	
  investigated	
  whether	
  selected	
  CSPα	
  
interactions	
  can	
  be	
  validated	
  with	
  proximity	
  ligation	
  assays	
  (PLAs)	
  in	
  neuronal	
  
cells.	
  The	
  PLA	
  method	
  enables	
  the	
  detection	
  of	
  protein	
  associations	
  with	
  the	
  help	
  
of	
  protein-­‐specific	
  antibodies	
  in	
  cells	
  at	
  endogenous	
  levels.	
  We	
  successfully	
  
validated	
  all	
  5	
  selected	
  CSPα	
  interactions	
  that	
  were	
  initially	
  identified	
  with	
  the	
  
LuTHy	
  method	
  (see	
  Appendix	
  Fig.	
  S14E).	
  In	
  contrast,	
  an	
  interaction	
  between	
  CSPα	
  
and	
  STX4	
  was	
  not	
  detected	
  with	
  PLA.	
  Initially,	
  an	
  interaction	
  between	
  these	
  two	
  
proteins	
  was	
  also	
  not	
  observed	
  with	
  the	
  LuTHy	
  method	
  (negative	
  control).	
  Thus,	
  
PPIs	
  that	
  are	
  identified	
  with	
  LuTHy	
  can	
  be	
  successfully	
  validated	
  at	
  the	
  
endogenous	
  protein	
  levels	
  with	
  orthogonal	
  assays.	
  The	
  experiments	
  are	
  descried	
  
in	
  the	
  text	
  (see	
  page	
  17,	
  line	
  4-­‐12).	
  
	
  
	
  
Minor	
  points:	
  	
  
Please	
  explain	
  how	
  the	
  selection	
  was	
  made	
  to	
  obtain	
  the	
  panel	
  of	
  interactions	
  for	
  
the	
  affinity	
  range.	
  What	
  criteria	
  (if	
  any)	
  were	
  used?	
  	
  
	
  
We	
  used	
  the	
  PDBbind	
  and	
  PPI	
  affinity	
  database	
  to	
  assemble	
  an	
  initial	
  set	
  of	
  
protein-­‐protein	
  interactions	
  with	
  known	
  binding	
  affinities.	
  From	
  those,	
  we	
  tested	
  
the	
  interactions	
  for	
  which	
  we	
  had	
  cDNA	
  clones	
  in	
  the	
  lab.	
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How	
  do	
  the	
  cut-­‐offs	
  defined	
  in	
  the	
  materials	
  and	
  methods	
  (p26	
  first	
  paragraph;	
  >=	
  
0.03	
  and	
  >=	
  0.05)	
  relate	
  to	
  the	
  data	
  in	
  the	
  table	
  EV6?	
  	
  
	
  
We	
  have	
  now	
  changed	
  the	
  analysis	
  of	
  the	
  data	
  in	
  Appendix	
  Table	
  S6.	
  	
  
Since	
  we	
  did	
  not	
  include	
  all	
  controls	
  NL/	
  CSPα-­‐mCit-­‐PA	
  and	
  NL-­‐X/PA-­‐mCit	
  in	
  our	
  
initial	
  primary	
  screen	
  of	
  the	
  CSPα-­‐mCit-­‐PA	
  protein	
  against	
  the	
  125	
  NL-­‐tagged	
  
synaptic	
  proteins,	
  we	
  were	
  only	
  able	
  to	
  calculate	
  BRET	
  and	
  LuC	
  ratios,	
  but	
  not	
  
corrected	
  BRET	
  and	
  LuC	
  ratios	
  (cBRET	
  and	
  cLuC,	
  see	
  Appendix	
  Figure	
  S1F-­‐G).	
  We	
  
therefore	
  initially	
  used	
  different	
  cut-­‐offs,	
  which	
  we	
  now	
  changed	
  because	
  we	
  
rescreened	
  all	
  positive	
  interactions	
  against	
  the	
  respective	
  controls.	
  This	
  allowed	
  us	
  
to	
  calculate	
  cBRET	
  and	
  cLuC	
  ratios	
  for	
  which	
  we	
  used	
  the	
  same	
  cut-­‐offs	
  that	
  were	
  
determined	
  with	
  hPRS	
  and	
  hRRS.	
  See	
  Appendix	
  Table	
  S6	
  –	
  secondary	
  validation.	
  	
  
	
  
	
  
Figure	
  4A,	
  Figure	
  5D:	
  Is	
  the	
  data	
  normalized	
  for	
  expression	
  levels?	
  	
  
	
  
The	
  data	
  in	
  Figures	
  4A	
  (now	
  Appendix	
  Figure	
  S10B)	
  is	
  not	
  normalized	
  for	
  
expression	
  levels,	
  but	
  no	
  significant	
  changes	
  in	
  expression	
  with	
  the	
  mutant	
  
proteins	
  were	
  observed	
  (see	
  Appendix	
  Figure	
  S10A).	
  Figure	
  5D	
  was	
  removed	
  from	
  
the	
  manuscript.	
  
	
  
	
  
Please	
  also	
  address	
  what	
  kind	
  of	
  false	
  positives	
  can	
  be	
  expected	
  for	
  the	
  individual	
  
approaches,	
  and	
  for	
  the	
  combined	
  assay	
  (if	
  any)	
  	
  
	
  
We	
  believe	
  that	
  both	
  approaches,	
  BRET	
  and	
  LuC,	
  could	
  result	
  in	
  false-­‐positives	
  if	
  
high	
  protein	
  expression	
  levels	
  are	
  used,	
  due	
  to	
  crowding	
  effects.	
  We	
  therefore	
  
routinely	
  perform	
  the	
  transfection	
  experiments	
  with	
  low	
  DNA	
  concentrations.	
  
Also,	
  interactions	
  that	
  are	
  only	
  detected	
  with	
  the	
  LuC	
  readout,	
  might	
  be	
  bridged	
  
by	
  a	
  third	
  protein	
  and	
  the	
  detected	
  interactions	
  might	
  not	
  be	
  binary.	
  Please,	
  also	
  
see	
  page	
  21,	
  lines	
  12-­‐18	
  in	
  the	
  text.	
  
 
2nd Editorial Decision 6th June 2018   

Thank you for sending us your revised manuscript. We have now heard back from reviewer #2 who 
was asked to evaluate your revised study. As you will see below, the reviewer is satisfied with the 
modifications made and thinks that the study is now suitable for publication.  
 
Before we formally accept the study for publication we would ask you to address a few minor 
editorial issues listed below.  
 
----------------------------------------------------------------------------  
 
Reviewer #2:  
 
The authors have very convincingly addressed all the points I raised in the first review. I 
congratulate the authors on a very thorough investigation and the novel assay that will be useful to 
many people in the proteomics field! 
 
 



USEFUL	
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http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
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http://www.equator-­‐network.org/reporting-­‐guidelines/reporting-­‐recommendations-­‐for-­‐tumour-­‐marker-­‐prognostic-­‐studies-­‐remark/
è

http://datadryad.org
è

http://figshare.com
è

http://www.ncbi.nlm.nih.gov/gap
è

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/
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è http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
è http://www.selectagents.gov/
è

è
è

è
è

� common	
  tests,	
  such	
  as	
  t-­‐test	
  (please	
  specify	
  whether	
  paired	
  vs.	
  unpaired),	
  simple	
  χ2	
  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.	
  

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

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

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

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.	
  

For	
  animal	
  studies,	
  include	
  a	
  statement	
  about	
  randomization	
  even	
  if	
  no	
  randomization	
  was	
  used.

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.

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

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.

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

For	
  every	
  figure,	
  the	
  exact	
  statistical	
  test	
  performed	
  is	
  indicated.

The	
  luminescence	
  emission	
  in	
  LuTHy	
  experiments	
  is	
  normal	
  distributed.	
  To	
  assess	
  this,	
  all	
  
luminescence	
  values	
  in	
  the	
  reference	
  sets	
  (hPRS/hRRS)	
  were	
  log2	
  transformed	
  and	
  the	
  frequency	
  
distribution	
  was	
  plotted.	
  A	
  clear	
  bell	
  curve	
  was	
  observable,	
  indicating	
  a	
  normal	
  distribution.

We	
  plotted	
  the	
  results	
  from	
  two	
  biological	
  replicates	
  of	
  all	
  performed	
  PPI-­‐screens	
  against	
  each	
  
other	
  and	
  determined	
  the	
  Pearson	
  correlation	
  coefficient.	
  We	
  observed	
  excellent	
  pearson	
  
correlation	
  coefficients	
  of	
  >0.9	
  indicating	
  a	
  small	
  variation	
  between	
  experiments.

YOU	
  MUST	
  COMPLETE	
  ALL	
  CELLS	
  WITH	
  A	
  PINK	
  BACKGROUND	
  ê

Sufficient	
  sample	
  size	
  number	
  of	
  protein	
  interactions	
  for	
  the	
  reference	
  sets	
  (hPRS/hRRS)	
  were	
  
determined	
  by	
  a	
  power	
  analysis,	
  which	
  describes	
  the	
  probability	
  that	
  the	
  assay	
  can	
  differentiate	
  
with	
  statistical	
  significance	
  between	
  positive	
  and	
  negative	
  PPIs.	
  We	
  calculated	
  that	
  when	
  testing	
  
≥80	
  PPIs	
  per	
  set	
  we	
  achieve	
  a	
  statistical	
  power	
  of	
  99%	
  and	
  98%	
  for	
  the	
  BRET	
  and	
  LuC	
  components,	
  
respectively,	
  demonstrating	
  that	
  the	
  number	
  of	
  PPIs	
  tested	
  was	
  sufficient	
  to	
  benchmark	
  the	
  LuTHy	
  
assay.

NA

Data	
  were	
  only	
  excluded	
  when	
  no	
  luminescence	
  could	
  be	
  measured.

PPIs	
  from	
  the	
  hPRS	
  and	
  hRRS	
  were	
  allocated	
  into	
  one	
  experimental	
  group	
  and	
  screened	
  
simultaneously.	
  The	
  AIRS,	
  CSP-­‐synaptic	
  and	
  CSP-­‐non-­‐synaptic	
  sets	
  were	
  screened	
  individually,	
  each	
  
in	
  a	
  seperate	
  experimental	
  group.

NA

During	
  PPI	
  screenings	
  (hPRS,	
  hRRS,	
  AIRS,	
  synaptic	
  set,	
  non-­‐synaptic	
  set),	
  the	
  tested	
  interactions	
  
were	
  blinded	
  by	
  allocating	
  numbers	
  instead	
  of	
  distinct	
  labels	
  for	
  all	
  tested	
  PPIs.

NA

1.	
  Data

the	
  data	
  were	
  obtained	
  and	
  processed	
  according	
  to	
  the	
  field’s	
  best	
  practice	
  and	
  are	
  presented	
  to	
  reflect	
  the	
  results	
  of	
  the	
  
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

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

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

2.	
  Captions

The	
  data	
  shown	
  in	
  figures	
  should	
  satisfy	
  the	
  following	
  conditions:

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.

Please	
  fill	
  out	
  these	
  boxes	
  ê	
  (Do	
  not	
  worry	
  if	
  you	
  cannot	
  see	
  all	
  your	
  text	
  once	
  you	
  press	
  return)

a	
  specification	
  of	
  the	
  experimental	
  system	
  investigated	
  (eg	
  cell	
  line,	
  species	
  name).

B-­‐	
  Statistics	
  and	
  general	
  methods

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	
  entity(ies)	
  that	
  are	
  altered/varied/perturbed	
  in	
  a	
  controlled	
  manner.

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

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

	
  

In	
  the	
  pink	
  boxes	
  below,	
  please	
  ensure	
  that	
  the	
  answers	
  to	
  the	
  following	
  questions	
  are	
  reported	
  in	
  the	
  manuscript	
  itself.	
  
Every	
  question	
  should	
  be	
  answered.	
  If	
  the	
  question	
  is	
  not	
  relevant	
  to	
  your	
  research,	
  please	
  write	
  NA	
  (non	
  applicable).	
  	
  
We	
  encourage	
  you	
  to	
  include	
  a	
  specific	
  subsection	
  in	
  the	
  methods	
  section	
  for	
  statistics,	
  reagents,	
  animal	
  models	
  and	
  human	
  
subjects.	
  	
  

definitions	
  of	
  statistical	
  methods	
  and	
  measures:

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.).

Manuscript	
  Number:	
  MSB-­‐17-­‐8071RRR

EMBO	
  PRESS	
  

A-­‐	
  Figures	
  

Reporting	
  Checklist	
  For	
  Life	
  Sciences	
  Articles	
  (Rev.	
  June	
  2017)

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.	
  	
  

PLEASE	
  NOTE	
  THAT	
  THIS	
  CHECKLIST	
  WILL	
  BE	
  PUBLISHED	
  ALONGSIDE	
  YOUR	
  PAPER
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Is	
  the	
  variance	
  similar	
  between	
  the	
  groups	
  that	
  are	
  being	
  statistically	
  compared?

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).

7.	
  Identify	
  the	
  source	
  of	
  cell	
  lines	
  and	
  report	
  if	
  they	
  were	
  recently	
  authenticated	
  (e.g.,	
  by	
  STR	
  profiling)	
  and	
  tested	
  for	
  
mycoplasma	
  contamination.

*	
  for	
  all	
  hyperlinks,	
  please	
  see	
  the	
  table	
  at	
  the	
  top	
  right	
  of	
  the	
  document

8.	
  Report	
  species,	
  strain,	
  gender,	
  age	
  of	
  animals	
  and	
  genetic	
  modification	
  status	
  where	
  applicable.	
  Please	
  detail	
  housing	
  
and	
  husbandry	
  conditions	
  and	
  the	
  source	
  of	
  animals.

9.	
  For	
  experiments	
  involving	
  live	
  vertebrates,	
  include	
  a	
  statement	
  of	
  compliance	
  with	
  ethical	
  regulations	
  and	
  identify	
  the	
  
committee(s)	
  approving	
  the	
  experiments.

10.	
  We	
  recommend	
  consulting	
  the	
  ARRIVE	
  guidelines	
  (see	
  link	
  list	
  at	
  top	
  right)	
  (PLoS	
  Biol.	
  8(6),	
  e1000412,	
  2010)	
  to	
  ensure	
  
that	
  other	
  relevant	
  aspects	
  of	
  animal	
  studies	
  are	
  adequately	
  reported.	
  See	
  author	
  guidelines,	
  under	
  ‘Reporting	
  
Guidelines’.	
  See	
  also:	
  NIH	
  (see	
  link	
  list	
  at	
  top	
  right)	
  and	
  MRC	
  (see	
  link	
  list	
  at	
  top	
  right)	
  recommendations.	
  	
  Please	
  confirm	
  
compliance.

11.	
  Identify	
  the	
  committee(s)	
  approving	
  the	
  study	
  protocol.

12.	
  Include	
  a	
  statement	
  confirming	
  that	
  informed	
  consent	
  was	
  obtained	
  from	
  all	
  subjects	
  and	
  that	
  the	
  experiments	
  
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.

14.	
  Report	
  any	
  restrictions	
  on	
  the	
  availability	
  (and/or	
  on	
  the	
  use)	
  of	
  human	
  data	
  or	
  samples.

15.	
  Report	
  the	
  clinical	
  trial	
  registration	
  number	
  (at	
  ClinicalTrials.gov	
  or	
  equivalent),	
  where	
  applicable.

16.	
  For	
  phase	
  II	
  and	
  III	
  randomized	
  controlled	
  trials,	
  please	
  refer	
  to	
  the	
  CONSORT	
  flow	
  diagram	
  (see	
  link	
  list	
  at	
  top	
  right)	
  
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.

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.

18:	
  Provide	
  a	
  “Data	
  Availability”	
  section	
  at	
  the	
  end	
  of	
  the	
  Materials	
  &	
  Methods,	
  listing	
  the	
  accession	
  codes	
  for	
  data	
  
generated	
  in	
  this	
  study	
  and	
  deposited	
  in	
  a	
  public	
  database	
  (e.g.	
  RNA-­‐Seq	
  data:	
  Gene	
  Expression	
  Omnibus	
  GSE39462,	
  
Proteomics	
  data:	
  PRIDE	
  PXD000208	
  etc.)	
  Please	
  refer	
  to	
  our	
  author	
  guidelines	
  for	
  ‘Data	
  Deposition’.

Data	
  deposition	
  in	
  a	
  public	
  repository	
  is	
  mandatory	
  for:	
  
a.	
  Protein,	
  DNA	
  and	
  RNA	
  sequences	
  
b.	
  Macromolecular	
  structures	
  
c.	
  Crystallographic	
  data	
  for	
  small	
  molecules	
  
d.	
  Functional	
  genomics	
  data	
  
e.	
  Proteomics	
  and	
  molecular	
  interactions
19.	
  Deposition	
  is	
  strongly	
  recommended	
  for	
  any	
  datasets	
  that	
  are	
  central	
  and	
  integral	
  to	
  the	
  study;	
  please	
  consider	
  the	
  
journal’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’	
  or	
  in	
  
unstructured	
  repositories	
  such	
  as	
  Dryad	
  (see	
  link	
  list	
  at	
  top	
  right)	
  or	
  Figshare	
  (see	
  link	
  list	
  at	
  top	
  right).
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).
21.	
  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	
  
deposited	
  in	
  a	
  public	
  repository	
  or	
  included	
  in	
  supplementary	
  information.

22.	
  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.

The	
  study	
  did	
  not	
  involve	
  human	
  research	
  participants.

NA

NA

NA

NA

NA

NA

NA

NA

NA

The	
  molecular	
  interactions	
  data	
  has	
  been	
  made	
  available	
  to	
  the	
  IntAct	
  Molecular	
  Interaction	
  
Database.	
  

The	
  variance	
  in	
  the	
  hRRS	
  (r	
  =	
  0.85)	
  is	
  higher	
  than	
  in	
  the	
  hPRS	
  (r	
  =	
  0.98).	
  This	
  can	
  be	
  explained	
  since	
  
most	
  tested	
  PPIs	
  in	
  the	
  hRRS	
  produce	
  BRET	
  and	
  LuC	
  ratios	
  that	
  are	
  very	
  close	
  to	
  the	
  background,	
  
which	
  naturally	
  introduces	
  a	
  higher	
  variance.	
  However,	
  the	
  variance	
  between	
  the	
  hPRS	
  (r	
  =0.98)	
  
and	
  the	
  AIRS	
  (r	
  =	
  0.99)	
  is	
  comparable	
  as	
  both	
  sets	
  contain	
  a	
  high	
  fraction	
  of	
  detectable	
  
interactions.

The	
  source	
  of	
  the	
  antibodies	
  used	
  is	
  indicating	
  in	
  the	
  materials	
  &	
  methods	
  section.

HEK293	
  cells:	
  Human	
  embryonic	
  kidney	
  cells;	
  SHEP	
  cells:	
  Human	
  neuroblastoma	
  cells.
Cell	
  line	
  identity	
  has	
  not	
  been	
  authenticated.
Regular	
  test	
  for	
  mycoplasma	
  contaminations	
  were	
  performed.

No	
  animals	
  were	
  used	
  in	
  this	
  study.

NA

NA

G-­‐	
  Dual	
  use	
  research	
  of	
  concern

F-­‐	
  Data	
  Accessibility

C-­‐	
  Reagents

D-­‐	
  Animal	
  Models

E-­‐	
  Human	
  Subjects


