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Reviewer comments:
Reviewer #1

(Remarks to the Author)

Liquid-liquid phase separation (LLPS) is an important phenomena that plays a pivotal role in many cell biology processes so
studying bimolecular condensates formed in such process is important. In the present manuscript, the authors provide a
diffusion NMR-based method, termed by the authors as REDEFINE, for studying protein, RNA and water in bimolecular
condensates. The REDEFINE method allows to characterize, mon-invasively, biphasic systems providing, simultaneously,
the diffusion coefficients in both phases, the fractions of the species, the average radius of the droplets their permeability
from which the in-out exchange rate was estimated allowing the estimation of the global exchange rate. Importantly, all this
information was obtained on NMR spectrometers equipped with conventional gradient systems. In fact, REDIFINE appears
to use the biphasic model of Price from 1998 where the non-Gaussian (restricted) diffusion within the droplet is treated
differently and is described by a kurtosis analysis as advanced by Helpern & Jensen about 20 years ago when studying
structural changes in neuronal tissues. So, one may argue if the novelty imbedded in the so-called REDEFINE method is
enough to surpass the novelty standard of Nature Communications. | am in the opinion that it still does.

The presented method is of high significance to the field and allows to characterize, non-invasively, multicomponent
condensates which are characteristics of LLPs, which in turn, are important phenomena in cell biology. This can be
performed totally non-invasively and on conventional NMR spectrometers equipped with conventional gradient systems
(producing gradient pulse of ~50 Gauss/cm). In addition, the described technique may, in fact, be applied to other fields.
Note however that the REDEFINE method appears to work on relatively simples systems. With the addition of more
components, compartments and significant size distribution, the REDEFINE method would probably fail as mentioned in
Section 5 of the Supporting Information. However, its importance arise, inter alia, from the fact the REDEFINE use no tags or
labels and is completely non-invasive. This is important since the paper clearly demonstrates, as was already reported, that
even a small amount of fluorescence tags might have dramatic effects on the condensates’ characteristics.

The flexibility of the REDEFINE method enabled the authors to study a relatively large number of different systems using the
same methodology. This enabled them to identify that disordered proteins form, in general, larger condensates characterized
by slower interface exchange as shown in Figure 4a. A tentative explanation is given in Figure 4.

The results of the different experiments performed support the conclusions and claims of the manuscript. The work was
executed with high standards and is very well presented. The authors has also performed control experiments and did the
requested verification. For example, the extracted REDEFINE droplet size was compared with the results obtained from
microscopy, while the exchange rate extracted from the method was compared to the results of FEXSY experiments
performed on the same samples (Extended Data Figs. 5 and 7). There are no real flaws in the data analysis, the
interpretations and conclusions of the methodology presented are sound and very well described and after the deposition of
the REDEFINE MATLAB code, | believe that different researchers will be able to implement the method.

So overall, the paper describes an important technique that may have large implications in LLPS and bimolecular
condensates research and in cell biology research in general. | am therefore in the opinion that the manuscript can be
accepted for publication in Nature Communications; however, there are few, mostly minor issues that need to be addressed
before publication is granted:

1) It will be nice to repeat the measurement (say three times) on the same system and repeat the analysis to demonstrate the
in sample REDEFINE reproducibility. In addition, there is a need for repeated preparation (3 or more) of one or two



representative samples and subsequent analysis to asses the sample variability, the uncertainty and variability of the
different parameters extracted by the REDEFINE method.

2) In the diffusion signal decay graphs in the manuscript, extended data and Sl, please change I/I0 to I/10.

3) The authors should consider moving Figs. 5 and 7 from the extended data into the paper itself.

4) In fact, many references are missing. For example, in the first paragraph of the methods section a statement like “have
been extensively used in the field on NMR and MRI” with no references appears odd. In recent years many models that deal
with diffusion in multi-compartmental systems incorporating non-Gaussian (restricted) diffusion and exchange were
developed. None of those are mentioned in the paper.

5) Refs. 30, 31, 41, 56, 63 and 70 should be completed, abbreviated, or corrected.

6) In Table 1, | think the authors should use only physically meaningful digits. For example a Radios of 1.006 micron means
that the diffusion measure 6 nanometer. Do the authors think that this is indeed the case? What is the translation during the
pulse gradient of 2 to 10 msec?

7) Caption of Fig.2 in the SI, pleas add the units in the last line.

8) In Fig. 3a in the SI, please add the TE/2 to the pulse sequence. It is important to sate what were the TE/2’s in the case of
pulse gradient duration of 2 and 10 msec. The authors may want to comment on the effect of T2 that is active during the TE
period.

Reviewer #2

(Remarks to the Author)

The study by Novakovic et al introduces an NMR-based technique, REDIFINE, for characterizing biomolecular condensates
in vitro. REDIFINE allows label-free measurements of diffusion coefficients, condensate size and fraction, and molecular
exchange between condensate and the dilute phases for several types of condensates formed by RNA binding proteins. In
one case, protein concentrations in the condensate and the dilute phase were also reported. The authors found that
condensates formed by folded proteins are smaller and more dynamic compared to condensates formed by disordered
proteins.

Overall, we find the paper well-written and has a clear structure. However, the discussions on diffusion are quite confusing
and several sections are overly technical for a broad readership. A label-free technique for measurements of protein
concentration and exchange dynamics is valuable to the condensate field. However, the novelty of this manuscript
compared to the authors’ 2021 study as well as several other label-free techniques is unclear. Importantly, the stringent
sample requirements in REDIFINE could significantly limit the applicability of this technique and biological relevance of the
findings. Our specific comments are listed below.

1. Several label-free techniques have been developed to probe condensate properties (including condensate rheology, thus
molecular diffusion), see for example a recent review: Ibrahim, Khalid A., et al. "Label-Free Techniques for Probing
Biomolecular Condensates." ACS nano. Therefore, the novelty of the current study appears overstated.

2. REDIFINE requires the sample to be prepared in agarose gel, making it hard to interpret the biological relevance of the
condensate size (and potentially also the exchange dynamics) reported in this manuscript. The argument on the similarity
between agarose gel and cellular cytoskeleton is quite weak. Meanwhile, there is a large body of literature on the regulation
of condensate size in a free aqueous environment.

Additionally, the technique requires a relatively large amount of purified protein sample and is challenging to apply to in vivo
studies, further limiting the applicability and biological relevance of the current manuscript.

3. Please be more specific about modifications needed for a conventional NMR machine to achieve REDIFINE
measurements, especially to achieve accurate control over “gradient strength” and “diffusion time”.

4. The discussion on “diffusion time” is very confusing. The time of a diffusion process depends on the studied length scale.
Therefore, comparisons between “diffusion time” in REDIFINE and FRAP are misleading.

5. The “exchange rate” between condensate and dilute phase could be a unique property provided by REDIFINE. However,
it's unclear if the “exchange rate” from the current study is an independent property from the diffusion coefficients. The FRAP
recovery time after bleaching a whole condensate is often used to infer diffusion coefficient within the condensate rather than
the exchange rate between phases.

6. The ability to measure protein concentrations (and partitioning coefficient) in a label-free manner could be quite valuable.
It would be helpful to extend this measurement beyond FL FUS condensates.

7. The results in Fig 4 are informative, how do the quantified biophysical properties relate to factors such as molecule size,
charge, or other characteristics?

8. The last section on soluble complexes raises the concern about how to distinguish whether the sample being measured
contain condensates or complexes/oligomers in a REDIFINE experiment.

Minor comments:

1. Please define NTD, FEXSY.

2. Please be more specific on the number of fitting parameters, fitting error, and effect of heterogeneity in condensate size on
the fitting results.

3. Please provide more information on factors that affect the Kurtosis effect and their significance in the context of the current
findings.



Reviewer #3

(Remarks to the Author)

| co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of the Nature
Communications initiative to facilitate training in peer review and to provide appropriate recognition for Early Career
Researchers who co-review manuscripts.

Version 1:

Reviewer comments:

Reviewer #1

(Remarks to the Author)

As stated in my previous evaluation of this manuscript the presented work is interesting, important and very nicely executed
and presented.

After seeing that the authors have addressed all major issues raised by me and the other reviewer | am in the opinion that
the paper can be accepted for publication in Nature Communications.

Reviewer #2

(Remarks to the Author)

Reviewer #3

(Remarks to the Author)

| co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of the Nature
Communications initiative to facilitate training in peer review and to provide appropriate recognition for Early Career
Researchers who co-review manuscripts.

Version 2:

Reviewer comments:

Reviewer #4

(Remarks to the Author)

| have carefully reviewed the authors' responses to Reviewer 2's comments and the corresponding revisions made to the

manuscript. Overall, | find that the authors have provided a thorough and well-justified response to the key concerns raised.

- The authors have expanded their discussion on the biological relevance of LLPS REDEFINE. Their responses clearly
articulate the advantages of this approach for studying multicomponent condensates in a physiologically meaningful context.

- The authors have convincingly demonstrated how their method offers a distinct advantage over existing techniques,
particularly in its ability to characterize condensates non-invasively without the need for labels or tags.

- The revised manuscript includes several examples that illustrate the applicability of the method to different protein systems.
This substantiates the claim that LLPS REDEFINE can provide new insights into condensate biology.

- The authors have appropriately acknowledged the potential limitations of their approach, providing a balanced and realistic
assessment of its scope and constraints.

In light of these improvements, | find the manuscript to be suitably revised and well-supported by the additional data and
clarifications. I do not have any further critical concerns.
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Response letter
Dear Editor,

Thank you for your email of November 22, 2024 containing the constructive comments of the
referees on our manuscript “LLPS REDIFINE allows the biophysical characterization of
multicomponent condensates without tags or labels”. As can be appreciated from our re-
sponses below, we have now prepared a revision of our manuscript addressing all the cri-
tiques and suggestions raised by the reviewers. We provided our responses in blue font. For
completion we are also submitting a “highlighted” version of the manuscript marking all the
changes we made to the text, together with the “clean” version of the paper’s main text and
the SI.

Reviewer 1

Liquid-liquid phase separation (LLPS) is an important phenomena that plays a pivotal role in
many cell biology processes so studying bimolecular condensates formed in such process is
important. In the present manuscript, the authors provide a diffusion NMR-based method,
termed by the authors as REDEFINE, for studying protein, RNA and water in bimolecular
condensates. The REDEFINE method allows to characterize, non-invasively, biphasic sys-
tems providing, simultaneously, the diffusion coefficients in both phases, the fractions of the
species, the average radius of the droplets their permeability from which the in-out exchange
rate was estimated allowing the estimation of the global exchange rate. Importantly, all this



information was obtained on NMR spectrometers equipped with conventional gradient sys-
tems. In fact, REDIFINE appears to use the biphasic model of Price from 1998 where the
non-Gaussian (restricted) diffusion within the droplet is treated differently and is described
by a kurtosis analysis as advanced by Helpern & Jensen about 20 years ago when studying
structural changes in neuronal tissues. So, one may argue if the novelty imbedded in the so-
called REDEFINE method is enough to surpass the novelty standard of Nature Communica-
tions. I am in the opinion that it still does.

The presented method is of high significance to the field and allows to characterize, non-in-
vasively, multicomponent condensates which are characteristics of LLPs, which in turn, are
important phenomena in cell biology. This can be performed totally non-invasively and on
conventional NMR spectrometers equipped with conventional gradient systems (producing
gradient pulse of ~50 Gauss/cm). In addition, the described technique may, in fact, be applied
to other fields. Note however that the REDEFINE method appears to work on relatively sim-
ples systems. With the addition of more components, compartments and significant size dis-
tribution, the REDEFINE method would probably fail as mentioned in Section 5 of the Sup-
porting Information. However, its importance arise, inter alia, from the fact the REDEFINE
use no tags or labels and is completely non-invasive. This is important since the paper clearly
demonstrates, as was already reported, that even a small amount of fluorescence tags might
have dramatic effects on the condensates’ characteristics.

The flexibility of the REDEFINE method enabled the authors to study a relatively large num-
ber of different systems using the same methodology. This enabled them to identify that dis-
ordered proteins form, in general, larger condensates characterized by slower interface ex-
change as shown in Figure 4a. A tentative explanation is given in Figure 4.

The results of the different experiments performed support the conclusions and claims of the
manuscript. The work was executed with high standards and is very well presented. The au-
thors has also performed control experiments and did the requested verification. For example,
the extracted REDEFINE droplet size was compared with the results obtained from micros-
copy, while the exchange rate extracted from the method was compared to the results of
FEXSY experiments performed on the same samples (Extended Data Figs. 5 and 7). There
are no real flaws in the data analysis, the interpretations and conclusions of the methodology
presented are sound and very well described and after the deposition of the REDEFINE
MATLAB code, I believe that different researchers will be able to implement the method.

We are grateful for the positive comments and we try to address all the points below.

So overall, the paper describes an important technique that may have large implications in
LLPS and bimolecular condensates research and in cell biology research in general. [ am
therefore in the opinion that the manuscript can be accepted for publication in Nature Com-
munications; however, there are few, mostly minor issues that need to be addressed before
publication is granted:

1) It will be nice to repeat the measurement (say three times) on the same system and repeat
the analysis to demonstrate the in sample REDEFINE reproducibility. In addition, there is a
need for repeated preparation (3 or more) of one or two representative samples and subse-
quent analysis to assess the sample variability, the uncertainty and variability of the different
parameters extracted by the REDEFINE method.

This is a very good point. As 1D NMR measurements are usually very reproducible and have
negligible deviation we didn’t include this in our original manuscript originally. We have
now addressed this point and made two different FUS NTD samples (biological replicates)
and repeated the REDIFINE acquisition 3 times for each sample (technical replicates). As it



can be seen in Fig. R1 of the response letter, we have summarized the fitting results. Fig. R1a
illustrates that both samples have almost indiscernible 1D spectra and that they don’t change
during the time course of our measurements. In the same panel, one can find the average val-
ues with standard deviation for three replicates for both samples. One can see that the
REDIFINE parameters are very reproducible and there are also no dramatic inter-sample var-
iabilities. Fig. R1b,c shows individual fitting results among samples and technical replicates.
This has now been reported in the revised version of Supplementary Information.
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Fig. R1: REDIFINE reproducibility. a 1D spectra of two independent FUS NTD samples at different time
points during measurement. There is no significant change through time as well as variability between the
two samples. Inset reports the average fitting values with standard deviation for two samples, based on three
technical replicates. b,c Individual fitting for 3 experimental data sets for the samples 1 and 2, reporting
fitting values and the errors reporting on the correlation between parameters based on covariance matrix.

2) In the diffusion signal decay graphs in the manuscript, extended data and SI, please change
1/10 to 1/10.

If we understand correctly, the suggestion is to put 0 in the subscript. This is now done in all
figures.

3) The authors should consider moving Figs. 5 and 7 from the extended data into the paper
itself.

As Extended Data Figures are also an essential part of the manuscript, we prefer keeping
these figures as extended data to avoid cluttering the manuscript. These data are also not cru-
cial for the general readership.



4) In fact, many references are missing. For example, in the first paragraph of the methods
section a statement like “have been extensively used in the field on NMR and MRI” with no
references appears odd. In recent years many models that deal with diffusion in multi-com-
partmental systems incorporating non-Gaussian (restricted) diffusion and exchange were de-
veloped. None of those are mentioned in the paper.

We have added additional references in the first paragraph of the Methods section (Ref 68-
70). Regarding restricted diffusion, we had in the initial manuscript a total of 13 references
(Initial theory, tissue studies, colloidal systems, FEXSY experiment), with several being re-
cent (2017-2020). We now added an additional reference (VERDICT MRI — Ref. 74) that we
could find in the literature on this topic.

5) Refs. 30, 31, 41, 56, 63 and 70 should be completed, abbreviated, or corrected.
The references that appeared wrongly formatted are now corrected in the revised manuscript.

6) In Table 1, I think the authors should use only physically meaningful digits. For example a
Radios of 1.006 micron means that the diffusion measure 6 nanometer. Do the authors think
that this is indeed the case? What is the translation during the pulse gradient of 2 to 10 msec?

This is a very good point. We reported the values obtained from the fitting procedure with
uncertainties based on the covariance matrix. The very small uncertainty in the radius means
that in this data set obtaining radius from the fit was not correlated at all with the other fitting
parameters. However, we agree that this value is not physically meaningful. This is now cor-
rected in the revised table.

7) Caption of Fig.2 in the SI, pleas add the units in the last line.
We are grateful to the reviewer for noticing this. We have added the units.

8) In Fig. 3a in the SI, please add the TE/2 to the pulse sequence. It is important to sate what
were the TE/2’s in the case of pulse gradient duration of 2 and 10 msec. The authors may
want to comment on the effect of T2 that is active during the TE period.

This is again a very good comment. Although stimulated echo provides mostly Ti-weighting,
during spin-echo the magnetization is also held transverse during the period of gradient appli-
cation, and the final signal will also be affected by the transverse relaxation rate. However, in
all experiments, this duration is held constant throughout a dataset so its effect on the signal
attenuation is uniform and can be excluded. Almost all previous studies ignored T»-relaxation
effects. Nevertheless, if T> relaxation of a molecule inside the condensed phase is signifi-
cantly different than in the dilute phase, this can lead to a small underestimation of the pro-
tein content in condensed phase. This is actually what limits application of REDIFINE in
very structured protein and RNA condensates. However, as illustrated in Figures 1,2 and S5,
the linewidths of the condensed protein 'H signals stemming from the intrinsically disordered
regions are not significantly different compared to dilute protein.

This is now mentioned in the revised manuscript.

Reviewer 2



The study by Novakovic et al introduces an NMR-based technique, REDIFINE, for charac-
terizing biomolecular condensates in vitro. REDIFINE allows label-free measurements of dif-
fusion coefficients, condensate size and fraction, and molecular exchange between conden-
sate and the dilute phases for several types of condensates formed by RNA binding proteins.
In one case, protein concentrations in the condensate and the dilute phase were also reported.
The authors found that condensates formed by folded proteins are smaller and more dynamic
compared to condensates formed by disordered proteins.

Overall, we find the paper well-written and has a clear structure. However, the discussions on
diffusion are quite confusing and several sections are overly technical for a broad readership.
A label-free technique for measurements of protein concentration and exchange dynamics is
valuable to the condensate field. However, the novelty of this manuscript compared to the au-
thors’ 2021 study as well as several other label-free techniques is unclear. Importantly, the
stringent sample requirements in REDIFINE could significantly limit the applicability of this
technique and biological relevance of the findings. Our specific comments are listed below.

We thank the reviewers for their opinion about our manuscript.

Regarding the differences between this study and the study from 2021, we explain in the first
section of the results how far beyond we go. While this initial study could utilize NMR diffu-
sion measurement to estimate the population of FUS protein in the condensed phase,
REDIFINE provides in addition the exact diffusion coefficients, permeability and the ex-
change rate as well as the size of the droplets in many different systems. In addition, water
and RNA in addition to protein can now be characterized.

1. Several label-free techniques have been developed to probe condensate properties (includ-

ing condensate rheology, thus molecular diffusion), see for example a recent review: Ibrahim,
Khalid A., et al. "Label-Free Techniques for Probing Biomolecular Condensates." ACS nano.
Therefore, the novelty of the current study appears overstated.

Thank you for pointing out this paper. Although there are some label-free methods already
available as summarized in this review that is now cited, this fast-evolving field requires even
more diverse methodology to study the LLPS phenomenon. We want to point out again the
advantages of REDIFINE: it is completely non-destructive, requires simple sample prepara-
tion, and can be run on basically any NMR spectrometer (also cheaper low-field spectrome-
ters). Using only one sample and in a single experiment that takes only 2 hours, REDIFINE
provides the information that is currently obtained by multiple independent experiments: flu-
orescent LLPS assays, FRAP, and microrheology that combined require multiple sample
preparations and much longer time to complete. What is more, in addition to analyzing bio-
molecules, REDIFINE approach can probe other condensate constituents such as water,
buffer, and metabolites, all of which are not or hardly accessible to other techniques.

2. REDIFINE requires the sample to be prepared in agarose gel, making it hard to interpret
the biological relevance of the condensate size (and potentially also the exchange dynamics)
reported in this manuscript. The argument on the similarity between agarose gel and cellular
cytoskeleton is quite weak. Meanwhile, there is a large body of literature on the regulation of
condensate size in a free aqueous environment.

Additionally, the technique requires a relatively large amount of purified protein sample and
is challenging to apply to in vivo studies, further limiting the applicability and biological rele-
vance of the current manuscript.

The use of agarose as cytoskeleton mimic is discussed extensively in
https://doi.org/10.1038/s41589-021-00752-3. Inherently, most biophysical techniques have



https://doi.org/10.1038/s41589-021-00752-3

been developed to study homogenous samples. But in the field of LLPS the samples are not
homogenous as they are composed of at least two macroscopic liquid phases. As long as the
two phases differ in density, which is in most cases, by definition condensates cannot exist in
free aqueous environment long enough. Instead, they wet the bottom of the sample. In fact,
most fluorescence microscopy and FRAP imaging done on such systems report droplets sit-
ting at the bottom of the samples. This eventually leads to not only physical interaction with
the glass altering the dynamics but also significantly larger condensates. Specifically, in the
case of FUS, due to the hydrophobic nature FUS droplets eventually disappear within
minutes forming a thin layer of continuous condensed phase on the glass. Furthermore, as the
exchange rate happening on the surface with the environment is significant in disease-related
liquid-solid transition, it is important to study condensates with similar size compared to cel-
lular counterparts.

Low signal-to-noise and the requirement of having sufficient protein in order to get observa-
ble signal is an inherent limitation of NMR, however it has not prevented in-cell NMR from
developing. In our methodology we could go down to ~60 uM (130 uL) of FUS and still ob-
tain the unambiguous condensate characterization. Furthermore, as concentration in the con-
densed phase is typically at the order of millimoles, we don’t think that the samples that we
used in this study have no biological relevance. We have also performed some preliminary
measurements on FUS NTD in E.coli cells, which showed that REDIFINE has a high poten-
tial to be translated to in-cell study. These aspects are currently underway.

3. Please be more specific about modifications needed for a conventional NMR machine to
achieve REDIFINE measurements, especially to achieve accurate control over “gradient
strength” and “diffusion time”.

No modifications are needed. Our experiments can be performed on any conventional spec-
trometer on a regular probe that has gradients. Nowadays, the vast majority of probes satisfy
this condition. Regular calibration of gradient strengths, usually performed when installing
the NMR probe is sufficient and no additional special calibration is necessarily needed. Dif-
fusion times are easily controlled in experiments and they are executed with utmost precision.
This is discussed in the Methods section.

4. The discussion on “diffusion time” is very confusing. The time of a diffusion process de-
pends on the studied length scale. Therefore, comparisons between “diffusion time” in
REDIFINE and FRAP are misleading.

We are very sorry that our discussion about diffusion time was confusing, however, we are
not aware that we compared diffusion time in REDIFINE and FRAP in the manuscript.

To recapitulate, when we have a complex system consisting of several exchanging species,
the choice of diffusion time will influence the outcome of an NMR diffusion experiment as
we always observe an effective diffusion in the sample in a single experiment. The reason be-
hind this is the following — the dynamics of different species mix in presence of exchange
which leads to a different outcome depending on the total diffusion time. Each diffusion
curve that we acquire carries unique information about the system, in other words, it reports
on the diffusion coefficients, exchange, populations and droplet size up to an extent that
could be encoded in a given time. The diffusion time we use is inversely proportional to the
exchange it can probe, so the slow exchange usually requires longer diffusion times while the
opposite is true for the faster exchange. As we don’t know a priori the chemical exchange.
REDIFINE dataset contains curves acquired using different diffusion times to cover the broad
range of exchanges.

We comment on FRAP experiments in the next point.



5. The “exchange rate” between condensate and dilute phase could be a unique property pro-
vided by REDIFINE. However, it’s unclear if the “exchange rate” from the current study is
an independent property from the diffusion coefficients. The FRAP recovery time after
bleaching a whole condensate is often used to infer diffusion coefficient within the conden-
sate rather than the exchange rate between phases.

The REDIFINE probes so-called permeability p of the droplet interface that represents effec-
tively a velocity at which a molecule can cross from condensed to dilute phase. As explained
in the Results section, the chemical exchange rate from condensed to dilute phase keq will de-
pend on the droplet size, namely on surface-to-volume ratio. A molecule in smaller droplet
has a bigger chance to come to the actual interface and exchange phase, so keq is a rate at
which molecules exchange phase.

FRAP experiment on the other hand depends a lot on the ratio of the bleaching area to the
droplet size (10.1016/j.cell.2018.12.035 and several other papers cited in our manuscript). In-
deed when only a part of the droplet is bleached, one probes the diffusion coefficient within
condensed phase (effective diffusion coefficient sped up by inter-phase exchange). However,
when full droplet is bleached, then in order to get recovery of the fluorescence one relies on
chemical exchange from the dilute phase. This again highlights the significance of studying
smaller droplets. This is discussed in Results for full-length FUS sample We agree, however,
as the condensate dynamics is mostly diffusion limited, that the FRAP recovery would still
report on the condensed phase diffusion and not only on the exchange.

Having said this, it is indeed hard to compare REDIFINE k.4 and FRAP recovery side by
side. This is why we tried to define in REDIFINE a global chemical exchange that takes into
account the actual populations of protein and represents the normalized flux including the
number of exchanged molecules between phases and not only rate. Accounting for surface-
to-volume ratio, this gets somewhat more comparable with FRAP.

We have stressed this better in the revised manuscript.

6. The ability to measure protein concentrations (and partitioning coefficient) in a label-free
manner could be quite valuable. It would be helpful to extend this measurement beyond FL.
FUS condensates.

We agree with this. NMR is one of the very few techniques that can extract the information
on both water and biomolecules in condensates label-free. As in the current manuscript we
introduce already multiple concepts, we wanted just to show an example for water among
other applications, We think that this result is very exciting and deserves a separate study ad-
dressing partitioning coefficients and concentrations in various condensates under different
conditions using the REDIFINE methodology.

7. The results in Fig 4 are informative, how do the quantified biophysical properties relate to
factors such as molecule size, charge, or other characteristics?

As indicated in Figure 4, we find an interesting correlation between chemical exchange and
the ratio between secondary structure prediction factor SSP (how structured protein is) and its
charge. We also see a correlation between exchange and the charge of the protein which all
makes sense given that LLPS is usually largely driven by electrostatic interactions. We tried
to find some correlation with the molecule size, however this is not straightforward given that



diffusion in the condensed phase will depend not only on MW but on the protein shape and
viscosity in the condensed phase.

8. The last section on soluble complexes raises the concern about how to distinguish whether
the sample being measured contain condensates or complexes/oligomers in a REDIFINE ex-
periment.

This is a good point and thank you for raising this concern. In the case of interaction, we have
a biomolecule interchanging between bound and free form rather than physically restricted
diffusion. When we tried to subject the data set acquired on soluble PTBP1:3xUCUCU com-
plex (data from Figure 5b in the main text) to a REDIFINE model with restricted diffusion,
the model completely failed to fit the data (Fig. R2). Also, one can see that the features of the
curves present in Fig. 5b of the main text are different compared to a biphasic sample. More-
over, one can easily get insights from the turbidity/microscopy measurements to further alle-
viate discrepancies.
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Fig. R2. REDIFINE data acquired on PTBP1:3xUCUCU = 1:1 soluble complex and ensuing fit to a
REDIFINE model with restricted diffusion. The model including restricted diffusion failed to explain the
data acquired on soluble protein:RNA complex. However, the diffusion data fit extremely well to a
biexponential diffusion model with exchange (Fig. 5b in the main text).

Minor comments:
1. Please define NTD, FEXSY.

Thank you for noticing this. We have now defined these abbreviations.

2. Please be more specific on the number of fitting parameters, fitting error, and effect of het-
erogeneity in condensate size on the fitting results.



This is now further clarified in the revised manuscript. Fitting error is discussed in detail in
the Methods section.

3. Please provide more information on factors that affect the Kurtosis effect and their signifi-
cance in the context of the current findings.

The kurtosis effect is a mathematical term, a statistical metric quantifying the shape of a
probability distribution. In the context of diffusion measurements, it represents the deviation
from simple, Gaussian diffusion. As explained in detail in the SI, this effectively means that
we don’t have a monoexponential decay, but rather a mixture of multiple exponents. The ac-
tual kurtosis factor only qualitatively implies that there is a complex dynamics, and it would
be affected by all the parameters that REDIFINE actually probes. Hence it is not very useful
in the context of quantification of LLPS. Where it was largely applied was in the MRI imag-
ing where K>0 implied restricted motion of the water in the tissue and provided a contrast for
acquiring images.

We discuss Kurtosis for historical reasons, relating our method to this. A detailed description
is provided in the SI.

Reviewer 3
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. This

is part of the Nature Communications initiative to facilitate training in peer review and to pro-
vide appropriate recognition for Early Career Researchers who co-review manuscripts.

We would like to conclude by thanking again all the referees for their valuable and construc-
tive comments. We believe that our clarifications and additions improved the quality and
clarity of the manuscript, and that our revised document is now suitable for publishing in Na-
ture Communications.

Sincerely and on behalf of all authors,

Mihajlo Novakovic, Leonidas Emmanouilidis and Frédéric Allain
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Response letter
Dear Dr. Cerullo,

Thank you for your email of Januar 28, 2025 containing the additional comments for the revi-
sion of our manuscript “LLPS REDIFINE allows the biophysical characterization of mul-
ticomponent condensates without tags or labels”. We went another step forward in ad-
dressing the Reviewer 2 concerns. We provided our responses in blue font.

Reviewer 1

As stated in my previous evaluation of this manuscript the presented work is interesting, im-
portant and very nicely executed and presented.

After seeing that the authors have addressed all major issues raised by me and the other re-
viewer [ am in the opinion that the paper can be accepted for publication in Nature Communi-
cations.

We thank the reviewer for their very positive opinion of the manuscript. We did everything to
address the comments of all reviewers and we are happy to see that our responses to both re-
viewers’ points are acknowledged here.

Editorial notes according to Reviewer 2 comments



We had additional correspondence with Reviewer 2, and while some of their technical con-
cerns have been addressed, they still have concerns regarding your manuscript. They find
their main concerns about the applicability and biological relevance of REDIFINE are still
unaddressed. They are of the opinion that studying condensates in an agarose gel is not a con-
vincing context to make claims of biological relevance, and that there are marginal increases
in unique information that REDIFINE provides compared to established assays. They con-
sider the ability to measure protein/water concentrations in condensates to be the main
strength of the technique, but would require further demonstration of this strength by apply-
ing your method to additional protein systems.

Given this feedback, editorially we find it important that you:
1. Justify the biological relevance.

The crucial step in the process of investigating biological condensation is to reconstitute a
simplified assembly of the critical components in vitro and to test whether the assembly
forms via LLPS. This is why a significant part of the literature represents studies that exam-
ine LLPS in vitro. Although there is increased development of the methodology to study this
fascinating phenomenon, there is still a lack of approaches to study the dense milieu present
in the condensed phase non-distractively and without using a label. Our manuscript intro-
duces the REDIFINE approach to study biomolecular condensates non-destructively and
without any label required. Although demonstrated with 5 different protein systems in vitro,
our methodology has a huge potential in cell, which we started exploring.

We do understand that Referee 2 is primarily criticizing the biological relevance of the use of
agarose as a stabilizing medium for the droplets. While in vitro studies generally consider
LLPS systems in simple buffers, very often additional confinement and crowding agents are
added to mimic complex cellular environments. Our choice to use agarose gel is discussed in
detail in the publications previously published (https://www.nature.com/articles/s41589-021-
00752-3, https://www.nature.com/articles/s41589-024-01573-w) and no such concerns were
raised at that occasion. The same principles of using hydrogel were discussed also in
https://doi.org/10.1002/anie.201907278. As the two phases differ in density, by definition
condensates cannot exist in free aqueous environment long enough. Instead, they sediment at
the bottom of the sample. This eventually leads to not only physical interaction with the glass
altering the dynamics but also to the formation of significantly larger condensates. Specifi-
cally, in the case of FUS, due to the hydrophobic nature FUS droplets eventually disappear
within minutes forming a thin layer of continuous condensed phase on the glass. One contin-
uous condensed phase has significantly less surface-to-volume ratio than the same volume
scattered over a number of smaller droplets affecting the chemical exchange between the
phases. Therefore, as the exchange occurring on the surface of droplets is critical for the bio-
logical function of most condensates, it is important to study condensates in their droplet
form rather than a single and large condensed phase.

0.5% agarose gel is so coarse that it barely affects the diffusion of small molecules such as
water (we measure 2.265x 10 m?/s in agarose vs literature values of 2.299x 10 m?/s of bare
water at 298K https://pubs.acs.org/doi/abs/10.1021/1100624a025). Furthermore, we per-
formed an extensive analysis to show that agarose does not affect the structure and behavior
of the biomolecules that we are studying. This is summarized in Figure R1, where we show in
panel a that the NMR spectra, depicting the structure of Nucleocapsid protein (Nu) in phos-
phate buffer without and with 0.5% agarose, are virtually identical. This confirms that Nucle-
ocapsid, representing a highly complex protein consisting of structured and disordered do-
mains (92 kDa), is not interacting with agarose at all. Figure R1b shows that the diffusion co-
efficients measured for the Nucleocapsid protein without and with agarose are also very simi-
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lar (ca. 10% difference). As no complex diffusion dynamics is detected even using longer dif-
fusion times (200 ms) as shown in Figure R1c, we can also confirm that Nu protein is not in-
teracting with agarose. We see therefore no reason to consider that the presence of aga-
rose reduces the biological significance of our investigation. The key role of agarose in our
experiments is that it mimics a cytoskeleton, preventing droplets from merging and sediment-
ing. It therefore allows us to study condensates for a longer time in physiological buffers, and
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Figure R1. Agarose is not affecting protein biomolecules. a 1D NMR spectra comparing Nucleocapsid
protein (Nu) in absence and presence of 0.5% agarose gel. The nearly identical spectra imply that Nu is not
interacting with agarose. b,c Diffusion of Nu protein in presence and absence of agarose at two diffusion
times (75 ms and 200 ms). These plots show that Nu protein diffuses 10-15% slower in agarose compared
to the buffer solution.

in essence, it represents a better system to depict what is happening in the cell. This is further



discussed in the Discussion section and shown in detail in Section 6 of Supplementary Infor-
mation.

2. Show clear evidence of novelty/advance over established approaches.

We want to point out again that the most popular and widely used methods to study conden-
sates require a tag or label (https://www.cell.com/trends/biochemical-sciences/fulltext/S0968-
0004(20)30146-8, https://www.sciencedirect.com/science/article/pii/S0022283618307563)
that acts as a detection probe for a given technique. However, there are multiple reports illus-
trating that detection tags and labels influence both the morphology and dynamics of bio-
molecular condensates. This is written in the main text: “Despite the evidence of the func-
tional importance of phase-separation for these proteins, a wide spectrum of questions about
the biophysical properties of these biomolecular condensates and their relation to
(patho)physiology in biological systems remain unanswered,**?* due to a lack of suitable ex-
perimental procedures that are not invasive and that can probe the biomolecules in their rel-
evant form.’5-2% Although multicolor labeling can provide a plethora of information about the
condensates, the fluorescent tags often affect protein conformation and dynamics which can
influence their phase separation introducing potential bias in the conclusions.?*=3>” with 7
references illustrating the potential problem of labels. Super-resolution microscopy is another
emerging technique that can give unprecedented details of the droplet morphology, even the
surface of the droplet beyond the diffraction limit, however, it also relies on fluorescent la-
bels. Lately, electron microscopy has also gained a lot of momentum in studying condensates,
yet it is destructive, involves freezing, and requires very involved experimental procedures.
Studying droplet dynamics and diffusion using standard micro-rheology also requires fluores-
cent labels that can affect the behavior of biomolecules of interest. The content of conden-
sates can be probed with MS techniques (we have also introduced LLPS CLIR-MS:
https://www.science.org/doi/full/10.1126/sciadv.adm7435), and although very rewarding, M'S
techniques are also destructive and insensitive.

It was shown in several pioneering publications that NMR can provide unique structural in-
sights (https://pubs.acs.org/doi/epdf/10.1021/jacs.9b12208?ref=article_openPDF,
https://www.pnas.org/doi/full/10.1073/pnas.2104897118, https://www.cell.com/molecular-
cell/fulltext/S1097-2765(15)00702-9, https://www.nature.com/articles/s41594-019-0250-x)
and intrinsically does not require labels, setting it as an ideal technique to probe dynamic bio-
molecules in condensates. As shown in these papers, the NMR findings provided essential
and exclusive information for the first time indicating the atomic structure of the proteins in-
side a condensed phase. Unfortunately, not all proteins can be produced in quantities to fill an
NMR tube (circa 160 pL) with pure condensed phase. We estimated that our method using
agarose requires 50 to 100 times less material to obtain NMR spectra compared to this early
pioneering approach. There are other emerging label-free techniques such as Atomic Force
Microscopy, Optical Tweezers, Microfluidics, Mass Photometry that all come with their
strengths and weaknesses. For example, AFM is limited only to the surface of condensates;
optical tweezers are invasive, mass photometry is very unreliable and hard to interpret... In
conclusion, no technique does it all and we need a diverse spectrum of methods to study these
fascinating macromolecular structures. The REDIFINE approach provides diffusion coef-
ficients in intact dilute and condensed phases co-existing in equilibrium, partition coeffi-
cients, average droplet size, surface permeability and chemical exchange without any
label required. Providing information about molecules inside and outside the condensed
phase as well as the interface permeability, REDIFINE delivers unique information
about the condensates. Multiple techniques combined and several sample preparations
are needed to acquire the equivalent information. What is more, in addition to analyz-
ing biomolecules, the REDIFINE approach can probe other condensate constituents
such as water, buffer, and metabolites, within the same sample, all of which are not or
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hardly accessible to other techniques. Furthermore, REDIFINE can provide infor-
mation about the binding dissociation constants of protein-RNA complexes, the binding
kinetics in the dilute phase, and potentially even in the condensed phase.

We discuss the novelty and advances over current methodology throughout the manuscript,
especially throughout the main text, in the Discussion section, and also in Supplementary In-
formation. This is now further emphasized.

3. Demonstrate REDEFINE's applicability by applying their method to other protein systems
and/or use your approach to provide new insights on understudied/challenging proteins.

We demonstrated the applicability of REDIFINE with five different proteins and around
twenty different condensate systems (using different RNA molecules to induce phase separa-
tion, or different protein concentrations). We find this more than sufficient to validate and
benchmark REDIFINE wide applicability. We also applied microscopy measurements to
complement and compare with REDIFINE. Regarding the protein concentration by analyzing
both biomolecules and water, we illustrated the applicability with one protein system — we
dedicated a couple of paragraphs on this topic in the section “LLPS REDIFINE applied to
full-length FUS and water”. As in the current manuscript, we introduce already multiple
concepts, we wanted just to show an example of water integration among other applications.
We think that this result is very exciting and deserves a separate study addressing partitioning
coefficients and concentrations in various condensates under different conditions and explor-
ing its applicability and limitations in detail.

Nevertheless, we have now measured structured water in another sample, formed by trun-
cated FUS NTD protein. This is summarized in the Figure R2a. As in the example shown in
the manuscript in Fig. 2 and Extended Data Fig. 3 we could again fit the data acquired on wa-
ter to REDIFINE model and extract the dynamic information on structured water. Combining
with protein fit shown in Supplementary Fig. 4, we could calculate an average concentration
of FUS NTD in droplets to be around 5.3 mM for this particular sample of truncated FUS
construct. Figure R2b compares water-detected data for FUS FL with truncated FUS NTD.
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Figure R2. REDIFINE on water signal — application on FUS NTD. a Excellent fit of water detected data
to REDIFINE model and ensuing fitting parameters b Comparison of water REDIFINE acquired on FL FUS
and truncated FUS NTD illustrating the similarities and differences between the two condensed samples. As
the error for Deong 1s large, we will not further interpret the differences.



While water reports nearly identical average droplet size for two condensates and has identi-
cal diffusion in dilute phase, we can see that there is significantly less water in FUS NTD
droplets (~16% less), which is expected as FUS FL has more polar pockets where water can
be bound. Interacting less with FUS NTD, water exchanges somewhat faster with the bulk
water compared to water in FL FUS.

This figure is now included as Supplementary Figure 5.

4. Properly acknowledge the limitations of the technology.

In our opinion, we discuss to quite an extent the limitations and applicability of our methodol-
ogy. A couple of paragraphs is dedicated to this in Discussion section: “LLPS REDIFINE re-
quires for NMR analysis only one sample of unlabeled biomolecules stabilized in agarose gel
(100-150 pM in 130 pl), although even lower concentrations can be used since NMR experi-
ments with more extensive signal-averaging can be acquired. As the spectral resolution is not
essential, LLPS REDIFINE is in theory applicable also at low-field benchtop machines with
gradient capabilities.

Currently, LLPS REDIFINE is based on a model that considers droplets of uniform size. Con-
sequently, it provides information about the average droplet radius that best fits the experi-
mental data. Although agarose-mimicking cytoskeleton prevents droplet fusion, in general, the
droplets in the biphasic sample are somewhat heterogeneous in size. Although not encountered
in this study, very heterogeneous size distributions might affect the fitting. Principally, if the
distribution shape is assumed (normal or log-normal) LLPS REDIFINE could provide also a
standard deviation of the distribution besides the average radius’*>° and this is currently being
investigated. It should be mentioned that very fast exchange could also constrain the applica-
bility of REDIFINE which is limited to the kinetic processes occurring on millisecond to second
time scale. Furthermore, while the model accounts for the surface-to-volume ratio of the drop-
lets, it is also possible to include different liquid droplet shapes, other than spheres. This could
be ellipsoids and cylinders for example,*® which could be applicable in the case of aggregated
condensates and also for in cell (bacterial and eukaryotic) studies which are currently being
explored.”

Furthermore, we are going in more depth in the section 8 “Scope of LLPS REDIFINE” in SI
that goes in great details about the applicability and limitations. Not to mention that we discuss
the experimental details and agarose gel preparation in the Methods section in the main text as
well as in the sections 3 and 4 in SI.

We now emphasize further the requirements for sample preparation as a potential limitation in

the Discussion section

We would like to conclude by thanking again all the referees and editors of Nature Commu-
nications. We did our best to address the critics and answer all editorial points, and we be-
lieve that our clarifications and additions render our manuscript suitable for publishing in Na-
ture Communications.

Sincerely and on behalf of all authors,

Mihajlo Novakovic, Leonidas Emmanouilidis and Frédéric Allain
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