
 1 

Sequence grammar underlying unfolding and phase separation of globular proteins  
Kiersten M. Ruff1,§, Yoon Hee Choi2,§, Dezerae Cox2, Angelique R. Ormsby2, Yoochan 

Myung3,4,5, David B. Ascher3,4,5, Sheena E. Radford6, Rohit V. Pappu1,†, Danny M. Hatters2,† 
1Department of Biomedical Engineering, Center for Science & Engineering of Living Systems, 

Washington University in St. Louis, St. Louis, MO 63130, USA 
2Department of Biochemistry and Pharmacology; and Bio21 Molecular Science and 

Biotechnology Institute, The University of Melbourne, VIC 3010. Australia 
3Computational Biology and Clinical Informatics, Baker Heart and Diabetes Institute, 

Melbourne, Victoria, Australia 
4 Structural Biology and Bioinformatics, Department of Biochemistry and Pharmacology, 

University of Melbourne, Melbourne, Victoria, Australia 
5 Systems and Computational Biology, Bio21 Institute, University of Melbourne, Melbourne, 

Victoria, Australia 
6Astbury Centre for Structural and Molecular Biology, School of Molecular and Cellular 

Biology, University of Leeds, Leeds LS2 9JT, UK  
§Equal contributions 

†Corresponding authors:  
R.V. Pappu (pappu@wustl.edu)  

D.M. Hatters (dhatters@unimelb.edu.au) 
Summary 
Protein homeostasis involves regulation of the concentrations of unfolded states of globular 
proteins. Dysregulation can cause phase separation leading to protein-rich deposits. Here, we 
uncover the sequence-grammar that influences the triad of folding, binding, and phase equilibria 
of unfolded proteins in cells. We find that the interactions that drive deposit formation of ALS-
associated superoxide dismutase 1 mutations are akin to those that drive phase separation and 
deposit formation in variants of a model protein, barnase. We examined a set of barnase variants 
to uncover the molecular interactions that drive phase separation of unfolded proteins and 
formation of unfolded protein deposits (UPODs). The formation of UPODs requires protein 
destabilization, to increase the concentration of unfolded states, and a requisite sequence grammar 
to enable cohesive interactions among unfolded proteins. We further find that molecular 
chaperones, Hsp40 and Hsp70, destabilize UPODs by binding preferentially to and processing 
unfolded proteins in the dilute phase.  

Highlights 

• Unfolded states of globular proteins undergo aggregation-mediated phase separation to form 
unfolded protein deposits (UPODs) in cells. 

• The threshold concentration of unfolded proteins required to drive phase separation is 
governed by a combination of protein stability and the requisite grammar of cohesive motifs 
known as stickers that provide cohesive intermolecular interactions.  
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• The sequence grammar that contributes to phase separation of unfolded proteins shares features 
with those of proteins that drive the formation of functional biomolecular condensates.  

• Molecular chaperones regulate the concentrations of free unfolded proteins in cells by binding 
preferentially to unfolded states in dilute phases thereby destabilizing UPOD formation mainly 
via binding-mediated polyphasic linkage.  

Keywords 
Intrinsically Foldable Proteins; Molecular grammar; Phase separation; Protein Folding 
Equilibrium; Proteostasis; Unfolded Protein Deposits. 
Introduction 

In cells, protein homeostasis (proteostasis) is achieved by linked processes that control 
protein production, folding, trafficking, and degradation (Balch et al., 2008; Powers et al., 2009). 
One of the major functions of proteostasis is to facilitate the correct folding of globular proteins 
that have a stable fold (Bobori et al., 2017; Reinle et al., 2021; Sontag et al., 2017). We refer to 
these proteins as intrinsically foldable proteins. It is well established that unfolded or misfolded 
forms of intrinsically foldable proteins can undergo concentration-dependent, aggregation-
mediated phase separation to form aberrant deposits that are also referred to as inclusions, tangles, 
and plaques (Dobson, 2004; Iadanza et al., 2018; Nedelsky and Taylor, 2019; Vendruscolo et al., 
2011). Aberrant deposits are pathological hallmarks of neurodegenerative disorders such as 
Alzheimer’s disease (Arendt et al., 1984; Jacobs et al., 1985; Kidd et al., 1985; Perl and Brody, 
1980), Huntington’s disease (Becher et al., 1998; Cooper et al., 1998; Davies et al., 1998), 
Parkinson’s disease (Masliah et al., 2000), and amyotrophic lateral sclerosis (ALS) (Alberti et al., 
2017; Dao et al., 2018; Mathieu et al., 2020; Wood et al., 2003). The formation of aberrant deposits 
is mediated by numerous factors including mutations to specific proteins, cellular aging, post-
translational modifications, infections, and maladapted stress responses (Hofweber and Dormann, 
2019; Sinnige et al., 2020). Collectively, these parameters impact the interconnected equilibria of 
folding, binding, and phase separation – a triad that requires regulation by the proteostasis 
machinery (Alberti and Hyman, 2021; Chen et al., 2020; Darling and Shorter, 2021; McCray and 
Taylor, 2008; Zbinden et al., 2020). 

Phase separation also has functional relevance in living cells (Banani et al., 2017; Shin and 
Brangwynne, 2017). Multivalent protein and nucleic acid molecules drive the formation of 
membraneless biomolecular condensates, which are implicated in a variety of cellular functions 
(Mitrea and Kriwacki, 2016). As micron- or sub-micron sized structures, condensates can function 
as viscous liquids, viscoelastic fluids, gels, liquid crystals, or solids (Alshareedah et al., 2021; Choi 
et al., 2020; Franzmann et al., 2018; Kaur et al., 2019; Kroschwald et al., 2018; Shen et al., 2020; 
Shin and Brangwynne, 2017; Yu et al., 2021). Among the molecular drivers of phase separation 
are distinct types of intrinsically disordered proteins (IDPs) (Posey et al., 2018a) with the requisite 
sequence grammar (Greig et al., 2020; Kim et al., 2019; Martin et al., 2020; Martin and Mittag, 
2018; Vernon et al., 2018; Wang et al., 2018). This underlying grammar has been described in 
terms of a stickers-and-spacers framework (Choi et al., 2019; Choi et al., 2020). Here, stickers are 
cohesive motifs that drive phase separation by forming reversible physical crosslinks. Spacers are 
interspersed between stickers and determine the synergy between phase separation and gelation 
(Harmon et al., 2018; Harmon et al., 2017). A range of sticker-sticker interactions have been 
uncovered and these include interactions between: aromatic residues (Chong et al., 2018; Kim et 
al., 2019; Lin et al., 2017; Martin et al., 2020; Vernon et al., 2018), oppositely charged residues 
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(Greig et al., 2020; Pak et al., 2016), cation-π pairs (Nott et al., 2015; Wang et al., 2018), distributed 
hydrophobic residues (Riback et al., 2017), and those that have specific structural features 
(Conicella et al., 2020).  

We reason, based on significant precedence in the literature, that many aberrant deposits 
are the result of concentration-dependent interactions among unfolded or misfolded proteins 
(Balchin et al., 2020; Clark, 2004; Hartl, 2016; McMillan et al., 2005; Ryno et al., 2013; Solomon 
et al., 2012; Song, 2018). For example, in the context of some familial forms of ALS, mutations 
to superoxide dismutase 1 (SOD1) affect the stability of the SOD1 dimer and promote the 
formation of amorphous protein deposits that accumulate through interactions among unfolded 
monomeric states (Gomez and Germain, 2019; Meiering, 2008).  

Aggregation-mediated phase separation is a density transition whereby a protein plus 
solvent system separates into a dilute, protein-deficient phase and a coexisting dense, protein-rich 
phase (Mathieu et al., 2020; Pappu et al., 2008; Posey et al., 2018a) (Figure 1A). For a given set 
of solution conditions, the strengths of driving forces for phase separation driven by homotypic 
interactions can be quantified by a saturation concentration, csat, which is the threshold 
concentration of the protein above which it separates into coexisting dilute and dense phases 
(Wang et al., 2018). Thus, lower values of csat imply stronger driving forces for phase separation. 
The material states of dense, protein-rich phases can be liquid-, gel-, or solid-like. An example of 
a dense phase is the gel-like deposits of mutant SOD1 in the spinal cord tissue of individuals with 
ALS (Farrawell et al., 2015; Hwang et al., 2010). While soluble wild-type (WT) SODI exists as a 
homodimer, stabilized by metal binding and an intra-subunit disulfide bond, evidence suggests 
that aberrant phase separation and formation of SOD1 deposits is driven by interactions among 
unfolded immature states of SOD1 (Nordlund et al., 2009). With this in mind, understanding how 
unfolded SOD1 – and unfolded states of globular proteins in general – engage in intermolecular 
interactions is central to understanding the molecular determinants of how deposits are formed by 
intrinsically foldable proteins. 

Are all unfolded states of intrinsically foldable proteins equivalent as drivers of phase 
separation and the formation of aberrant, de novo deposits in cells, or must the unfolded states 
expose distinctive stickers that can drive phase separation? Here we answer this question by 
utilizing the model protein barnase, whose structure, stability and folding in vitro (Dalby et al., 
1998; Matthews and Fersht, 1995) and in vivo (Wood et al., 2018) have been extensively studied. 
The answers to this question are directly relevant to the targeting and processing of aberrant 
deposits, either via proteostatic regulation or by suppressing the process of phase separation. Our 
work here focuses on uncovering the mechanisms of phase separation linked to the folding-
unfolding reactions of intrinsically foldable proteins under cellular conditions.  

 

Results 
Destabilizing mutations drive aberrant phase separation of SOD1  

We first investigated the impact of ALS-related mutations on the phase behavior of apo-
states of SOD1. To avoid confounding effects of SOD1 dimerization, we focused on an obligate 
monomeric derivative called SOD1barrel that maintains the folding characteristics of SOD1 without 
binding to metals or chaperone cofactors (Danielsson et al., 2011). We focused on mutations in 
SOD1barrel at sequence positions A4, G93, and I35 because these were shown to destabilize the 
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folded state (Danielsson et al., 2011; Danielsson et al., 2015; Gnutt et al., 2019). We characterized 
destabilizing single mutations A4V and G93A (Danielsson et al., 2011; Danielsson et al., 2015; 
Gnutt et al., 2019), and the double mutant (A4V, G93C) (Figure S1A).  

Using pulse shape analysis (PulSA) flow cytometry (Ramdzan et al., 2012) we determined 
which cells contained deposits (Figure S1B) and quantified the concentration thresholds, csat, at 
which the deposits formed (Figures 1B and S1C-H). The WT SOD1barrel did not form deposits at 
any expression level (Figures 1B and S1D). In contrast, each mutational variant of SOD1barrel 
formed deposits (Figure 1B and S1B, E-H). The formation of deposits by destabilized variants 
points to phase separation being driven by an increased abundance of unfolded proteins. Thus, it 
would appear that above a threshold concentration (Ciryam et al., 2015), cohesive interactions 
among unfolded proteins drive phase separation. We hypothesize that some of the residues 
important for these intermolecular interactions are those that are normally sequestered in the core 
of the folded state (Figure 1C). The question is if the only requirement is that the concentration 
of unfolded proteins cross a generic threshold or if there are additional considerations that arise? 
We answer this question by comparing the phase behavior of SOD1 to a model protein, barnase, 
and using the latter as a model system to uncover the interplay between protein stability and 
sequence grammar as drivers of phase separation.  
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Figure 1. Destabilizing mutations promote phase separation. (A) The schematic shows how crossing a distinct 
concentration threshold gives rise to three categories of protein phase separation, distinguished by the material 
properties of the dense phase. (B) The concentration threshold above which the system separates into two distinct 
phases. This is designated as csat and is given in units of fluorescence intensity (referred to as arbitrary units). We 
quantify csat for WT SOD1barrel and four other SOD1barrel mutational variants. Error bars indicate standard deviations 
across three replicates. Note that SOD1barrel does not phase separate across the wide range of expression levels 
examined (denoted by the gray arrow). The dark green circles represent the dense phase, and circle sizes indicate 
stabilization of the dense phase beyond csat. The dilute phase is represented by a single light green color corresponding 
to the csat. The one-phase regime lies below csat and is depicted as a gray box. (C) Illustration of the hypothesis that 
interactions among exposed hydrophobic “sticker” residues within unfolded proteins drive phase separation and are 
linked to the folding-unfolding equilibrium. Here, green spheres correspond to sticker residues and gray spheres 
correspond to spacer residues. When the total protein concentration ctot > csat, the homogeneous well-mixed phase is 
unstable, and the system separates into two coexisting phases. See also Figure S1.   

The sequence grammar that drives phase separation of unfolded states appears to be similar 
between SOD1 and a model protein barnase  

While SOD1 is physiologically important, the complexities associated with the multi-way 
linkage of dimerization, metal binding, and its normal cellular functions in mitigating oxidative 
damage make it ill-suited as a model system for systematic characterization of the molecular 
interactions that are likely to be shared across unfolded states of generic intrinsically foldable 
proteins. In contrast, the small bacterial ribonuclease barnase is a model monomeric globular 
protein that has been studied extensively in the context of protein folding (Dalby et al., 1998; 
Matthews and Fersht, 1995). Prior work has measured the free energy of unfolding (DG˚U) of a 
wide variety of barnase variants, such that the relative concentrations of folded and unfolded states 
can be easily estimated. Importantly, the catalytically dead H102A variant (referred to as the WT 
form for the purposes of this study), is benign as far as mammalian cell physiology and viability 
are concerned (Wood et al., 2018).  

WT barnase does not form visible deposits in mammalian cells, when expressed fused to 
mTFP1 at the N-terminus and Venus at the C-terminus (Wood et al., 2018). In contrast, variants 
with decreased values of DG˚U, which increases the concentration of unfolded proteins, form 
visible deposits. Unfolded states of barnase are also known to engage with components of the 
quality control machinery implying that we can interrogate the three-way interplay of protein 
stability, phase separation, and engagement with the quality control machinery (Wood et al., 2018). 

We assessed whether the deposits formed by a barnase destabilizing variant colocalized 
with deposits formed by SOD1 A4V. Colocalization would imply that that phase separation of 
unfolded states of generic intrinsically foldable proteins and unfolded SOD1 are governed by 
similar driving forces. When co-expressed in HEK293T cells, the destabilized double mutant of 
barnase (I25A, I96G, DG˚U=-0.8 kJ/mol) formed deposits that colocalized with those of SOD1 
A4V (Figure 2A). Conversely, WT barnase (DG˚U=24.9 kJ/mol) remained diffuse and did not 
colocalize with SOD1 A4V deposits. We interpret these results to imply that phase separation of 
unfolded barnase and SOD1 are driven by similar physical interactions. 

To further interrogate the underlying physical chemistry that dictates phase separation of 
unfolded barnase, we examined the colocalization of barnase deposits with those of polyglutamine 
(polyQ)-expanded Huntingtin exon 1 (Httex1), a protein that forms amyloid-like solids in cells 
(Bäuerlein et al., 2017). Httex1 is an IDP with an overall tadpole-like architecture (Newcombe et 
al., 2018; Warner et al., 2017). Its phase behavior is driven mainly by amide-amide interactions 
involving the polyQ domain (Crick et al., 2013; Posey et al., 2018b). These interactions are distinct 
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from hydrophobic interactions anticipated to be responsible for driving phase separation of 
unfolded barnase or SOD1. As with previous work on SOD1 destabilizing variants, the barnase 
I25A, I96G deposits did not co-localize with Httex1-72Q deposits (Figure 2B) (Farrawell et al., 
2015; Polling et al., 2014). This lack of colocalization supports the hypothesis that distinctive 
interactions underlie the phase behavior of SOD1 and barnase variants when compared to Httex1.   

 
Figure 2. Destabilizing variants of barnase and SOD1 share a common phase separation grammar that differs 
from that of Huntingtin exon 1 with an expanded polyQ tract. (A) The fluorescence micrographs show deposits 
formed by a destabilized variant of barnase (I25A, I96G) flanked with fluorescent proteins (mTFP1 and Venus) (Wood 
et al., 2018) along with deposits formed by mutant SOD1 (SOD1 A4V) or mutant Httex1 containing a glutamine tract 
of 72 residues (Httex1-72Q) fused to mCherry. The constructs were co-transfected in HEK293T cells. (B) Images 
show similar experiments but with WT barnase flanked by two fluorescent proteins and the SOD1 A4V or Httex1-
72Q fusions to mCherry. The outlines of the cells and nuclei are shown with dashed lines. 

 

Phase separation is driven by interactions among unfolded barnase molecules  
We focused on uncovering the sequence grammar that underlies the phase separation of 

mutant variants of barnase. For this, an optoDroplet system was deployed to study phase separation 
of unfolded barnase molecules in live cells. The optoDroplet system was developed as a tool to 
study the phase separation of multivalent proteins in cells using a precise and controllable reaction 
triggered by blue light (Shin et al., 2017). The system involves a fusion of the protein of interest 
to the photoactivatable Cry2 domain (Hsu et al., 1996; Lin et al., 1998) and a fluorescent protein 
reporter (Figure 3A). Cry2 forms sub-microscopic oligomers upon blue light illumination and is  
insufficient to drive phase separation upon light activation (Lin et al., 1998). However, when fused 
to a domain that can undergo phase separation, the oligomerization of Cry2 reduces csat for the test 
protein allowing quantitative and inducible comparison of apparent csat values to be measured 
(Shin et al., 2017). 

The IDR of DDX4, which forms condensates, was used as a positive control (Figure 3B) 
because it has been shown to undergo reversible phase separation in the optoDroplet setup (Brady 
et al., 2017; Nott et al., 2015; Shin et al., 2017). WT barnase did not form droplets when Cry2 was 
light activated (Figure 3B). However, the (I25A, I96G) double mutant, which has a finite 
probability of accessing unfolded states under physiological conditions, rapidly formed droplets 
in a blue-light dependent manner (Figure 3B, 3C). These results suggest that phase separation of 
unfolded states of barnase can be assessed in a controlled manner without the confounding effects 
of slow kinetics that typically characterize the formation of deposits in cells.  
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Figure 3. Phase separation is driven by interactions among unfolded barnase molecules. (A) Schematic of 
constructs used for the optoDroplet assay. (B) Representative confocal micrograph images of Neuro2a cells 
transfected with DDX4 IDR (positive control), WT barnase, and the destabilizing barnase variant (I25A, I96G) 
optoDroplet constructs before and after light activation. (C) Time lapsed confocal imaging of live Neuro2a cells 
expressing the I25A, I96G barnase optoDroplet construct. Scale bars in panels B and C correspond to 10 µm. 

Protein destabilization and a distinct sequence grammar are required for phase separation  

We examined a range of mutations in barnase to titrate the impact of DG˚U on phase 
separation. The DG˚U values for these variants ranged from 18.7 kJ/mol (highly stable) to –0.8 
kJ/mol (highly unstable) (Wood et al., 2018). Mutations with DG˚U values above 13.0 kJ/mol were 
resistant to droplet formation, whereas those with ∆G˚U values below this threshold readily formed 
droplets (Figure 4A). If abundance of unfolded proteins, dictated by DG˚U, is the sole determinant 
for phase separation, then there should be a threshold concentration of unfolded proteins, c*, above 
which the system separates into dilute and dense phases (Figure 4B). This concentration quantifies 
the saturation threshold of the unfolded species. The value of c* = pU´csat is a product of the 
apparent saturation concentration, csat, with respect to total barnase (folded and unfolded proteins), 
and pU, which is the fraction of molecules in the unfolded state. Positive DG˚U values imply that 
the fraction of unfolded proteins is less than the fraction of folded molecules, and thus a larger csat 
value is needed to reach c*. Note that c* » csat as pU approaches 1. Therefore, if phase separation 
is driven exclusively by the concentration of unfolded proteins, we expect that variants with the 
lowest fraction of unfolded proteins will have the highest csat values.  

Previous studies have shown that many intrinsically foldable proteins, including barnase, 
tend to be more unfolded in cells than would be predicted based on estimates of ∆G˚U from in vitro 
measurements (Danielsson et al., 2015; Gnutt et al., 2019; Wood et al., 2018). Also, barnase has 
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two appendages, Cry2 and mCherry, in the optoDroplet system, which are likely to alter the ∆G˚U 
values. To account for this possibility, the fitting procedure we deployed estimates both the value 
of c* and the constant offset for ∆G˚U in relation to the ∆G˚U measured in vitro (see Methods). For 
each barnase variant, we estimated csat using the dilute phase fluorescence intensity because it 
corresponds to the threshold concentration for the appearance of droplets (Figures 4C and S2A-
B). The estimated csat values are well described by a model with c* ≈10,830 fluorescence intensity 
units (AU) and an offset of -12.9 kJ/mol (-3.1 kcal/mol) for all ∆G˚U values (dashed line Figure 
4C). This analysis is therefore consistent with the hypothesis that the concentration of unfolded 
states is a major determinant of phase separation.  

Mutations that destabilize the folded state of globular proteins often do so by weakening 
the hydrophobic core. Accordingly, if the residues that drive chain collapse and phase separation 
are equivalent (Zeng et al., 2020), then destabilizing mutations would be expected to weaken the 
driving forces for phase separation of unfolded proteins. Therefore, we propose that even if the 
protein were completely unfolded (pU ≈ 1), phase separation will only occur if the requisite sticker 
residues are present and accessible. To test our hypothesis, we first examined the linear patterning 
of hydrophobic versus hydrophilic regions (which we refer to as “blobs”) to discern whether 
mutations that remove or preserve hydrophobic blobs affect phase separation. For this, we 
investigated the sequence features of WT barnase and different variants to identify blobs by 
adapting a method introduced by Lohia et al. (Lohia et al., 2019). This analysis revealed that the 
single (I96G) and double (I55G, L89G and I25A, I96G) mutations remove a hydrophobic blob. 
Additionally, the single (I96G) and double (I25A, I96G) mutations insert a hydrophilic blob. In 
line with our hypothesis, mutations that remove hydrophobic blobs and / or insert hydrophilic 
blobs have a higher csat value than would be expected from the fit to the model that predicts phase 
behavior strictly based on the fraction of unfolded proteins derived from the values of ∆G˚U 
(Figures 4C, D and F). These results suggest that c* is governed both by pU and the presence / 
accessibility of stickers that contribute to cohesive interactions among unfolded proteins.  
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Figure 4. Protein destabilization as well as a distinct sequence grammar are required for phase separation. (A) 
Representative confocal micrograph images of Neuro2a cells transfected with the barnase-optoDroplet constructs as 
shown before and after light activation. Red box indicates constructs that do not undergo phase separation, whereas 
the blue box denotes constructs that do. Scale bar corresponds to 10 µm. (B) Model for how csat should change if 
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stability, and thus a critical concentration of unfolded proteins, c*, is all that matters for phase separation. (C) csat for 
optoDroplet formation, in arbitrary units (AU), versus ∆G˚U. Error bars indicate standard deviations across 50 
bootstrapped trials. Dashed line corresponds to a fit of the initial barnase construct data (blue circles) to a model that 
assumes only crossing a critical concentration of unfolded proteins is necessary for phase separation. Fit assumes that 
barnase is more unfolded in the cell than predicted by ∆G˚U = -12.9 kJ/mol with c* = 10830 AU. Gray lines denote 
the fitted confidence interval determined by bootstrapped trials of the variants, where the variants were picked based 
on the degree to which they modulated the hydrophobic and hydrophilic blobs from WT (Methods). Black points show 
results for additional, more extreme barnase variants in which effectively all molecules should be in the unfolded state. 
(D) Sequence blob diagrams of WT and the initial barnase variants in which mutations modulated the hydrophobic 
and hydrophilic blobs compared to the WT sequence (Methods) (Lohia et al., 2019). Circle sizes denote the number 
of residues in a blob. Numbers in parentheses quantify the degree of change from WT, i.e., |decrease in size of 
hydrophobic blobs| + increase in size of hydrophilic blobs. (E) Representative confocal micrograph images of Neuro2a 
cells transfected with the additional barnase-optoDroplet constructs (black circles in C) with negative ∆G˚U values. 
Scale bar indicates 10 µm. (F) csat of all barnase-optoDroplet constructs examined, in AU, ordered by ∆G˚U. The blue 
region corresponds to the gray c* boundary in (C). Bars with asterisks indicate constructs in which the blob diagrams 
changed by at least four from WT. (G) Schematic for how modulating stability and the valence / strength of stickers 
changes csat. Black regions indicate inaccessible regions based on mutations designed to reduce stability of the 
hydrophobic core and decrease the hydrophobicity of the sequence. Circles correspond to the barnase-optoDroplet 
constructs examined, where the sticker axis is determined by x=|decrease in size of hydrophobic blobs| + increase in 
size of hydrophilic blobs + 2*(number of mutations). The background csat histogram was determined by randomly 
sampling csat values based on the limits of the constructs examined. See also Figure S2.   

 

To further explore the importance of hydrophobicity and the requisite number of stickers 
being present and available for interactions among unfolded proteins, we introduced additional 
mutations into barnase that effectively ablated the folded state (DG˚U ≤ –10 kJ/mol). This enabled 
the quantification of driving forces for phase separation based solely on the properties of unfolded 
states (Figures 4C, E, F, and S2C). The mutations were chosen to alter the chemical environment 
of key bulky hydrophobic residues that would normally be in the core of the folded state. This 
includes triple mutations L14X, I51X, and I88X with X being A, G, S or D. These mutations are 
hereafter referred to as the 3´X variants. We also introduced octuple mutations L14X, L42X, I51X, 
L63X, I76X, I88X, L89X, I96X with X as A, S, or D, referred to as 8´X variants. In terms of 
hydrophobicity, the substitutions should follow the trend A > G > S > D (Kyte and Doolittle, 1982). 

The measured values of csat for 3´A and 3´G fall within the confidence interval for c* as 
defined purely by the concentration of unfolded proteins (Figures 4C, F and S2C). These 
mutations are predicted to minimally decrease the hydrophobicity of the unfolded state in 
comparison to the other triple and octuple mutational variants. By contrast the 3´D and 8´D 
mutations, which substantially decreased the hydrophobicity of the unfolded state, either 
significantly increased csat or abolished phase separation altogether (Figures 4C, E, F, and S2C). 
The octuple variants had larger csat values than the corresponding triple variants. The takeaway 
from these results is that there is a “sweet spot” for phase separation of intrinsically foldable 
proteins (Figure 4G). Specifically, phase separation requires that the unfolded state be favorably 
populated and that sticker-mediated interactions be minimally diminished by mutations that 
destabilize the folded state. 
Phe and Tyr function as stickers that drive phase separation of unfolded barnase 

To identify residues that function as stickers, we performed atomistic simulations of seven 
different barnase variants and identified contacts between residues within unfolded states. 
Residues predicted to be optimal stickers were required to satisfy two criteria: (i) they should not 
engage in contacts that are present in the folded state, which we define as a pair of residues that 
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are within 4.5 Å of one another; (ii) they should have a high probability of engaging in non-native 
contacts in unfolded states. Only thirteen sequence positions satisfied these criteria, thereby 
implicating them as stickers for phase separation (Figure 5A). These residues were either 
hydrophobic-aliphatic (Ile, Leu, and Val) or hydrophobic-aromatic (Phe, Trp, and Tyr). Of 
particular interest was the enrichment of Tyr and Phe among the set of residues that engage in non-
native interactions, given its role in the phase separation of intrinsically disordered prion-like low 
complexity domains (Bremer et al., 2021; Lin et al., 2017; Martin et al., 2020; Wang et al., 2018) 
and in forming the selectivity filter of nuclear pore complexes (Frey et al., 2006).  

  

 
Figure 5. Phe and Tyr function as stickers that drive phase separation of unfolded barnase. (A) The size of each 
circle quantifies 1 – Q, where Q is the fraction of native contacts involving the residue in question. The color of each 
circle quantifies the contact order, which refers to the probability that a residue is in contact with any other residue. 
For each residue, nearest and second nearest neighbour contacts are excluded from the calculation of the contact order. 
The WT barnase sequence is color-coded across the top: positively charged residues are blue, negatively charged 
residues are red, aromatics are black, glycine is purple, strongly interacting residues (V, M, I, L, Q, N, H) are green, 
and weakly interacting residues are orange (A, P, S, T, C) (Ruff et al., 2015). Residues with mean contact order > 0.05 
and 1-Q > 0.5 over the seven different variants are indicated by black dashed lines and labelled at the top of the figure. 
(B) Representative confocal micrograph images of Neuro2a cells transfected with the sticker barnase-optoDroplet 
variant constructs. (C) Comparison of the csat values of each sticker barnase-optoDroplet variant construct with the csat 
of the 8xA construct, in arbitrary units. Bars with arrows indicate that a csat value could not be extracted for these 
constructs and must be at least above the value of the bar. (D) Comparison of the intrinsic phase separation of barnase 
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as fusions to fluorescent proteins mTFP1 and Venus, using the A50 analysis, to csat values of barnase in the optoDroplet 
format (R2 = 0.95 for linear regression). Error bars indicate standard deviations. Also, see Figure S3.   

 
We tested the importance of the hydrophobic-aromatic residues as stickers. To avoid 

confounding factors arising from the folded state, we introduced mutations in the 8´A variant – a 
variant that is completely unfolded but still drives phase separation (Figure 4C, E). Three 
categories of mutations were examined. First was the replacement of aromatic residues with Ser, 
which was predicted to reduce the number of stickers. Second was the replacement of Phe with 
Tyr, which was predicted to increase the sticker strength (Bremer et al., 2021). Third was the 
replacement of polar residues with Tyr, which was predicted to increase the number of stickers 
(Bremer et al., 2021; Martin et al., 2020). The effects of these mutations were assessed using the 
optoDroplet assay (Figures 5B, 5C and S3). These measurements showed that decreasing the 
number of stickers with Ser mutations weakened the driving forces for droplet formation, whereas 
polar to Tyr mutations enhanced the driving forces for phase separation. Substituting one or more 
Phe residues with Tyr had minimal impact on csat. This suggested that Phe and Tyr have equivalent 
efficacy as stickers when phase separation is driven by interactions among unfolded barnase 
molecules.  
Interactions that drive phase separation of unfolded states have an equivalent impact on 
deposit formation  

We next asked how our optoDroplet measurements related to the formation of protein 
deposits in cells. To do this we examined deposit formation using a FRET assay involving the 
barnase constructs fused to mTFP1 and Venus, where acceptor (Venus) fluorescence provides a 
readout on the local assembly of barnase molecules (Wood et al., 2018).   Specifically, we derived 
estimates of the concentration of barnase in cells at which 50% of the cells contain deposits (A50 
value). The lower this concentration, the stronger the driving force for deposit formation. We found 
a strong positive correlation between the A50 and csat values (R2 = 0.95 for linear regression) 
(Figure 5D). These measurements, made for five variants, suggest that the driving forces for 
droplet and deposit formation are equivalent. Furthermore, two variants that did not form deposits 
also did not form droplets.  

Molecular chaperones suppress phase separation of unfolded barnase  
Proteostasis involves components of the cellular machinery such as chaperones that bind 

to unfolded and / or partially unfolded states of proteins and mediate their processing for folding 
or delivery to other cellular machinery (Hartl, 2016). Here, we sought to explore how chaperones 
influence phase separation driven by interactions among unfolded barnase molecules.  

Upon phase separation, unfolded proteins exist either in the dilute phase or in the dense 
phase, defined by protein deposits. Components of the chaperone system can bind to unfolded 
barnase either in the dense (Figure S4) or dilute phase (Wood et al., 2018). If binding to unfolded 
proteins in the dilute phase is stronger than in the dense phase, then csat in the presence of the 
chaperone, designated as , will be greater than csat in the absence of the chaperone. 
Conversely, if binding to unfolded proteins in the dilute phase is weaker than in the dense phase, 
then  will be lower than csat in the absence of the chaperone. This type of preferential 
binding, which would be true of chaperones that function independently of ATP hydrolysis, is 
referred to as polyphasic linkage (Ruff et al., 2021b; Wyman and Gill, 1980).  

csat
chaperone

csat
chaperone
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Upon binding of unfolded proteins by chaperones there should be three states of barnase 
in the dilute phase. These are folded barnase, unfolded barnase, and unfolded barnase bound to 
chaperones (Figure 6A). Previous studies showed that members of the Hsp70 and Hsp40 families 
can bind to barnase in the dilute phase and suppress deposit formation of unfolded proteins (Wood 
et al., 2018). Accordingly, we propose that while the total concentration of unfolded proteins (free 
+ bound) is higher in the presence of chaperones, the fraction of molecules capable of phase 
separation is lowered (Figure 6A). 

To investigate how chaperones modulate the phase behavior of unfolded proteins, we co-
expressed the optoDroplet construct containing the L14A barnase variant with the Hsp70 protein 
HSPA1A and / or its cofactor, the Hsp40 protein DNAJB1. The canonical model is that Hsp40 
binds substrates, and then forms a ternary complex with Hsp70 in the ATP-bound state (Alderson 
et al., 2016; Jiang et al., 2019) (Figure 6B). ATP hydrolysis correlates with release of Hsp40 and 
the formation of a high affinity complex between substrate and Hsp70. Because the ternary 
complex is needed for Hsp70 to stimulate ATP hydrolysis and form a high affinity complex with 
unfolded proteins, overexpression of Hsp70 alone should result in fewer unfolded proteins being 
bound by chaperones when compared to Hsp40 alone or Hsp70 overexpressed with Hsp40. This 
expectation is consistent with the effect of chaperones on the phase behavior of L14A barnase. We 
found that overexpressing chaperones suppressed droplet formation of L14A barnase (Figure 6C). 
Overexpression of Hsp70 alone had the smallest effect on suppression of droplet formation, 
whereas droplets were not observed when Hsp40 was overexpressed, or when Hsp70 was jointly 
overexpressed with Hsp40. Additionally, we found that suppression of droplet formation was more 
pronounced in the cytoplasm than in the nucleus. This finding is consistent with overexpressed 
Hsp70 and Hsp40 accumulating predominantly in the cytoplasm, as confirmed by immunostaining 
(Figure 6D). 
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Figure 6. Molecular chaperones suppress phase separation of unfolded barnase. (A) In the absence of chaperones, 
the dilute phase consists of two dominant states, folded and unfolded barnase. There exists a phase equilibrium when 
the total concentration of barnase, ctot, is greater than csat and thus phase separation occurs. In the presence of 
chaperones, barnase in the dilute phase consists of three dominant states: folded, unfolded free, and unfolded bound 
to chaperones. At the same total concentration of barnase as in the absence of chaperones, barnase cannot phase 
separate because ctot is less than the saturation concentration needed in the presence of chaperones, . This 
results from the fact that chaperone binding reduces the concentration of free unfolded barnase. (B) Basic model for 
chaperone function. Hsp40 binds the unfolded molecule and forms a ternary complex with Hsp70 in the ATP-bound 
state. ATP hydrolysis leads to the release of Hsp40 and the formation of a high affinity complex between Hsp70 and 
the unfolded substrates. (C) csat for the barnase-optoDroplet variant construct in the absence or presence of 
overexpressed chaperones. Bars with arrows indicate a csat value could not be extracted for these systems and must be 
at least above the value of the bar. Error bars denote the standard deviation from 50 bootstrapped trials. (D)  Confocal 
images of Neuro2a cells transfected with V5-tagged DNAJB1 (Hsp40) or HSPA1A (Hsp70). Cells were stained by 
immunofluorescence for the V5-tag (Cy5) and the nucleus was stained with Hoechst 33342. Graphs show quantitation 
of immunofluorescence. Data shown as paired samples from individual cells. Paired t-test results shown; * p<0.05. 
See also Figure S4.   

Discussion 
In this work, we show that interactions among unfolded states of intrinsically foldable 

proteins drive intracellular phase separation leading to the formation of de novo deposits. 
Kaganovich et al., previously proposed a model for two types of cellular deposits they named the 
insoluble protein deposit (IPOD) and juxtanuclear quality control compartment (JUNQ) 
(Kaganovich et al., 2008). Following this nomenclature, we refer to the deposits that we observe 
as Unfolded Protein Deposits or UPODs. Interestingly, polyglutamine containing proteins were 
shown to form IPOD structures (Kaganovich et al., 2008), whereas other misfolded proteins, such 
as SOD1 destabilizing variants, formed JUNQs (Polling et al., 2014). Reversibly misfolded 
proteins were proposed to be delivered to the JUNQ compartment for refolding, whereas 
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terminally misfolded proteins go into the IPOD compartment for sequestration. Compositional 
profiling and details of the engagement of unfolded proteins with various components of the 
proteostasis machinery will be required to understand if UPODs are the same as or distinct from 
JUNQ compartments.  

The formation of UPODs is influenced by two sequence features. Phase separation is 
thermodynamically favored if the protein (i) has a large enough concentration of unfolded proteins 
and (ii) has the requisite valence (number) and strength of stickers (Figure 7A). The concentration 
of unfolded proteins is dictated by the free energy of unfolding, ∆G˚U, whereas the sticker valence 
and strength are dictated by the composition, accessibility, and sequence contexts of hydrophobic 
motifs in the unfolded state. Both features jointly control the threshold concentration, c* for phase 
separation.   

We found that hydrophobic-aliphatic and hydrophobic-aromatic residues act as stickers to 
drive UPOD formation (Figure 7B). Interestingly, hydrophobic-aromatic residues in intrinsically 
disordered domains also drive the formation of distinct biomolecular condensates (Frey et al., 
2006; Martin et al., 2020). However, unlike their intrinsically disordered counterparts that often 
lack hydrophobic-aliphatic residues, intrinsically foldable proteins can engage in aliphatic-
aliphatic and aliphatic-aromatic interactions within and between their unfolded states. The 
prevalence of these additional interactions might explain why Tyr and Phe act as stickers of 
equivalent strength in intrinsically foldable proteins but not in intrinsically disordered prion-like 
low complexity domains (Bremer et al., 2021). The computational approach we developed to 
identify stickers (Figure 5A) is, in principle, deployable in conjunction with advances in machine 
learning (Russ et al., 2020) across the unfolded proteome to make quantitative predictions and 
identify residues that act as stickers to drive the formation of UPODs. 

We showed that the driving forces for forming UPODs can be modulated by molecular 
chaperones. Specifically, we find that preferential binding of chaperones to unfolded proteins in 
the dilute phase leads to a destabilization of UPODs (Figure 7C). Our findings suggest that the 
modulation of phase separation by preferential binding of chaperones to the dilute phase represents 
a thermodynamic route, known as polyphasic linkage (Ruff et al., 2021a, b; Wyman and Gill, 
1980), to the regulation of the concentrations of free unfolded proteins. It is worth noting that while 
the action of Hsp70 is likely to involve a combination of preferential binding and ATP hydrolysis, 
Hsp40 functions purely through preferential binding. Interestingly, overexpression of Hsp40 has a 
stronger effect than Hsp70 alone, and the combination of the two has the strongest destabilizing 
effect on phase separation.  

Overall, our work shows how the triad of folding, binding, and phase equilibria might be 
relevant for processing of unfolded proteins in cells (Figure 7D). In disease contexts, mutations 
to the protein of interest and / or perturbations to extrinsic factors can shift the equilibria away 
from the folded state, thus promoting formation of UPODs. The persistent presence of UPODs in 
disease might point to the proteostasis machinery being overwhelmed. Additionally, there is likely 
a synergy between protein refolding and dissolution of UPODs (Nillegoda et al., 2015). If true, 
then the material properties of UPODs might influence the overall yield of refolded species vs. the 
generation of inclusions and amorphous aggregates (Wentink et al., 2020; Yoo et al., 2021). These 
and related topics are the foci for ongoing investigations. 
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Figure 7. Schematic of features that drive and modulate phase separation of unfolded proteins. (A) The 
relationship between stability and sticker valence for the propensity to phase separate. Green beads correspond to 
stickers that drive phase separation. Mutations to stickers that destabilize the folded state are denoted as red beads. 
The left set of arrows corresponds to the folding equilibrium and the right set corresponds to the phase equilibrium. 
The latter is only relevant when the concentration of unfolded protein, cU, is greater than c*. Dashed arrows indicate 
the phase equilibrium is unlikely because cU is unlikely to be greater than c*. Phase separation is suppressed when the 
fraction of the folded state approaches one and when too many stickers are lost such that the protein is no longer sticky 
for itself. (B) The stickers in unfolded proteins appear to be hydrophobic residues. (C) Introducing a binding 
equilibrium with preferential binding to unfolded proteins in the dilute phase can suppress phase separation by 
proportioning molecules into a less competent phase separation driving state. (D) Schematic of the triad of foldedness, 
phase separation, and engagement with quality control machinery equilibria for WT and a destabilizing variant. Here, 
dashed boxes denote which states are most favorable due to the interplay of the triad. The purple oval denotes 
chaperone binding. 
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STAR Methods 

Cell culture and imaging  
Mouse Neuro2a and human HEK293T cells were used in this study. Neuro2a and 

HEK293T cells were maintained in opti-MEM and Dulbecco’s Modified Eagle Medium (DMEM) 
respectively, supplemented with 10% v/v foetal bovine serum and 2 mM L-glutamine (Thermo 
Fisher Scientific) in a humidified incubator at 37 °C and 5% v/v atmospheric CO2. For all imaging 
experiments, cells were plated at 3x104 cells per well in 8-well µ-slides (Ibidi) and transfected 
using Lipofectamine 3000 (Thermo Fisher Scientific) as per the manufacturer’s protocol. In the 
case of HEK293T cells, plates were pre-coated with poly-L-lysine to aid adhesion. Imaging was 
conducted on a Leica TCS SP5 Confocal microscope using a HCX APO CS 63 × 1.40 Oil objective 
lens. 

For optoDroplet experiments, cells were stained 24 h post-transfection, with Hoechst 
33342 at 20 µM for 20 min at 37 °C, washed and imaged in Hank’s Balanced Salt Solution (HBSS). 
mCherry fluorescence was imaged (561 nm excitation, 600-650 nm emission) prior to optoDroplet 
activation, followed by photoactivation with the 488 nm laser for 60 s at a laser intensity of 30%. 
mCherry and Hoechst fluorescence (excitation 405 nm, emission 420-540 nm) were then imaged 
immediately after activation. Droplet disassembly was observed post-activation by time-lapse 
imaging of mCherry fluorescence every 60 s for 15 min.  

For chaperone optoDroplet experiments, Neuro2A cells coexpressed either opto-barnase 
with HSPA1 and DNAJB1, opto-barnase with HSPA1 or DNAJB1 and emerald (Y66L) or opto-
barnase with emerald (Y66L). The cells expressing three constructs were transfected at a 
concentration ratio of 1:1:1 and cells expressing the opto-barnase with emerald (Y66L) were 
transfected at a 1:2 ratio. Emerald (Y66L) was used as an inert control protein to ensure the same 
amount of opto-barnase DNA was being added to the cells while maintaining the recommended 
DNA amount for lipofectamine transfection. Imaging was carried out as described above for 
optoDroplet experiments.  

For immunofluorescence, cells were fixed 24 h post-transfection in 4% w/v 
paraformaldehyde for 15 min at room temperature. Cells were then permeabilized with 0.5% v/v 
Triton X-100 in phosphate buffered saline (PBS) for 20 mins at room temperature. Samples were 
blocked in 5% w/v bovine serum albumin in PBS for 1 hour at room temperature followed by 
staining with anti-V5 antibody (1:250 dilution, Abcam cat# ab27671) diluted in PBS containing 
1% w/v bovine serum albumin and 0.3% v/v Triton X-100 overnight at 4°C. Samples were then 
incubated in goat anti-mouse Cyanine5 (1:500) (Life technologies cat# A10524) diluted in PBS 
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for 30 mins at room temperature. Finally, cell nuclei were stained with Hoechst 33342 at 20 µM 
for 20 min at 37 °C. Cyanine5 fluorescence was imaged using 633 nm excitation and 695-765 nm 
emission and Hoechst using 405 nm excitation and 410-450 nm emission. 
 

Constructs 
The sequence for the DDX4-mCherry-Cry2 optoDroplet construct, which was based on the 

work of Shin et al. (Shin et al., 2017), was synthesised (Thermo Fisher Scientific) and cloned into 
the pTriEx4 expression vector by restriction cloning using BamHI and XhoI restriction enzymes. 
Barnase optoDroplet constructs were generated by PCR amplification, restriction digestion using 
BamHI and SacI restriction enzymes, and ligation to replace the DDX4 with barnase variants. 
Barnase sticker variants were synthesised (Genscript) in the pTriEx4 optoDroplet expression 
vector.  Additional barnase variants were synthesized as cassettes (GenScript) and cloned into the 
pTriEx4 optoDroplet expression vector using BamHI and SacI restriction enzymes. Barnase and 
SOD1 were cloned into the pTriEx4 FRET vectors using the FastCloning strategy (Li et al., 2011) 
where the inserts and vector were PCR amplified with overlapping primers, template plasmids 
were digested with the methylation-sensitive restriction enzyme DpnI, and the product was directly 
transformed in chemically competent DH5a cells. Hsp40 and Hsp70 constructs were prepared as 
described previously (Ormsby et al., 2013). V5-tagged chaperone proteins were overexpressed 
from pcDNA5/FRT/TO V5 DNAJB1 and pcDNA5/FRT/TO V5 HSPA1A provided as gifts from 
Harm Kampinga (Hageman and Kampinga, 2009) via Addgene, Watertown, Massachusetts. All 
sequences were verified by sequencing. Httex1-72Q fused to mCherry in the pGW1 vector were 
prepared as previously described (Arrasate et al., 2004) and kindly provided by Steven Finkbeiner. 
 
Image Analysis 

Representative confocal micrographs including cell outlines were manually produced 
using FiJi (Schindelin et al., 2012). The brightness and contrast of individual images were adjusted 
to maximise the visible range of fluorescence intensity across constructs with different ranges of 
expression. Additional quantitative analyses on unmodified images were carried out using custom 
scripts written in the python programming language. In essence, cells and nuclei were first 
automatically segmented using the Cellpose package (Stringer et al., 2021), and segmentation was 
manually inspected for quality control using Napari (Tyson et al., 2021). Cells on the image 
boundary, those that did not contain a nucleus, or those that were associated with more than one 
nucleus, were removed from subsequent analyses. Pixel coordinates were then extracted for the 
individual whole-cell and nuclei segmentation masks, and the nuclei coordinates excluded from 
whole-cell coordinates to yield cytoplasmic pixels. For immunofluorescence experiments, 
compartment fluorescence was calculated as the mean intensity of pixels in the nucleus or 
cytoplasm respectively. Otherwise, pixel intensities for individual cells were saved as csv files for 
further analysis as indicated below. 
Urea denaturation and stability measurements  

For unfolding curve measurements, HEK293T cells were plated in poly-L-lysine-coated 
12-well plates at a density of 1.3 × 105 cells per well and transfected with lipofectamine 3000 as 
per manufacturer’s protocol. 24 h post-transfection, HEK293T cells were harvested and lysed in 
native lysis buffer. Stabilities of SOD1barrel variants were measured as described previously (Wood 
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et al., 2018). Fluorescence measurements were read 24 h after incubation at room temperature to 
equilibrate samples. 

Flow cytometry 
HEK293T cells were plated on a poly-L-lysine-coated 24-well plate (Falcon) at a density 

of 7.5 × 104 cells per well and transfected with lipofectamine 3000 as per manufacturer’s protocol. 
Following 48 h after transfection, HEK293T cells were washed once with PBS and detached by 
gentle pipetting and transferred into a U-bottom microplate. Flow cytometry was performed as 
described previously (Wood et al., 2018). Flow cytometry data were processed with FlowJo (Tree 
Star Inc.) to exclude un-transfected cells and cell debris and compensate the Venus channel to 
remove bleed-through from the mTFP1 and FRET channels. The mTFP1, Venus and FRET data 
were exported as csv files for further analysis (Wood et al., 2018). 
Extraction of SOD1 csat values 
 To determine csat values for WT and variant SOD1barrel constructs the log10 fluorescence 
area (A) and width (W) parameters were extracted from flow cytometry data. The area parameter 
can be used as an approximation for expression level, whereas the width parameter can be used as 
an approximation for the presence / absence of phase separation. Specifically, the transition to 
smaller widths as the area increases suggests that deposits have formed. To determine the 
expression level, A, at which phase separation occurred, cells were binned by A. The W parameters 
of all cells that fall into a given area bin were converted into a histogram and fit to a Gaussian 
distribution. For each area bin the centroid of the Gaussian was collected. To identify where the 
centroid stops increasing with increasing A, the slope of every four centroid values is calculated. 
The area bin value that is two bins higher than the first occurrence of the slope less than -0.01 was 
taken to be the csat. 
Extraction of csat values for optoDroplet formation of barnase 

From the imaging analysis results of the confocal fluorescence micrographs, the pixel 
intensities of all cells were converted to natural log space. Cells in which greater than 25% of the 
pixels have the max intensity were then removed. For the remaining cells, pixel intensity 
histograms were generated using the data obtained prior to activation to identify the dominant 
peak. Since cells should have approximately uniform intensity before activation, the histograms 
were fit to a Gaussian distribution to filter out pixels whose intensities were not numerically similar 
to the mean intensity. Specifically, the Gaussian fit was used to identify the maximum frequency 
of the histogram and the mean intensity. The width of the distribution was then determined by 
finding the first instances of 20% of the maximum frequency on either side of the mean intensity. 
All pixels that did not fall within the intensity bins bound by this filter histogram were removed, 
as well as all pixels that were already at the maximum intensity before activation. This filtering 
process accounts for the idea that before activation cells should have relatively uniform intensities. 
The positions of the filtered pixels were then used to extract the relevant pixels from the data 
obtained after activation. Raw intensity histograms of the before and after activation data were 
then created using the filtered pixels. We further removed cells in which histograms had data in 
less than or equal to five bins and had fewer than 100-pixel positions. These filters make sure that 
there is enough data for a Gaussian fit of the histograms to be reasonable. Then, the before 
activation histogram was fit to a single Gaussian and the mean intensity before activation (Idil,before) 
was collected. This mean intensity should be proportional to the total concentration of barnase. 
The after-activation histogram was then fit to a model that is a mixture of two Gaussians. The 
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premise is that if phase separation occurs there should be low intensity and high intensity peak, 
where the mean of the low intensity peak (Idil,after) is proportional to the concentration of barnase 
in the dilute phase and the mean of the high intensity peak (Iden,after) is proportional to the 
concentration of barnase in the dense phase. We restrict the fit such that the Idil,after ≤ Idil,before, since 
the concentration of barnase in the dilute phase should not be greater than the total barnase 
concentration. Any cells in which Idil,after or Idil,before were less than zero or the R2 value for the after-
activation fit was less than 0.85 were removed. For the remaining cells, Idil,after was then collected. 

Next, if there is no phase separation Idil,before and Idil,after should follow a one-to-one 
correspondence, i.e., Idil,before » Idil,after. It follows that the csat for phase separation should correspond 
to the intensity at which this one-to-one correspondence no longer holds. To extract the csat, we 
first removed outliers in the Idil,before versus Idil,after plots using three steps. Before any step was 
performed two threshold values were set. The value x1to1 = 1000 corresponds to Idil,before - Idil,after 
threshold for a cell to still be considered within the one-to-one regime. Then, for all cells outside 
of this regime, m=0.9*mean(Idil,before - Idil,after) was calculated. Here, m is used to distinguish 
between cells slightly outside the one-to-one regime or largely outside this regime. The first step 
to remove outliers consisted of removing cells that fell off the diagonal even though other cells in 
this intensity regime showed one-to-one behaviour. Next additional outliers were removed using 
Cook’s distance (Cook, 1977). Specifically, any cells that corresponded to Idil,before - Idil,after < m 
were fit using a linear regression model and any cells that were 5*mean(Cook’s distance for all 
points) were filtered out. Finally, cells well outside the one-to-one regime (Idil,before - Idil,after ³ m) 
were fit using a linear regression model and any cells that were 5*mean(Cook’s distance for all 
points) were filtered out.  

Once outliers were removed, each barnase variant was checked for whether they had at 
least three off diagonal cells (Idil,before - Idil,after ³ m) so a fit for csat could be performed. Barnase 
variants that did not satisfy this cut-off were taken as not undergoing phase separation. For the 
remaining barnase variants, 50 bootstrapping trials were performed with the sample number 
corresponding to 0.9 times the number of cells corresponding to Idil,before - Idil,after ³ m. Then these 
cells and the cells corresponding to the one-to-one regime were systematically split into two data 
sets to extract the optimal fit of csat. Specifically, all cells corresponding to Idil,before ³ splitVal where 
fit using a linear regression that crossed the one-to-one line at splitVal. The splitVal that minimized 
both the sum of squares due to error and 1-R2 was taken to be the csat for phase separation.   

Fitting of csat versus ∆G˚U 
The fraction of unfolded proteins for a given ∆G of unfolding is given by: 

𝑝! =
𝑒"∆$˚! &'⁄

1 + 𝑒"∆$˚! &'⁄  
where ∆G˚U is the standard state free energy of unfolding, R is the gas constant (8.131 J/mol*K) 
and T is the temperature (293 K). However, even variants with ∆G˚U = 13000 J/mol, which equates 
to >99% folded molecules, undergo phase separation. This suggests barnase variants may be more 
unstable in cells than their calculated in vitro DG˚U values imply. Thus, we define the fraction of 
unfolded proteins for the shifted ∆G˚U as follows: 

𝑝! =
𝑒"(∆$˚!*∆$˚") &'⁄

1 + 𝑒"(∆$˚!*∆$˚") &'⁄ . 
We then fit the extracted csat values assuming phase separation occurs at a critical unfolded 
concentration, c* using c* = csat´pU. 
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Blob diagrams 

To identify hydrophobic and hydrophilic blobs in the barnase sequences we utilized the 
method of Lohia et al. (Lohia et al., 2019). Briefly, the average scaled Kyte-Doolittle 
hydrophobicity score (0 to 1) was calculated over three residue windows. Four or more contiguous 
windows with a score > 0.37 is considered a hydrophobic blob, whereas four or more contiguous 
windows with a score of £ 0.37 is considered a hydrophilic blob. We define the change in blobs 
from wild type as the sum of the magnitude of the decrease in size of hydrophobic blobs and the 
increase in size of hydrophilic blobs.  

c* confidence interval 
To determine the confidence interval for c* a picking weight for each barnase variant 

sequence was determined by (10-(|decrease in size of hydrophobic blobs| + increase in size of 
hydrophilic blobs))/10, to ensure that sequences that had limited change in blobs were picked more 
often. Then 1000 bootstrapping trials were performed selecting 10 sequences each time based on 
these weights. Each trial was fit as described above to extract ∆G˚S and c*. Then, the mean and 
standard deviations of these values were calculated. The interval corresponds to plotting csat = c*/ 
pU with {mean(c*)+std(c*), mean(∆G˚S)-std(∆G˚S)} and {mean(c*)-std(c*), 
mean(∆G˚S)+std(∆G˚S)}. 

Computational mutagenesis study predicting DG˚U 
To assess the effect of mutations on the stability of barnase, the X-ray structure of barnase 

(PDB ID: 1A2P, resolution of 1.5 Å) was obtained from Protein Data Bank. We further processed 
the 3D structure by removing redundant chains, ions, water molecules and alternative 
conformations of residues 28, 31, 38, 85 and 96. The stability changes upon mutations, measured 
as the change in Gibbs Free Energy (∆∆G in kcal/mol), were predicted using “Calculate Mutation 
Energy (Stability)” in Discovery Studio 2018 (https://www.3ds.com/products-
services/biovia/products/molecular-modeling-simulation/biovia-discovery-studio/) with 
preliminary minimization of wild-type structure. The results of single and double mutations were 
used to build a transformation model to adjust the predicted ∆∆G of high multiple mutations (up 
to 8 mutations per case). 

Atomistic simulations 
For each barnase variant simulated, SWISS-MODEL was used to create a starting PDB 

structure using homology modelling (PDB ID: 1BGS or 1BSE) (Guex et al., 2009; Waterhouse et 
al., 2018). Atomistic simulations were performed using the ABSINTH implicit solvation model 
and forcefield paradigm (Vitalis and Pappu, 2009) and the CAMPARI simulation engine. 
Simulations were performed using a parameter set based on abs3.2_opls.prm. Each simulation was 
performed in a spherical droplet of radius 150 Å. Additionally, counterions and an excess of 5 mM 
NaCl were modelled explicitly. Starting from the PDB structures a single simulation step was 
performed at 20 K to add any missing atoms from the PDB file and make sure bond lengths were 
consistent with the ABSINTH model. Then the end PDB structures from this step were further 
equilibrated by running 20,000 steps at 100 K. The end PDB structures from this step were then 
used as the input structures for full simulations ran at 335 K. Each Metropolis Monte Carlo 
simulation comprised of 1 ´ 107 equilibration steps and 5.15 ´ 107 production steps. For each 
barnase variant, we performed five independent simulations.  
Identifying stickers from atomistic simulations of unfolded states 
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For each atomistic simulation, only frames in which the root-mean-squared deviation from 
the starting PDB structure was greater than or equal to 10 were considered. These frames should 
represent conformations that are at least partially unfolded. For these frames, the contact order as 
well as the probability of native contacts per residue, Q, were calculated using the SOURSOP 
analysis package (https://soursop.readthedocs.io/en/latest/). Here, contact order refers to the 
probability a residue is in contact with another residue, excluding the nearest and second nearest 
neighbour contacts. For Q the cut-off for maintaining a native contact was 4.5 Å, whereas for the 
contact order the cut-off for a contact was 5 Å.  Residues that have high non-native contact 
probabilities (1–Q) and high contact order are likely to be stickers. Thus, we identified residues 
with 1–Q > 0.5 and contact order > 0.05 as potential stickers.  
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