nature cell biology

Letter

https://doi.org/10.1038/s41556-024-01363-5

Evidenceforwidespread cytoplasmic
structuring into mesoscale condensates

Received: 31 January 2022

Accepted: 23 January 2024

Felix C. Keber ®?3, Thao Nguyen??, Andrea Mariossi'?,
Clifford P. Brangwynne ® >4°

& Martin Withr ® %

Published online: 29 February 2024

% Check for updates

Compartmentalization is an essential feature of eukaryotic life and is
achieved both viamembrane-bound organelles, such as mitochondria, and

membrane-less biomolecular condensates, such as the nucleolus. Known
biomolecular condensates typically exhibit liquid-like properties and are
visualized by microscopy on the scale of -1 um (refs.1,2). They have been

studied mostly by microscopy, examining select individual proteins. So far,
several dozen biomolecular condensates are known, serving a multitude of
functions, for example, in the regulation of transcription®, RNA processing*

or signalling>®, and their malfunction can cause diseases’®. However, it
remains unclear to what extent biomolecular condensates are utilized in
cellular organization and at what length scale they typically form. Here we
examine native cytoplasm from Xenopus egg extract on a global scale with
quantitative proteomics, filtration, size exclusion and dilution experiments.
These assays reveal that at least 18% of the proteome is organized into
mesoscale biomolecular condensates at the scale of <100 nm and appear

to be stabilized by RNA or gelation. We confirmed mesoscale sizes via
imaging below the diffraction limit by investigating protein permeationinto
porous substrates with defined pore sizes. Our results show that eukaryotic
cytoplasm organizes extensively via biomolecular condensates, but at
surprisingly short length scales.

Protein components of biomolecular condensates (BMCs) have typi-
cally beenidentified viaimaging, co-isolation or proximity labelling® ™.
However, these approaches require prior knowledge of at least one
constituent of the assembly. Moreover, imaging approaches favour the
detection of large (-1 um) assemblies due to the diffraction limit of light
microscopy, and are often facilitated using overexpression of labelled
proteins, with potentialimpacts on native condensate structure. Sofar,
these approaches have identified ~100 ‘scaffold’ proteins suggested
to drive liquid-liquid phase separation (LLPS)", which is ~0.5% of the
human proteome. However, on the basis of sequence similarity to these
proteins, it hasbeen speculated that as much as 20% of the proteome is
functionally involved in LLPS™. In this Letter, we developed methods to

measure what part of the proteome is organized in BMCs and at what
length scale these typically form.

To assay the physical properties of protein assemblies throughout
the native cytoplasm, we sought to combine filtration experiments of
undiluted cytoplasmwith quantitative proteomics. We reasoned that
we could identify BMCs based on their behaviour upon filtration. When
encounteringa pore, assemblies smaller than the pore diameter should
pass freely. However, the permeation of assemblies larger than the pore
will depend on their material properties. While large rigid bodies will
not pass, deformable assemblies can squeeze through pores. Thus, size
and viscoelastic properties will determine the passage time, establish-
ing a chromatography-like process (Fig. 1a). At the earliest time, the
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Fig.1|Proteomics of filtrated cytoplasm reveals organizationin liquid-like
assemblies. a, Anillustration of the filtration process. For larger assemblies,
squeezing through pores enables passage, where more liquid assemblies pass
faster. Right: sampling protein concentrations throughout the process

(red lines) informs about the different elution behaviours. b, Experimental
outline. We spun undiluted cytoplasm from frog eggs through filters and
analysed the filtrate in comparison to the input by mass spectrometry (MS).
For each protein, we obtain the concentration fold change (FC) between input
and filtrate (FC of ¢/c,) via quantitative proteomics. T;denotes the time interval
ofthe sampling (¢,_,, ;). FCs were normalized separately for each experiment

to their 0.95 quantile, representing freely passing proteins. ¢, A scatter plot

of protein permeation later (7,) versus earlier (7;) in the process. Close to the
identity line (blue), the permeation is almost unchanged, corresponding to the
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flat part of the curves in a. Below the identity line permeationisincreasedin T, as
expected for asteep curve sectionin a. Proteins established to form LLPS (green)
or large complexes (magenta) exhibit distinguishable behaviours, matching

the expectation (inset schematic). N = 1biological sample. d, We rank order the
proteome along an axis orthogonal to the upper edge of the data close to the
identity line (y’ in the orange inset in ¢). The ROC plots the true positive rate
(recall) against the false positive rate (proteome accepted). A perfect classifier
curve would pass through the top-left corner, whereas a diagonal line indicates
randomness. LLPS proteins are recalled against )’ preferentially, while complexes
areunderrepresented. This distinction is quantified by the AUC. Source
numerical and proteomics data are provided in Source data and Supplementary
Table 3. N=1biological sample.

filtrate should contain only solvent and freely passing proteins, since
assemblies that must squeeze through pores spend more time in the
porous medium and their elution onset is later; such behaviour canbe
described in a simplistic model (Supplementary Figs. 1-3). Thus, by
comparingfiltrates at different times, we sought to identify assemblies
that exhibit squeezing behaviour. We performed microscopy experi-
ments as proof of principle (Supplementary Figs. 4 and 5).

To study the organization of near-native cytoplasm, we chose
lysate from eggs of the frog Xenopus laevis, which provides easy access
to large amounts of undiluted cytoplasm in a near-native state. The
eggs are naturally arrested in metaphase; thus, the nuclear proteins
are in the cytoplasm. X. laevis extracts have been a powerful model
for studying biochemistry in the cytoplasm, which allows observing
proteininteractionsinaclose-to-native environment, including com-
plex processes such as the formation of nuclei or spindles'®, Eggs are
crushed in an extract preparation spin. We verified that this spin did
not sediment proteins known to be involved in BMCs (Extended Data
Fig. 1). Cytoplasmic extract was then centrifuged against polyether-
sulfone filter membranes with a defined particle size cut-off diameter
(dyore). We analysed thefiltrates of various experimental conditions by
multiplexed proteomics, quantifying each protein’s concentration
relative to the input”®?', where proteins with the earliest onset served
for normalization (Fig. 1b).

We compared the permeation of all proteins at a fixed pore size
(dyore =30 nm) at exemplary stages in the elution process (¢, and t,).
At both timepoints, the protein concentrations relative to the input
display a broad spectrum, ranging from free passage to heavy reten-
tion (Fig. 1c). The data display a sharp top edge slightly below the
identity line that originates from the systematically higher elution
at t,. We observe two major regimes: (1) a large part of the proteome
shows approximately the same concentration at ¢, and ¢, (following
close to the identity line). This includes proteins that are organized
smaller thanthe pores (close to the origin). In our passage-time model,

these protein species’ elution has started long before ¢,, thus ¢, and ¢,
both sample the flat part of the curve (close to the dark-blue solvent
curve, Fig. 1a). (2) For many other proteins, elution is increased at ¢,
(notably below the identity line). This corresponds to sampling the
steep part of the curves in our model (blue or green curves, Fig. 1a),
indicating a longer passage time. We find that annotated canonical
large protein complexes, which we do not expect to exhibit ‘squeez-
ing’ behaviour, exhibit a preponderance along the top edge of the
data, closer to the identity line (magenta symbols, Fig. 1c); the devia-
tion fromthe identity line probably reflects the influence of their size
alone. By contrast, we find that proteins known to be associated with
LLPS areenriched farther from the identity line (green symbols, Fig. 1c
and Supplementary Table1)?%, consistent with their presence within
liquid-like assemblies that slowly squeeze through pores. Executing the
experimentwithalarger poresize (d,,.. =100 nm) yields qualitatively
similar results (Extended Data Fig. 2a). To characterize the squeezing
behaviour, we measure each protein’s distance from the top edge
close to the identity line. This ‘squeezing score’ displays pronounced
differences between known LLPS proteins and the whole proteome,
asreflected in the receiver operating characteristic (ROC; Fig. 1d and
Extended Data Fig. 2b for d,,. =100 nm). These findings suggest that
filtration chromatography probes the physical properties of the cyto-
plasmonthe mesoscale and could be used to identify novel BMCs and
their components.

A characteristic property of phase-separated BMCs is that they
typically form viadynamic, multivalentinteractions, and disassemble
below a particular saturation concentration*??%, To test whether
altering concentration impacts the apparent mesoscale cytoplasmic
organization, we diluted cell extractsto various extents and examined
their filtration behaviour at a fixed pore size (d,,,. = 100 nm) (Fig. 2a).
Remarkably, at a dilution of only 1.4-fold, known LLPS proteins show
vastly different permeation behaviour compared with canonicallarger
complexes or the entire proteome (Fig. 2b,c). LLPS proteins exhibit
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Fig.2|Liquid-like assemblies are sensitive to moderate dilution. a, We
performed the cytoplasmic filtration experiment with100-nm pores and
compared protein retention with lysate diluted by various amounts. The
concentrations of the filtrates relative to the input are measured by MS.

b, Anexperiment of filtration of the diluted lysate reveals that LLPS proteins
(green) seem to disassemble at dilutions larger than1.2x. FCs were normalized
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separately for each experiment to their 0.95 quantile, representing freely passing
proteins. N =1biological sample. ¢, The ROCs of the scatter plotsin b along an
axis orthogonal to the upper edge of the data, with the AUCs displayed at the
legends. Source numerical and proteomics data are provided in Source data and
Supplementary Table 3.

a progressive increase in permeation with dilution, which probably
originates from shrinking BMC sizes as concentrations approach and
cross below different saturation thresholds. Interestingly, however,
even at high dilution factors, we do not observe unhindered permea-
tion, as may be expected upon full dissolution of assemblies. Similarly,
a complementary assay applying hard spins to cytoplasm detected
sedimentation of LLPS proteins as expected for large assemblies;
however, dilution did not abolish this sedimentation (Extended Data
Fig. 3). These data suggest that, while these mesoscale condensates
can be partially dissolved upon dilution, they also exhibit partially
solid-like characteristics that may indicate stable cores, potentially
formed by specific protein-protein interactions, gelation or binding
to RNA molecules®?,

RNAs are long polymers that are usually coated in RNA-binding
proteins (RBPs). Together with their protein-binding partners, RNAs
often help drive formation condensates, which can thereby impact
associated functions, such as messenger RNA (mRNA) translation
efficiency and stability. Many of the proteins that exhibit differen-
tial filtration behaviour in our assay are also RBPs. Indeed, RBPs
were preferentially retained and squeezable, especially if they were
annotated to be involved in LLPS (Extended Data Fig. 4a,b). We thus
sought to further examine the role of RNA in this emergent cytoplas-
mic organization. When we repeated the filtration experiment after
treating the extract with RNase, the elution of RBPs was increased,
with the effect strongest for LLPS-associated proteins (Extended
Data Fig. 4c). These findings suggest that RNA-RBP interactions
play a major role in the time-dependent squeezing behaviour and

are consistent with the widespread presence of RNA in many or all
known condensates.

To further examine which RNAs contribute to squeezability, we
performed RNA sequencing (RNA-seq) of filtrates at different elu-
tion times. We detect RNA exhibiting comparable behaviour to what
we observed on the protein level (Fig. 1c and Extended Data Fig. 5a).
Remarkably, more than 15% of all RNAs showed behaviour consistent
withorganization viaBMCs. Intriguingly, these RNAs were enriched for
developmental regulations, while RNAs of housekeeping genes* rarely
showed high retention (Extended Data Fig. 5b-d). This suggests that
mRNAs thatundergo transient translation, such as germ granules®?*,
might be particularly prone to organization via BMCs.

Cellular BMCsso far have been reported mainly on the micrometre
length scale. However, there is growing evidence for much smaller
structures®**, To investigate the length scale of the liquid-like organiza-
tionin our system, we compared the elution behaviour at different pore
diameters (30,100 and 200 nm). At the largest pore size 0f 200 nm, we
observe an overall higher permeation with very few proteins retained
(Fig. 3a). Notable exceptions include retention of mitochondrial pro-
teins, whichis not surprising (Fig. 3a). The strikingly higher retention
asthe poresizeisdecreased to 100 nm suggests this is a characteristic
lengthscale of liquid-like organizationin the cytoplasm. Thisis further
supported by filtration experimentsinacomplementary setup, using
polymer mesh filters and gravity flow to avoid force-induced squeezing
(Extended Data Fig. 6). These data suggest the widespread presence
of liquid-like cytoplasmic assemblies on the submicrometre scale,
involving abroad swath of the proteome.
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Fig.3|Proteomics and imaging assays indicate that BMCs predominantly
organize atthe ~100 nmlengthscale. a, The filtration experiment with 200 nm
pore size indicates that few proteins besides mitochondrial ones (yellow)
areretained (30-nm data for comparison (lilac)). N = 1 biological sample.

b, Microscopy of GFP-labelled proteins with size-exclusion beads to assess the
protein assembly sizes. The concentration inside abead’s polymer matrix c;,
compared with outside solution c,, provides information about the protein’s
assembly size. The example image shows beads with 400 kDa size cut-offin

an extract expressing CCS-GFP. N =1biological sample. ¢, Examples of the
size-exclusion assay for the proteins WDR1-GFP and CIRBP-GFP (examples of
proteins in small assemblies and LLPS, respectively) with four different bead
cut-off sizes. Confocal image intensities / are normalized to their respective
outside solution intensity /,,, and each column is scaled by the accessible volume
for monomers p, of the used bead. Thus, the white bead colour stands for

Cin/Coue = 1and darker blue tones report higher exclusions. d, Size-exclusion plots.
Top: proteins devoid of squeezing behaviour show a characteristic

jump atshortlength scale. Bottom: in contrast, proteins filtrations suggested
tobein BMCs (ILF3, MVB12B, QRICH1 and VGLL4) including well-established
LLPS (CIRBP and HNRNPA1) show organization throughout the mesoscale.

The dotted lines extrapolate data (c;,/c,,) to1at1 pmbased on alack of visible
organization via microscopy. The box plots denote the median (circle),
0.25/0.75 quantiles (box) and 0.05/0.95 quantiles (whiskers). N = 3 biologically
independent samples examined over n,, n,, n;and n, measurements: WDR1:
(21,21,21and 19); GID8: (20, 30,9 and 18); CCS: (20, 21,11and 23); CIRBP: (8,

7,7 and 7); HNRNPAL: (19,9, 7 and 8); ILF3: (15,11, 17 and 20); MVB12B: (16, 10,
20and16)and VGLL4: (15,13,13 and 4). e, The coefficient of variation (CV) of
subsequent steps Ac; of the curves in d serves as a metric for the organization
patterns. Proteins with a high squeezing score (Fig. 1d) that are predicted to be in
liquid-like assemblies exhibit alow CV, suggesting an assembly size distribution
spanning the mesoscale. Source numerical and proteomics data are provided in
Source dataand Supplementary Table 3.

To further validate our findings of liquid-like organization on sur-
prisingly shortlength scales, we employed an experimentally orthogo-
nal light microscopy assay that investigates the size of cytoplasmic
assemblies below the diffraction limit. We selected proteins exhibiting
different filtration behaviour and expressed green fluorescent protein
(GFP)-tagged versions by doping the cytoplasmwith the correspond-
ing mRNA. Interestingly, at our low expression levels of only afew tens
of nanometres, we can detect fluorescence, but none of the investi-
gated proteins—including established LLPS proteins such as HNRNPA1
(ref.36) or CIRBP*’—show any signs of assemblies on the micron scale
(Extended Data Fig. 7a). However, diffusion constant measurements
by fluorescence correlation spectroscopy suggested organization
intosmallassemblies (Extended DataFig. 7b). To interrogate potential
assemblies on smaller length scales, we equilibrated the lysates with
size-exclusion beads (Fig. 3b). The size exclusion of biomolecular
assemblies by abead’s polymer matrix reduces the concentrationinside
the bead c;, compared with the outside c,,.. The concentration ratio
Cin/Couc at different cut-off sizes (-7.7,15,29 and 53 nm) serves as a proxy
for the cumulative assembly size distribution. We measure c¢;,and ¢, by
their GFPintensity and correct ¢, for the excluded volume inthe beads,
which we determined with a dextran-rhodamine solution (hydrody-
namic radius of -5 nm) (Fig. 3c and Extended Data Fig. 8). Proteins
that eluted early in the filtration assay (WDR1, GID8 and CCS) mainly
organized onthe10 nmscale. By contrast, proteins that we foundinthe
squeezing regime (MVB12B, VGLL4, QRICHI and ILF3) exhibit ¢;,/C,y,

increasing with the cut-off size, similar to established LLPS proteins
(CIRBP and HNRNPAI) (Fig. 3d,e). This behaviour suggests that the size
ofthese assemblies is not sharply defined but spans across the sampled
scale, matching the expectation for phase-separated droplets, which
appear to assemble typically onthe scale of ~-100 nm.

We next sought to integrate our multiple proteomics experi-
ments to improve predictions on which proteins are associated with
phase-separated condensates. Existing predictors for proteins driving
LLPS analyse published data to extract sequence features but suffer
fromalack of comprehensive reference data. To thisend, we trained a
classifier, whichlearns toidentify LLPS proteins by bagging an ensem-
ble oflinear discriminators and decision trees (Fig. 4a)***°. We used the
results from our filtration chromatography and dilution experiments
asfeatures. We additionally included coarsened sequence information
onintrinsic disorder*, nucleic acid binding**** and amino acid (a.a.)
composition®’. The performance of our predictor is assessed by the
recall of known LLPS proteins with fivefold cross-validation. While
prediction using experiments alone already has an area under curve
(AUC) of 0.86, our final predictor, including all features, reaches an
AUC of 0.93 (Supplementary Table 2). This approach establishes an
improvement over the state-of-the-art predictions of LLPS proteins by
catGRANULE® (AUC 0f 0.84), Pscore*® (AUC of 0.85) or phase separation
analysis and prediction (PSAP)* (AUC of 0.88). Notably, we gain sensi-
tivity by a steeper early increase, which is arguably the most relevant
regime for the prediction (Fig. 4b).
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Fig. 4 |Integrating proteomics experiments enhances LLPS prediction and
classifies atleast 18% of the cytoplasm as BMC. a, Classification ensemble
learning to distinguish LLPS proteins from the bulk proteome. We use our deep
proteomics data of filtration chromatography (Fig. 1, N=1biological sample) and
diluted filtration chromatography (Fig. 2, N=1biological sample) and additional
sequence annotations as features. LLPS proteins serve as the positive training
class against the rest of the proteome. Bagging of decision trees and linear
discriminators returns the classification score. b, ROC displaying the recall of
LLPS proteins by the respective scoring. The AUC of our prediction score (dark
green) is higher than that of the established predictors catGRANULE (catGR.)*
(orange) and Pscore*® (purple) and shows a steeper increase. ¢, We define liquid-
like behaviour as the accumulative shift in dilution and filtration experiments
(n=7measurements pooled from N = 2 biologicalindependent samples), where
the null model (black) is the replicate noise centred around strongly retained
assemblies (complexes (magenta) and transmembrane domain proteins).

A quarter of the proteome (blue, filled) and 68% of the LLPS references (green)
arebeyond a2% FDR (black dotted lines). BMC-associated, supposably not LLPS
driving proteins (teal) are also shifted towards this regime. d, Distributions of

liquid-like behaviour for canonical MBOs (left) and BMCs (right). The different
liquid-like behaviours of MBOs agree with the picture that mitochondria are
large and stable and by contrast, the Golgi apparatus’ intricate structures
partially squeeze through filters. BMCs in general exhibit higher liquid-like
behaviour, but also show broad distributions. e, Accumulatively, BMCs and
MBOs exhibit distributions distinct from the proteome. The box plots (d and e)
display data distribution with the centre as the median, the box limits as
quartiles, the grey dots as outliers and whiskers as non-outlier extremes.

f, Eukaryotic cytoplasmic organization, to alarge extent, is achieved by MBOs
(-40% of our sample, yellow, UniProt). In our filtration experiments, only
around 12% of protein species stay unaffected (salmon). On the basis of the

2% FDR and correcting for MBOs, 18% of the cytoplasmis organized in BMCs
(cyan). We cannot confidently assign any of these three organization modalities
for the remaining third of the proteome (grey). g, Our results suggest that
BMCs frequently have stable cores, contain RNAs and contribute markedly to
cytoplasmic organization at the -100 nm scale. This indicates that cytoplasm is
widely structured at the mesoscale. Source numerical and proteomics dataare
provided in Source dataand Supplementary Table 3.

Finally, we sought to estimate what fraction of the proteome
is organized into these liquid-like assemblies. To this end, we inte-
grated our filtration chromatography and dilution experiments and
developed a noise model based on replicates (Fig. 4c). BMCs exhibit
aliquid-like behaviour, different from membrane-bound organelles
(MBOs) (Fig.4d,e and Extended Data Fig. 9). About one-quarter of the
protein species exhibit behaviour consistent with BMCs and is shifted
beyond a2%false discovery rate (FDR), including two-thirds of the LLPS

references (Fig. 4c). Additionally, only 12% of the detected proteins do
not respond to the filtration and appear assembled smaller than the
assayed scale. Correcting for MBOs, we conclude that at least 18% of
the detected protein species arein BMCs (Fig. 4f). However, based on
the spread of known BMCs into our noise model, we consider this a
very conservative lower bound (Fig. 4c). We expect a substantial frac-
tion of the remaining third of the protein species to be also organized
via BMCs (Fig. 4f).
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Previous studies have focused primarily on large (=1 pum) BMCs,
which are easily observed by microscopy. Nevertheless, recent stud-
ies have increasingly demonstrated smaller structures®**. Our dif-
ferential filtration and size-exclusion studies on intact cytoplasm
reveal that phase-separation-prone proteins ubiquitously organ-
ize cytoplasm into mesoscale assemblies, which exhibit liquid-like
deformability (Fig. 4g). Notably, these assemblies are more stable
upon dilution than expected for assemblies formed through LLPS
alone, and probably have less dynamic, potentially solid-like core
structures. Besides gelation or specific binding interactions, RNA
may play akey rolein this stabilization, as our data suggest that many
RNAs are contained in BMCs. Furthermore, our findings illustrate the
potential of proteomics datato enhance the prediction of LLPS pro-
teins. Presumably, this can be effectively integrated with orthogonal
approaches, such as those previously mentioned or those that analyse
disordered sequences®.

It remains an exciting question how these tiny BMCs can exist
without ripeninginto larger condensates, via coalescence or Ostwald
ripening (the growth of large condensates at the expense of smaller
ones). We speculate that the mesoscale organization we have uncov-
ered is highly dynamic, reflecting continuous assembly and disas-
sembly. Such behaviour can originate from associative polymers and
their percolation®?°, or chemical activity*®, but is also reminiscent
of phase-separating systems in the vicinity of a critical point, as has
been suggested for two-dimensional phase separation in the plasma
membrane®.
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Methods

Xenopus laevis egg extracts

Frog husbandry. Mature Xenopus laevis females were purchased from
Nasco/Xenopusl and maintained by the laboratory animal resources
atPrinceton University. Allanimal procedures are approved under the
Institutional Animal Care and Use Committee (IACUC) protocol 2070,
reviewed in March 2023. Ovulation was induced with at least 6 month
restintervals.

Egg collection. X. laevis eggs were collected as previously described*°
from wild-type females aged between 1 and 5 years old. Frogs were
primed with pregnant mare serum gonadotropin (HOR-272,
ProSpec-Tany TechnoGene Ltd.) within 2 months before the experi-
ment. At 16 h before egg collection, frogs were injected with 500 U
of human chorionic gonadotropin (Sigma CG10) and kept at 16 °C
in Marc’s Modified Ringer’s’ (MMR) solution (50 mM HEPES pH 7.8,
100 mM NaCl, 2 mM KCI, 1 mM MgCl, and 2 mM CacCl,). We collected
eggs the next day in MMR buffer and sorted out pre-activated ones
for further use.

Extract preparation. X. laevis egg extracts were prepared as pre-
viously described*>*, The eggs were dejellied in MMR with added
L-cysteine (2wt%, pH 7.8) and washed in CSF-XB buffer (100 mM KCl,
20 mM HEPES, 2 mM MgCl,, 0.1 mM CaCl, and 4 mM ethylene glycol
tetraacetic acid, pH 7.7). Eggs were collected into 3.5 ml centrifuge
tubes (Beckmann) in the presence of cytochalasin D (Sigma C8273)
and LPC (leupeptin, pepstatin, chymostatin) protease inhibitor premix
(SigmaL2884), Sigma P5318 and Sigma C7268. The surplus buffer was
removed after a soft spin at 500g for 1 min. The eggs were crushed
and fractionated in a spin at 14,400g for 15 min. The cytoplasmic
fraction was extracted using an 18G gauge needle. The extract was
supplemented with 10 pg mi™ cytochalasin D, 10 pg mI LPC, 1 pM
nocodazole (Sigma M1404) and 50 mM sucrose. All used drugs were
dissolved in dimethylsulfoxide (DMSO), resulting in a total DMSO
concentration of <2.5%.. We pre-filtered extracts througha 6 pm poly-
ether mesh filter to remove residual debris and stored them onice for
further use.

Preparation spin control experiment

Immediately after the preparation spin, the centrifuge tube contain-
ing the spin-crushed and sedimented eggs was shock frozen in liquid
nitrogen at 77 K. The extract section, excluding lipid and yolk/debris
sections, was cut out and cutin halves using arazor blade.

Filtration experiments

Filtrations were performed in2 mltubesin atabletop centrifuge, using
three-dimensional printed filter holders®. The design files are available
onour GitHub page®.

We used the Hubs platform (https://www.hubs.com/) to print
the holders by stereolithograpy (SLA) using either standard resin
or dental resin materials at 20% infill rate and 50 um layer height.
We used polyethersulfone membranes (Sterlitech, PES00347100,
PES0147100, PES0247100 and PES0847100) in the spin filtration setup
and the in vitro assay, and cellulose acetate membranes (Sterlitech,
C080A047A,C300A047A,CA1247100 and CA0247100) in the gravity
flow setup. Membranes were wetted with methanol and washed with
CSF-XB buffer. After excess buffer removal, the sample chamber was
flushed twice with 50 pl cell extract.

Filtration chromatography experiments. For filtration chromatog-
raphy, 50 pl (167 pl) of the cytoplasmic extract was loaded and spunat
therespective speed (at100g (30g) for early timepointsand at1,000g
(300g) for late timepoints) in turns of 4 min until approximately 15 pl
of filtrate was collected. To avoid material build up or cake formation,
the samples were spun at a fixed angle (45°), and the sample chamber

was stirred after each turn. The input sample (-10 pl) was collected
before the spin.

Dilution experiments. At 30 minbefore the spinfiltration process, the
extracts were diluted in CSF-XB bufferinadilution series toafactor of
1.2,1.44and 2.

RNase experiments. A total of 1 U pl™ of RNase I (Ambion, Thermo-
Fisher AM2294) was added to the solutions 45 min before the filtra-
tion. One unit is the amount of enzyme required to produce 1 pg
of acid-soluble material from mouse liver RNA in 30 min at 37 °C
(ThermofFisher).

Gravity flow experiments. The samples (200 pl) were loaded and
placed in a box providing a humid atmosphere until sufficient flow
through accumulated. Theinput chamber was stirred occasionally to
avoid clogging.

Sedimentation assay

Then, 200 pl of extract was spun in 5 x 20mm polypropylene tubes
(Beckman Coulter) at 200 krcf for 15 min (30 min), using a TLS55
swinging bucket with tube adaptorsinan Optima TLX ultracentrifuge
(Beckman Coulter). The samples were flash frozen in liquid nitrogen
and cutinto halves.

Expression of GFP fusion proteins

The gateway entry plasmids of desired proteins were retrieved
from the Xenopus laevis ORFeome®. The destination vector carry-
ing an enhanced GFP sequence-TEV site-S-tag was purchased from
Addgene (pCSF107mT-GATEWAY-3’-LAP tag, plasmid #67618).
For the gateway LR (left and right recombination) cloning reaction
(which involves the recombination of attL and attR sites), the entry
plasmid, the destination plasmid and the gateway LR clonase Il
enzyme mix (Invitrogen 11791) were combined at the ratios recom-
mended in the manufacturer’s protocol. After the reaction, the
expression cloned vector was purified then linearized using restric-
tion enzymes, which were chosen so that the region of protein of
interest was protected. The linearized plasmids were in vitro tran-
scribed using the MMESSAGE mMACHINE SP6 kit (Invitrogen AM1340)
supplemented with a 7-methyl guanosine cap protected on the 5
end terminal and a poly(A) tail (NEB M0276). Finally, RNA products
were purified using Trizol LS reagent (Invitrogen 10296010), then
resuspended in nuclease-free water at -1 pg pl™ as the final RNA con-
centration. The RNA solution was added in a volume ratio of 1:100 to
the extracts.

Size-exclusion assay

Size-exclusion chromatography beads (GE, Sephacryl High Resolution,
$-200,300,400and 500, 17-584-10,17-599-99,17060999 and 170613-
10; molecular size cut-offs 400 kDa, 2 MDa, 9 MDaand 100 MDa) were
washed in CSF-XB buffer and equilibrated in three rounds of sedimen-
tation, supernatant removal, 1:5 add-up in the plain cell extract and
waiting times of about 10 min. After being finally added to the labelled
cell extracts, we waited at least 15 min before imaging. The samples
were enclosed in mineral oil to prevent evaporation (Sigma M5904).
For calibration, we added the beads to a70 kDa dextran-rhodamine-B-
isothiocyanate (Sigma, R9379, approximately 5 nm) solutionin CSF-XB
buffer. The sizes were estimated from the molecular weights using
Zetasizer (Malvern Panalytical).

Image analysis. Line profiles of beads and the surrounding solution
were measured manually in Image)/Fiji*~*®. Raw image intensities were
corrected for the detector background to make them proportional
to concentrations. An estimation of the accessible volume for each
bead type was measured by the intensity ratio for the dextran solution.
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The GFP intensities measured inside the bead were adjusted by this
factor to calculate the concentration ratio.

Microscopy

Confocal images of labelled cytoplasmic extracts were taken in
glass-bottom well plates (Cellvis) on a Nikon Al laser scanning confo-
calmicroscope using 60x and 20x oilimmersion objectives. Images of
theinvitro assay were taken on a Nikon spinning disc confocal micro-
scope with a100x oil immersion objective. Fluorescence correlation
microscopy (FCS) was performed with an oil immersion objective
(Plan Apo 60%/1.4 numerical aperture, Nikon) using an FCS UpgradeKit
for Laser Scanning Microscopes (PicoQuant). FCS measurements were
performed using the SymPhoTime Software (PicoQuant).

MS sample preparation and analysis

Low-complexity samples. Samples for mass spectrometry (MS)
underwent preparation spin control, sedimentation assay, RNAse
treatment, gravity flow, filtration of data used for fitting the model
and filtration at 200 nm. Samples were labelled using tandem mass
tag (TMT)-10plex and TMTpro-16plex (Thermo Fisher Scientific) and
analysed by TMT-MS3 (ref. 21) and TMTproC (RNAse treatment). For
detailed tag assignment to channels, see Supplementary Table 3.

High-complexity samples. Samples underwent filtration chroma-
tography at 30 nm and 100 nm, then were labelled using TMT-10plex
and analysed by TMTc+". The diluted cytoplasm was filtered, labelled
using TMT-10plex and TMTpro-16plex (Thermo Fisher Scientific) and
thenanalysed by TMTproC?. For detailed tag assignment to channels,
see Supplementary Table 3.

Sample preparation. Samples were prepared mostly as previously
described®. Lysates were collected in 100 mM HEPES pH 7.2 and pro-
teins were denatured by adding 2% sodium dodecyl-sulfate at volumes
of ~100 pl. The concentrations were determined by the bicinchoninic
acid assay (Pierce) and similar amounts underwent further process-
ing. All conditions for a multiplex were prepared in the same batch.
To reduce disulfides, dithiothreitol (DTT) (500 mM in water) was
added to a final concentration of 5mM (20 min at 60 °C). Samples
were cooled to room temperature (RT), and cysteines were alkylated
by the addition of N-ethyl maleimide (NEM, 1M in acetonitrile) to a
final concentration of 20 mM followed by incubation for 20 min at
RT. Then, 10 mMdithiothreitol (500 mM stock in water) was added at
RT for 10 min to quench any remaining NEM. A methanol-chloroform
precipitation was performed for protein cleanup, and the collected
protein pellets were allowed to air dry. Samples were taken up in 6 M
guanidine chloride in 200 mM 3-(4-(2-hydroxyethyl)piperazin-1-yl)
propanesulfonic acid (EPPS) pH 8.5. Subsequently, the samples were
diluted to2 M guanidine chloridein200 mM EPPS pH 8.5 for overnight
digestion with 20 ng pl™ Lys-C (Wako) at RT. The samples were further
diluted to 0.5 mM guanidine chloride in 200 mM EPPS pH 8.5 and
thendigested with 20 ng pl™ Lys-C and 10 ng pl™ trypsin (Promega) at
37 °C overnight. For the samples of the sedimentation assay and the
model fit, methanol-chloroform precipitation was replaced by SP3
magnetic bead (SpeedBead Magnetic Carboxylate, Thermo Scientific
~45/65152105050250) cleanup®.

Thedigested samples were dried using avacuum evaporator at RT
andtakenupin200 mMEPPS pH 8.0. To equalize channel loading, the
same protein masses for each conditionin a multiplexed sample were
labelled with TNTs. The total mass per sample was -20 pgand -200 pg
for low-complexity and high-complexity samples, respectively.
TMT/TMTpro samples were labelled for 2 h at RT. Labelled samples
were quenched by adding 0.5% hydroxylamine to the solution. Sam-
ples from all conditions were combined into one tube, acidified to
pH <2 with phosphoric acid (high-performance liquid chromatog-
raphy (HPLC) grade, Sigma) and cleared by ultracentrifugation at

100,000g at 4 °C for 1 h in polycarbonate tubes (Beckman Coulter,
343775)ina TLA-100 rotor. The supernatants were dried using a vac-
uum evaporator at RT. For a low-complexity sample, dry samples
were taken up in HPLC-grade water, stage-tipped for desalting® and
resuspended in 1% formic acid (FA) to 1 pg pl™ for MS analysis. For
high-complexity samples, the supernatant was sonicated for 10 min
and then fractionated by medium pH reverse-phase HPLC (Zorbax
300Extend C18, 4.6 x 250 mm column, Agilent) with 10 mM ammo-
nium bicarbonate pH 8.0, using 5% acetonitrile for 17 min followed
by an acetonitrile gradient from 5% to 30%. Fractions were collected
starting at minute 17 with a flow rate of 0.5 mI min™ into a 96-well
plate every 38 s. These fractions were pooled into 24 fractions by
alternating the wellsin the plate®®. Each fraction was dried and resus-
pendedin100 pl of HPLC water. Fractions were acidified to pH <2 with
HPLC-grade trifluoroacetic acid and stage-tipping was performed
to desalt the samples. For liquid chromatography (LC)-MS analysis,
samples were resuspended to1 pg pl™in1% FAand HPLC-grade water
and -1 pgof peptides were analysed per 1 hruntime. The quality of the
sample preparation was controlled by checking the labelling degree,
channelloading, content of cysteine-containing peptides and missed
cleavagesin asingle-shot MS3 analysis.

MS analysis. Approximately 1-3 pg of the sample was analysed by
LC-MS. LC-MS experiments were performed with an nLC-1200 HPLC
(Thermo Fisher Scientific) coupled to an Orbitrap Fusion Lumos
(Thermo Fisher Scientific). Injected volumes were in the range of 1-4 pl.
For each run, peptides were separated on an Aurora Series emitter
column (25 cm x 75 um ID and 1.6 um C18) (IonOpticks), held at 60 °C
during separation by an in-house built column oven. Separation was
achieved by applying a 12-35% acetonitrile gradient in 0.125% FA and
2% DMSO over 90 min for fractionated samples and 180 min for unfrac-
tionated samples at 350 nl min™at 60 °C. Electrospray ionization was
enabled by applying avoltage of 2.6 kV throughaMicroTee at theinlet
ofthe microcapillary column. Asindicated in each proteomics experi-
ment, we used the Orbitrap Fusion Lumos with a TMT-MS3 (ref. 21),
TMTc+? or TMTproC?, as previously described.

Reference databases

If not stated otherwise, all annotations are from Uniprot*.
Complexes and organelles. Our reference group for large ‘complexes’
includes proteins from ribosome, proteasome, the vault complex,
Arp2/3, RNA polymerase Il core complex, proliferating cell nuclear
antigen-DNA polymerase delta complex and gamma-tubulin ring
complex (the latter four from CORUM®). In the group ‘Mitochondrion’,
we exclude proteins with promiscuous subcellular location annota-
tions. The reference group ‘BMC-associated proteins’ is the union of
the categories’ client’ and ‘regulator’in DrLLPS*. Organelles in DrLLPS
that had anabundance of client and regulator annotations were further
refined using the following additional databases: ‘Stress granule’ and
‘P-body’ by the RNPgranule database® and ‘Nucleolus’, ‘Postsynaptic
density’, ‘Centrosome/Spindle pole body’ and ‘promyelocytic leukemia
(PML) nuclear body’ by UniProt subcellular location. For the estimation
of the fraction of proteins in MBOs, we used QuickGO** and restrict to
‘UniProtKB’(swiss-prot) and ‘located in’ MBOs. ‘Small’ proteins were
located around the origin in our filtration experiments within the
bounds of our null model. Transmembrane helices were predicted by
Krogh’s algorithm®.

LLPS database. To create a comprehensive, high-confidence data-
base of known LLPS proteins with minimal personal curation bias,
we follow the approach of merging several published databases':
PhasePro®?, DrLLPS**, PhaSepDB* and LLPSDB?, and extend this set
by the reference list for the PSAP predictor®. We also include proteins
assigned ‘candidate’in PhasePro and the updated annotation ‘PS-self”
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inPhaSepDB version 2 thatindicates de novo phase separation without
partners. We define the ‘consensus level’ as the number of databasesin
whichaproteinisfound; throughout the manuscript we use consensus
level 4, except Fig. 2 (level 3) and Extended DataFig. 4 (Ievel 0). Overall,
LLPS proteins with higher consensus level showed larger shifts. This
may reflect the increasing curation quality but may also be due to
system-specific or partner-dependent phase separation.

Predictorlearning

We train our predictor for phase separating proteinsin MATLAB (Math-
Works), using the function fitcensemble for ensemble classification.
Class one is proteins from our LLPS database and class two is the rest
of'the proteome. We use only proteins identified in both the filtration
chromatography and the dilution experiments (N -4,000) and thus
have nomissing values. The features are the filtrate concentrations rela-
tiveto theinputin the different conditions (filtration chromatography:
30-nm and 100-nm at 7; and 7, and diluted filtration: 100 nm diluted
1x (undiluted), 1.2%, 1.4x and 2x). We include features for intrinsically
disordered regions (IDRs) determined by Espritz* (the fraction of a.a.
inIDRs, thenumber of IDRs of >50 a.a./>30 a.a./any length and setting:
disprot, BestSw). We include features on DNA binding*’, RNA binding
(QuickGo**) and RNA-binding domains*. Following van Mierlo et al.”*,
wealsoincludethe sequence fractions of glycine, cysteine, leucine and
isoleucine, as well as the content of aliphatic and aromatic residues.
We use the method ‘Bag’ to train ensembles with 500 learners of deci-
sion trees and linear discriminators®®*°. The trees are restricted to a
minimum number of 32 proteins per leaf and have a maximum number
of splits equalling three-quarters the number of used features. We
train N=600 ensembles on partitions of the data using 80% of class 1
(N1-40) and 10% of class 2 (N2 ~400). Thus, we obtain each protein’s
cross-validated score by the median score of these ensembles, exclud-
ingany runs where it was used in the training. When trained separately
onexperiment (s,,,) and sequence features (s,,,) and combined by the

Euclidean distance, s = {/(max(sexp) - sexp)2 + (MaX(Sgeq) — sseq)2 , the

final score s shows a slightly better performance (AUC for recall
LLPS 0.93 versus 0.91). Probably, this can be accounted to the relatively
small training sets and that there are more sequence features than
experimental features. The PSAP predictor could not be plotted as
its published output does not contain cross-validated results of the
training set.

Data processing
Data exclusion. For all the experiments reported in the manuscript,
no data were excluded.

Normalization. Filtration data were compared using their fold changes
(FC of ¢/c,), where the concentrations c are assumed proportional
to the MS signal sum of peptides’ reporter ions (MS3 method) or
complementary ions (TMTc method). The FCs were normalized sepa-
rately for each experiment to the 0.95 quantile of each experiment to
accountforloadingimbalanceinthe TMT channels. Proteins with the
highest FCs pass the filter medium fastest and represent unhindered
flow through.

Squeezing score. The upper edge close to the identity line of the scat-
ter datais determined by fitting a line and taking the top four per cent
of pointsinbins along the line. Another lineis fit through these points
and the squeezing score is the orthogonal distance to it.

Null model. We created an empirical nullmodel for the measurement
noise. We matched replicates with a Pearson correlation larger than
0.8 from 36 early elution conditions and fit a line through each of the
resulting 359 sample pairs in log, space. The resulting histogram of
residues (N=393,000) serves as an estimate for the errors.

Fraction of BMCs. To estimate the fraction of the proteome that is
organized in liquid assemblies, we further constrain this by fitting
the line through large complexes and proteins with transmembrane
domains®*°, We average the shifts in the 30-nm and 100-nm filtra-
tion chromatography and the 1.2x and 1.44x dilution experiments to
quantify the ‘liquid-like behaviour’. We identified proteins in BMCs
beyond a 2% FDR of the null model, omitting any proteins with mem-
brane annotation.

MS data analysis
MS data analysis was performed essentially as previously described®,
using the Gygi Lab software platform (GFY Core Version 3.8) licensed
through Harvard University. The MS data in the Thermo RAW for-
mat were converted to mzXML format and erroneous assignments
of peptide ion charge state and monoisotopic m/z were corrected®®.
Monoisotopic mass detection was supported by Monocle®. ReAdW.
exe was modified to include signal-to-noise ratios for each peak dur-
ing file format conversion’. Assignments of MS2 spectra were per-
formed by the SEQUEST algorithm”’, searching against a combined
database made of (1) the X. laevis v9.2 genome assembly (Xenbase”
(RRID:SCR_003280)), (2) common contaminants such as human kerat-
ins and digestion enzymes, and (3) the reverse protein sequences of
the target ((1) and (2)) as a decoy. Searches were performed using a
precursor ion tolerance of 20 ppm and a product ion tolerance of
1Daor 0.02 Da for MS3 or TMT(pro)c methods, respectively. Both
peptide termini were required to be consistent with Lys-C/Trypsin
digest specificity, allowing one missed cleavage. Static modifications
included TMT/TMTpro tags on lysine residues and peptide N-termini
(+229.162932 Da/+304.2071 Da) and NEM on cysteine residues
(+125.047679 Da). Up to three differential modifications included
oxidating of methionine residues (+15.99492 Da) and water addition
to NEM on cysteines (+18.0105 Da). An MS2 spectral assignment FDR
of less than 1% was achieved by applying the target-decoy database
search strategy”. Filtering was performed using a linear discrimina-
tion analysis method to create one combined filter parameter fromthe
following z-scored peptide ionand MS2 spectra properties: SEQUEST
parameters XCorr and Diff Seq_dCN, missed cleavages, adjusted ppm,
peptide length, fraction of ions matched and charge state. Forward
peptides within three standard deviations of the theoretical m/z of
the precursor were used as a positive training set. All reverse peptides
were used as negative training set. Linear discrimination scores were
used to sort peptides with at least seven residues and to filter with a
cut-off of 1% FDR based on the decoy database®®. Each search was soft-
warerecalibrated to alleviate any systematic mass error dependent on
peptide elution time or observed m/z. All ions in the full MS1 spectra
were first adjusted. A representative subset of peptides was selected
using those above the median XCorrand within one standard deviation
ofthe global mass error. The mass errors of this subset were thenfit to
each parameter usinglocally estimated scatter plot smoothing (LOESS)
regression. The m/zof everyionin MSl1spectrawas then adjusted by the
error predicted by interpolating the values of the nearest data points
inthe regression model. Adjustments for each of the two parameters
were done iteratively. MS2 spectra were then calibrated in a similar
manner. Mass errors were calculated from matched peptide fragment
ions within two standard deviations of the global mass error and above
theupper quartile of intensity. Mass errors were fitted to each param-
eter using locally estimated scatter plot smoothing regression and
the m/z for every ion in MS2 spectra was adjusted as above. Peptides
that matched multiple proteins were assigned to the proteins with the
greatest number of unique peptides. TMT-MS3 (ref. 21), TMTc+" or
TMTproC* data were analysed as previously described (the MATLAB
module available on github™).

The MS proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE” partner repository with the dataset
identifier PXD029879.
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RNA-seq library preparation and sequencing

Procedures for RNA extraction frominput, and filtered samples T, and
T, weresimilar to proteinsamples preprocessing for MS except that the
samples were immediately lysed in TRIZOL, frozen in liquid nitrogen
and stored at —80 °C. Three biological replicates were collected in
total. RNA extraction was performed using phenol-chloroform pre-
cipitation and purified with the RNA Clean & Concentrator kit (Zymo)
following the manufacturer’s instructions, including a 10 min DNase
treatment in column. The quality of the RNA was assessed using a Nan-
oDrop (Thermo Fisher Scientific), Qubit (Invitrogen) and TapeStation
system (Agilent Biotechnologies), and only samples with high qual-
ity (RNA integrity number >7.0) were used to prepare libraries on an
Apollo 324 system with the PrepX RNA-seq protocol (TakaraBio) and a
ribo-depletion step (RiboCop rRNA, Lexogen). Paired-end (300 cycles
total) sequencing was performed onan NovaSeq SP100nt Flowcell v1.5
(Ilumina) at the Genomics Core Facility of Princeton University with a
read depth of 30-90 million reads per sample.

Bioinformatic analysis of sequencing results

The RNA-seq reads were first assessed using FastQC (0.10.0)” and
TrimGalore (0.6.10)”’ for adaptor removal and quality control. The
processed reads were then aligned to the X. laevis v10.1 reference
genome (Xenbase)”® using STAR (v2.7.10a) with the option ‘-quant-
Mode GeneCounts’”’. The output fileswere imported intoR (v3.5.1). FCs
between T, and T, filtration versus input samples were calculated after
performing the median of ratios normalization and regularized log
transformation using DESeq2 (v1.32.0) (ref. 80). Sample similarity was
assessed using hierarchical clustering with both Euclidean and Pearson
distances. Functional enrichment analysis was done using the STRING
database® and its reported FDRs determined by Bonferroni-corrected
Kolmogorov-Smirnofftests. The category ‘Development-related’ was
built by text mining all enrichments for the terms ‘morphogenesis’,
‘development’, ‘differentiation’, ‘fate’ or ‘growth’. All RNA-seq data-
sets are deposited in the National Center for Biotechnology Infor-
mation’s Gene Expression Omnibus (GEO) with the GEO accession
number GSE232651.

Randomization and blinding

No randomization was performed. Randomization is not relevant to
this study for comparisons within one set of isoboaric tags in mul-
tiplexed proteomics studies. Data collection and analysis were not
performed blind to the conditions of the experiments. Proteomics or
transcriptomics samples underwent the same workflow during which
they were indistinguishable.

Statistics and reproducibility

Proteomics experiments on filtration chromatography and dilution
shown in Figs. 1and 2 and Extended Data Figs. 1-4, 6 and 9 were per-
formed on n =1biological sample each. This way, the number of con-
ditions compared in a multiplex could be maximized. Proteomics
replicates were performed in shallow samples. Each experiment was
measured onatleast n=2biologicallyindependent samples. Samples
showed good agreement to an initial screen for experimental condi-
tions, among similar conditions and to a broad variation of conditions
shown in Supplementary Fig. 2 (n = 89 experiments pooling N =18
biologically independent samples).

Transcriptomics experiments were conducted using N = 3 biologi-
cally independent samples. In total, n =9 independent experiments
were performed, that is, a biological triplicate for each experiment.
The triplicate, as well as its accompanying proteomics data, showed
high reproducibility.

Confocal microscopy micrographsin Extended DataFig. 7 are rep-
resentative of ten micrographs taken on n =1biological sample for each
protein. The observation of lack of micron-scale structure was con-
firmed throughout the other replicates in the FCS and size-exclusion

bead assays. FCS spectrawere collected from Nbiologically independ-
entsamples, measured by n FCS traces across the extract, N/n: Dex70:
2/36;1LF3:5/36; G3BP2:1/12; HNRNPA1: 4/26; CIRBP: 4/68; GID8:4/28;
WDRI: 4/23; AP2S1: 3/13; PCF11: 4/23; and CCS: 3/33. Confocal micro-
graphs in Fig. 4 and Extended Data Fig. 8 are representative for n,,
n,, nyand n, micrographs for each bead category of n=1biological
sample, WDR1:4, 4,4 and 5; GID8:4,5,5and 5; CCS:4, 5,5and 4; CIRBP:
4,6,6and 5; HNRNPAL: 4, 4,4 and 5; ILF3:4, 4, 5and 5; MVB12B: 5,4, 6
and 6; QRICH1: 4, 2,3 and 4; and VGLL4: 5, 4, 4 and 6. Size-exclusion
assays were performed in n = 3 biologically independent replicates
showing similar results. The confocal micrographs in Supplementary
Fig.4 arerepresentative of five micrographs of anin vitro experiment
performed in duplicate. The confocal micrographs in Supplemen-
tary Fig. 5 are representative of four micrographs of n = 2 biologically
independentsamples.

Data distribution was assumed to be normal when performing
t-tests, but this was not formally tested.

No statistical methods were used to pre-determine sample
sizes, but our sample sizes are similar to those reported in previous
publications®*®,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Assignments of MS spectra were searched against the X. laevis v9.2
genome assembly (Xenbase (RRID:SCR_003280))”2. The LLPS database
was sourced from PhasePro??, PhaSepDB*, DrLLPS** and LLPSDB?,
and the references from the PSAP predictor??, and protein com-
plex data from CORUM®. Protein nucleic acid binding was sourced
from Uniprot*’, QuickGO* and Castello et. al.*>. Organelle data were
sourced from DrLLPS*, Uniprot* and RNPgranuleDB®*. Predictions
of catGRANULE®, Pscore*® or PSAP* were re-evaluated and plotted.
IDRs, transmembrane helix annotations and enrichment analyses
were generated from Espritz*, Krogh et.al.** and STRING®, respec-
tively. Housekeeping gene and L-body annotations were derived
from Eisenberg et. al.”’ and Neil et. al.*>. The MS proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD029879. The raw
sequencing data and gene expression matrices have been deposited
to the National Center for Biotechnology Information’s GEO with the
GEO series accession number GSE232651. All other data are available
from the corresponding authors upon reasonable request. Source
data are provided with this study in Source data and Supplementary
Table 3. Source data are provided with this paper.

Code availability

Custom code is available from the corresponding authors upon rea-
sonable request. Code for the analysis of TMTproC data is available
on GitHub”™.
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a, Schematic illustrating the sample collection. After 16 min of the preparation ribosomal (magenta) and LLPS proteins (green), stays unchanged. Scatter plot
spin (14400 krcf), the tube is shock frozen in liquid nitrogen and subsequently of raw TMT signals. N = 1biological sample. ¢, Receiver operator characteristics
cutinto atop and abottom section with arazor blade. b, Comparison of the two on the signal ratio top to bottom of the datain (b). Source numerical dataand
halves of the extract. While mitochondrial proteins (orange) are shifted to the proteomics data are provided in Source Data and Table 3.
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Extended Data Fig. 2| Filtration at pore size 100 nm. a, Executing the

experiment presented in Fig. 1c with a larger pore size (d,,,. =100 nm) yields
qualitatively similar results. However, there are quantitative changes, and, as
expected, the overall permeation is higher. FCs were normalized separately for

AUC

_ ——0.81
(' ——0.74
F ——0.79
0.5 /i ——0.28

——0.42
) —0.32

0 0.5 1
Proteome accepted

30nm

100nm [ LLPS
merge

30nm

100nm - Complexes
merge

N =1biological sample. b, The receiver operating characteristic for LLPS proteins

each experiment to their 0.95 quantile, representing freely passing proteins.

is best for the 30 nm filtration (AUC = 0.81). Notably, the separation of the LLPS
and complexes groups is weaker in the 100 nm condition. Source numerical data
and proteomics data are provided in Source Data and Supplementary Table 3.
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Extended Data Fig. 3 | Sedimentation of diluted cytoplasm suggests partial
dissolution of condensates. a, Schematic of sedimentation assay. Extract is
diluted by afactor fand centrifuged in a hard spin; the top and bottom part are
analyzed by mass-spectrometry. For an unbound protein, the top and bottom
part have equal concentrations independent of dilution, ¢, = Cpor = ©

By contrast, phase separated proteins sediment in assemblies and the
concentration in the bottom part is higher unless they fully dissolve upon
dilution. b, Scatter plots of sedimentation data for different dilution conditions
(f=1.2/1.4/2.0) against the undiluted case (f=1). Concentrations are normalized
to ¢4, derived from the 20% least sedimenting proteins. At the chosen timepoint
(200 krcf,15min), the ribosomeiis fully sedimented (magenta, bottom left
corner), while the proteasome (magenta cluster, middle) is not. The proteasome
indicates facilitated sedimentation for the diluted conditions, however LLPS
proteins (green) still exhibit similar c,,,/c.,. N =1biological sample. ¢, Box-plot
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Dilution factor f

representation of the datain (b). In all tested dilutions, most LLPS proteins are
observed to sediment. While their median starting point suggests sedimentation
similar to the proteasome, ¢,,,/c,, remains on asimilar level, whereas the
proteasome sediments further. This (together with (d)) may be explained by the
counteracting effects of sedimentation and dissolution. N =1 biological sample,
number of proteins per group: 788 (proteome), 35 (proteasome), 11 (LLPS). d, At
longer centrifugation times (200 krcf, 30 min), an overall higher sedimentation is
observed, along with atrend towards equilibration upon higher dilution.
Importantly, LLPS proteins are sedimenting even up to 8-fold dilution.N=1
biological sample, number of proteins per group: 844 (proteome), 19
(proteasome), 11 (LLPS). Boxplots (c, d) display data distribution with the center
as the median, box limits as quartiles, and whiskers to non-outlier extremes.
Source numerical dataand proteomics data are provided in Source Data and
Supplementary Table 3.
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Extended Data Fig. 4 | RNA binding proteins elute later, especially when part
of liquid assemblies. Comparison of the flowthrough behavior of the proteome
(gray) with RBPs (purple), grouped by their LLPS annotation (w: aqua, w/o: pink).
Left column depicts which metricis used in the cumulative histograms for 30 nm
(middle) and 100 nm (right) pore diameters. The insets list the p-values (two-
sided ks-test) between the groups color-coded by the marker. a, In the filtration
experiment (see Fig. 1), RBPs exhibit higher retention than the bulk proteome.
Notably, only few RBPs pass the filters unhindered. These observations are more
pronounced for the LLPS subgroup. FCs were normalized separately for each
experiment to their 0.95 quantile. N = 1 biological sample. Proteins per group

Shift upon RNase

3922 (proteome), 941 (RNA-binding), 116 (RNA-b. and LLPS), 825 (RNA-b. w/o
LLPS).b, The squeezing behavior of most RBPs is slightly greater than that of

the average protein. However, the LLPS subgroup shows a much greater shift.

N =1biological sample. Proteins per group 3922 (proteome), 941 (RNA-binding),
116 (RNA-b. and LLPS), 825 (RNA-b. w/o LLPS). ¢, Filtration of RNase-treated
cytoplasm facilitated the overall flowthrough of RBPs. Again, the effect was much
stronger on the LLPS subgroup, suggesting disruption of their assemblies. N=1
biological sample. Proteins per group 1802 (proteome), 489 (RNA-binding),

69 (RNA-b. and LLPS), 420 (RNA-b. w/o LLPS). Source numerical dataand
proteomics data are provided in Source Data and Supplementary Table 3.
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condition. N =3 biologically independent replicates. b, ¢, Enrichment analysis
of gene database terms (STRING®) for the FC at T,. The selection of top UniProt
Keywords (b) suggests that constitutively translated mRNAs pass the pores
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easily, while mRNAs for transiently translated are more retained. Highlighting
development-related terms in the volcano plot of all enriched terms (c) supports
this picture. False discovery rates (FDR) calculated by two sided ks-test®. N=3
biologically independent replicates. d, Histogram of filtration retention values
for the transcriptome. Housekeeping gene transcripts® are shifted towards
easier flowthrough (p = 3.3e-78), while the cumulative of all development-
related terms from (c) have mRNAs in the retained cluster (p = 3.9e-29). Similarly
enriched are transcripts which are contained in L-bodies® (p = 2.4e-11). P-values
determined by two-sided t-test. N = 3 biologically independent replicates.
Source numerical dataand transcriptomics data are provided in Source Data
and Supplementary Table 3.
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Extended DataFig. 6 | Pore size dependence of filtration. a, Schematics of

the spin filtration setup, using polyethersulfone (PES) membranes and the
alternative setup gravity flow setup, using cellulose acetate (CA)-mesh filters.
Thelarge open area of the CA mesh enables flow through at 1 g force. b, Scatter
plots of the fold-changes FC = c/c,in CA gravity flow experiments. Larger meshes
(3 um, 1.2 pm, 0.8 pm; left, mid, right panel on y-axis) can only resolve few
structures compared to a 0.22 pm mesh (x-axis). LLPS proteins are shifted to

less permeation. N =1biological sample. ¢, Permeation histograms of the PES
filters at the early elution (from main text) (left) and the CA mesh filters (right).
Theretention increases with smaller pores or meshes, suggesting assemblies

on the sub-micrometer length scale. This behavior is pronounced for LLPS
proteins. Note that pore and mesh sizes d,,. and d ..., are stated as the filter
cutoff, i.e., particles larger than this size are confidently retained, and thus
most pores or meshes are smaller than this size. However, due to the squeezing
behavior of assemblies, we cannot determine a precise size from the cutoff. Red
linesin the violin plots denote the 0.25, 0.5, 0.75 quantiles. FCs were normalized
separately for each experiment to their 0.95 quantile. N = 1 biological sample.
Source numerical dataand proteomics data are provided in Source Data and
Supplementary Table 3.
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Extended Data Fig. 7 | Exemplary proteins organize below the micrometer withatleast tens to hundreds of monomers, based on arough estimation by
scale. a, Confocal micrographs of GFP-fused proteins expressed from mRNA in the Einstein-Stokes equation and the dextran reference. Boxplots display data
the cell extract. Solutions appear relatively homogenous, and we did not detect distribution with the center as the median, box limits as quartiles, gray dots as
structures on the micrometer scale. Lookup tables adjusted individually to 0.35% outliers, and whiskers to non-outlier extremes. Dex70 (N=2,n=36),ILF3 (N =5,
saturated pixels to enhance contrast. b, Diffusion constants D of GFP-fused n=36), G3BP2 (N =1,n=12), HNRNPA1 (N =4,n=26), CIRBP (N =4, n = 68), GID8
proteins in extract measured by fluorescence correlation spectroscopy. A 70 kDa (N=4,n=28), WDR1(N=4,n=23),AP2S1(N=3,n=13),PCF11(N=4,n=23),CCS
dextran-rhodamine serves as a reference. Phase separating proteins (ILF3, (N=3,n=33); where N denotes the number of biological samples, and n denotes
G3BP2, DDX3X, HNRNPAL1, CIRBP) exhibit low diffusion constants, suggestingthe  the number of FCS measurements. Source numerical data are provided in Source
presence of assemblies. The measured values would correspond to assemblies Data and Supplementary Table 3.
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Extended Data Fig. 8 | Size exclusion assay. a, Confocal micrographs of the
assay described in the main text illustrating the measurement. Chromatography
beads of different cutoffsizes are placed in extracts with GFP-labeled

proteins (WDR1and CIRBP) and Dextran 70 kDa-rhodamine solution for the
calibration measurement. Intensities are normalized to the outside solution.
White rectangles indicate regions of the line plotsin panel (b). Intensities are
normalized to the outside solutions /,,. for comparability. b, Density comparison
ofthe solutions above. Left y-axis displays the normalized, background corrected
fluorescence intensity /. Right y-axis displays the intensity normalized to the
dextran density //p,, as done to correct for accessible volume. ¢, Measurement
of dextranintensity ratios that serve as calibration of the assay. The bright,

homogenous solutions allow for a precise determination of p,. d, Schematic
illustrating the estimate of the size distribution from the exclusion of assemblies
from beads with different cutoff sizes. If all assemblies can enter abead, afill
fractionf=1/(l,,p,) of 1(cyan) is expected. Exclusion of assemblies means lower
f.-We observe organization happening either on the 10 nm scale (jump of f) or
spanning across scales (gradualincreasef). e, f, Bead assays for the proteins
analyzed in Fig. 4d. Color scale as in panel (d). In case of multiplexed assays, beads
with different pore size are masked by the gray circles. Insets are provided to
show more beads perimage. Source numerical data are provided in Source Data
and Supplementary Table 3.
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Extended Data Fig. 9| Membrane-bound organelles do not exhibit the typical  median, box limits as quartiles, gray dots as outliers, and whiskers to non-outlier

filtration behavior of BMCs. a, Summary of liquid-like behavior, the integrated extremes. b, ¢, ROCs of organelles. Legends display the AUC, color-code asin (a).
result of filtration and dilution experiments (n = 7 measurements pooled from (c) Most MBOs -with exemption of the Golgi- are depleted from the most liquid-

N =2biologicalindependent samples). While both distributions for MBOs like region of the proteome. (d) BMCs show a good recall characteristic. Typically,
and BMCs are wide, they are strongly centered on opposite sides of the scale. co-proteins have lower AUC, as expected from the picture that scaffolds get
Scaffold proteins of BMCs are typically more shifted than co-proteins, termed populated by them depending on the context. Source numerical dataand

clients and regulators®. Boxplots display data distribution with the center as the proteomics data are provided in Source Data and Supplementary Table 3.
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Software and code

Policy information about availability of computer code

Data collection  Fluorescence microscopy data was acquired on a Nikon A1 confocal microscope using the Nikon Elements software (Nikon). Fluorescence
correlation spectroscopy data was acquired using an FCS Upgrade Kit for Laser Scanning Microscopes and the SymPhoTime software (2.0)
(PicoQuant).
Proteomics data was collected using Orbitrap Fusion Lumos (Thermofisher Scientific).
All codes and software used for data collection were described in the Methods section.

Data analysis Proteomics data analysis was performed using GFY Core version 3.8 (licensed through Harvard Medical School) and Matlab (R2021a).
Searches were performed using the SEQUEST algorithm and the X. laevis v9.2 genome assembly (Xenbase).
RNA-Seq reads were assessed using FastQC (0.10.0), TrimGalore (0.6.10), and STAR (v2.7.10a); and further analyzed using R (v3.5.1) and
Matlab (R2021a, Mathworks). Machine learning was performed using Matlab.
Imaging data was analyzed using Fiji/Imagel (NIH) and Matlab.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Mass spectrometry raw data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD029879.
Prediction data and used positive training class are provided in the Supplementary Tables.

All RNA-seq datasets are deposited in the National Center for Biotechnology Information's (NCBI) Gene Expression Omnibus (GEO) with the GEO accession number
GSE232651.

Assignments of mass spectrometry spectra were searched against the X. laevis v9.2 genome assembly (Xenbase (RRID:SCR_003280)1. LLPS database was sourced
from PhasePro2, PhaSepDB3, DrLLPS4, LLPSDBS, and the references from the PSAP predictor6; protein complex data from CORUM7. Protein nucleic acid binding
was sourced from Uniprot8, QuickGO9, and Castello et. al.10. Organelle data was sourced from DrLLPS4, Uniprot8, and RNPgranuleDB11. Predictions of
catGRANULE12, Pscorel3 or PSAP6 were reevaluated and plotted. Intrinsically disordered regions, transmembrane helix annotations, and enrichment analysis were
generated from Espritz14, Krogh et.al.15, and STRING16 respectively. Housekeeping gene and L-body annotations were derived from Eisenberg et. al.17 and Neil
et. al.18. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD029879. The raw sequencing data and gene expression matrices have been deposited to the National Center for Biotechnology Information's (NCBI)
Gene Expression Omnibus (GEO) with the GEO Series accession number GSE232651. All other data are available from the corresponding authors upon reasonable
request. Source data are provided with this study in Source Data and Supplementary table S3.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine sample sizes, but our sample sizes are similar to those reported in previous publications
(Liu et al. Bioinformatics, 2014; Nguyen et al., Nature communications, 2022). Replicate samples showed good agreement to an initial screen
for experimental conditions, among similar conditions, and to a broad variation of conditions presented in Supplementary Figure 2 (n=18
biologically independent samples over n=89 independent experiments).

Data exclusions  For all the experiments reported in the manuscript, no data was excluded.
Replication All experiments were independently biological replicated.

Proteomics experiments n>=2.

Transcriptomics experiments n=3.

Microscopy experiments n=3.

Randomization  No randomization was performed. Randomization is not relevant to this study for comparisons within one set of isoboaric tags in multiplexed
proteomics studies.

Blinding Data collection and analysis were not performed blind to the conditions of the experiments. Proteomics or transcriptomics samples
underwent the same workflow during which they were indistinguishable.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies g |:| ChiIP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

|:| Plants
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Antibodies

Antibodies used N/A

Validation N/A

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) N/A
Authentication N/A
Mycoplasma contamination N/A
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Palaeontology and Archaeology

Specimen provenance N/A
Specimen deposition N/A
Dating methods N/A
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Adult Xenopus laevis wild-type females obtained from Nasco/Xenopusl were used for egg collection to generate extracts. The age
range of used laboratory animals is estimated to be between one and five years.

Wild animals The study did not involve wild animals.
Reporting on sex The study used unfertilized frog eggs.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight The study protocol was approved by Princeton University Institutional Animal Care and Use Committee; IACUC 2070, reviewed in
March 2023.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen
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Enable the weaponization of a biological agent or toxin
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Plants

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Flow Cytometry

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.
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Cell population abundance

Gating strategy

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether

ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference

(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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