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Selectivity filter

in NPC

Nup98 FG domains from 
diverse species 
spontaneously phase-
separate into particles with 
nuclear pore-like 
permselectivity. 
Schmidt, Gorlich, eLife 2015

RESEARCH ARTICLE SUMMARY
◥

MOLECULAR BIOLOGY

Coactivator condensation at
super-enhancers links phase
separation and gene control
Benjamin R. Sabari*, Alessandra Dall’Agnese*, Ann Boija, Isaac A. Klein,
Eliot L. Coffey, Krishna Shrinivas, Brian J. Abraham, Nancy M. Hannett,
Alicia V. Zamudio, John C. Manteiga, Charles H. Li, Yang E. Guo, Daniel S. Day,
Jurian Schuijers, Eliza Vasile, Sohail Malik, Denes Hnisz, Tong Ihn Lee, Ibrahim I. Cisse,
Robert G. Roeder, Phillip A. Sharp, Arup K. Chakraborty, Richard A. Young†

INTRODUCTION:Mammaliangenes thatplay
prominent roles in healthy and diseased cellular
states are often controlled by special DNA el-
ements called super-enhancers (SEs). SEs are
clusters of enhancers that are occupied by an
unusually high density of interacting factors
and drive higher levels of transcription than
most typical enhancers. This high-density as-
sembly at SEs has been shown to exhibit sharp
transitions of formation and dissolution, form-
ing in a single nucleation event and collapsing
when chromatin factors or nucleation sites are
deleted. These features led us to postulate that
SEs are phase-separated multimolecular as-
semblies, also known as biomolecular conden-
sates. Phase-separated condensates, such as the
nucleolus and other membraneless cellular

bodies, provideameans to compartmentalize and
concentrate biochemical reactions within cells.

RATIONALE: SEs are formed by the binding
of master transcription factors (TFs) at each
component enhancer, and these recruit un-
usually high densities of coactivators, includ-
ing Mediator and BRD4. Mediator is a large
(~1.2 MDa) multisubunit complex that has mul-
tiple roles in transcription, including bridging
interactions between TFs and RNA polymerase
II (RNA Pol II). BRD4 facilitates the release
of RNA Pol II molecules from the site of tran-
scription initiation. The presence of MED1, a
subunit of Mediator, and BRD4 can be used
to define SEs. We reasoned that if transcrip-
tional condensates are formed at SEs, then

MED1 and BRD4 should be visualized as dis-
crete bodies at SE elements in cell nuclei. These
bodies should exhibit behaviors described for
liquid-like condensates. We investigated these
possibilities by using murine embryonic stem
cells (mESCs), in which SEs were originally de-
scribed. Because intrinsically disordered regions
(IDRs) of proteins have been implicated in
condensate formation, we postulated that the
large IDRs present in MED1 and BRD4 might
be involved.

RESULTS: We found that MED1 and BRD4
occupy discrete nuclear bodies that occur at
SEs in mESCs. These bodies exhibit properties
of other well-studied biomolecular conden-

sates, including rapid re-
covery of fluorescence after
photobleaching and sen-
sitivity to 1,6-hexanediol,
which disrupts liquid-like
condensates. Disruption of
MED1 and BRD4 bodies

by 1,6-hexanediol was accompanied by a loss
of chromatin-bound MED1 and BRD4 at SEs,
as well as a loss of RNA Pol II at SEs and SE-
driven genes. The IDRs of both MED1 and
BRD4 formed phase-separated liquid droplets
in vitro, and these droplets exhibited features
characteristic of condensates formed by net-
works of weak protein-protein interactions. The
MED1-IDR droplets were found to concentrate
BRD4 and RNA Pol II from transcriptionally
competent nuclear extracts, which may reflect
their contribution to compartmentalizing and
concentrating biochemical reactions associated
with transcription at SEs in cells.

CONCLUSION: Our results show that coacti-
vators form phase-separated condensates at
SEs and that SE condensates compartmentalize
and concentrate the transcription apparatus
at key cell-identity genes. These results have im-
plications for the mechanisms involved in the
control of genes in healthy and diseased cell
states. We suggest that SE condensates facilitate
the compartmentalization and concentration
of transcriptional components at specific genes
through the phase-separating properties of
IDRs in TFs and cofactors. SE condensates
may thus ensure robust transcription of genes
essential to cell-identity maintenance. These
properties may also explain why cancer cells
acquire large SEs at driver oncogenes and why
SEs that facilitate transcriptional dysregula-
tion in disease can be especially sensitive to
transcriptional inhibitors.▪
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Phase separation of coactivators compartmentalizes and concentrates the
transcription apparatus. Enhancers are gene regulatory elements bound by transcription
factors that recruit coactivators and the transcription apparatus (not shown) to regulate
gene expression. Super-enhancers are clusters of enhancers bound by master transcription
factors that concentrate high densities of coactivators and the transcription apparatus to drive
robust expression of genes that play prominent roles in cell identity. This is achieved by the
phase separation of coactivators, which is driven in part by high-valency and low-affinity
interactions of intrinsically disordered regions.

ON OUR WEBSITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.aar3958
..................................................

on Septem
ber 7, 2018

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

with 1,6-hexanediol caused a reduction in the
number of BRD4 and MED1 puncta (Fig. 3, A
and B).
To determine the effect of 1,6-hexanediol on

BRD4,MED1, andRNApolymerase II (RNAPol II)
occupancy at enhancers and genes, ChIP-seq was
performed with antibodies against these proteins
in untreated or 1,6-hexanediol–treated mESCs.
Treatment with 1,6-hexanediol caused a reduc-
tion in all three proteins at enhancers, with the
most profound effects occurring at SEs (Fig. 3,
C and D, and fig. S5A). For example, at the Klf4
SE, the levels of BRD4 were reduced by 44%,
those of MED1 by 80%, and those of RNA Pol II
by 56% (Fig. 3C). Similar effects were observed
genome-wide, where reductions in BRD4,MED1,

and RNA Pol II were substantially larger at SEs
than at typical enhancers (Fig. 3D), and the
degrees to which BRD4 and MED1 were lost
from SEs were positively correlated (fig. S5B).
These results are consistent with the notion that
BRD4 and MED1 form condensates at SEs that
are sensitive to 1,6-hexanediol.
The level of RNA Pol II occupancy across gene

bodies can be used as ameasure of transcriptional
output (41). The ChIP-seq data revealed that the
reduction in BRD4 and MED1 occupancy at SEs
was associatedwith a loss of RNAPol II occupancy
across SE-associated gene bodies (Fig. 3, C and E,
and fig. S5A). When genes were ranked by the
extent to which RNA Pol II was lost upon 1,6-
hexanediol treatment, SE-associated genes were

highly enriched among those that lost the
most RNA Pol II (Fig. 3F). These results are
consistent with the idea that BRD4 and MED1
condensates are associated with SEs and that
loss of condensate integrity adversely affects
transcription.

IDRs of BRD4 and MED1 phase-separate
in vitro

BRD4 and MED1 contain large IDRs (Fig. 4A)
and share features with the IDRs of several pro-
teins known to facilitate condensate formation
(2, 3), including high proline and glutamine con-
tent (BRD4), high serine content (MED1), and
acidic and basic regions (BRD4 and MED1). The
purified IDRs of several proteins involved in
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Fig. 4. Intrinsically disordered regions (IDRs) of BRD4 and MED1
phase-separate in vitro. (A) Graphs plotting intrinsic disorder
for BRD4 and MED1. PONDR (Predictor of Natural Disordered Regions)
VSL2 scores are shown on the y axis, and amino acid positions are
shown on the x axis. The purple bar designates the IDR under
investigation. (B) Schematic of recombinant mEGFP fusion proteins
used in this study. Purple boxes indicate the IDRs of BRD4 and MED1
shown in (A). (C) Visualization of turbidity associated with droplet
formation. Tubes containing BRD4-IDR (left pair), MED1-IDR (middle
pair), or GFP (right pair) in the presence (+) or absence (–) of PEG-8000
are shown. Blank tubes are included between pairs for contrast.

(D) Representative images of droplet formation at different protein
concentrations. BRD4-IDR, MED1-IDR, or mEGFP were added
to the droplet formation buffer to the final concentrations indicated.
(E) Representative images of droplet formation at different salt
concentrations. BRD4-IDR or MED1-IDR was added to droplet formation
buffer to achieve 10 mM protein concentration with a final NaCl
concentration as indicated. (F) Representative images of the droplet
reversibility experiment with BRD4-IDR (top row) or MED1-IDR (bottom
row) [20 mM protein and 75 mM NaCl (initial), followed by a 1:1 dilution
(1/2 dilution) or a 1:1 dilution with an increase to 425 mM NaCl
(1/2 dilution + NaCl)].
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Super-enhancer 
function

Liquid droplet formation by 
HP1α suggests a role for phase 
separation in heterochromatin. 
Larson … Narlikar, Nature 2017
Phase separation drives 
heterochromatin domain 
formation. 
Strom … Karpen. Nature 2017.

Heterochromatin

Phase Transitions in the Assembly and 
Function of Human miRISC
Sheu-Gruttadauria and MacRae. Cell 2018
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miRNA-mediated degradation

Phase separation of signaling molecules 
promotes T cell receptor signal transduction. Su et al. Science 2016

Furthermore, dephosphorylation of pLAT by
high concentrations of the soluble protein tyro-
sine phosphatase 1B (PTP1B, 2 mM) caused the
clusters to disassemble (Fig. 1B and movie S2).
pLAT, Grb2, and Sos1 all colocalized within clus-
ters, and clusters did not form if either Grb2 or
Sos1 was omitted (fig. S1, E and F). pLAT also
clustered with Gads and SLP-76, two other com-
ponents of LAT clusters (6, 7), but less efficiently
than with Grb2 and Sos1 (fig. S2, A and B). Clus-
tering efficiency, however, increased dramat-
ically with the addition of Nck (fig. S2C), an
adaptor protein known to link SLP-76 to actin
regulators (16).

pLAT, Grb2, and Sos1 clusters exhibited dy-
namic liquid-like properties. The rounded edges
of clusters fluctuated (extending and retracting)
on a time scale of seconds, and clusters some-
times fused with one another (movie S2). pLAT
molecules exchanged into and out of clusters, as
revealed by fluorescence recovery after photo-
bleaching (FRAP) (Fig. 1C). Single pLAT mole-
cules diffused rapidly outside of clusters but
slowly within them (fig. S3, A to C). We also ob-
served capture and release of singlemolecules by
clusters (movie S3). These results show that pLAT
microclusters are liquid-like, phase-separated struc-
tures (17, 18) on membranes.

Both SH3 domains of Grb2 were required for
cluster formation, indicating a role of protein
cross-bridging by this adaptor protein (Fig. 1D
and fig. S4A). Clustering initially increased with
increasing pLAT density but then decreased at
higher pLAT densities on the membrane (fig.
S4B), consistent with a theoretical multivalent
interaction model (19). The valency of phospho-
tyrosines on LAT also affected clustering effi-
ciency. Three of the four distal phosphotyrosines
in LAT are recognized by the SH2 domain of Grb2
(20). Clustering in vitro progressively decreased
by mutating one, two, or all three tyrosines
and was enhanced by doubling the number of

598 29 APRIL 2016 • VOL 352 ISSUE 6285 sciencemag.org SCIENCE

Fig. 4. LATclustering pro-
motes actin polymerization.
(A) Schematic of the reconsti-
tuted signaling pathway from
CD3z/TCR phosphorylation to
actin polymerization. ZAP70-
505-Star, LAT-Alexa647, and
actin-rhodamine serve as
reporters for TCR phosphoryl-
ation, LATclustering, and actin
assembly, respectively. Lck,
CD3z, and LATwere membrane-
attached through a polyhistidine
tag and incubated with other
components in solution. ATP
was then added to trigger the
signaling cascade. Input: same
for Lck, CD3z, pLAT-Alexa647,
and ZAP70-505-Star as
described in Fig. 3A.The rest are
250 nM Gads, 125 nM SLP-76,
500 nM Nck, 250 nM N-WASP,
2.5 nMArp2/3 complex, 500 nM
actin (5% rhodamine labeled),
and 0.5 mM ATP-Mg. (B) Time
courses of ZAP70 membrane
recruitment, LATclustering, and
actin polymerization in the
reconstituted assay after addi-
tion of ATP at time 0. LAT
clustering was quantified as var-
iance of fluorescence intensities
on membranes (see the supple-
mentary materials). (C) TIRF
imaging showing actin assembly
on the LATclusters. Scale bar,
2 mm. (D) TIRF imaging of pLAT-
Alexa647 and actin-rhodamine
45 min after adding ATP to the
reaction. Input: same as in Fig.
4A except with higher concen-
trations of components of actin
and actin regulators [500 nM
SLP-76, 1000 nM Nck, 500 nM
N-WASP, 5 nM Arp2/3 complex,
1000 nM actin (5% rhodamine-labeled)]. Scale bar, 2 mm. (E) (Left) TIRF
microscopy images of His10-Nck-Pacific Blue and actin-rhodamine on the
bilayer. Nck (150 molecules/mm2) was attached to the bilayer, and N-WASP
(5 nM), Arp2/3 complex (0.25 nM), actin (200 nM, 5% rhodamine labeled),
and 0.5mM ATP-Mg were in solution. Increasing concentrations of His-tagged
pLATwere added as indicated, along with Gads and pSLP-76. At 0.1 nM pLAT,

Gads and pSLP-76 concentrations were 8 nM and 4 nM, respectively. As pLAT
concentration was increased,more Gads and pSLP-76were added tomaintain
a constant ratio of the clustering components. Scale bar, 2 mm. (Right) Mean
actin fluorescence (red) and Nck clustering level (blue), quantified as variance
of His10-Nck fluorescence intensity, are plotted for increasing concentrations
of pLAT. Shown are mean ± SEM. N = 3 independent experiments.
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Membrane receptor clustering

Liquidity Is a Critical Determinant for Selective Autophagy of 
Protein Condensates. Yamasaki et al. Mol Cell 2020

Autophagy

simply a complex in vivo but is in fact able to phase separate into
droplets, we set out to further characterize the mechanism of
Atg19 recruitment to Ape1 droplets. To this end, we first studied
the interaction between Atg19 and Ape1 droplets in vitro (Figures
4A–4C). mClover3-tagged Atg19, but not mClover3 alone or an
mClover3-tagged Atg193A mutant (lacking Ape1-binding ability),
bound preferentially to the surface of Ape1 droplets. Interest-
ingly, Atg19CC, which comprises the minimum Ape1-binding re-
gion, was able to penetrate into Ape1 droplets. Tag-free Atg19WT

and Atg19CC labeled chemically with a fluorescent dye also
showed the same binding pattern as that of mClover3-tagged
proteins, confirming that these results are not an artifact of
tagging (Figure S3A). A C-terminal deletion mutant (DC; lacking

Figure 5. In Vitro Reconstitution of the
Sequestration Step of the Cvt Pathway
(A) Interaction of Atg8-LUVs with Ape1 droplets in

the presence or absence of Atg19. Green indicates

Atg8- LUVs labeled with NBD-PE. Bars, 5 mm.

(B–E) Incubation of Atg8 conjugated-GUV and

Ape1 condensates. Ape1 droplets (WT [B–D] and

P22L [E]) and mClover3-Atg19 (WT [B, C, and E]

and DN [D]) were incubated with GUVs (B, D, and

E) or sGUVs (C) containing mKalama1-Atg8-PE

conjugates. Incubation times are indicated.

Sequential images of the same GUV are shown,

except for images at right in (B) and (C), whichwere

obtained from a different experiment. Bars, 5 mm

(B, D, and E) or 2 mm (C).

(F) Quantification of the results shown in (B) (n =

48), (D) (n = 89), and (E) (n = 62).

(G) Representative results of the Ape1 maturation

assay. Cells expressing Atg19 variants were

treated with or without 1 mg/mL rapamycin for

90 min.

(H) Quantitation of data presented in (G). The graph

shows the proportion of mature Ape1 as a per-

centage of total Ape1 ± SD (n = 3). p (N.S.) > 0.05,

0.01 < *p < 0.05, **p < 0.01.

See also Figure S4 and Videos S4, S5, S6, and S7.

residues 192–415) showed surface-spe-
cific localization similar to Atg19WT,
whereas an N-terminal deletion mutant
(DN; lacking residues 1–152) penetrated
into the Ape1 droplets in a similar manner
to Atg19CC. We also performed in vitro
translation of tag-free Ape1 in the pres-
ence of a physiological concentration
(0.1 mM) of mClover-Atg19 (Ho et al.,
2018), which revealed that Ape1 droplet
formation was not affected by the pre-ex-
istence of Atg19 (Figure S3B). In addition,
we found that Atg19 showed similar bind-
ing patterns; Atg19WT bound to the sur-
face of Ape1 droplets, whereas Atg19CC

penetrated into them (Figure S3C). The
concentration of Atg19 did not affect the
surface-specific binding to Ape1 drop-
lets, and the thickness of the Atg19 layer

was constant irrespective of Atg19 concentration (Figures S3D
and S3E), suggesting that Atg19 layer thickness is structurally
determined. In FRAP experiments, both Atg19WT and Atg19DN

showed higher fluorescence recovery than Ape1, suggesting
that Atg19 moves freely within the Ape1 droplet (Figures 1G,
S3F, and S3G). It should be noted that the molecular size of
Atg19DN is larger than that of Atg19DC, indicating that the ability
to penetrate into the Ape1 droplets is not determined simply by
size. Thus, the N-terminal region of Atg19 functions as a ‘‘float’’
that keeps Atg19 on the surface of Ape1 droplets by inhibiting
penetration.
In order to determine the intracellular localization of Atg19 mu-

tants, we next examined cells overexpressing Ape1, which leads

Molecular Cell 77, 1163–1175, March 19, 2020 1169



An initial repertoire of cellular functions mediated by phase separation

Alberti*, Gladfelter*, Mittag*. Considerations and Challenges 
in Studying Liquid-Liquid Phase Separation and Biomolecular 
Condensates. Cell 2019



We need a quantitative framework for phase separation of biomolecules.

Phase separation promises to explain the biophysical basis 
of fundamental biological processes.



Phase separation is a density transition.

Alberti*, Gladfelter*, Mittag*. Cell 2019
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Polymer-solvent	(in)compa.bility	is	
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Which types of interactions mediate phase separation?

Mittag and Parker. J Mol Biol 2018



Which types of interactions mediate phase separation?

Mittag and Parker. J Mol Biol 2018

Stickers-and-spacers framework

• Stickers are adhesive elements that 
form crosslinks. 

• Spacers connect stickers and influence 
their ability to interact with each other.  

Introduced by Rohit Pappu
from associative polymers 
fields



RRM LCDRRM

hnRNPA1:

RRM RRM LCD

How is phase behavior encoded in prion-like low-complexity domains?

phase separation increased with increased molecular crowding,
and the hnRNPA1 concentration necessary for phase separation
drops substantially approaching conditions of intracellular mo-
lecular crowding. From the shape of the phase diagram, we
conclude that hnRNPA1 has an upper critical solution tempera-
ture (UCST), i.e., a critical temperature exists, above which the
two-phase regime cannot be accessed. A UCST phase diagram
indicates that LLPS is driven mostly by enthalpy, with favorable
interactions between protein molecules mediating assembly
(Flory, 1942; Huggins, 1942). We also observed that lowering
the NaCl concentration led to LLPS at lower A1-FL concentra-
tions, suggesting that electrostatic interactions contributed to
LLPS. Again, the hnRNPA1 concentration necessary for phase
separation dropped substantially approaching conditions of
intracellular salt concentration (Figure 3B). Interestingly, LLPS
by A1-FL was disrupted by hexanediol, a compound that dis-
ables the selectivity filter of the nuclear pore complex by disrupt-
ing the interactions of phenylalanines in the FG repeats (Patel
et al., 2007; Ribbeck and Görlich, 2002), suggesting that aro-
matic residues in the LCD contribute to LLPS of hnRNPA1 (Fig-
ure 3C). These results indicate that multiple types of favorable
molecular interactions contribute to hnRNPA1 LLPS.

Increasing the Cytoplasmic Concentration
of Endogenous LCD-Containing hnRNPs Is Sufficient
to Drive Stress Granule Assembly
To manipulate the cytoplasmic concentration of endogenous
hnRNPA1 and related hnRNPs in cells, we transiently expressed
M9M peptide in HeLa cells. M9M peptide was designed to have
a significantly greater affinity for Karyopherin-b2 than natural PY-
NLSs present in hnRNPA1 and several closely related RNA-bind-
ing proteins (Bernis et al., 2014; Cansizoglu et al., 2007). As a
result, M9M prevents Karyopherin-b2 from binding a select sub-
set of PY-NLS-containing endogenous clients and results in their

accumulation in the cytoplasm (Cansizoglu et al., 2007; Dormann
et al., 2012). We observed that transient expression of YFP-M9M
in HeLa cells resulted in increased cytoplasmic concentration of
hnRNPA1 and related LCD-containing RNA-binding proteins
(hnRNPA2 and FUS), resulting in an increased assembly of
stress granules compared to the cells transfected with YFP
only (Figures 3D, 3E, S5A, and S5B). Together with the in vitro
data, these observations suggest that concentration-dependent
LLPS drives assembly of stress granules and requires a
threshold protein concentration.

RNA Facilitates Liquid-Liquid Phase Separation
by hnRNPA1 by Binding to RRMs and LCD
Stress granules are enriched in RNA-binding proteins and
translationally stalled mRNAs (Kedersha and Anderson, 2002).
hnRNPA1 contains two RNA recognition motifs (Figure 2A) that
have been shown to bind RNA (Burd and Dreyfuss, 1994); thus,
we tested whether the association with RNA plays a role in
hnRNPA1 phase separation properties. Based on CLIP-seq,
hnRNPA1 has been shown to bind >1,000 RNA species through
a relatively short, degenerate sequence motif (Huelga et al.,
2012). Thus, rather than engineer a specific sequence, we used
a random oligonucleotide RNA sequence. Fluorescently labeled
RNA (fl-RNA44) was recruited into the protein-dense droplets
formed by hnRNPA1 (Figure 4A). Notably, the addition of RNA
substantially decreased the hnRNPA1 concentration required
for phase separation to as low as 500 nM, well within the esti-
mated intracellular concentration of hnRNPA1 (Figure 4B and
Supplemental Information). The increased propensity for LLPS
in the presence of RNA suggested the formation of larger
hetero-oligomers. Indeed, despite our previous results that A1-
RRM alone was not able to undergo LLPS under any conditions
when tested in isolation, it readily phase separated in the pres-
ence of RNA (Figure 4C). The two RRM domains and multiple
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Figure 2. Liquid-Liquid Phase Separation by
hnRNPA1 Is Mediated by the C-Terminal
Low Complexity Sequence Domain and Is
Distinct from Fibrillization
(A) Schematic of the structure of hnRNPA1 full

length (A1-FL), the N terminus comprising the two

folded RNA recognition motifs (A1-RRM), the low

complexity sequence domain (A1-LCD), and the

mutant with a deletion of residues 259–264 (Kim

et al., 2013) (A1-Dhexa).

(B) DIC images of A1-FL, A1-RRM, A1-LCD, and

A1-Dhexa at 140 mM protein, 150 mg/ml Ficoll in

50 mM HEPES, 300 mM NaCl, and 5 mM DTT.

(C) Schematic of the constructs transiently ex-

pressed in HeLa cells.

(D) Representative confocal microscopy images of

HeLa cells transfected with constructs presented

in (C), treated with 0.5 mM sodium arsenite for

15 min, and immunostained with anti-eIF4G (red)

and DAPI (blue).

(E) Quantification for data in (D). The percentage of

transfected cells displaying GFP signal in SGs

([number of cells with GFP-positive SGs/number of

GFP-expressing cells]3 100) was plotted as mean

± SEM; n = 100 cells; **p < 0.005, ***p < 0.001 by

one-way ANOVA, Tukey’s post hoc test.

126 Cell 163, 123–133, September 24, 2015 ª2015 Elsevier Inc.

Molliex, Temirov, Lee, Coughlin, Kanagaraj, Kim, Mittag*, Taylor*. Cell, 2015
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Can we identify stickers in dilute protein solutions?
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Combination of biophysical techniques

Erik Martin

Co-flow SEC-SAXS

In the next !3 years, the APS will be undergoing an upgrade (APS-U),

which will increase flux at the BioCAT beamline. BioCAT will also be

adding a new multilayer monochromator, which will further increase avail-

able flux. While not all of this flux may be useable for SAXS experiments,

any portion that is will further improve signal-to-noise.

There are a number of X-ray beamlines around the world with dedicated

biological solution SAXS setups similar to that at BioCAT. While details

often differ, depending on the specifics of the X-ray source and layout,

all beamlines with a dedicated biological SAXS program provide broadly

similar resources. These include in-line SEC-SAXS, and increasingly

SEC-MALS-SAXS, batch mode SAXSmeasurements, and often automated

sample changing and sample cell cleaning. All beamlines also provide PAD

detectors, usually Dectris Pilatus or Eiger detectors with detecting areas

equal to or greater than the Pilatus 1M.
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Fig. 5 The coflow sample chamber enablesmaximizing signal-to-noisewhileminimizing
radiation damage. (A) A schematic view of the coflow sample chamber. The top of the
chamber contains a buffer inlet and an outlet to remove excess buffer. The sample is
injected into the middle of the capillary where a constant flow is maintained by the total
flow outlet pump. The result is the sample “coflowing” with the buffer in the laminar
regime and not mixing. (B) The coflow sample chamber installed at the BioCAT beamline
(18ID-D) at the Advanced Photon Source. (C) Low q data shown in Guinier format indi-
cating that identical RGs can be calculated from0.05mL samples injected onto a 3mL SEC
column at concentrations ranging from 13.5 to 0.4mg/mL (12.5kDa protein).

203Small-angle X-ray scattering experiments

Martin, Hopkins and Mittag. 
Methods in Enzymology 2020
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Reports on size and shape:
LCD is unusually compact

At BioCAT at the Advanced Photon Source

SEC-SAXS experiments provided a direct
measurement of the global dimensions of the
A1-LCD (Fig. 1C). Guinier transformation of the
SAXS data yields an ensemble-averaged Rg

value of 26.1 ± 1.1 Å (fig. S3). We extracted an
apparent scaling exponent of napp = 0.45 from
the experimental scattering data by fitting
to an empirically derived molecular form
factor (MFF) (30) (fig. S3). Results from all-
atom simulations agree with data from SEC-
SAXS experiments (Fig. 1C and fig. S4). The
distribution of Rg values obtained for the A1-
LCD from all-atom simulations (movie S1) is

biased toward compact conformations when
compared with those of self-avoiding random
walks and polymers at their theta temper-
atures (Fig. 1D). These analyses lead us to con-
clude that the A1-LCD adopts ensembles that
lie in the crossover regime between poor and
theta solvents.
We used NMR spectroscopy to uncover the

putative stickers that determine the features
of the conformational ensembles of the A1-
LCD. NMR transverse relaxation rates (R2) are
sensitive to internal motions slower than the
rotational correlation time and can be used to

identify regions of restricted motion. Fitting
the experimentally measured R2 rates as a func-
tion of sequence position within the A1-LCD
to a simple Gaussian chain model requires the
use of unrealistic values for the persistence
length (Fig. 1E). This suggests that groups of
residues have enhanced relaxation. Allowing
groups of enhanced R2 rates along the se-
quence gave good agreement with the exper-
imental data using values for the persistence
length that are in line with those reported
previously for denatured proteins (31). Fixing
the group centers at aromatic residues results

Martin et al., Science 367, 694–699 (2020) 7 February 2020 2 of 6

Fig. 1. Aromatic residues are the stickers in the
PLD derived from hnRNPA1. (A) The sequence of the
PLD or LCD from hnRNPA1 (A1-LCD); aromatic residues
are indicated in orange. (B) 1H-15N HSQC spectrum
recorded at 800 MHz and 25°C in pH 6 MES
buffer. For assignments see fig. S2A. w, chemical
shift; ppm, parts per million. (C) SEC-SAXS
data for A1-LCD. Calculated scattering profiles from
simulated ensembles are overlaid in red. I(q)/I0,
scattering intensity normalized by zero-angle scattering;
q, the momentum transfer vector, which is related to
scattering angle. (D) Rg distribution from all-atom
simulations of A1-LCD (black) versus Gaussian chain
(violet) and self-avoiding random walk (SARW, green)
reference states. P(Rg), probability density distribution of
Rg. (E)

15N amide transverse (R2) relaxation rates
recorded at 800 MHz and 25°C. Overlaid are fits to the
data assuming a pure Gaussian-like profile (blue dashed
line) or multiple regions of enhanced relaxation centered
at aromatic residues (black dashed line) and the
underlying Gaussian-like profile from this fit (gray dashed
line) with a persistence length of 7.8 amino acid residues.
The yellow circles indicate the positions of the aromatic
residues. Gray bars indicate positions for which data were
not analyzed owing to unresolvable overlap in 2D spectra.
Monte Carlo sampling of the location of group centers
shows a clear positive correlation between the quality of
fit and positions of aromatic amino acids within the
sequence (fig. S5A). (F) 13C-1H planes from the
aromatic-edited 3D NOESY (red) recorded at 800 MHz
and 25°C. Planes correspond to the Phe 1Hd/e/z (left)
and Tyr 1He (right) frequencies and their corresponding
diagonal signals are indicated by arrows. In both planes,
red boxes show signals at Tyr 1Hd/1He (left) and Phe
(right), which exist in this plane only because of NOE
transfer. The 1H,13C-HSQC aromatic region is shown
superimposed in blue. [For NOEs in a A1-LCD variant with
uniformly spaced aromatic residues (AroPerfect), see fig.
S5, E and F.] (G) Contact order from simulations. The
dashed lines and yellow circles indicate the positions
of all aromatic amino acids. (H) Normalized intensity
of Tyr-Phe NOEs as a function of temperature. The
Tyr 1He–Phe NOE is displayed normalized to the
Tyr 1Hd–1He NOE of fixed distance at 5°, 15°, and 25°C. The
dashed line is a power-law fit. Single-letter abbreviations
for the amino acid residues are as follows: A, Ala; D,
Asp; F, Phe; G, Gly; K, Lys; M, Met; N, Asn; P, Pro; Q,
Gln; R, Arg; S, Ser; and Y, Tyr.
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Global dimensions of disordered chains report on solvation

Pappu et al. Arch Biochem Biophys 2008
Ruff et al. JMB 2018

so
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Rg ~ Nn

The radius of gyration of 
polymers scales with the 
number of residues and a 
scaling exponent n, which 
reflects solvent quality.

Figure 1.
Sketch of the coil-to-globule transition for generic, flexible polymers as a function of solvent
quality. The abscissa shows improving solvent quality, i.e., it goes from being poor to good.
In a poor solvent, the chain prefers compact species, with small Rg, and in a good solvent the
chain is swollen, with large Rg, to promote favorable contacts with the surrounding solvent.
The transition between these two stable states is sharp, and the sharpness increases with chain
length, N. In the schematic, N1 > N2 > N3 and the shaded region delineates the transition region.
The midpoint of the transition, which is reliably identified for longer chains, is the theta point.
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For polymers, no analytic form exists to de-
scribe scattering as a function of solvent quality n
(see supplementary text and fig. S2A). We ap-
proached this problem by developing a molec-
ular form factor (MFF) for disordered polymers.
MFFs are size-invariant functions used to describe
the scattering of common shapes; for example, the
MFF of an ellipsoid has a distinctive ringing pat-
tern associated with Bessel functions (movie S1).
To generate the MFF, we first ran molecular dy-
namics simulations using a Cb-level polypeptide
chain model in implicit solvent. Thirty different
solvent conditions were obtained by varying the
strength of Cb-Cb interactions (fig. S3A). For each
resulting ensemble, the R|i–j| values were calcu-
lated as a function of sequence separation, |i – j|,
and fit to the relationship R|i–j| º |i – j|n to
obtain n ranging from 0.35 to 0.6 (Fig. 3A, lines).

Notably, each PNt experimental scattering pat-
tern could be closely matched to one of the 30
simulated ensembles (Fig. 3C and fig. S3B), with-
out resorting to the current common practice
of reweighting or selection of a sub-ensemble of
conformations.
We combined the scattering profiles of the sim-

ulations using splines to generate a MFF(n, Rg)
(movie S2). To examine the robustness of this
MFF to simulation parameters, we also generated
five additional MFFs for models with different
backbone (ϕ, y) Ramachandran maps (fig. S4),
polypeptide chain lengths, and an alternative
model where only the hydrophobic residues were
attractive. Each MFF was fit to the scattering of
our simulated ensembles to produce Rg and
n values that could be compared to true values
obtained directly from the ensembles (Fig. 3B

and table S1). For our firstMFF, the fitted values
of Rg and n are within 0.3 Å and 0.002 of their
true values, respectively. This accuracy is not
surprising, given that the MFF was generated
from the same ensemble; nonetheless, this result
supports our overall procedure for generating a
MFF(n, Rg). In addition, the five otherMFFs gen-
erated with the different simulation protocols
produced similar values, having an average devi-
ation of 1 Å in Rg and 0.01 in n.
Having demonstrated the applicability of the

MFF to simulateddata,wenext applied each of the
six MFFs to the five PNt experimental data sets
in Fig. 2A,whereRg and n are unknown (table S2).
Within each data set, the fits using the six MFFs
produced very similar values ofRg, n, and c

2
r, with

average standard deviations between theMFFs
across the different conditions of 0.6 Å, 0.01, and

Riback et al., Science 358, 238–241 (2017) 13 October 2017 2 of 4

Fig. 3. SAXS simulations and data
fitting to MFF. (A and B) Simulation
analysis for five of the 30 simulations,
with different Cb-Cb interaction poten-
tials (fig. S3A). (A) n is obtained from a
fit to the slope of the dependence of
the intrachain distance, R|i–j|, on
sequence separation, |i – j|. (B) Pre-
sentations of simulated scattering data.
Error bars are standard replicate error
of five simulations. (C) Dimensionless
Kratky plots for PNt, FhuA (plug
domain), and redRNase A in conditions
as indicated, fit to MFF. Dotted lines
represent regions not fit (q > 0.15) to
avoid issues related to water and dena-
turant scattering.

Fig. 2. Denaturant dependence of
PNt SAXS. (A) Presentations of
the scattering at the solvent conditions
indicated. Lines show MFF fit. (B) Rg

for PNt in water and 4 M Gdn are
consistent with values for chemically
denatured proteins (1). Other polymer
limits are shown for comparison. Most
errors are smaller than data points.
(C) Dependence of Rg (left) and n
(right) on Gdn [solid points are colored
according to (A); open points are repli-
cates; error bars shown are fitted error].
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Molecular form factor for the interpretation of SAXS data of IDPs

Riback et al. Sosnick. Science 2017



R2 relaxation rates report on slowed dynamics around aromatics residues

These R2 rates are consistent with 
clustering of aromatics side chains.

Tyr/Phe residues



Can we see direct contacts between aromatic sidechains by NMR?
(i.e. are there NOEs?)
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NOEs between Phe and Tyr in disordered LCD demonstrate direct contacts
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ABSINTH implicit solvent model
Vitalis & Pappu, J. Comp. Chem. (2009)

All-atom simulations recapitulate the compact dimensions of the LCD

Alex Holehouse



Aromatic residues engage in distributive, transient interactions

20

Are these the cause or a consequence of 
the compact dimensions of this IDP?



Test whether removal of aromatics expands the LCD

Aromatic stickers give rise to cohesive 
interactions that determine chain dimensions.

size
Rg
n

Martin, Holehouse, Peran, Farag, Incicco, Bremer, Grace, Soranno, Pappu, Mittag; Science 2020



Parameterization of the stickers-and-spacers model

lattice-based coarse-grained model 
that uses a single bead per residue

parameterizing the strengths of the sticker-sticker, 
sticker-spacer, and spacer-spacer interactions to 
reproduce the experimental Rg values and Rg
distributions from all-atom simulations

Martin, Holehouse, Peran, Farag, Incicco, Bremer, Grace, Soranno, Pappu, Mittag; Science 2020



WT Aro- Aro--

Alex Holehouse, Rohit Pappu

Sticker-and-spacer lattice simulations allow determination of full phase diagrams



Stickers-and-spacers simulations to construct phase diagrams



The stickers-and-spacers model is predictive of experimental phase behavior

Ivan Peran

The higher the sticker valence, 
the larger is the driving force for 
phase separation.
Martin#, Holehouse, Peran#, Farag, Incicco, Bremer, 
Grace, Soranno, Pappu*, Mittag*; Science 2020



• Stickers in LCDs can be identified in an unbiased manner from experiments on dilute samples.

• Aromatic residues act as “stickers” that mediate distributive, cohesive interactions, both intra- and 
intermolecularly.

• Linearly distributed aromatic residues promote phase separation and avoid aggregation.

Conclusions
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SEC-SAXS to measure single-chain dimensions
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Experimental approach

The saturation concentration (csat) is the 
protein concentration above which droplets 
first appear at a certain condition.

Global dimensions report on the driving force for phase 
separation in aromatic variants

Bremer#, Farag#, Borcherds# , Peran, Martin, Pappu*, Mittag*. Nature Chemistry 2022



Experimental approachGlobal dimensions report on the driving force for phase 
separation in aromatic variants

For aromatic variants, the global 
dimensions report on the driving 

force for phase separation. 

The saturation concentration (csat) is the 
protein concentration above which droplets 
first appear at a certain condition.
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Experimental approach
Decoupling of global dimensions and driving force for LLPS

Mean-field electrostatic interactions can decouple single-chain 
dimensions in IDRs and the driving force for phase separation.
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The composition of PLDs is very well conserved, not only the sticker valence.
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We use Metropolis Monte Carlo simulations to sample configurational space for single 
chains and multiple chains on a cubic lattice 20. Accordingly, the transition probabilities for 
converting between pairs of configurations are proportional to exp(-∆E/kBT). Here, ∆E is the 
difference in energy between a pair of configurations. In the simulations, we set kB = 1, and T is in 
the interval 40 ≤ T ≤ 60. In units of the dimensionless simulation temperature, replacing Y-Y 
interactions with a Y-K interaction, which represents the largest change in ∆E, will range from ≈ 
0.32 kBT to 0.47 kBT, depending on the simulation temperature. That the model reproduces the 
target function against which it was parameterized is evident in Fig. 1B, which shows a strong 
positive correlation between the apparent scaling exponents inferred from SEC-SAXS 
measurements and from the LaSSI simulations of individual chain molecules.  

Fig 1: Setup and assessment of the computational model. (A) Pairwise interaction strengths used in the 

computational model. Amino acids are referred to by single-letter codes. “X” is used to indicate any amino acid for 

which a specific interaction is not defined. “Aro” is used to indicate either tyrosine or phenylalanine. Contact energies 

for Y-Y, Y-F, F-F, R-Aro, and K-X were parameterized using Gaussian process Bayesian optimization (GPBO; see 

methods and Extended Data Figure 1). All other energies were parameterized by matching experimental and 

computational phase diagrams of “spacer” variants 9.  (B) Rg values scale with chain length according to the relation 

Rg ~ Nn. Here, n is an apparent scaling exponent napp, that is sequence specific and is extracted from SEC-SAXS data 

using the approach developed by Riback et al., 32. We compare values of n obtained by fitting SEC-SAXS data to a 

molecular form factor (nexp) to those obtained from single-chain LaSSI simulations (nsim) and use GPBO to 

parameterize a computational model. Each data point corresponds to a unique A1-LCD variant. The red dashed line 

represents the regime where nexp = nsim, and the RMS is calculated using the residuals from this line. Error bars 

represent standard errors derived from the fit to the molecular form factor. (C) Calculated phase diagrams (solid 

markers) of various A1-LCD variants plotted alongside experimental phase diagrams (open markers). Temperature 

and concentration are converted from simulation units to experimental units by the same scaling factors for each 

variant as prescribed by Martin et al., 8. Error bars represent standard errors from the mean across 3 replicates. (D) 
ERMSL (see Methods) comparing experimentally measured (csat, exp) and computationally derived (csat, sim) saturation 

concentrations.  
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Coarse-grained stickers-and-spacers model describes phase behavior of PLDs
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Kinetics of phase separation



The hnRNPA1 LCD collapses on the sub-millisecond timescale

Difference in behavior between the phase separating and non-phase separating 
protein already after the fraction of a millisecond.

Rapid-mixing, time-resolved SAXS experiments

Martin, Harmon, Hopkins, Chakravarthy, Incicco, 
Schuck, Soranno, Mittag. Nat Commun 2021



the maximal experimentally measurable dimension and the
assemblies manifest as a power-law decay at small angles in the
SAXS curve (Supplementary Note 2). A large ensemble of
molecules is measured at each time point, and individual
molecules, or clusters of molecules, are only observed for a
fraction of the integration time. Therefore, we cannot observe
subcritical clusters growing and reaching critical size in the SAXS
experiment. Instead, the data either reports on the distribution of
subcritical clusters in the absence of nucleation or effectively
counts the fraction of the system in mesoscopic assemblies in the
presence of nucleation.

Data measured at the shallowest quench depth (200 mM NaCl)
does not show evidence of significant mesoscopic assembly on the
timescale of the experiment. At the earliest time points, the RG is
similar to the minimum radius measured in the chaotic-flow
experiments and smaller than equilibrium measurements
(Fig. 5b). The radius increases over the first 20 ms in agreement
with the timescale of the chaotic-flow experiment. After 20 ms,
the mean RG does not appreciably change but fluctuates around a
value consistently larger than the monomer. The magnitude of

the cluster size fluctuations between data points is approximately
one order of magnitude greater than the uncertainty (Fig. 5c).
Higher molecular weight clusters have a greater contribution to
the scattering profile, and fluctuations in measured RG likely arise
from small changes in the population of relatively rare, larger
clusters. While this solution is supersaturated, the data are
consistent with a subcritical distribution of clusters. We assume
that the size distribution of oligomers is consistent with that
observed in subsaturated solutions characterized by AUC.

The nucleation rate is determined by the quench depth.
Mesoscopic assemblies rapidly appeared in the sample volume
when the NaCl concentration was greater than 200 mM (Fig. 6).
The power-law decay at small angles resulting from mesoscopic
assemblies prevents accurate determination of RG. We, therefore,
adopted a procedure to follow the volume fraction of mesoscopic
assemblies. The earliest time points in the experiment were fit to a
Gaussian chain form factor. The evolution of the structure factor
was followed by calculating an “assembly metric” which is the
difference in intensity at the smallest measured angles between
the experimental and the calculated monomer form factor. The
assembly metric reports on the total volume of all clusters
(Supplementary Fig. 6 and Supplemental Note 2).

The rate of mesoscopic assembly is strongly dependent on the
quench depth at NaCl concentrations ranging from 300 to
500 mM (Fig. 6). At late times and high NaCl concentrations,
the form factor approaches the form factor of a homogeneous
dense phase measured at equilibrium conditions (Fig. 6 and
Supplementary Fig. 7). We thus conclude that laminar-flow TR-
SAXS experiments capture the formation of mesoscopic dense
protein droplets.

We used a Weibull probability distribution function (PDF) to
determine the rate of nucleation as a function of quench depth.
The Weibull PDF is a phenomenological equation that can
describe the probability of a stochastic event happening as a
function of time and has been used to analyze nucleation of
crystallization and amyloid formation43,44 The shape of the
Weibull distribution matches the time evolution of the mean
degree of assembly at 300–500 mM NaCl (Fig. 7a–c). The peak in
the probability distribution indicates the time point with the
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values as a function of time after mixing for a sample mixed into 200mM
NaCl. All individual measurements are shown as black dots. Red circles are
the average of all measurements at a particular time after mixing, i.e.,
position on the mixer. The uncertainty bounds represent the standard
deviation in determining the RG from Guinier analysis78. The standard
deviation is similar for each data point, and thus, gray shaded regions are
centered only on the maximum and minimum RG values at each time point
for clarity.
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Rapid-mixing, time-resolved SAXS experiments

the maximal experimentally measurable dimension and the
assemblies manifest as a power-law decay at small angles in the
SAXS curve (Supplementary Note 2). A large ensemble of
molecules is measured at each time point, and individual
molecules, or clusters of molecules, are only observed for a
fraction of the integration time. Therefore, we cannot observe
subcritical clusters growing and reaching critical size in the SAXS
experiment. Instead, the data either reports on the distribution of
subcritical clusters in the absence of nucleation or effectively
counts the fraction of the system in mesoscopic assemblies in the
presence of nucleation.

Data measured at the shallowest quench depth (200 mM NaCl)
does not show evidence of significant mesoscopic assembly on the
timescale of the experiment. At the earliest time points, the RG is
similar to the minimum radius measured in the chaotic-flow
experiments and smaller than equilibrium measurements
(Fig. 5b). The radius increases over the first 20 ms in agreement
with the timescale of the chaotic-flow experiment. After 20 ms,
the mean RG does not appreciably change but fluctuates around a
value consistently larger than the monomer. The magnitude of

the cluster size fluctuations between data points is approximately
one order of magnitude greater than the uncertainty (Fig. 5c).
Higher molecular weight clusters have a greater contribution to
the scattering profile, and fluctuations in measured RG likely arise
from small changes in the population of relatively rare, larger
clusters. While this solution is supersaturated, the data are
consistent with a subcritical distribution of clusters. We assume
that the size distribution of oligomers is consistent with that
observed in subsaturated solutions characterized by AUC.

The nucleation rate is determined by the quench depth.
Mesoscopic assemblies rapidly appeared in the sample volume
when the NaCl concentration was greater than 200 mM (Fig. 6).
The power-law decay at small angles resulting from mesoscopic
assemblies prevents accurate determination of RG. We, therefore,
adopted a procedure to follow the volume fraction of mesoscopic
assemblies. The earliest time points in the experiment were fit to a
Gaussian chain form factor. The evolution of the structure factor
was followed by calculating an “assembly metric” which is the
difference in intensity at the smallest measured angles between
the experimental and the calculated monomer form factor. The
assembly metric reports on the total volume of all clusters
(Supplementary Fig. 6 and Supplemental Note 2).

The rate of mesoscopic assembly is strongly dependent on the
quench depth at NaCl concentrations ranging from 300 to
500 mM (Fig. 6). At late times and high NaCl concentrations,
the form factor approaches the form factor of a homogeneous
dense phase measured at equilibrium conditions (Fig. 6 and
Supplementary Fig. 7). We thus conclude that laminar-flow TR-
SAXS experiments capture the formation of mesoscopic dense
protein droplets.

We used a Weibull probability distribution function (PDF) to
determine the rate of nucleation as a function of quench depth.
The Weibull PDF is a phenomenological equation that can
describe the probability of a stochastic event happening as a
function of time and has been used to analyze nucleation of
crystallization and amyloid formation43,44 The shape of the
Weibull distribution matches the time evolution of the mean
degree of assembly at 300–500 mM NaCl (Fig. 7a–c). The peak in
the probability distribution indicates the time point with the
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the maximal experimentally measurable dimension and the
assemblies manifest as a power-law decay at small angles in the
SAXS curve (Supplementary Note 2). A large ensemble of
molecules is measured at each time point, and individual
molecules, or clusters of molecules, are only observed for a
fraction of the integration time. Therefore, we cannot observe
subcritical clusters growing and reaching critical size in the SAXS
experiment. Instead, the data either reports on the distribution of
subcritical clusters in the absence of nucleation or effectively
counts the fraction of the system in mesoscopic assemblies in the
presence of nucleation.

Data measured at the shallowest quench depth (200 mM NaCl)
does not show evidence of significant mesoscopic assembly on the
timescale of the experiment. At the earliest time points, the RG is
similar to the minimum radius measured in the chaotic-flow
experiments and smaller than equilibrium measurements
(Fig. 5b). The radius increases over the first 20 ms in agreement
with the timescale of the chaotic-flow experiment. After 20 ms,
the mean RG does not appreciably change but fluctuates around a
value consistently larger than the monomer. The magnitude of

the cluster size fluctuations between data points is approximately
one order of magnitude greater than the uncertainty (Fig. 5c).
Higher molecular weight clusters have a greater contribution to
the scattering profile, and fluctuations in measured RG likely arise
from small changes in the population of relatively rare, larger
clusters. While this solution is supersaturated, the data are
consistent with a subcritical distribution of clusters. We assume
that the size distribution of oligomers is consistent with that
observed in subsaturated solutions characterized by AUC.

The nucleation rate is determined by the quench depth.
Mesoscopic assemblies rapidly appeared in the sample volume
when the NaCl concentration was greater than 200 mM (Fig. 6).
The power-law decay at small angles resulting from mesoscopic
assemblies prevents accurate determination of RG. We, therefore,
adopted a procedure to follow the volume fraction of mesoscopic
assemblies. The earliest time points in the experiment were fit to a
Gaussian chain form factor. The evolution of the structure factor
was followed by calculating an “assembly metric” which is the
difference in intensity at the smallest measured angles between
the experimental and the calculated monomer form factor. The
assembly metric reports on the total volume of all clusters
(Supplementary Fig. 6 and Supplemental Note 2).

The rate of mesoscopic assembly is strongly dependent on the
quench depth at NaCl concentrations ranging from 300 to
500 mM (Fig. 6). At late times and high NaCl concentrations,
the form factor approaches the form factor of a homogeneous
dense phase measured at equilibrium conditions (Fig. 6 and
Supplementary Fig. 7). We thus conclude that laminar-flow TR-
SAXS experiments capture the formation of mesoscopic dense
protein droplets.

We used a Weibull probability distribution function (PDF) to
determine the rate of nucleation as a function of quench depth.
The Weibull PDF is a phenomenological equation that can
describe the probability of a stochastic event happening as a
function of time and has been used to analyze nucleation of
crystallization and amyloid formation43,44 The shape of the
Weibull distribution matches the time evolution of the mean
degree of assembly at 300–500 mM NaCl (Fig. 7a–c). The peak in
the probability distribution indicates the time point with the
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extrapolated from data at 300– 500mM NaCl predict a lack of
assembly within the 80 ms laminar-flow TR-SAXS measurement
window at 200mM NaCl (Supplementary Fig. 12).

The small clusters observed by AUC at the saturation
concentration are below the nucleation size and therefore
disassemble again. In addition, the KD associated with initial
complex formation is more unfavorable than that for further
assembly (Fig. 4), pointing to an additional energy barrier to
nucleation. The Weibull probability distribution contains a
stretching exponent in addition to the rate, which reports on a
lag time of assembly. In all laminar-flow TR-SAXS experiments,
irrespective of σ, a stretching exponent of 1.8–2 was required to fit
the data (Fig. 9a). Values of the stretching exponent greater than
1 indicate that the probability of nucleation increases as a
function of time. The similar magnitude of the stretching
exponent for all values of σ suggests that a similar underlying
process is required for nucleation that is independent of σ
(Fig. 9b). Taken together, we conclude that A1-LCD phase
separation seems to follow a homogeneous nucleation pathway
when observed on the mesoscale. However, careful characteriza-
tion of initial assembly on the molecular or nanoscale shows that
the pathway deviates from homogenous nucleation. The initial
formation of small complexes is unfavorable, but once they are
formed, they can grow effectively and nucleate phase separation
(Fig. 9c).

Discussion
In this work, we demonstrate that phase separation of A1-LCD
on the mesoscale can be well described by a classic, homogeneous,
nucleation-and-growth mechanism. However, we observe devia-
tions from homogeneous nucleation on the nanoscale. Monomers
assemble via unfavorable steps before the addition of additional
monomers becomes favorable. Kinetic analysis of phase separa-
tion after quenching typically focuses on the rate of growth of the

droplet phase (ripening or coarsening)21,45. Thus, the fast time-
scale behavior of the monomer in response to quenching into the
two-phase regime is not observed. This behavior can be complex
and requires the consideration of details on the molecular level.

The initial collapse of A1-LCD in chaotic-flow experiments
occurs on timescales slower than expected based on chain reorga-
nization times of typical IDPs46,47. The time constant (τ ~ 470 μs)
suggests that the collapse is barrier limited40. In a low NaCl buffer,
the A1-LCD is more compact than a Gaussian chain (νapp < 0.5,
Supplementary Fig. 1) which implies the presence of numerous
favorable intramolecular contacts. This condition may be analogous
to a metastable intermediate on the pathway to folding in a foldable
protein. In foldable proteins, native-like contacts begin to form
under conditions where νapp ~ 0.548,49. Unlike folded proteins,
disordered proteins lack a single stable conformation, and an
ensemble of interconverting conformations containing a dynamic
network of semi-stable contacts exists. Short- and long-range con-
tacts can dramatically reduce the chain reorganization time50,51. In
the case of A1-LCD, this manifests in the previously reported NMR
transverse relaxation rates and NOEs that reflect semi-persistent
contacts between aromatic amino acids31. Given our prior knowl-
edge of this system, the initial collapse of the A1-LCD is likely
characterized by an increase in the lifetime of multiple contacts
(associated with energetic barriers) that give rise to a rough energy
landscape and high internal friction, as opposed to the classical view
of a single barrier between two states.

It is known that biomolecules can form higher-order assem-
blies and clusters below the saturation concentration. This has
been experimentally observed in vitro for high concentration
solutions of globular proteins52,53, which can exhibit multi-step
nucleation54. Clustering has additionally been observed for phase-
separating domain-motif systems55 and in elastin-like
polypeptides56,57. Interestingly, complex micellular structures
potentially nucleate phase separation in elastin-like
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SAXS is useful to characterize phase separation!
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complementary electrostatic interactions with one another. The
remainder of the chain provides a scaffold that tethers the ionic
residues together, and their interactions are described by
generic van der Waals interactions. Therefore, stickers engage
in specific physical crosslinks, whereas spacers engage in solu-
bility-determining, non-specific interactions (Rubinstein and Do-
brynin, 1997; Semenov and Rubinstein, 1998; Tanaka, 2006,
2011). Stickers, specifically their valence and interaction stre-
ngths, contribute to determining the intrinsic cperc (Flory, 1941;
Stockmayer, 1943). Spacers determine macromolecular solubi-
lity, which refers to the sign andmagnitude of the unrenormalized
or intrinsic c (Harmon et al., 2017).
In domain-linker systems studied by Rosen and coworkers

(Banani et al., 2016; Banjade et al., 2015; Li et al., 2012), the
delineation of stickers versus spacers is relatively unambiguous.
The extent of coupling between phase separation and percola-
tion can be modulated through alterations of spacers or through
systematic mutations to stickers (Lasker et al., 2021). This be-
comes more challenging for intrinsically disordered proteins.
However, several insights have emerged through the deploy-
ment of combinations of biophysical methods that make it
possible to quantify the extent of separation or coupling between
sticker- and spacer-mediated interactions (Brady et al., 2017;
Bremer et al., 2022; Martin et al., 2020; Nott et al., 2015; Wang
et al., 2018). For binary mixtures involving a macromolecule
and solvent, favorable interactions with the solvent lead to
percolation without phase separation. This can result from the
high net charge and the steric bulk of sidechains that together
contribute to the effective solvation volume (Bremer et al., 2022).

A recent study (Kar et al., 2022) has demonstrated an impor-
tant consequence of the separability versus coupling of specific
versus solubility-determining interactions. In a pure phase sepa-
ration process, subsaturated solutions, defined by bulk concen-
trations below csat, will be made up of dispersed monomers or
oligomers. However, in a process where phase separation and
percolation are coupled, reversible associations via specific
interactions will enable the formation of an assortment of finite-
sized, pre-percolation clusters (Li et al., 2012). Kar et al., demon-
strated this for the protein FUS and other members of the FET
family (Kar et al., 2022). They also showed that certain mutations
can enhance cluster formation while weakening phase separa-
tion. In addition, mutations to the primary stickers that weaken
cluster formation also weaken phase separation. Importantly,
the clusters in question do not have fixed stoichiometries. Their
size distributions are governed by sticker valence and the
strengths of sticker interactions. These pre-percolation clusters
form in deeply subsaturated solutions that are well below the
average endogenous concentrations measured in cells (Hein
et al., 2015). The upshot is that pre-percolation clusters, and
condensates are likely to be of biological importance in different
processes, and discerning their respective contributions needs
to be a major focus.
One can also define a mutational strategy to identify the con-

tributions to cluster formation versus phase separation.
Formally, mutations to ‘‘pure spacers’’ can impact the driving
forces for phase separation by changing csat without influencing
the distributions of clusters in subsaturated solutions. Indeed,
Kar et al., identified mutations in the RNA-binding domain of
full-length FUS that achieve this functionality. Because the con-
tributions of spacers are weaker than those of stickers, many
spacer residues may have to be mutated to achieve decisive ef-
fects such as shifting csat without affecting clusters. Mutations to
stickers will typically affect both csat and the distributions of clus-
ters that form in subsaturated solutions. Therefore, mutations
that change the extent of coupling between networking and den-
sity transitions can be used to shift the prevalence of clusters and
condensates in cells. The functionality of such mutants will pro-
vide insight into the importance of clusters versus condensates
for function.

PSCP AND THE STICKERS-AND-SPACERS
FRAMEWORK HELP ADDRESS CHALLENGES THAT
HAVE BEEN RAISED TO THE RELEVANCE OF PHASE
SEPARATION IN CELLS

Recently, the relevance of phase separation in cell biology has
been challenged on specific grounds (McSwiggen et al.,
2019b). Four of the main challenges are as follows: (1) In live
cells, certain systems do not show evidence for the existence
of a saturation concentration, thus appearing to rule out phase
separation as a relevant phenomenon. (2) Single particle tracking
measurements appear to confound the expectation that con-
densates that form via phase separation should be defined by
a phase boundary with a finite interfacial tension that hinders
macromolecular transport across the boundary. (3) Because
many cellular studies of phase separation utilize overexpression
as a method for titrating macromolecular concentrations, it

Figure 3. Consequences of condensates being viscoelastic
network fluids
The properties of the multivalent macromolecules that form condensates
through PSCP determine network structure and dynamics, the material
properties, the properties of interfaces, and the size distributions of pre-
percolation clusters.
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