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ABSTRACT: Stress granules (SGs) are among the most studied membraneless = X
organelles that form upon heat stress (HS) to sequester unfolded, misfolded, or

aggregated protein, supporting protein quality control (PQC) clearance. The : Heat ( .
folding states that are primarily associated with SGs, as well as the function of the )\ stress 1 oy a:f\ &

phase separated environment in adjusting the energy landscapes, remain - %? <oz

unknown. Here, we investigate the association of superoxide dismutase 1 CA\ R ‘ﬁ\()

(SOD1) proteins with different folding stabilities and aggregation propensities (:v\ N)) N 1
with condensates in cells, in vitro and by simulation. We find that irrespective of Native = Unfolded

aggregation the folding stability determines the association of SOD1 with SGs in

cells. In vitro and in silico experiments however suggest that the increased

flexibility of the unfolded state constitutes only a minor driving force to associate with the dynamic biomolecular network of the
condensate. Specific protein—protein interactions in the cytoplasm in comparison to SGs determine the partitioning of folding states

between the respective phases during HS.

B INTRODUCTION

The intracellular liquid—liquid phase separation (LLPS) of
proteins and RNA leading to the formation of membraneless
organelles (MLOs) is now established as a fundamental
process in cell biology, exhibiting functions in cellular
signaling,l’2 transcriptional3 and translational regulation,
enzymatic activity,” and stress response.6’7 In fact, MLOs
formed during stress conditions are part of a more complex
orchestrated cellular feedback that also encompasses the
formation of reversible protein aggregates and filaments, all
serving to increase fitness and survival.”®’  Stress granules
(SGs) are one of such type of cytoprotective assemblies,
formed in response to heat stress (HS), that among under
functions are known to recruit and transiently store misfolded
protems610 B

HS leads to local or global unfolding of proteins, resulting in
the exposure of hydrophobic segments that were otherwise
buried in native conditions."* The protein quality control
(PQC) machinery (chaperones, ubiquitin-proteasome, or
autophagy), engages with such unfolded/misfolded states,
refolding, shielding, or degrading them, thus precluding toxic
aggregation.'”">~"” These actions are usually rationalized with
partition models, where clients can directly bind to PQC as
monomers, oligomers, or aggregates, with all these states being
further sequestered by SGs and thus optimizing client
clearance > 1772 Nevertheless, mutations or failure in the
PQC promoted by cellular stress or aging leads to deleterious
changes in the material properties of the SG components,
triggering pathological phase transitions."***~**

© 2021 The Authors. Published by
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The formation of SGs involves homotypic as well as
heterotypic multivalent interactions among proteins with
folded and intrinsically disordered regions (IDPRs) and
RNA.” Simplistic approaches developed to reconstitute in
vitro SGs have shown that homotypic interactions within their
single components such as Fused in Sarcoma (FUS),*>*¢
ribonucleoprotein Al (hnRNPA1),”” Ras GTPase-activating
protein-binding protein (G3BP),”® or RNA binding protein
TDP-43> are sufficient to induce LLPS. While lower
multivalence and structural rigidity of globular proteins are
thought to inherently reduce the propensity for LLPS,* their
unfolded forms were recently shown to drive aggregation-
mediated phase separation via homotypic interactions.’'
Nevertheless, it remains unknown if unfolded states constitute
an omnipotent driving force when considering heterotypic
interactions in functional condensates®”** such as SGs. This is
important as homotypic-driven aberrant phase transitions are
bypassed inside MLOs by “heterotypic buftering”, which refers
to the ability of heterotypic interactions to suppress the excess
of homotypic interactions within the condensates.”* Consid-
ering the intrinsic stickiness of unfolded states and their well-
known tendency to form (toxic) aggregates, S it is crucial to
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Figure 1. SOD1,,, as a sensor to measure protein unfolding and SG association in-cell and in vitro. (A) SOD1g (Protein Data Bank (PDB) ID:
IHLS) and SOD1,,, (PDB ID: 4BCZ), with mutations A4V, I35A, G41D, G8SR, and G93V highlighted. Images were assembled using UCSF
Chimera.”> (B) Schematic representation of the FRel technique with two cameras (CCD1 and CCD2). DM and BS represent dichroic mirror and
beam splitter, respectively. (C) Exemplary images of HeLa""™" cells showing different partitioning of the SOD1,,,-AcGFP1 mutants G93V and
A4V. Enrichment of SOD1,,-AcGFP1 was defined by a local apparent partition coefficient (PC) > 1, determined as the ratio of the mean
fluorescence intensity inside the SG (region 1) and the mean fluorescence intensity at 0.6 ym (region 2) from the SG (right zoom-in). (D) PC of
SOD1,,, after 120 min at 43 °C (N = 437 to 523 SGs). PCs of mutants A4V, G93V, G41D, and G8SR are significantly higher than Wt. (E) PCs as
a function of AG{’ at 37 °C. The values are significantly different between each of the three defined clusters: Wt and I35A (light gray), G93V,
G41D, and G8SR (light brown) and A4V (light red). (F) PCs of SOD1,,-Wt and SOD1g;-Wt and the respective A4V mutants. No statistical
significance is found between the PCs of SOD1,,, and SOD1y, for both Wt and A4V. (G) Correlation between SOD1,,, PCs and the scaled sum
[norm. Afy**°C + norm. Hphob]. We normalized Afi;¥’~*C values for the different constructs (1 represents the highest Afy*~*"C, while 0
represents the lowest one). Similarly, Hphob was normalized from 1 (highest) to the 0 (lowest) within the different SOD1,,, sequences. Finally, we
sum up the normalized values, [norm. AfU37_43°C + norm. Hphob] and scaled between 0 and 1 (lowest to highest). (H) Correlation between
mobile fractions (MFs) inside SGs and PCs. The statistical analyses reported in panels D—F were carried out using one-way ANOVA, followed by a
post hoc Tukey test for multiple comparisons, computed with a confidence interval of 95%. The values in panels E, G, and H are presented as mean
+ SEM.

investigate how these states engage in the condensate network In this study, we investigate the function of LLPS as a
and how they modify homotypic/heterotypic contacts cytoprotective mechanism, sequestering unfolded, misfolded,
preserving functional as opposed to pathological phase or aggregated protein under cellular stress condition.
transitions. Considering the in-cell folding and aggregation landscape of
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superoxide dismutase 1 (SOD1),>°~* involved in the disease

progression of amyotrophic lateral sclerosis (ALS),*" we
identify the folding states that are sequestered by SGs. In
this context, we test the hypothesis if the protein unfolding
process constitutes an omnipotent driving force for the
association with condensates.

B RESULTS AND DISCUSSION

The Load of Unfolded Protein and Its Effect on
Condensate Association under HS in Hela Cells and In
Vitro. ALS-related full-length (SOD1g;) mutants were
previously shown to accumulate and aggregate inside
SGs;'¥*"** however, the folding states that associate with
these condensates remain unknown. To investigate the role of
unfolded SOD1 in SG association independently of
aggregation, we study SODIy, in reference to SODIy.
SOD1,,, is a monomeric f-barrel protein, where loops IV
and VII from SOD1g; were swapped by Gly-Ala-Gly linkers,
leading to breakage of the dimer interface, catalytic inactivation
and higher thermodynamic stability”> (Figure 1A). Impor-
tantly, removal of Zn** and Cu®* coordination sites as well as
replacement of Cys-6 and Cys-111,146 by Ala and Ser
diminishes the metal-loss-induced misfolding™* and the in-
cell aggregation propensities at both physiological’® and HS
conditions (Figure S1). On the basis of our prior knowledge of
the in-cell modified standard state folding free energies at 37
°C (AG?),”” we examined the SG association of a set of
specifically destabilized SOD1,,, mutants (G8SR, A4V, G41D,
G93V, and I35A) (Figure 1A). The choice of mutants with
distinct AG¢’, combined with fast and reversible 2-state folding
and lack of aggregation (except A4V, Figure $2),%” allowed us
to vary the amount of unfolded protein upon HS in the
respective experiments. Stability measurements to determine
T, and AGf’ under different conditions were conducted by
Fast Relaxation Imaging (FRel)** (Figure 1B and $3);
aggregation and SG association were monitored by temper-
ature-controlled confocal laser scanning techniques (see the
Supporting Information, “Materials and Methods” section).

Sequestration of SOD1 in SGs under HS Conditions.
We first investigated if partitioning of SODI1,,, into SGs
depends on the in-cell AG’. HeLa"™"S™" cells coexpressing
AcGFP1-SOD1,,-Wt and mutants were exposed to HS at 43
°C for 120 min following a previously established protocol.'®
We quantified the partitioning of SOD1y,, by determining the
local apparent partition coefficient (PC) as the ratio between
the mean fluorescence intensity inside SGs (Fl,,,°¢) and the
mean fluorescence intensity in the immediate surroundings
(FLean”™) using confocal microscopy. Exemplary images and
corresponding PCs of SOD1,,-Wt and mutants G93V and
A4V are depicted in Figure 1C. PC values of >1 are specific
indicators of SODI1,,, accumulation inside SGs, as defined
previously by colocalization analysis carried out for SOD1y,
and FUS or G3BP1."® Importantly, PCs are concentration-
independent as long as binding-site occupancy does not reach
its: maximum.”” Indeed, plotting PCs against the different
SOD1,,, expression levels (based on the average fluorescence
intensity in the cytoplasm) for each construct shows no
dependency on the intracellular concentrations (Figure S4),
suggesting that such levels are below saturation.

We observed a significant increase in the PCs for SOD1,,,
mutants (A4V, G93V, G41D, and G85R) in comparison to the
Wt protein, while no difference was found for I35A (Figure
1D). We further plotted PC values as a function of AG{’ at 37
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°C for each construct and classified them into three clusters,
with each cluster containing PC values which are statistically
not distinguishable between them (Figure 1E). Both the most
and least stable constructs (Wt and I3SA) display no
preferential partitioning inside SGs, while constructs of
intermediate stabilities (G93V, G41D, and G85R) lead to
SOD1,,, enrichment, being distinctively high for A4V. This
mutational effect is consistent with earlier reports of the
accumulation of the corresponding SOD1g;, mutants inside
SGs,'¥*1"** suggesting that the destabilization of the S-barrel
structure may constitute the main driving force for SGs
accumulation. We further verified this conclusion by
comparing the PCs of SODI,-Wt and SODI,;,-A4V with
the more aggregation-prone SOD1g -Wt and SOD1g, -A4V.
As expected, we found no significant change between SOD1,,,
and SOD1y; PCs for both Wt and A4V (Figure 1F), while this
same construct (SOD1y-A4V) shows higher aggregation in
the cytoplasm when compared to its barrel counterpart (Figure
S1). Comparable levels of aggregation were found for all
SOD1y,, mutations (Figure S2), except A4V, suggesting that
SGs-mediated sequestration is independent of the intracellular
aggregation propensity of the protein during HS.

We next explored the idea that the extra load of unfolded
protein upon HS'* could reinforce partitioning of SODIy,,
mutants into SGs, as pre-existing unfolded proteins remain
bound to PQC'"*® and are thus unavailable to be recruited.
We determined the unfolded fractions for each construct at 37
and 43 °C from AGy’ at these same temperatures and plotted
the change, Af ;" ~*°C against the different PCs (Figure S5A).
We found no apparent correlation (Pearson r 0.74)
indicating that HS induced unfolding is not the only requisite
for SG association. We then tested if accounting for the
increase in hydrophobicity upon unfolding increases this
correlation, as previous studies suggested that recruitment of
mutant SOD1g; into SGs was mediated by hydrophobic
interactions.*' We analyzed if mutations resulting in increased
hydrophobicity could promote partitioning of HS-induced
unfolded SODI,,, in SGs. As such, we first computed the
hydrophobicity (Hphob) based on solvent accessible surface
areas (SASAs) and overall transfer free energies from water to
cyclohexane resulting from adding up the individual values
obtained for each residue in the unfolded SOD1,,, (Table S1,
see the Supporting Information, “Materials and Methods”
section). To consider the hydrophobicity change Figure SSB
upon unfolding in the Af*”** °C (no correlation of PCs was
found with the hydrophobicity alone, Figure SSB), we plotted
the scaled sum [norm. Afy¥ *"C + norm. Hphob.] (1 to 0,
highest to lowest), following the strategy proposed previ-
ously.””*° We found a significant positive correlation with the
PCs (Pearson r = 0.95, Figure 1G). We also plotted PCs as a
function of Afy*~*"C and Hphob in a 3D plot (see Figure
SSC). Both the approaches suggest that the increased amount
of unfolded protein by HS, paired with an increase in
hydrophobicity of the unfolded state, contributes to SOD1y,,
partitioning into SGs. Specifically, this effect likely relies on
interactions of hydrophobic residues accessible in unfolded
SOD1,,,. This interpretation would be in line with prior
assignments of homotypic intermolecular hydrophobic con-
tacts as determinants for LLPS of unfolded barnase® and
elastin.”"

Finally, we investigated diffusion properties of SODI,,, in
SGs to probe for a reduced mobility of the protein in
comparison to the cytoplasm, suggesting stronger interactions
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Figure 2. Association of SODIy,, with FUS droplets in vitro. (A) Schematic representation of the different FUS domains with predicted
(dis)ordered domains by Prediction of Natural Disorder Regions (PONDR) Score bioinformatics tool.>® (B) Exemplary images (mCherry
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at 43 °C.

. . 18 .
and association.”© We therefore carried out fluorescence

recovery after photo bleaching (FRAP) experiments in SGs
and in the cytosol (Figure S6A). In the SG environment, we
found lower mobile fractions for A4V and G41D mutations
when compared to the Wt and higher cytosolic mobility of
A4V in contrast to that associated with the condensates
(Figure S6B), suggestive of stronger interactions in SGs versus
the cytoplasm. Consistently, we observed a significant negative
correlation between the PCs and MFs of all SOD1,,, proteins,
with larger partitioning of mutant SOD1,,, leading to lower
mobility and thus stronger association with SGs (Figure 1H).

In summary, ALS-linked mutants of SOD1y,,, as well as their
SODI1g; counterparts associated with SGs under HS
conditions, suggesting that such partitioning is independent
of metal binding, dimerization sites, and aggregation
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propensity. The sequestration of proteins in SGs rather relies
on the in-cell folding stability suggesting that conformers
belonging to the unfolded state ensemble participate in the
homotypic and heterotypic protein—protein interactions that
compose these cytoprotective assemblies.

SOD1,,, Partitioning into FUS Droplets In Vitro under
HS Conditions. We next investigate the sequestration of
unfolded SOD1 proteins in a cell-free environment by using a
simplistic three-component system encompassing FUS con-
densates and SOD1 protein in dilute solution. The rationale is
to probe if SOD1y,, condensate association observed in the cell
can be solely attributed to protein unfolding as a driving force.
We followed a pre-established protocol to purify (see the
Supporting Information, “Materials and Methods” section,
Figure S7) and induce droplet formation of full-length FUS
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Figure 3. Effect of crowding (in vitro) on SOD1y,, association with FUS droplets at different temperatures. Exemplary images (mCherry channel)
of SOD1,,, enrichment/depletion in the presence of (A) 15% (w/v) Ficoll 70 and (C) 20% (w/v) BSA, after 60 min of incubation at 23 and 43 °C.
(B and D) PCs measured after 60 min at 23 and 43 °C in the presence of Ficoll and BSA. PCs in buffer (data from Figure 2) are shown as gray box
plots for comparison. (N = 96—304 droplets for 23 °C, N = 263—706 droplets for 43 °C). The values are significantly different among each other
[except for (B) G8SR (in buffer) vs G8SR (in Ficoll), Wt (in Ficoll) vs I35A (in Ficoll), and (D) Wt (in BSA) vs I35A (in BSA)]. Significance tests
were carried out by one-way ANOVA analysis, followed by post hoc Tukey test for multiple comparisons, computed with a confidence interval of
95%.

(Figure 2A), 8222653755 together with SOD1,,.. We studied
the association of SOD1,,, with FUS droplets before and after

the HS, using confocal microscopy, where the transmitted
signal (for the bright field image, Figure S8A) allowed the
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Table 1. Interaction Energies of 10 SOD1,,, with BSA and FUS LCD in the Two Solutions”

FUS LCD—SOD1,,.(f)

energy [kJ mol™'] -352 + 1.7

BSA—SODI,,(f)
—414 + 63

FUS LCD—SOD1,,,(u)
—-29.3 + 2.5

BSA—SOD1,, (u)
—46.8 + 1.7

“Solutions were obtained at 27 °C and considering the folded (f) and unfolded (u) SOD1,,,. Error bars were estimated via block analysis. The 100
g/L BSA concentration was used in this comparison, and the SOD1,,, unfolded state was modeled as a floppy elastic network (see the “Materials
and Methods” section in the Supporting Information). The observed trends are also maintained at a higher temperature; see Figure S13C.

detection of FUS condensates and mCherry fluorescence
emission was used to identify SOD1y,. While at 23 °C the
FUS droplets were either visually depleted or enriched in the
peripheral region with SOD1,,-Wt and mutants, at the HS
temperature (43 °C) we found a significant enhancement of
SOD1,,, accumulation for all the constructs (Figure 2B). We
further determined the PC (Fl, PoPt/Fl  o"Proplets) of
SOD1,,, to quantify its enrichment in the FUS compartments
at the HS condition. Similar to the in-cell measurements,
where partitioning of SOD1 inside SGs reaches a steady-state
condition after 120 min,'® we conducted HS over 60 min, until
such equilibrium conditions were equally attained (Figure S9).
As depicted in Figure 2C, the PC values for all the SOD1y,,
constructs increase after HS to values of >1, suggesting a
general preferential partitioning into FUS condensates. This
HS induced SODI,, partitioning is corroborating the
observed SG sequestration in cells. In contrast, the PC values
do not show a correlation between AGf’ of the SOD1,,, and
condensate association, as SOD1,,-Wt showed higher PCs
than all mutants (Figure 2D). Thus, the in vitro experiments
suggest that unfolding of SOD1,,,, and the acquired flexibility
and hydrophobicity of the unfolded state, may not constitute
the main driving force for condensate association upon HS.

The results rather suggest that a delicate balance of protein—
protein interactions in the two phases governs the partitioning.
The SOD1,, point mutations appear to be decisive in
changing this balance, in line with our previous studies
showing that the stability of SOD1,,, in the cell compared to in
vitro changes significantly with specific point mutations.”
Correspondingly, we here observed that single-point mutations
can even lead to the formation of multiphase condensates.””**
While we found that SOD1,,-G93V and SODI,-G41D
accumulate homogeneously in the droplets, SODI1,,-Wt,
SOD1,;,,-A4V, and SODI,,-G85R accumulate predominantly
in the periphery regions (Figure S8B).

Changes in protein—protein interactions may also be due to
altered FUS—FUS interactions upon heat shock.>® Indeed, we
found that FUS droplets in the absence and presence of
SOD1,,,, show a noticeably modified size and morphology (see
Figure S8A and S10) after HS, indicative that the HS condition
modifies the FUS—FUS interactions as well as the FUS—
SOD1,,, network.””®" We speculate that part of this change
may be attributed to the unfolding of the RBD of FUS (residue
numbers 285—371, Figure 2A), exposing additional residues
accessible for preferential interactions with soD1,,.>%

In summary, the HS conditions enhance SOD1,,, partition-
ing into FUS condensates depending on single-point
mutations, but in contrast to in-cell experiments, independent
of folding stability.

SOD1,,, Partitioning in Crowded Solutions. The in
vitro experiments suggest that the protein—protein interactions
that govern partitioning of SOD1,,, are sensitive to environ-
mental changes. This may be of particular relevance in cellular
health and disease conditions.””*® Concerning effects in the
crowded cell arising from volume-exclusion, quinary inter-

actions, or chaperone engagement, it is evident that these
factors can modulate both the folding equilibrium'”**%°~"" as
well as phase separation.'®’>”"> We deciphered those in
cytomimetic media by using Ficoll 70 (15% w/v), known to
exert stabilizing excluded-volume effects’® (AAGE’(37 °C) <
0), and BSA (20% w/v), known to mimic destabilizing quinary
interactions’”’® (AAGP'(37 °C) > 0) (Figure S11). We
therefore investigated whether these cosolutes that are known
to change AGy¢’ have an influence on SOD1,,, association with
FUS condensates. As depicted in Figure 3A,B, Ficoll 70
solution significantly promotes the SOD1,,, partitioning to the
FUS condensates, both at 23 and 43 °C, when compared to
dilute solution. In contrast, in BSA solution, we observed a
considerable decrease of the PCs for SODI,,, even after 60
min of HS (Figure 3C,D).

Both observations suggest that shifting the folding
equilibrium toward the folded or unfolded states does not
determine SOD1y,, partitioning (Figure S12). The results can
be rather attributed to the cosolute effects on the LLPS™*""7®
driving the separation of both proteins in the system, FUS and
SODIy,,. Thereby, Ficoll 70 induced phase separation can be
explained by increased depletion attraction’”>”” arising from
its exclusion from the FUS—SODI1,,. condensate. Likewise,
BSA suppresses phase separation presumably by protein—
protein interactions weakening the condensate.”*”” In fact,
BSA was previously shown to suppress phase separation of
FUS IDR (amino acids 1—237) due to favorable interactions
with FUS,”> whose interpretation with the mass action model”’
suggests few free binding sites in the FUS droplet network,
impeding the accommodation of SOD1y,.. In other words, BSA
colocalizes in FUS droplets as FUS—BSA interactions compete
with FUS—SOD1,,, association and thus suppress SODI,;,,
partitioning into the condensates. Alternatively, SODI1,,,
preferentially binds to BSA in the dilute phase and thus
reduces its availability to interact in the FUS droplet phase.

Remarkably, the PCs in BSA are similar to those measured
in cellular SGs (Figure 1D), suggesting that BSA acts as a good
cytomimetic cosolute for LLPS, in accordance with our
previous studies on SODI,,, folding stabilty.”” Overall,
tweaking the folding equilibrium does not modulate SOD1,,,
association in FUS condensates accordingly, but rather it
changes the protein—protein interactions in the respective
phases to determine SOD1y,, partitioning.

Lattice Boltzmann Molecular Dynamics (LBMD)
Simulation to Investigate Interactions of SOD1,,, with
FUS Low-Complexity Domain (LCD) and BSA. To
quantify how the energetics of SODI,,, partitioning into a
condensate depends on the folding state of the barrel, we
carried out coarse-grained LBMD simulations®”*" of folded
and unfolded SODI1,,, molecules embedded in a high-
concentration FUS solution composed of 70 chains of the
FUS LCD, mimicking a droplet solution concentration of 150
g/L (Figure S13A). Evaluation of the SOD1,,—FUS LCD
interaction energies showed that from the enthalpic point of
view the unfolded state of SODI,, does not interact more
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favorably with the FUS LCD domain in comparison to the
folded form, with the energy difference for one SODI,,,
protein being less than 1 kJ mol™' (Table 1). In fact, unfolding
leads to a change in the specific contacts between SOD1,,, and
FUS LCD (Figure S13E,F), disfavoring the association of both
proteins. These findings agree with the experimental in vitro
results showing that partitioning of SOD1,,, is independent of
its folding stability.

A comparison with the interaction energies of SODI1,,,
embedded in BSA solutions (Table 1) yielded similar results
for folded SOD1y,, in BSA (100 g/L) (Figure S13B) as in FUS
(150 g/L), with SODI,,, experiencing numerous favorable
charge—charge contacts in BSA (Figure S13G,H). Moreover, a
slight preference for BSA arises when SODI, unfolds.
However, the magnitude of these interaction differences is
very small, on the order of a few kJ mol™' (Table 1). The
comparable energetics in BSA and FUS that we quantified in
the simulations rationalizes the suppressing effect of BSA on
the SOD1,,, partitioning into the FUS phase by proposing that
SOD1,,—BSA interactions are at least as favorable as
SOD1,,—FUS LCD interactions. Finally, we observed a
strong dependence of the SODI1,,—BSA interaction on the
concentration of the BSA solution, with the interaction
energies increasing more than by a factor of § at 300 g/L
(see Figure S13D). This points to the delicate role of local
protein concentration inside and outside the condensate in
determining the partitioning. Estimating the density distribu-
tion of proteins across the two-phase boundary is a current
challenge and might help to rationalize the differences
observed between in-cell and in vitro experiments.

B CONCLUSION

In this study, we showed that destabilized SOD1,,,, mutants,
independent of the aggregation processes, associate with SGs
under HS conditions, suggesting that the unfolded states
engage in the homotypic and heterotypic interactions that
drive their formation. In vitro studies in the reconstituted FUS
environment, however, revealed that the intrinsic flexibility of
the SODI,, unfolded state, despite altering the protein’s
interactions with the condensate, does not constitute an
omnipotent driving force for condensate association. Studies in
cytomimetic media paired with LBMD simulations suggest that
specific protein—protein interactions, subject to single-point
mutations, determine the partitioning between the two phases.
Further investigations in this direction will require the
inclusion of different interaction partners of SODI in the SG
environment using in vitro reconstitutions with other well-
known condensate components, such as G3BPL* or PQC
components such as chaperones.'® In fact, the small but
significant changes in the in-cell PC values of the SOD1,,, /51
mutants in comparison to those of Wt observed here support
the need to integrate the PQC mechanisms”"** when generally
establishing the main driving forces behind SGs-mediated
sequestration of destabilized proteins (including disease-
related mutations). In addition to SGs, unfolded and misfolded
states also bind to chaperones,'”*"**** are targeted for
degradation, or are accumulated in aggresomes and further
cleared by autophagy,'®'®**** thus distributing the overall
concentration of free unfolded species among these PQC
centers.”’ As such previous studies revealed, chaperones can
act as suppressors of phase separation of unfolded states by
binding to them preferentially in the diluted phase®" or can be
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recruited inside SGs to prevent accumulation of misfolded
proteins.18

Recent studies showed that many proteins involved in
functional LLPS are expressed close to their solubility limits;
thus, they are more prone to become less soluble with aging,
leading to aggregation.86 In this context, our current results
built a foundation for achieving a global understanding
concerning the involvement of unfolded states in LLPS, giving
the intricate relation between dysfunctional unfolding, toxic

aggregation, and aberrant liquid-to-solid phase transi-
22 24,87,88
tions.” "’
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