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Mess
age: 

6th Oct 2022 
 
Dear Dr. Sukenik, 
 
Thank you for submitting your manuscript "Structural biases in disordered proteins are 
prevalent in the cell". Once again, please accept my sincere apologies for the unusual delay in 
processing your manuscript, which resulted from difficulties in obtaining referees’ reports, 
together with our editorial team being short-staffed at the moment. Nevertheless, we now 
have comments from the 2 reviewers who have evaluated your manuscript below. 
Unfortunately, after carefully considering their comments, we cannot offer to publish your 
manuscript in Nature Structural & Molecular Biology. 
 
You will see that while the referees find the work interesting and innovative, they raise 
concerns about the lack of a demonstrated functional relevance for the observed structural 
biases in IDPs, and also about the generality and conclusivity of the results based on the set of 
fluorophores and in vitro conditions tested. 
 
Although we regret that we cannot offer publication at NSMB, I have discussed your 
manuscript and the reviewer reports with our colleagues at Nature Communications, and they 
would be happy to send it back for formal peer review if you transfer the manuscript there 
after revision. Particularly, please make sure to: 
 
1- Provide further evidence of the functional relevance pertaining to the biophysical findings. 
2- Validate the experimental work as highlighted by reviewer 1 and reviewer 2, addressing all 
technical concerns. 
 
Should you wish to have your paper reviewed at Nature Communications, please use the link 
to the Springer Nature manuscript transfer service in the footnote. It is not necessary to 
reformat your paper at this point. 
 
Your handling editor at Nature Communications would be Dr. Engi Hassaan 
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(engi.hassaan@nature.com). If there is anything you would like to discuss before transferring 
the paper, please don’t hesitate to contact her by e-mail. 
 
I am sorry we could not be more positive on this occasion. I hope that you find the referees' 
comments useful in deciding how best to proceed. 
 
Sincerely, 
Sara 
 
 
Sara Osman, Ph.D. 
Associate Editor 
Nature Structural & Molecular Biology 
 
 
Referee expertise: 
 
Referee #1: IDPs, computation 
 
Referee #2: IDPs, biophysics 
 
 
Reviewers' Comments: 
 
Reviewer #1 (Remarks to the Author): 
 
David Moses et. al. investigate the impact of sequence variation (length and composition) in 
IDRs on structural compactness in vitro and in cells. In order to do so, they use FRET, SEC and 
SAXS. Moreover, they probe the impact of solution changes and changes in the cellular milieu 
on the structural properties of several IDRs. Their most important finding is that the structural 
biases observed in vitro are conserved in cells. 
 
This is a very interesting and innovative study. This said, several aspects of this work could be 
improved. 
 
1. The conservation of structural biases of IDRs in cells and the response to solution/milieu 
changes are important finding. However, the direct functional relevance of the IDR behaviour 
is not clear. It would be insightful to link structural biases and/or the response to milieu 
changes to the function of a specific IDR/IDP. Such direct link between the ability to respond 
to milieu changes and the function of an IDR would strengthen the impact of this work 
significantly. 
 
2. Structural biases in the cell are likely affected by many factors (the authors mention PTMs 
and PPIs) What about cellular localization? Are all IDRs tested in the cytoplasm or the nucleus? 
How does the localization affect the structural properties? It is well known that the nucleus has 
very different milieu conditions than the cytoplasm, which will affect the measures properties. 
 
3. One key uncertainty in this study is the impact of the FPs on IDR behaviour. It is possible 
that some of the tested IDR sequences interact with the FPs, which will affect compactness. It 
would be great if the authors could confirm some of their key findings with an alternative FP 
pair. 
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4. I am missing statistical assessments (p values) of the differences in structural biases 
throughout the manuscript. 
 
5. The comparison with simulation results on page 4 seems a bit circular. Ensembles were 
selected to match the SAXS data. No wonder the Rg and Ef trends agree. What about the 
ensembles as they are produced directly by the simulations (not matched)? How do they 
compare? 
 
6. How were the PUMA sequence scrambles generated? Based on what criteria? 
 
7. Page 11: It is stated that E1A is more compact in vitro but more expanded in the cell (Ef is 
compared) I do not see that difference in figures 4 A and D. 
 
 
 
Reviewer #2 (Remarks to the Author): 
 
The study entitled “Structural biases in disordered proteins are prevalent in the cell” by Moses 
et al. investigates structural biases in disordered proteins in vitro and in cells. The authors 
investigate different IDP in reference to GS repeat proteins in vitro under different conditions 
by different techniques including FRET, SAXS, CD-spectroscopy or all-atom simulations. This 
characterization allows them to interpret the data they acquire by live cell imaging. They arrive 
at the conclusion that structural biases of IDPs (known from different other in vitro studies) 
prevail in cells and propose that the responsiveness to (changing) physicochemical properties 
of the cellular environment is linked to biological function in health and disease conditions. I 
think this is very interesting work as most of our knowledge about IDPs is derived from in vitro 
experiments and this study extrapolates this knowledge to cellular conditions. The paper is 
well written and amenable to a broad audience. However, I have some concerns that require a 
major revision of the manuscript: 
 
In their earlier studies “Intrinsically disordered protein biosensor tracks the physical-chemical 
effects of osmotic stress on cells” by Cuevas-Velazquez et al. in Nat Commun, 2021 the 
authors use similar techniques like osmotic perturbations, scrambling sequences and solvent 
modulation constructing a biosensor from a naturally occurring LEA-IDP. Its applicability was 
demonstrated in several types of cells, leading to novel biological insight and knowledge such 
as the size-effect of vacuoles as a water resort on the individual cell level. The authors cite this 
work, revealing that they are well-familiar with the techniques, but I am wondering why they 
are not comparing the LEA-IDP effects to the IDP and GS repeat in this study. 
 
I am puzzled by the choice of in vitro conditions the authors use. They specifically discuss on 
macromolecular crowing effects, why did they not compare macromolecular crowders to 
molecular crowders? E.g. different PEG length, Ficoll vs sucrose? What is the motivation of 
using the amino acids and choice of salts? 
 
The authors openly discuss the limitations and drawbacks of their approach, which is good. I 
miss information why they decided on these specific fluorophores. Did they check if the 
fluorophores mature correctly in cells? 
 
Compared to the IDPs, I cannot find any CD experiments for the GS repeats. 
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Page 13: Elongated structures under high crowding can be indeed explained. Another 
explanation could be the binding of molecular chaperones. 
 
The authors use solvent perturbation as a method to study the structural biases of IDPs in 
cells. Temperature is another variable with high physiological relevance for IDPs, e.g. 
formation of stress granules under heat stress. In particular in the cell, temperature can be 
easily (and rapidly, e.g. by temperature jump) modulated. Have the authors conducted 
experiments under different incubation temperatures in cells? 
 
Minor: Page 4: “Folded proteins are often compared to crystal structure”. I guess the authors 
want to say something like “The structure of folded proteins is often assumed to be identical to 
crystal structure …?” 
 
 
 
 
 
 
 
 
**<i>Nature Communications</i> is the Nature Portfolio flagship Open Access journal. If you 
would like this work to be considered for publication there, you can easily transfer the 
manuscript by following the instructions below. It is not necessary to reformat your paper. 
Once all files are received, the editors at <i>Nature Communications</i> will assess your 
manuscript’s suitability for potential publication; they aim to provide feedback quickly, with a 
median decision time of 8 days for first editorial decisions on suitability. If your paper has been 
peer reviewed at this journal, the referee reports will also be transferred and assessed by the 
editorial team. In some cases, papers are accepted without further peer review, providing a 
rapid path to publication. The journal is also proud to offer double blind and transparent peer 
review options. For 2019, the 2-year impact factor for <i>Nature Communications</i> is 
12.121 and the 2-year median is 8 (for further information on journal metrics, please visit our 
<a href="http://www.nature.com/npg_/company_info/journal_metrics.html">Nature journals 
metrics page</a>). Our <a 
href="http://www.nature.com/ncomms/open_access/index.html">open access pages</a> 
contain information about article processing charges, open access funding, and advice and 
support from Springer Nature. 
 
**I suggest that you consider Nature Communications as a suitable venue for your work. To 
transfer your manuscript there, please use our <a href="[redacted]">manuscript transfer 
portal</a>. You will not have to re-supply manuscript metadata and files, unless you wish to 
make modifications, but please note that this link can only be used once and remains active 
until used. For more information, please see our <a 
href="http://www.nature.com/authors/author_resources/transfer_manuscripts.html?WT.mc_id
=EMI_NPG_1511_AUTHORTRANSF&WT.ec_id=AUTHOR">manuscript transfer FAQ</a> page. 
 
Note that any decision to opt in to In Review at the original journal is not sent to the receiving 
journal on transfer. You can opt in to <i><a href="https://www.nature.com/nature-
portfolio/for-authors/in-review">In Review</a></i> at receiving journals that support this 
service by choosing to modify your manuscript on transfer. In Review is available for primary 
research manuscript types only. 
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** For Springer Nature Limited general information and news for authors, see 
http://npg.nature.com/authors. 
 
Sara Osman, Ph.D. 
Associate Editor 
Nature Structural & Molecular Biology 

 
Author Rebuttal to Initial comments   

 
  



Reviewer #1 (Remarks to the Author):

David Moses et. al. investigate the impact of sequence variation (length and composition) in
IDRs on structural compactness in vitro and in cells. In order to do so, they use FRET, SEC and
SAXS. Moreover, they probe the impact of solution changes and changes in the cellular milieu
on the structural properties of several IDRs. Their most important finding is that the structural
biases observed in vitro are conserved in cells.

This is a very interesting and innovative study. This said, several aspects of this work could be
improved.

We thank the reviewer for their supportive comments, and for highlighting the importance of
establishing that structural biases measured in vitro are retained in cells to the field. We also
thank the reviewer for their questions and suggestions, which we address below. We have done
our best to include figures inline with the response in this document. These are labeled as Fig.
RX - but all of them are also included either in the main text (labeled Fig. X) or in the SI (labeled
Fig. SX).

1. The conservation of structural biases of IDRs in cells and the response to solution/milieu
changes are important finding. However, the direct functional relevance of the IDR behaviour is
not clear. It would be insightful to link structural biases and/or the response to milieu changes to
the function of a specific IDR/IDP. Such direct link between the ability to respond to milieu
changes and the function of an IDR would strengthen the impact of this work significantly.

This question has been our main consideration when deciding which IDPs to characterize in this
study. We have not properly articulated this in the previous version. The manuscript now
includes a new paragraph in the discussion detailing the link between ensemble and function for
all IDPs used in this study:

“The importance of IDP ensembles for molecular function has been shown or proposed for all of
the naturally occurring IDPs characterized in this study. The structural preferences of the PUMA
BH3 ensemble have been shown to affect its binding kinetics to MCL1 - a key event in the
function of PUMA as a modulator of p53, and it has further been shown that this structural
change can come about by changing the composition of the solution10. Changing the structural
preferences of the p53 N-terminal ensemble affects its binding affinity to MDM2, a potent
inhibitor of p53’s protective function, altering downstream p53 function11. FUS low-complexity
region can undergo phase separation in vitro and in vivo. Recent work has shown that for
monomeric low-complexity sequences, chain dimensions dominated by intramolecular
interactions can quantitatively inform on intermolecular interactions in the context of phase
transitions78. The Ash1 ensemble has been shown to remain largely unperturbed by
phosphorylation, indicating the need for robust activity of this key transcription factor in yeast61.
Finally, a region proximal to the E1A sequence used here has been shown to be highly
conserved in terms of the average end-to-end distance of its ensemble, and this length critical to
its function, implicating strong selection for ensemble properties across the whole protein20. ”

https://paperpile.com/c/PVt9EA/urSB
https://paperpile.com/c/PVt9EA/dbWh
https://paperpile.com/c/PVt9EA/3zn5
https://paperpile.com/c/PVt9EA/dNAL
https://paperpile.com/c/PVt9EA/bvFk


Importantly, in all of these cited works, as well as most other works in the field, linking
ensemble structure to function is done in vitro. In this work we show that the interactions
that hold ensemble structural preferences together in vitro are the same in the cell. We
believe this finding is key to establishing the link between ensemble structure and function in the
cell.

2. Structural biases in the cell are likely affected by many factors (the authors mention PTMs
and PPIs) What about cellular localization? Are all IDRs tested in the cytoplasm or the nucleus?
How does the localization affect the structural properties? It is well known that the nucleus has
very different milieu conditions than the cytoplasm, which will affect the measured properties.

This is an excellent question. Previously, our dataset was obtained at low magnification and
delineating between specific subcellular loci was difficult to perform accurately. We have
repeated our in-cell measurements of all constructs, but this time using a higher magnification
objective (40x, 0.9 NA) and U-2 OS cells that have a significantly larger cytoplasm than
HEK293Ts.

To enable comparisons, we first measured our GS repeat sequences in both cytoplasm and
nucleus in the new cell line, and compared them to the values in HEKs. We find that overall the

value of is lower in U-2 OS than HEK293T. This can be explained by the different cellular𝐸
𝑓
𝑐𝑒𝑙𝑙

composition of the embryonic kidney cells from which HEK293Ts are derived compared to the
osteosarcoma cells of U-2 OS. Further studies of this line-to-line variability are ongoing in our

lab. Regardless, the trend in vs. sequence length in GS repeats in both cell lines remains𝐸
𝑓
𝑐𝑒𝑙𝑙

linear and the slope is the same within error (Now Fig. S16, and summarized in Fig. R1 below),
indicating that the scaling behavior of GS repeats is the same in both cell lines. Furthermore,
the slope for cytoplasm and nucleus for GS repeat lengths are the same within error. This
indicates that, at least for GS repeats, localization does not change the structural preferences of
the ensembles.

Fig. R1. Linear fits of the medians with fit errors shown by the shaded region for HEK293T (gray), U-2 OS cytoplasm
(purple), and U-2 OS nucleus (blue). See also Fig. S16.



We next compared of four IDR constructs in U-2 OS cells in the cytoplasm and the nucleus.𝐸
𝑓
𝑐𝑒𝑙𝑙

To facilitate effective comparison, measurements were normalized to a GS-repeat𝐸
𝑓
𝑐𝑒𝑙𝑙

sequence of the same length in the respective environments (Figs. R2, 4E). Three of the four
sequences showed no significant change between the cytoplasm and the nucleus. A significant
difference (P < 0.0001) was observed for FUS, and indicates that FUS is more expanded in the
nucleus than it is in the cytoplasm. We hypothesize that this may be a result of RNA binding in
the nucleus: Despite lacking RNA binding motifs, the N-terminal low complexity domain of FUS
which is used here has been reported to bind to nuclear-abundant RNA6. This is now included in
the text:

“We next wanted to see how the localization of IDPs in the cell might affect their ensembles. We
reasoned that different organelles have different physical-chemical compositions, and this may
affect the ensemble preferences encoded in IDP sequences62. To test this idea, we measured

in the cytoplasm and nucleus of U-2 OS cells for all our sequences. GS repeats showed the𝐸
𝑓
𝑐𝑒𝑙𝑙

same in both cytoplasm and nucleus within error, indicating their ensemble is unaffected by𝐸
𝑓
𝑐𝑒𝑙𝑙

changes in localization (Fig. S16). All measurements were normalized to a GS repeat of𝐸
𝑓
𝑐𝑒𝑙𝑙

the same length (Fig. 4E). Most sequences showed no significant difference between the
cytoplasm and the nucleus. This is in line with our results thus far: if moving these sequences
from aqueous buffers to the cellular environment induced little change in ensemble structure, we
expect the same to happen moving from the cytoplasm to the nucleus. An exception was
observed for the FUS low complexity domain which was significantly more expanded in the
nucleus (Fig. 4E). This might be due to its ability to interact with nuclear-abundant RNA63,64.”

Fig. R2. of four IDP constructs measured in the cytoplasm (C) and nucleus (N) of U-2 OS cells and normalized to𝐸
𝑓
𝑐𝑒𝑙𝑙

the of an equivalent GS linker. Each box represents the 25th and 75th percentiles with the median shown as the𝐸
𝑓
𝑐𝑒𝑙𝑙

black line and the whiskers showing the minimum and maximums for each construct. Each circle corresponds to a
single cell. Asterisks denote the significance between distributions determined by a Mann-Whitney test (**** indicates
p < 0.0001). See also Fig. 4E.

https://paperpile.com/c/aui17y/cgGU
https://paperpile.com/c/PVt9EA/X3Ac
https://paperpile.com/c/PVt9EA/H59C+72hs


3. One key uncertainty in this study is the impact of the FPs on IDR behaviour. It is possible that
some of the tested IDR sequences interact with the FPs, which will affect compactness. It would
be great if the authors could confirm some of their key findings with an alternative FP pair.

Repeating the measurements with a new set of FPs would be problematic due to the specifics
of our microscopy setup and the need to redo all calibration experiments with a new FP pair.
Instead, we measured the constructs with the donor and acceptor location flipped (i.e.,
mNeonGreen on the N-terminus and mTurquoise2 on the C-terminus) (Figs. 5A, R3A). We
reasoned that since each FP has a different surface area chemistry (Figs. R3B, S22A) and
different amino acid sequences at its opposite termini (Figs. R3C, S22B), flipping the FPs will
place the IDP in a different environment and potentially disrupt any of its interactions with the
FP.

Figure R3. Original and flipped GS16 repeat constructs. (A) Original FRET (top) construct consisting of an IDP
between two fluorescent proteins that serve as a FRET donor and a FRET acceptor and the flipped construct
(bottom) with the FRET pairs on the opposite end. (B) Surface electrostatic analysis using APBS9 shows different
surface charges for mNeonGreen and mTurquoise2. The N and C termini are labeled as cyan and yellow spheres,
respectively. (C) Sequences of GS16 with the nearest 20 residues from the flanking fluorescent proteins, aligned
using Clustal Omega10,11. Color codes are from CIDER analysis12. Red: negative charge; blue: positive charge; black:
hydrophobic residues; green: polar residues; orange: aromatic residues. Blue and green boxes show residues at the
terminals of mTurquoise2 and mNeonGreen, respectively, connected to the GS-repeat sequence. See also Figs. 5A
and S22.

https://paperpile.com/c/aui17y/24lFk
https://paperpile.com/c/aui17y/4zlhx+cWJ4E
https://paperpile.com/c/aui17y/N2fC


We first tested this idea using a GS-repeat construct. Measurements of in vitro showed𝐸
𝑓
𝑎𝑝𝑝

basal differences between the original and flipped constructs, with the flipped construct showing
a higher FRET efficiency indicating a more compact conformation (Figs. 5B, R4). Since GS
repeats have no charged residues, and since all GS-repeat sequences are the same at the N

and C terminals, we hypothesized that the effect of flipping the FPs on could come from𝐸
𝑓
𝑎𝑝𝑝

two sources:
1) A change in interaction between the FPs themselves, which would likely be

electrostatically driven because of the different surface orientations (Figs. S22A, R3B).
2) A change in the effective length of the linker because of partial unfolding of the N- or C-

terminal of each FP.

Fig. R4. Comparison of average of original and flipped GS16 constructs. Error bars are SD of the data (N=12).𝐸
𝑓
𝑎𝑝𝑝

See also Fig. 5B.

To test which of these scenarios is more likely, we first measured the effect of salt concentration
on both constructs (Figs. S23A, R5A). Our experiments show that the screening effect of the

salt, as shown by the exponential decay constant of vs [NaCl], is identical in the original𝐸
𝑓
𝑎𝑝𝑝

(6.8 ± 0.7) and flipped (6.8 ± 0.6) constructs (Figs. S23A,B, R5A,B). This means that while

there are electrostatic interactions that affect , they are the same in the original and flipped𝐸
𝑓
𝑎𝑝𝑝

constructs, ruling out option (1).

The behavior of also shows that a difference between the original and flipped construct𝐸
𝑓
𝑎𝑝𝑝

emerges at higher salt concentrations, with a larger slope for the original construct (Figs.
S23A,C, R5A,C). An analysis of this slope for our original GS-repeat sequences of different
lengths shows that as the sequence grows longer, the slope becomes larger (Fig. S23C, R5C).
The flipped construct shows a slope that is smaller than expected for the original construct,

indicating its length might be effectively shorter. This is in line with the higher for this𝐸
𝑓
𝑎𝑝𝑝

construct. We hypothesized that this might be due to a tighter packing of the C- or N-terminal of
one of the FPs. Analysis of the fluorescence spectra showed that while mTurquoise2 has
virtually no shift in peak position upon tehtering, the peak of mNeonGreen significantly shifts
depending on whether it is or how it is untethered (Figs. S23D, R5D). We conclude that the



changes in basal in the flipped and original GS16 sequences result primarily from changes𝐸
𝑓
𝑎𝑝𝑝

in mNeonGreen, and propose this is due to tethering rather than from any specific interactions
between the GS chain and the FPs themselves. This further validates the use of these
constructs as points of reference.

Figure R5. (A) Effect of NaCl titration on average of GS-repeats and the flipped GS16 construct. Experimental𝐸
𝑓
𝑎𝑝𝑝

data was fit to an exponential decay with a sloping baseline, . In this𝐸
𝑓
𝑎𝑝𝑝 𝑁𝑎𝐶𝑙[ ]( ) = 𝐴𝑒(−𝑘 𝑁𝑎𝐶𝑙[ ]) +  𝑚 𝑁𝑎𝐶𝑙[ ] +  𝑏

equation is a decay constant that indicates the effect of screening of electrostatic interactions on ensemble𝑘
structure, and is a linear slope that accounts for the specific interactions of the ions at higher concentrations 13–15.𝑚
(B) Comparison of obtained from the fit of the original and flipped GS16 constructs. The Identical value of𝑘 𝑘

indicates that electrostatic interactions cannot explain the difference in between the two constructs. (C) Slope𝐸
𝑓
𝑎𝑝𝑝 𝑚

vs. the length of all GS-repeat sequences. All original GS repeats show a linear relationship between and length.𝑚
The flipped GS16 construct falls below this line, indicating a tighter packing of one or both of the FPs. (D)
Comparison of the peak emission wavelengths for mTurquoise2 (left) and mNeonGreen (right) untethered, in the
original GS16 construct, and in the flipped GS16 construct. For mNeonGreen, P < 0.0001 for both untethered vs.
GS16 original and untethered vs. GS16 flipped using Student’s t-test. See also Fig. S23.

Next we measured flipped versions of some of the constructs we had previously measured in
live cells. For GS16, the live-cell results once again recapitulated the in vitro results, indicating
that whatever changes occurred in the flipped construct in vitro also occurred inside the cell

(Figs. 5C, R6A). For naturally occurring IDRs, the flipped constructs showed overall lower 𝐸
𝑓
𝑐𝑒𝑙𝑙

compared to the original values, indicating that the flipped constructs were more expanded than
the original (Figs. 5D, R6A). This is in contrast to our GS16 construct, and could possibly be
attributed to electrostatic interactions with charged residues in the chain. While flipped Ash1 and

p53 displayed only slightly lower distributions compared to the original constructs, flipped𝐸
𝑓
𝑐𝑒𝑙𝑙

https://paperpile.com/c/aui17y/yE1z+2k2r+0uKV


E1A displayed a dramatically lower , indicating that flipping the FPs significantly expanded𝐸
𝑓
𝑐𝑒𝑙𝑙

the sequence (Fig. 5D and Fig. R6A).

Fig. R6: (A) of selected constructs measured in HEK293T cells for original and flipped constructs. (B) Response𝐸
𝑓
𝑐𝑒𝑙𝑙

to osmotic challenge of each construct expressed as change in before and after the challenge ( ). N > 1400𝐸
𝑓
𝑐𝑒𝑙𝑙 Δ𝐸

𝑓
𝑐𝑒𝑙𝑙

for all violin plots. See also Fig. 5C-E.

This large change in could be a result of strong attractive interactions between the E1A𝐸
𝑓
𝑐𝑒𝑙𝑙

sequence and one or both of the FPs in the original sequence. We reasoned that if the
ensemble changed dramatically in the flipped construct, this would also change the way the
sequence would respond to cell volume perturbations. Indeed, our experiments show that while
Ash1 and p53 show a similar response in the flipped and original construct, the outlying
response of E1A has now flipped completely (Figs. 5E, R6B).

While these experiments point to an artifact in the original E1A construct that may dominate the
measured ensemble, we point to the fact that, in nature, all IDRs studied here, and most of
those studied in the literature, are attached to folded domains with various surface area
chemistries. Here we show, for the first time, that these interactions can drive measurable
changes to IDR ensembles, and also change the way they respond to changes in the
intracellular environment. These experiments and discussions are now incorporated into the text
under the heading: “Interactions between IDPs and their tethered folded domains”

4. I am missing statistical assessments (p values) of the differences in structural biases
throughout the manuscript.

Our live-cell datasets are large (usually N > 1000). This means that all distributions shown as
violin plots will be significantly different from each other with very small P-values, even if the

changes are barely visible by eye or meaningless in terms of differences. This causes𝐸
𝑓
𝑐𝑒𝑙𝑙

P-values to be misleading. Where relevant, we have added significance values, either as a
P-value or as the overlap between the median 50% to help the reader assess differences
between distributions. In cases where the datasets are smaller, we have added the P-value as



asterisks to the graphics directly. We also point out that we do not compare to directly,𝐸
𝑓
𝑎𝑝𝑝 𝐸

𝑓
𝑐𝑒𝑙𝑙

since these observations are done in different experiments and different methods.

5. The comparison with simulation results on page 4 seems a bit circular. Ensembles were
selected to match the SAXS data. No wonder the Rg and Ef trends agree. What about the
ensembles as they are produced directly by the simulations (not matched)? How do they
compare?

While we understand the reviewer’s point, we would like to stress that the result is NOT circular
- we pick a simulated ensemble that matches the raw experimental SAXS scattering curves, and

then calculate of that simulated ensemble through the distance between the center of mass𝐸
𝑓
𝑎𝑝𝑝

of the FPs. Because it cannot be assumed that experimentally determined obtained from𝐸
𝑓
𝑎𝑝𝑝

FRET measurements, would necessarily match the calculated simulated obtained from𝐸
𝑓
𝑎𝑝𝑝

SAXS measurements, the fact that they do match is meaningful. There is a large body of work
illustrating that this exact result is often not obtained - i.e., that one cannot necessarily predict
IDR global dimensions based on end-to-end distance, when the protein in question deviates
from homopolymer expectations16,17. Notably, we know that radius of gyration vs. number of
residues does not follow a simple homopolymer model due to the contributions of the FPs. As
such, the ability to select sub-ensembles via one experimental metric and have that ensemble
reproduce a second metric is a commonly-used approach to assess the validity of an ensemble.
We recognize that this is a necessary but not sufficient criterion to demonstrate agreement, but
for our purposes here the simulations are used as a confirmatory sanity check (as opposed to
being used to drive new hypotheses). We have clarified the role of the simulations in offering a
computational thought experiment (as opposed to a hard prediction) in the text:

“Finally, we conducted all-atom simulations of all GS-repeat sequences to enable a molecular
benchmark between SAXS and FRET results. Our simulations assumed that the FPs only take
up space (i.e., are non-interacting) and that GS repeats behave like homopolymers. From these
simulations, ensembles were selected to quantitatively match the SAXS scattering data (Fig.
S5). These ensembles reproduced the GS length-dependent values as well, indicating that𝐸

𝑓
𝑎𝑝𝑝 

the simulation conditions at least managed to reproduce our experimental results (Fig. 2B,F).
The application of one experimental dataset as a constraint to assess simulations against an
orthogonal experimental dataset has been used previously to assess unfolded protein
ensembles to great effect49,50.”

6. How were the PUMA sequence scrambles generated? Based on what criteria?

The PUMA sequences were designed to sample varying degrees of charge clustering, as
measured by the parameter 𝜅12. We have provided the values of 𝜅 in Fig. 3A, and provided
further clarification in the text:
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“The three scrambles of WT PUMA were designed to have varying degrees of charge clustering,
as measured by the parameter 𝜅 (kappa) in CIDER56 (sequences S1-3, Fig. 3A,B)”

7. Page 11: It is stated that E1A is more compact in vitro but more expanded in the cell (Ef is
compared) I do not see that difference in figures 4 A and D.

We have removed this wording.

Reviewer #2 (Remarks to the Author):

The study entitled “Structural biases in disordered proteins are prevalent in the cell” by Moses et
al. investigates structural biases in disordered proteins in vitro and in cells. The authors
investigate different IDP in reference to GS repeat proteins in vitro under different conditions by
different techniques including FRET, SAXS, CD-spectroscopy or all-atom simulations. This
characterization allows them to interpret the data they acquire by live cell imaging. They arrive
at the conclusion that structural biases of IDPs (known from different other in vitro studies)
prevail in cells and propose that the responsiveness to (changing) physicochemical properties of
the cellular environment is linked to biological function in health and disease conditions. I think
this is very interesting work as most of our knowledge about IDPs is derived from in vitro
experiments and this study extrapolates this knowledge to cellular conditions. The paper is well
written and amenable to a broad audience. However, I have some concerns that require a major
revision of the manuscript:

We thank the reviewer for their positive assessment of our work. We also thank the reviewer for
their questions and suggestions, which are all addressed below. We have done our best to
include figures inline with the response in this document. These are labeled as Fig. RX - but all
of them are also included either in the main text (labeled Fig. X) or in the SI (labeled Fig. SX).

In their earlier studies “Intrinsically disordered protein biosensor tracks the physical-chemical
effects of osmotic stress on cells” by Cuevas-Velazquez et al. in Nat Commun, 2021 the authors
use similar techniques like osmotic perturbations, scrambling sequences and solvent
modulation constructing a biosensor from a naturally occurring LEA-IDP. Its applicability was
demonstrated in several types of cells, leading to novel biological insight and knowledge such
as the size-effect of vacuoles as a water resort on the individual cell level. The authors cite this
work, revealing that they are well-familiar with the techniques, but I am wondering why they are
not comparing the LEA-IDP effects to the IDP and GS repeat in this study.

We appreciate the reviewer’s comment. Indeed, in the prior work mentioned (on which Sukenik
is a co-corresponding author and which several of the authors of this manuscript have
co-authored), we developed the SED1 sensor to detect changes in cellular crowding. However,
sensing changes in the cell is not the focus of this specific work - instead, we ask if structural
preferences seen in vitro in IDPs persist in the cellular milieu. As such, this comparison, while
interesting, is outside the scope of this paper.

https://paperpile.com/c/PVt9EA/AJCpJ


I am puzzled by the choice of in vitro conditions the authors use. They specifically discuss on
macromolecular crowing effects, why did they not compare macromolecular crowders to
molecular crowders? E.g. different PEG length, Ficoll vs sucrose? What is the motivation of
using the amino acids and choice of salts?

We thank the reviewer for these suggestions. We use various amino acids, salts, denaturants,
other small osmolytes, and crowders as chemical probes to compare the responses of various
IDRs to different types of changes in their physical-chemical environment13. The solutes
themselves are not intended to directly mimic the cellular environment (or any of its myriad
constituents), but rather to chemically probe the ensemble structure of our constructs.
Specifically we use the amino acid glycine, a naturally occurring osmolyte that has been found
to stabilize folded proteins in the face of osmotic pressure20–22. Salts probe the contribution of
electrostatics to ensemble structure by screening attractive or repulsive charge interactions15.
This is now explained briefly in the main text:

“The solutes we added as chemical probes in this case were salts, amino acids, polymeric
crowders and their monomeric units, and denaturants. We stress that these solutes were not
intended to directly mimic the cellular environment, but rather to probe the response of the
ensemble to changes in solution chemistry. We measured the change in FRET efficiency

for all GS repeat lengths (Fig. S6). As expected, GS repeats of all∆𝐸
𝑓
𝑎𝑝𝑝 = 𝐸

𝑓,𝑠𝑜𝑙𝑢𝑡𝑒
𝑎𝑝𝑝 − 𝐸

𝑓,𝑏𝑢𝑓𝑓𝑒𝑟
𝑎𝑝𝑝

lengths responded identically to each of the solution conditions we created (Fig. S6).”

Furthermore, following the reviewer’s suggestion, we have now included sucrose, ethylene
glycol and PEG 400 in Fig. 4F (and Fig. R7). In line with our previous results13, we found that
the monomers do not increase compaction of any of the IDPs, and that PEG 2000 shows a

greater increase in than the smaller PEG 400 at equal monomer-molar concentrations.∆𝐸
𝑓
𝑎𝑝𝑝

We now make this point in the text:

“In line with our previous results5, we found that PEG 2000 produces greater increases in 𝐸
𝑓
𝑎𝑝𝑝

than the smaller PEG 400 at equal monomer-molar concentrations, and that the monomer units
of the crowders (sucrose, ethylene glycol) produce relatively small changes in the dimensions of
the IDPs.”

In general, our reluctance to include large macromolecular crowders stems from our and others’
extensive past experience with these substances. Specifically, PEG is far from inert and
commonly interacts with specific protein moieties, leading to results that are difficult to

interpret23–25. This is also apparent in our own data, showing a dramatic increase in for𝐸
𝑓
𝑎𝑝𝑝

several sequences that can also be caused by aggregation or phase separation. Indeed, high
concentrations of high MW PEG were shown numerous times to induce phase separation26. Our
new experiments with PEG2000 illustrate this point precisely: We use up to 25% w/w of this

polymer - less than the crowding observed in live cells, and see that jumps very high in𝐸
𝑓
𝑎𝑝𝑝

https://paperpile.com/c/aui17y/yE1z
https://paperpile.com/c/aui17y/QHhK+VvZq+dcrI
https://paperpile.com/c/aui17y/0uKV
https://paperpile.com/c/aui17y/yE1z
https://paperpile.com/c/PVt9EA/8baXH
https://paperpile.com/c/aui17y/IHlu+Q8Qo+M5LQ
https://paperpile.com/c/aui17y/u1cS


some sequences (Ash1 being case in point, Fig. S14). This behavior simply isn’t observed
inside the cell.

Fig. R7. Solution space scans of constructs incorporating naturally occurring IDPs, with results

expressed as , the difference between of an IDP construct in a given solution∆𝐸
𝑓
𝑎𝑝𝑝 𝐸

𝑓
𝑎𝑝𝑝

condition and in a dilute buffer. White dots: of IDP. Black dashed lines: interpolated∆𝐸
𝑓
𝑎𝑝𝑝 ∆𝐸

𝑓
𝑎𝑝𝑝

of a GS-repeat sequence of the same length as the IDP. Blue-green shaded regions between

white dots and black dashed lines: difference between of IDP and GS repeats. Heatmap∆𝐸
𝑓
𝑎𝑝𝑝

backgrounds: red shows more sensitivity (more expansion or compaction) than a GS-repeat
sequence of the same length; blue shows less sensitivity than GS repeats; white shows the
same sensitivity as GS repeats; deeper shades show greater difference in sensitivity from GS
repeats. Shaded regions on left side of cells for solutes NaCl and KCl: approximate range of
concentrations within which electrostatic screening is the dominant effect; the leftmost two
points of each series, since they are within that range, are not used in the assignment of
background color.

The authors openly discuss the limitations and drawbacks of their approach, which is good. I
miss information why they decided on these specific fluorophores. Did they check if the
fluorophores mature correctly in cells?

Previous studies have shown the mTurquoise2:mNeonGreen pair to be one of the best FRET
pairs for in-cell work27. We have previously used other FPs (such as mEGFP:mCherry28 or
mCitrine:mCerulean29) - in these cases either the dynamic range of detection was reduced
significantly (in the case of dimmer red FPs) or there were issues with dimerization (in the case
of mCitrine and mCerulean). For FPs with wavelengths lower than mTurquoise2 background
fluorescence becomes an issue. Thus we have selected this specific pair. This is now states in
the main text:
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“The monomeric fluorescent proteins mTurquoise2 and mNeonGreen have high quantum yields,
fast maturation and are highly photostable34,83. Compared to other FRET pairs, mTurquoise2
and mNeonGreen have a higher FRET efficiency with little cell to cell variation and were
therefore selected as our FRET pair in our experiments34.”

In terms of maturation, mTurquoise2 and mNeonGreen mature in less than an hour(<10 minutes
for mNeonGreen30, 33.5 minutes for mTurquoise231). We transfect cells 24-48 hours prior to
imaging, ensuring maturation is completed for the bulk of the expressed construct population.
We have now added a sentence to clarify this in the Methods section:

“Cells were incubated at 37 °C and 5% CO2 for 48 hours post transfection, ensuring that
maturation of the FRET pairs (which occurs in 10-30 minutes94,95) does not alter our results.”

Compared to the IDPs, I cannot find any CD experiments for the GS repeats.

CD experiments were performed only for PUMA and its variants, since we wanted to ensure that
structural preferences, specifically local helical structure, within the ensemble are depleted. GS
repeats have been shown experimentally to lack such structural preferences32–35, and our own
simulations similarly show no helicity in GS repeat sequences. To explain this point more clearly,
we have revised our argument for using GS-repeat sequences as a benchmark to read:

“As a benchmark against which to compare properties of naturally occurring heteropolymeric
IDPs, we inserted homopolymeric dipeptide repeats into our FRET construct. Specifically, we
chose glycine-serine (GS) repeats for benchmarking because (1) they lack hydrophobicity,
charge, and aromaticity which makes them easy to express and highly soluble6, (2) they have
been shown to lack local and long-range structural biases, instead behaving as expected for a
random coil across the range of lengths studied in our work38,41, and (3) they have been shown
to behave as real-chain mimics of ideal Gaussian chains in aqueous solutions41–43.”

Page 13: Elongated structures under high crowding can be indeed explained. Another
explanation could be the binding of molecular chaperones.

We have now shown that the specific effect observed for E1A of expansion under increased
crowding is likely a result of attractive interactions between the E1A sequence and the folded
FP to which it is tethered to (see the manuscript and Fig. 5.) Nonetheless, we acknowledge that
this kind of effect can be a result of other factors as well. This is now stated in the text:

“This type of expansion under increased crowding has been previously reported39, and may be
caused inside the cell by protein-protein interactions including chaperone binding40 or
post-translational modifications41.”

The authors use solvent perturbation as a method to study the structural biases of IDPs in cells.
Temperature is another variable with high physiological relevance for IDPs, e.g. formation of
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stress granules under heat stress. In particular in the cell, temperature can be easily (and
rapidly, e.g. by temperature jump) modulated. Have the authors conducted experiments under
different incubation temperatures in cells?

This is an excellent question. Our past work has indeed shown that disordered and unfolded
structures are significantly more sensitive to temperature changes inside the cell compared to
well-folded constructs42. While this experiment is outside the scope of this work, we have now
added some discussion of this aspect:

“This sensing capability of IDPs has been demonstrated not only for changes in solution
conditions and osmotic pressure as studied here, but also for changes in other conditions such
as membrane curvature43, water availability44, and temperature45.”

Minor: Page 4: “Folded proteins are often compared to crystal structure”. I guess the authors
want to say something like “The structure of folded proteins is often assumed to be identical to
crystal structure …?”

We thank the reviewer for this comment and have revised the text to read:

“The structure of a folded protein is commonly described in terms of its “native” conformation
discerned through X-ray crystallography. For an IDP, no such single structure can be obtained.
Instead, IDP structure is often described with reference to well-established homopolymer
models46,47.”
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Decision Letter, first revision: 

 
  
Message: 11th May 2023 

 
Dear Dr. Sukenik, 
 
Thank you again for submitting your manuscript "Structural biases in disordered proteins 
are prevalent in the cell". I apologize for the delay in responding, which resulted from the 
difficulty in obtaining the referee reports. Nevertheless, we now have comments (below) 
from the 2 reviewers who evaluated your paper. In light of those reports, we remain 
interested in your study and would like to see your response to the comments of the 
referees, in the form of a revised manuscript, before we can make a final decision. 
 
You will see that while both reviewers appreciate how improved the revised manuscript is, 
Reviewer #1 points out missing critical controls that question the key message of the 
paper. Please be sure to address/respond to all concerns of the referees in full in a point-
by-point response and highlight all changes in the revised manuscript text file. If you have 
comments that are intended for editors only, please include those in a separate cover 
letter. 
 
We are committed to providing a fair and constructive peer-review process. Do not 
hesitate to contact us if there are specific requests from the reviewers that you believe are 
technically impossible or unlikely to yield a meaningful outcome. 
 
Seeing as performing these experiments might require some time, we would expect to see 
your revised manuscript in 3-6 months. If you cannot send it within this time, please 
contact us to discuss an extension; we would still consider your revision, provided that no 
similar work has been accepted for publication at NSMB or published elsewhere. 
 
As you already know, we put great emphasis on ensuring that the methods and statistics 
reported in our papers are correct and accurate. As such, if there are any changes that 
should be reported, please submit an updated version of the Reporting Summary along 
with your revision. 
 
Please follow the links below to download these files: 
 
Reporting Summary: 
https://www.nature.com/documents/nr-reporting-summary.pdf 
 
Please note that the form is a dynamic ‘smart pdf’ and must therefore be downloaded and 
completed in Adobe Reader. 
 
 
When submitting the revised version of your manuscript, please pay close attention to our 
href="https://www.nature.com/nature-portfolio/editorial-policies/image-integrity">Digital 
Image Integrity Guidelines.</a> and to the following points below: 
 
-- that unprocessed scans are clearly labelled and match the gels and western blots 
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presented in figures. 
-- that control panels for gels and western blots are appropriately described as loading on 
sample processing controls 
-- all images in the paper are checked for duplication of panels and for splicing of gel 
lanes. 
 
Finally, please ensure that you retain unprocessed data and metadata files after 
publication, ideally archiving data in perpetuity, as these may be requested during the 
peer review and production process or after publication if any issues arise. 
 
 
Please note that all key data shown in the main figures as cropped gels or blots should be 
presented in uncropped form, with molecular weight markers. These data can be 
aggregated into a single supplementary figure item. While these data can be displayed in 
a relatively informal style, they must refer back to the relevant figures. These data should 
be submitted with the final revision, as source data, prior to acceptance, but you may 
want to start putting it together at this point. 
 
SOURCE DATA: we request that authors to provide, in tabular form, the data 
underlying the graphical representations used in figures. This is to further 
increase transparency in data reporting, as detailed in this editorial 
(http://www.nature.com/nsmb/journal/v22/n10/full/nsmb.3110.html). 
Spreadsheets can be submitted in excel format. Only one (1) file per figure is 
permitted; thus, for multi-paneled figures, the source data for each panel should 
be clearly labeled in the Excel file; alternately the data can be provided as 
multiple, clearly labeled sheets in an Excel file. When submitting files, the title 
field should indicate which figure the source data pertains to. We encourage our 
authors to provide source data at the revision stage, so that they are part of the 
peer-review process. 
 
Data availability: this journal strongly supports public availability of data. All data used in 
accepted papers should be available via a public data repository, or alternatively, as 
Supplementary Information. If data can only be shared on request, please explain why in 
your Data Availability Statement, and also in the correspondence with your editor. Please 
note that for some data types, deposition in a public repository is mandatory - more 
information on our data deposition policies and available repositories can be found below: 
https://www.nature.com/nature-research/editorial-policies/reporting-
standards#availability-of-data 
 
We require deposition of coordinates (and, in the case of crystal structures, structure 
factors) into the Protein Data Bank with the designation of immediate release upon 
publication (HPUB). Electron microscopy-derived density maps and coordinate data must 
be deposited in EMDB and released upon publication. Deposition and immediate release of 
NMR chemical shift assignments are highly encouraged. Deposition of deep sequencing 
and microarray data is mandatory, and the datasets must be released prior to or upon 
publication. To avoid delays in publication, dataset accession numbers must be supplied 
with the final accepted manuscript and appropriate release dates must be indicated at the 
galley proof stage. 
 
While we encourage the use of color in preparing figures, please note that this will incur a 
charge to partially defray the cost of printing. Information about color charges can be 
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found at http://www.nature.com/nsmb/authors/submit/index.html#costs 
 
Nature Structural & Molecular Biology is committed to improving transparency in 
authorship. As part of our efforts in this direction, we are now requesting that all authors 
identified as ‘corresponding author’ on published papers create and link their Open 
Researcher and Contributor Identifier (ORCID) with their account on the Manuscript 
Tracking System (MTS), prior to acceptance. This applies to primary research papers only. 
ORCID helps the scientific community achieve unambiguous attribution of all scholarly 
contributions. You can create and link your ORCID from the home page of the MTS by 
clicking on ‘Modify my Springer Nature account’. For more information please visit please 
visit <a 
href="http://www.springernature.com/orcid">www.springernature.com/orcid</a>. 
 
Please use the link below to submit your revised manuscript and related files: 
 
[redacted] 
 
<strong>Note:</strong> This URL links to your confidential home page and associated 
information about manuscripts you may have submitted, or that you are reviewing for us. 
If you wish to forward this email to co-authors, please delete the link to your homepage. 
 
We look forward to seeing the revised manuscript and thank you for the opportunity to 
review your work. 
 
Sincerely, 
Sara 
 
Sara Osman, Ph.D. 
Associate Editor 
Nature Structural & Molecular Biology 
 
 
Reviewers' Comments: 
 
Reviewer #1: 
Remarks to the Author: 
The authors did an excellent job in revising the manuscript and addressed most of my 
concerns. 
However, the added new experiments with flipped FPs seem to confirm some of my initial 
concerns regarding the impact of the selected FPs. As the authors state, all reported 
differences are statistically significant. That means that flipping FPs leads to results that 
are statistically significantly different. More importantly, the new results bring up the 
question whether the observed correlations between the ensembles in vitro and in cells 
are due to a dominant effect of FPs on the system. In other words, do most systems (not 
all, e.g. p53) behave in a similar manner in vitro and in cells, and in a specific manner 
under changing environments, because of specific IDP-FP interactions that dominate the 
measured signal (e.g. FRET or SAXS). The authors state: “… IDP ensembles are able to 
sense and respond to changes in the composition of their environment.” The added 
controls suggest that it is hard to disentangle what of the measured changes can be 
attributed truly to prosperities intrinsic to the IDPs and what originates from IDP-FP 
interactions. In other words, are measured changes induced by a different environment 
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mainly caused by IDP-FP interaction changes or changes in IDP behaviour? 
 
As these concerns question the key message of the paper, additional controls are 
necessary. For instance, the authors could provide some additional controls comparing the 
impact of flipped FPs in vitro and in cells. E.g. the equivalent of 5D in vitro. 
 
 
 
Reviewer #2: 
Remarks to the Author: 
The authors fully addressed my comments and concerns and the manuscript was 
significantly improved. I recommend publication. 

 
 

Author Rebuttal, first revision: 
 
  
  



 Reviewer #1 

 The authors did an excellent job in revising the manuscript and addressed most of my concerns. 
 However,  the  added  new  experiments  with  flipped  FPs  seem  to  confirm  some  of  my  initial 
 concerns  regarding  the  impact  of  the  selected  FPs.  As  the  authors  state,  all  reported  differences 
 are  statistically  significant.  That  means  that  flipping  FPs  leads  to  results  that  are  statistically 
 significantly  different.  More  importantly,  the  new  results  bring  up  the  question  whether  the 
 observed  correlations  between  the  ensembles  in  vitro  and  in  cells  are  due  to  a  dominant  effect 
 of  FPs  on  the  system.  In  other  words,  do  most  systems  (not  all,  e.g.  p53)  behave  in  a  similar 
 manner  in  vitro  and  in  cells,  and  in  a  specific  manner  under  changing  environments,  because  of 
 specific  IDP-FP  interactions  that  dominate  the  measured  signal  (e.g.  FRET  or  SAXS).  The 
 authors  state:  “…  IDP  ensembles  are  able  to  sense  and  respond  to  changes  in  the  composition 
 of  their  environment.”  The  added  controls  suggest  that  it  is  hard  to  disentangle  what  of  the 
 measured  changes  can  be  attributed  truly  to  prosperities  intrinsic  to  the  IDPs  and  what 
 originates  from  IDP-FP  interactions.  In  other  words,  are  measured  changes  induced  by  a 
 different  environment  mainly  caused  by  IDP-FP  interaction  changes  or  changes  in  IDP 
 behaviour?  As  these  concerns  question  the  key  message  of  the  paper,  additional  controls  are 
 necessary.  For  instance,  the  authors  could  provide  some  additional  controls  comparing  the 
 impact of flipped FPs in vitro and in cells. E.g. the equivalent of 5D in vitro. 

 We  thank  the  reviewer  for  their  comments  and  suggestion  of  experiments  to  resolve  some  of 
 their  concerns.  We  have  now  performed  the  in  vitro  experiments  suggested  by  the  reviewer,  and 
 present  the  results  (  Fig.  R1  ,  left;  Fig.  5B  in  the  new  revision)  in  comparison  with  the  live-cell 
 results  provided  in  the  first  revision  (  Fig.  R1  ,  right;  Fig.  5C  in  the  new  revision).  The  new 
 experiments  show  that  the  in  vitro  results  for  naturally  occurring  IDPs  match  well  with  the 
 live-cell  results.  In  particular,  E1A  in  vitro  shows  a  difference  in  FRET  efficiency  between  the 
 original  and  flipped  constructs  that  matches  what  was  seen  in  cells,  while  p53  and  Ash1  show 
 little  change  in  FRET  efficiency  between  the  original  and  flipped  constructs  both  in  vitro  and  in 
 live cells. 

 Figure R1.  New  in vitro  original vs. flipped results (left) match previous live-cell results (right). 

 We  also  looked  at  Stokes  shifts  as  in  Fig.  S17D  ,  and  our  results  again  imply  that  differences 
 between  IDP:FP  interactions  at  the  N  and  C  terminals  of  mNeonGreen  may  account  for  the 



 measured  differences  in  FRET  between  the  original  and  flipped  constructs  (  Fig.  R2  ).  In 
 particular,  the  trends  for  p53  and  Ash1  are  similar  to  GS16,  while  the  trends  for  E1A  have  a 
 higher  peak  position  for  the  original  construct  compared  to  the  flipped  one.  This  is  a  good 
 example  of  the  variability  in  interactions  that  may  occur  between  IDRs  and  folded  domains 
 throughout  nature,  which  clearly  should  be  the  subject  of  further  study.  However,  this  does  not 
 seem  to  pose  a  problem  for  our  current  study:  The  IDP:FP  interactions  observed  in  vitro  are 
 sequence-specific,  and  are  recapitulated  inside  the  cellular  environment.  Furthermore,  in  the 
 cellular  environment,  changing  these  interactions  will  also  change  sensitivity  to  cellular 
 conditions. 

 Figure  R2.  Peak  wavelengths  of  mTurquoise2  and  mNeonGreen  untethered  and  as  part  of  constructs  with  different 
 IDRs. 

 While  we  show  that  for  2  out  of  3  IDPs  tested  FRET  results  were  similar  between  original  and 
 flipped  constructs,  these  experiments  do  not  alleviate  the  reviewer’s  concern  –  which  is  also  the 
 underlying  cause  of  a  long-standing  controversy  in  the  IDP  literature  1–7  –  that  any  label  can  and 
 will  interact  with  disordered  regions  and  affect  measured  results.  Our  new  results  show  that 

https://paperpile.com/c/hD1WAi/4Cc1+6Yfb+3krs+2Liv+VLoo+ZgVr+OCRf


 FP:IDP  interactions  do  occur,  and  at  least  to  us  it  would  be  surprising  if  they  were  completely 
 absent.  The  only  way  to  ensure  these  interactions  do  not  exist  is  to  measure  IDP  ensemble 
 dimensions  without  labels  in  live  cells,  a  feat  that  to  the  best  of  our  knowledge  has  not  been 
 achieved.  However,  even  these  experiments  would  be  questionable  as  our  results  point  to  the 
 importance  of  measuring  IDPs  in  the  context  of  their  full-length  protein:  IDP:folded-domain 
 interactions  will  likely  occur  in  the  full  length  sequence  as  well,  in  the  same  way  as  they  occur 
 with  our  exogenous  FPs.  Despite  this,  we  maintain  that  the  existence  of  IDP:FP  interactions 
 in our dataset does not put into question the key conclusion of our paper  . 

 Our  key  conclusion,  as  stated  in  our  title,  is  that  the  structural  biases  observed  in  vitro 
 are  also  seen  in  live  cells.  This  remains  completely  consistent  throughout  our  entire 
 dataset,  regardless  of  whether  these  structural  biases  contain  interactions  with  FP  labels 
 or  not.  Our  new  results  show  that,  at  the  very  least,  there  is  a  strong  sequence  dependence  in 
 determining  the  breakdown  of  IDP:IDP  interactions  vs.  IDP:folded-domain  interactions  in 
 shaping  full-length  IDP  ensembles.  This  is  true  whether  this  folded  domain  is  exogenous,  as  is 
 the  case  for  the  FPs  used  here,  or  endogenous  as  is  the  case  for  >  90%  of  IDPs  in  the  human 
 proteome  8  .  Thus,  the  experiments  proposed  by  the  reviewer  have  helped  us  to  draw  a  more 
 general conclusion than we could have drawn without those experiments. 

 In  our  revised  version,  beyond  the  new  data  and  analyses,  we  emphasized  that  our  definition  of 
 “IDP  structural  biases”  includes  both  IDP:IDP  interactions  and  IDP:folded-domain  interactions. 
 We  have  highlighted  in  yellow  paragraphs  that  show  this  in  the  annotated  revised  manuscript. 
 Furthermore,  we  have  added  the  following  paragraph  discussing  IDP:FP  interactions  in  our 
 “  Limitations and drawbacks  ” section: 

 “As  a  final  point,  we  acknowledge  that  interactions  between  the  studied  IDPs  and  the  FPs  that 
 make  up  our  FRET  construct  exist  and  likely  affect  the  dimensions  of  our  measured  ensembles. 
 To  address  this,  we  point  to  the  fact  that  nearly  all  studied  IDPs  (including  those  in  this  work)  are 
 excised  from  full-length  proteins  in  which  they  would  be  tethered  to  folded  domains.  Our  results 
 point  to  the  importance  of  the  intramolecular  context  of  an  IDP:  interactions  with  a  tethered 
 folded  domain  can  alter  IDP  ensembles,  as  well  as  their  response  to  changes  in  the  cell.  The 
 importance  of  IDP:folded  domain  interactions  has  already  been  pointed  out  in  several  recent 
 studies  8–11  .  Despite  all  this,  our  results  show  that  even  where  FP:IDP  interactions  exist,  the 
 structural biases shaping disordered protein ensembles  in vitro  are recapitulated in the cell.” 

 We  hope  that  these  new  experiments,  additional  analyses,  and  expanded  discussion  in  the  text 
 help  address  the  reviewer’s  concerns  regarding  the  role  of  IDP:FP  interactions  in  determining 
 the observed ensembles, and that the paper can now be accepted for publication. 

 REFERENCES 

 1.  Riback, J. A.  et al.  Innovative scattering analysis shows that hydrophobic disordered 
 proteins are expanded in water.  Science  358  , 238–241 (2017). 

https://paperpile.com/c/hD1WAi/pZkD
https://paperpile.com/c/hD1WAi/pZkD+NRpwy+diSQz+DE2DD
http://paperpile.com/b/hD1WAi/4Cc1
http://paperpile.com/b/hD1WAi/4Cc1


 2.  Riback, J. A.  et al.  Commonly used FRET fluorophores promote collapse of an otherwise 
 disordered protein.  Proceedings of the National Academy of Sciences  201813038 (2019). 

 3.  Song, J., Gomes, G.-N., Shi, T., Gradinaru, C. C. & Chan, H. S. Conformational 
 Heterogeneity and FRET Data Interpretation for Dimensions of Unfolded Proteins.  Biophys. 
 J.  113  , 1012–1024 (2017). 

 4.  Best, R. B.  et al.  Comment on ‘Innovative scattering analysis shows that hydrophobic 
 disordered proteins are expanded in water’.  Science  vol. 361 (2018). 

 5.  Riback, J. A.  et al.  Response to Comment on ‘Innovative scattering analysis shows that 
 hydrophobic disordered proteins are expanded in water’.  Science  vol. 361 (2018). 

 6.  Gomes, G.-N. W.  et al.  Conformational Ensembles of an Intrinsically Disordered Protein 
 Consistent with NMR, SAXS, and Single-Molecule FRET.  J. Am. Chem. Soc.  142  , 
 15697–15710 (2020). 

 7.  Ruff, K. M. & Holehouse, A. S. SAXS versus FRET: A Matter of Heterogeneity?  Biophys. J. 
 (2017) doi:  10.1016/j.bpj.2017.07.024  . 

 8.  Taneja, I. & Holehouse, A. S. Folded domain charge properties influence the conformational 
 behavior of disordered tails.  Curr Res Struct Biol  3  , 216–228 (2021). 

 9.  Mittal, A., Holehouse, A. S., Cohan, M. C. & Pappu, R. V. Sequence-to-Conformation 
 Relationships of Disordered Regions Tethered to Folded Domains of Proteins.  J. Mol. Biol. 
 (2018) doi:  10.1016/j.jmb.2018.05.012  . 

 10.  Martin, E. W.  et al.  Interplay of folded domains and the disordered low-complexity domain in 
 mediating hnRNPA1 phase separation.  Nucleic Acids Res.  49  , 2931–2945 (2021). 

 11.  Zheng, T., Galagedera, S. K. K. & Castañeda, C. A. Previously uncharacterized interactions 
 between the folded and intrinsically disordered domains impart asymmetric effects on 
 UBQLN2 phase separation.  Protein Sci.  30  , 1467–1481 (2021). 

http://paperpile.com/b/hD1WAi/6Yfb
http://paperpile.com/b/hD1WAi/6Yfb
http://paperpile.com/b/hD1WAi/3krs
http://paperpile.com/b/hD1WAi/3krs
http://paperpile.com/b/hD1WAi/3krs
http://paperpile.com/b/hD1WAi/2Liv
http://paperpile.com/b/hD1WAi/2Liv
http://paperpile.com/b/hD1WAi/VLoo
http://paperpile.com/b/hD1WAi/VLoo
http://paperpile.com/b/hD1WAi/ZgVr
http://paperpile.com/b/hD1WAi/ZgVr
http://paperpile.com/b/hD1WAi/ZgVr
http://paperpile.com/b/hD1WAi/OCRf
http://paperpile.com/b/hD1WAi/OCRf
http://dx.doi.org/10.1016/j.bpj.2017.07.024
http://paperpile.com/b/hD1WAi/OCRf
http://paperpile.com/b/hD1WAi/pZkD
http://paperpile.com/b/hD1WAi/pZkD
http://paperpile.com/b/hD1WAi/NRpwy
http://paperpile.com/b/hD1WAi/NRpwy
http://paperpile.com/b/hD1WAi/NRpwy
http://dx.doi.org/10.1016/j.jmb.2018.05.012
http://paperpile.com/b/hD1WAi/NRpwy
http://paperpile.com/b/hD1WAi/diSQz
http://paperpile.com/b/hD1WAi/diSQz
http://paperpile.com/b/hD1WAi/DE2DD
http://paperpile.com/b/hD1WAi/DE2DD
http://paperpile.com/b/hD1WAi/DE2DD


 
 

 

10 
 

 

 

 
Decision Letter, second revision:   

 
  
Message: Our ref: NSMB-A46350B 

 
14th Jul 2023 
 
Dear Dr. Sukenik, 
 
Thank you for submitting your revised manuscript "Structural biases in disordered proteins 
are prevalent in the cell" (NSMB-A46350B). I apologize for the delay in responding, due to 
absences in our editorial team. Your manuscript has now been seen by the original 
Reviewer #1 and their comments are below. The reviewer finds that the paper has 
improved in revision, and therefore we'll be happy in principle to publish it in Nature 
Structural & Molecular Biology, pending minor revisions to comply with our editorial and 
formatting guidelines. 
 
We are now performing detailed checks on your paper and will send you a checklist 
detailing our editorial and formatting requirements in a couple of weeks. Please do not 
upload the final materials and make any revisions until you receive this additional 
information from us. 
 
To facilitate our work at this stage, it is important that we have a copy of the main text as 
a word file. If you could please send along a word version of this file as soon as possible, 
we would greatly appreciate it; please make sure to copy the NSMB account (cc'ed 
above). 
 
Thank you again for your interest in Nature Structural & Molecular Biology Please do not 
hesitate to contact me if you have any questions. 
 
Sincerely, 
Sara 
 
Sara Osman, Ph.D. 
Associate Editor 
Nature Structural & Molecular Biology 
 
 
Reviewer #1 (Remarks to the Author): 
 
The authors addressed all my concerns. 

 
 

Final Decision Letter: 
 
Message

: 
4th Oct 2023 
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Dear Dr. Sukenik, 
 
We are now happy to accept your revised paper "Structural biases in disordered proteins 
are prevalent in the cell" for publication as an Article in Nature Structural & Molecular 
Biology. 
 
Acceptance is conditional on the manuscript's not being published elsewhere and on there 
being no announcement of this work to the newspapers, magazines, radio or television 
until the publication date in Nature Structural & Molecular Biology. 
 
Over the next few weeks, your paper will be copyedited to ensure that it conforms to 
Nature Structural & Molecular Biology style. Once your paper is typeset, you will receive an 
email with a link to choose the appropriate publishing options for your paper and our 
Author Services team will be in touch regarding any additional information that may be 
required. 
 
After the grant of rights is completed, you will receive a link to your electronic proof via 
email with a request to make any corrections within 48 hours. If, when you receive your 
proof, you cannot meet this deadline, please inform us at 
rjsproduction@springernature.com immediately. 
 
You will not receive your proofs until the publishing agreement has been received through 
our system. 
 
Due to the importance of these deadlines, we ask that you please let us know now whether 
you will be difficult to contact over the next month. If this is the case, we ask you provide 
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