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ABSTRACT

Stress granules form via co-condensation of RNA-binding proteins containing prion-like
low complexity domains (PLCDs) with RNA molecules. Homotypic interactions among PLCDs
can drive amyloid fibril formation that is enhanced by ALS-associated mutations. We report that
condensation- versus fibril-driving homotypic interactions are separable for A1-LCD, the PLCD of
hnRNPA1. Separable interactions lead to thermodynamically metastable condensates and
globally stable fibrils. Interiors of condensates suppress fibril formation whereas interfaces have
the opposite effect. ALS-associated mutations enhance the stability of fibrils and weaken
condensate metastability, thus enhancing the rate of fibril formation. We designed mutations to
enhance A1-LCD condensate metastability and discovered that stress granule disassembly in
cells can be restored even when the designed variants carry ALS-causing mutations. Therefore,
fibril formation can be suppressed by condensate interiors that function as sinks. Condensate sink
potentials are influenced by their metastability, which is tunable through separable interactions
even among minority components of stress granules.
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INTRODUCTION

Cytoplasmic stress granules (SGs) are inhomogeneous biomolecular condensates that
form, in response to polysomal runoff caused by cellular stresses, via condensation. This
combines reversible binding, oligomerization, phase separation, and percolation via a network of
homotypic and heterotypic protein-protein, protein-RNA, and RNA-RNA interactions ™. SG
formation is driven by a core protein-RNA interaction network involving mRNA, the RNA-binding
proteins (RBPs) G3BP1/2, TIA1, CAPRIN1 and other RBPs including FUS, TDP-43, hnRNPA1,
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and hnRNPA2 *° The pathogenesis of neurodegenerative and neuromuscular disorders such
as amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), inclusion body myopathy
(IBM), and multisystem proteinopathy (MSP) is associated with aberrant SG assembly and
arrested disassembly ©. Cytoplasmic inclusions comprising insoluble deposits of SG proteins are
among the defining pathological hallmarks of ALS, FTD and IBM 72,

Many mutations that lead to disease occur within intrinsically disordered, prion-like low-
complexity domains (PLCDs) of RBPs. These mutations promote the formation of amyloid fibrils
through homotypic interactions '*'®. This has led to the proposal that the interiors of SGs serve
as crucibles of amyloid formation: the high local concentration of PLCDs within condensate
interiors enables the crossing of threshold concentrations for fibril formation enabling homotypic,
fibril-driving interactions '8, It has also been suggested that SGs are protective against fibril
formation, because localization of TDP-43 to condensates other than SGs might be a key step in
pathogenesis '°. The effects of condensate interfaces also add a novel nuance because interfaces
accelerate fibril formation 2>?? via heterogeneous nucleation .

Taken together, one can envisage two distinct scenarios, one that integrates the effects of
interfaces with the crucible hypothesis and an alternative that combines the effects of interfaces
with the potentially protective effects of condensate interiors. Which of these two pictures applies
to condensates is unclear. To adjudicate between the two scenarios, we investigated the
underpinnings of condensate versus fibril formation in a system defined by homotypic interactions.
Condensates and fibrils are disordered and ordered phases formed by the same proteins 2+%’.
Thus, formation of each phase should be defined by a distinct saturation concentration 242, We
denote saturation concentrations for fibril formation and condensation as csr and csc, respectively.
If cst < Csc, then condensates are metastable phases and fibrils are the thermodynamically stable
ground state (Figure 1A). The free energy gap AAGgs, between condensates and fibrils defines
the thermodynamic metastability of condensates with respect to fibrils. Free energy barriers define
kinetic metastability (Figure 1A). For condensates to be crucibles for fibril formation, the
thermodynamic requirement is that c¢st > csc. If this were indeed true, then fibrils would represent
a kinetic trap, rather than a thermodynamic ground state, and given enough time, fibrils would
convert back to condensates with an input of energy.

Are condensates as a whole thermodynamically metastable or are fibrils kinetic traps?
This rests on whether cs < Csc Or Cst > Csc, and adjudication requires systematic measurements of
st and csc. We find that csr < ¢sc for all A1-LCD mutants and designed variants studied. Increased
thermodynamic metastability of condensates increases the potential for condensate interiors to
be sinks that suppress fibril formation. In accord with recent findings, we find that the interfaces
of condensates serve as locations of heterogeneous nucleation. Together, our results highlight
the dual roles of condensates and establish that tunable metastability of condensates modulates
the rates of fibril formation.

RESULTS
Contributions of different residues to driving forces for condensate versus fibrils

We characterized the interplay between condensation and fibril formation for A1-LCD,
which is the PLCD from hnRNPA1 (Figure 1B). The mutations D262N and D262V cause familial
forms of ALS and MSP '3, In vitro, the A1-LCD variants (Figure S1A) were exchanged from a
denaturing environment to a native buffer without excess salt. Addition of NaCl to a final
concentration of 150 mM induced condensation (Figure 1C, 1D). The dense phases were fluid-
like, undergoing fusion, and showing wetting behaviors. After several hours, fibrils were visible by
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light microscopy. Pathogenic mutations D262V and D262N enhanced fibril formation rates when
compared to the WT A1-LCD (Figure 1C) *%°,

Next, we measured csc and cs for different A1-LCD variants in vitro. We separated the
dilute and dense phases using centrifugal sedimentation *>*' and measured the concentrations
of protein remaining in the dilute phase to quantify csc for each variant. The pathogenic mutations
increased csc, pointing to weakening of the driving forces for condensation (Figures 1E and S1B).
We designed additional variants, mutating all four Asp residues to either Val or Asn (-4D+4V and
-4D+4N, respectively), or mutating only three Asp to Val or Asn leaving the site of the pathogenic
mutation (D262) intact (-3D+3V and -3D+3N, respectively). Increasing number of Asp
substitutions results in a more positive net charge per residue (NCPR), and in accord with
previous work this increased csc values compared to WT A1-LCD and the pathogenic mutants
D262V and D262N (Figures 1E and S1B, S1C) *'.

Residues in A1-LCD and related PLCDs have been classified as stickers or spacers based
on hierarchies of interactions mediated by different residues 2. Stickers form reversible physical
crosslinks with one another, whereas spacers contribute directly to phase separation by
determining solvation preferences, adding weak interactions, and affecting the cooperativity of
inter-sticker interactions *3. To probe the effects of Val independently from the effects of increasing
the NCPR, we replaced three Gly residues and one Ser residue with Val to generate the variant
—-3G1S+4V. This variant had a higher csc value relative to the WT A1-LCD, demonstrating that,
despite their hydrophobicity and B-branched character, Val residues function as phase separation-
weakening spacers, at least in the context of the A1-LCD (Figures 1E and S1B).

Next, we measured fibril stabilities by measuring csr. Operationally, we defined cst as the
concentration of protein that is left in solution after fibrillization is complete 2262834 After 14 days
of incubation with shaking, the soluble protein concentration stabilized in the low micromolar
range, independent of the input concentration (Figures 1E and S1D), and we observed fibrils in
the pellet by transmission electron microscopy (TEM) (Figure 1F) and thioflavin T (ThT)
fluorescence microscopy (Figure S1E). The cs« values were lower than the corresponding Csc
values, showing that fibrils were globally stable, whereas condensates were metastable in
comparison (Figure 1A). The pathogenic mutants had lower cs values than the WT A1-LCD,
implying that they formed more stable fibrils. This is attributable to the substitution of D262 with V
or N, which generates a steric zipper motif ** and enhances the stability of fibrils '*%¢ (Figure S1F).
The css values for the variants —~4D+4V and —4D+4N were similarly low, showing that the effect of
additional Asp substitutions on fibril stability is minimal. While the -3G1S+4V variant had a cs
value that is equivalent to that of WT A1-LCD, the cst value for the —3D+3V variant resembled that
of the pathogenic mutants although it lacks the steric zipper motif. This suggests that auxiliary
zippers present in the sequence (Figure S1F) likely contribute to fibril stability. It appears that the
effects of auxiliary zippers are masked in the —4D+4V/N variant because the strong steric zipper
motif (*>**SYNDFG?%?) present at the site of the pathogenic mutation has a strong saturating effect
on fibril stability. By contrast, the —3D+3N variant had the highest css value of all variants (Figure
1E), suggesting that the interoperability of Asn with Val is context-dependent. Sequence-specific
changes to cs are suggestive of the possibility that the —3D+3N variant likely forms fibrils of
different polymorphs and stability, thus requiring a separate investigation of stability and high-
resolution structural studies *’.
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Figure 1: Pathogenic mutations reduce the metastability of A1-LCD condensates.

(A) Schematic of the implications of measurable threshold concentrations csf and csc for the thermodynamic
driving forces that govern condensate versus fibril formation. We depict expectations for the scenario where
Csf < Csc. If the total concentration, designated as crotal, is lower than csr and csc, then dispersed monomers
are thermodynamically favored. If cst < cotal < Csc, then the thermodynamic driving forces favor separation
of the system into two phases namely, dispersed monomers that coexist with fibrils. Kinetically, the barrier
to nucleating fibrils will be governed by AAG*eN, the barrier to primary nucleation. For Ciotal > Csc, the
metastable condensates serve as an off-pathway sink, and the barrier to nucleating condensates is set by
AAG*.. The sink potential of condensates is quantified by AAGgap = —RTIn(cs/csc) which is the difference in
standard state free energies of the fibril versus condensate phases. Here, R is the ideal gas constant, and
T is the temperature of the system. (B) Schematic of the sequence architectures showing a steric zipper
motif (S2s0YNDFG2s4, denoted as grey rectangle) within A1-LCD WT, pathogenic mutants, and designed
variants that encompass the pathogenic mutations (-4D+4V/N and -3D+3V/N) or the WT sequence
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(-3G1S+4V). Vertical bars indicate the positions of substitutions to Val (light blue) or Asn (green). (C) Time
course of superimposed differential interference contrast (DIC) and thioflavin T (ThT) fluorescence
microscopy images of solutions of A1-LCD variants showing condensates and the appearance of fibrils.
These panels were extracted from Supplementary Videos 1-3. (D) DIC micrographs of condensates of
A1-LCD variants formed under conditions where cwota > Csc, which refers to the systems being
supersaturated with respect to the condensate threshold. Data are shown for WT (Ctotai = 120 uM, Sc = 0.52),
D262V (Ctotai = 200 uM, Sc = 0.55), D262N (Ctotal = 200 pM, Sc = 0.50), -4D+4V (Ctotar = 950 pM, Sc = 0.51),
—4D+4N (Ctotal =950 UM, Sc= 050), -3D+3V (Ctotal =500 |JM, Sc= 027), -3D+3N (Ctotal =500 UM, Sc= 027),
and —3G1S+4V (Ciota = 180 UM, Sc = 0.54). (E) (Top left) Schematic depicting the method * used to measure
Csc, and (bottom left) plot of csc of A1-LCD variants at 20°C, (top right) schematic depicting the method used
to obtain csf, and (bottom right) plot showing csf of A1-LCD variants obtained after 14 days of incubation of
samples of 10 uM concentration at 20°C. Individual data points from replicate experiments are shown along
with mean + standard error in the estimate of the mean (SEM). (F) Negative-stain TEM images showing
fibrils formed by A1-LCD variants in the pellets obtained after ultracentrifugation in the assay in (D, right).
(G) Plot of AAGgap for all A1-LCD variants. Individual values of AAGgap from all possible pairs of csc and cst
are shown along with the mean + SEM. All experiments were performed in 40 mM HEPES buffer, pH 7.0
and 150 mM NaCl. Also see Figure S1.

A1-LCD condensates are metastable, and pathogenic mutations reduce this metastability

Our results show that pathogenic mutations within A1-LCD stabilize fibrils and destabilize
condensates by lowering ¢st and increasing csc with respect to WT A1-LCD. This suggests that
fibrils and condensates, which are ordered and disordered phases, respectively, are influenced
differently by the pathogenic mutations. We quantified the metastability of condensates with
respect to fibrils as the difference in standard state free energies of fibrils (AG’) versus
condensates (AG'c) (Figure 1A). Hence, AAGgap = —RT In(Cst / €sc) Where R = 1.98x107 kcal/mol-
K is the ideal gas constant and T = 293 K. An increased free energy gap (AAGgsp) implies
decreased metastability of condensates compared to fibrils. If AAGgap approaches zero, then
condensates have increased metastability when compared to fibrils. We find that AAGgap
increases for pathogenic mutants (Figure 1G), showing that pathogenic mutations weaken
condensate metastability. Additional mutations, including -4D+4V and -4D+4N, were akin to
pathogenic mutations and had high values of AAGgap, implying low metastabilities. The —3D+3V
variant has a AAGgap between that of the pathogenic mutants and the -4D+4V/N variants. The
AAGgap value for —3D+3N was between that of the WT and the pathogenic mutants (Figure 1G).

How do thermodynamically metastable condensates contribute to fibril formation? The
answer comes from the Ostwald rule of stages *: Kinetically accessible states are those that are
closest in free energy to the starting state, and this need not be the globally stable phase. We
therefore expected thermodynamically metastable condensates to be sinks that form more readily
than fibrils under conditions where the total protein concentration is greater than cs.. Under these
conditions, we indeed observed that condensates form more readily than fibrils (Figure 1C). This
has been interpreted to mean that condensates are crucibles for fibril formation. However, such
an interpretation implies that condensates are the stable states when compared to fibrils, which
is not the case.

Metastable condensates decelerate conversion to globally stable fibrils

The reduced metastability of condensates formed by pathogenic mutants suggests that
the driving forces for fibril formation should be enhanced by these mutations. To test for this, we
characterized the kinetics of fibril formation using the rate of gain of ThT fluorescence *°. These
measurements were performed across a range of protein concentrations where the dispersed
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phase is subsaturated (Cst < Ciotal < Csc) OF SUpersaturated (Ciota > Csc) With respect to condensates
(Figures 2A-2C, and S2 for repeats of the experiments).

We plotted lag time values against the degree of supersaturation, Sc = In(Ctot / Csc), Of the
dispersed phase with respect to condensates (Figure 2D). When the dispersed phase was
subsaturated with respect to condensates, increases to protein concentration of the pathogenic
mutants led to decreases in the lag times for fibril formation and increases in the overall rate of
fibril growth (Figures 2A,2B,2D and S2). The rate of nucleation increases and the barrier to
nucleation decreases as the dispersed phase becomes increasingly supersaturated with respect
to fibrils 3. For concentrations that are above csc, the dispersed phase is supersaturated with
respect to both fibrils and condensates. Here, we observed further decreases in the lag time for
fibril formation and increases in the slope that characterizes the growth of fibrils (Figures 2D and
S2). Note that for cital > Csc, cOndensates form, and protein concentrations in coexisting dilute and
dense phases are fixed (Figure 2E). Only the fraction of molecules distributed across the phases
and hence the volume occupied by the condensates should change. And yet we observed
increased rates of initial fibril formation as cital increased above csc, as indicated by the decreasing
lag times (Figure 2D). The kinetics of fibril formation of variants —4D+4V and —-4D+4N, which
exhibit even lower condensate metastabilities, had similar characteristics relative to those of the
pathogenic mutants (Figure S3).

Increased nucleation rates with increase of cwta beyond csc cannot be explained by
increased supersaturation with respect to cs. This raised the question of how condensates might
contribute to enhanced nucleation. Recent experiments have shown that condensate interfaces
accelerate fibril formation 2°224448_\We used fluorescence microscopy with ThT as a marker to
assess whether nucleation and initial growth originates at condensate interfaces. Low ThT
fluorescence throughout condensates was observed at initial time points, in agreement with the
expected small enhancement of fluorescence of molecular rotors by the high viscosity of the
condensate interior *° (Figure S4). Over time, ThT fluorescence increased at interfaces of
condensates, suggesting that these regions promote fibril nucleation and initial growth. This effect
is a plausible explanation for the observed decrease in lag time and increase in the rate of fibril
formation with increasing volume fraction of condensates. This is in line with recent work showing
that aging condensates of FUS proteins comprise cores and shells ', suggestive of nucleation at
the interface and preservation of soluble protein in the interior.

Unlike the pathogenic mutants, the condensates of WT A1-LCD have higher metastability,
characterized by smaller values of AAGgap. For the WT A1-LCD, we found that fibril formation was
characterized by longer lag times and slower growth rates (Figures 2C, 2D and S2 for repeats).
When S; = 0 was crossed, the lag times continued to decrease monotonically, although more
strongly for WT A1-LCD than for the pathogenic mutants (Figure 2C, D). However, the increased
metastability of condensates led to distinct features in the ThT traces of WT A1-LCD (if S¢ > 0)
that are not expected for typical nucleation-and-growth models. Above cs, fibril formation showed
biphasic behavior, with an initial, relatively fast growth phase followed by a phase with reduced
growth rate. The implication is that condensate interfaces enhance nucleation and initial fibril
growth (Figure S4). However, the second phase with reduced growth rate is likely a reflection of
metastable condensates serving as sinks for soluble proteins. We also observed similar biphasic
kinetics for the -3G1S+4V variant in samples that were supersaturated with respect to
condensates (Figure S3). Overall, there is an interplay between the accelerating effects of
condensate interfaces and the sink potential, quantified in terms of AAGg,, Of condensate
interiors. The latter seems to have a larger effect on fibril forming kinetics as AAGgap decreases
below ~2.5-3.0 kcal/mol (Figure 1G).
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Figure 2: Metastable condensates decelerate conversion to globally stable fibrils.
(A, B, C) Kinetics of fibril formation for A1-LCD variants (A) D262V, (B) D262N and (C) WT monitored by
ThT fluorescence across a range of total protein concentrations (cttal) that are subsaturated (S¢ < 0, solid
blue lines) or supersaturated (Sc > 0, dashed red lines) with respect to condensates. (C) Inset shows the
complete time course. Data from a single representative experiment are shown; for replicate experiments
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see Figure S2. (D) Lag time of fibril formation (time at which ThT fluorescence reaches 10% of plateau
value) for A1-LCD variants. The total protein concentrations are quantified as the degree of supersaturation
relative to condensate formation (Sc) and fibril formation (Sf). Data from independent experiments using
similarly prepared samples are represented by separate line plots. The dashed vertical line corresponds to
Sc = 0. (E) Schematic of phase diagram of a UCST-type phase transition as observed for A1-LCD. The
region below the coexistence curve (red) corresponds to the two-phase regime, where the sample contains
condensates. The bottom panel is a visual representation of the sample under each condition. Notably, csc
and cdense are constant at increasing total protein concentration. Also see Figures S3 and S4.

Designed variants —3D+3V and -3D+3N, where we preserved the Asp residue in position
262, allowed us to test whether sequence-specific values of AAGgya, would determine the extent
of suppression of fibril growth by condensates. Both variants had c¢sc values between those of the
WT and the —4D+4V/N variants. The AAGgs, value for the —3D+3V variant was between that of
the pathogenic mutants and -4D+4V/N variants. In accordance with expectations, ThT traces for
—-3D+3V variant resembled those of the pathogenic mutants and -4D+4V/N variants (Figure
S3D). By contrast, the —3D+3N variant with a AAGgs, value between that of the WT and the
pathogenic mutants (Figure 1G) had biphasic ThT traces similar to the WT (Figure S3E).
Therefore, sequence-specific values of AAGgp determine the potential of condensates to
suppress fibril growth.

Modeling predicts that slow protein efflux from condensates slows fibril formation

Next, we analyzed the data for the kinetics of fibril formation using a numerical chemical
kinetics approach **°'. The model is parsimonious in its design (Figure 3A). It includes three
species to mimic the dilute, dense, and fibrillar phases. Protein exchange between the dilute and
dense phase species is reversible. Fibril formation is defined by rate constants for primary
nucleation, elongation, and secondary nucleation °2°3, To minimize the number of fitting
parameters, we assumed that fibril formation was irreversible on the timescale of the simulations.
When S; < 0, species corresponding to condensates are absent; accordingly, the influx and efflux
rates were set to zero. When S > 0, the model includes an additional species corresponding to
the dense phase.

We used the model to fit ThT traces for pathogenic mutants and WT for Sc <0 and S¢ > 0
(Figure 3B). From the fits to the model, we propose that the data are consistent with a mechanism
whereby fibril formation of the WT is slower than that of pathogenic mutants because of slower
primary nucleation for S¢ < 0 (Figures 3C-3E). In the chemical kinetics approximation, secondary
nucleation implicitly includes the contribution of condensate interfaces. For S > 0, the rates of
primary and secondary nucleation increase for the WT beyond that of the mutants while the rates
for the mutants stay relatively unchanged. Thus, dense phases have smaller effects on
pathogenic mutant fibril formation rates. The model also predicts that the ratio of efflux to influx
rate constants should be lower for the WT relative to the pathogenic mutants (Figure 3F). We
observed a rapid decay of the fraction of protein in the dilute and dense phases for the pathogenic
mutants, that coincides with rapid fibril growth (Figure S5). In contrast, the protein fraction in the
dense phase decayed more slowly for WT, leading to slower fibrillar growth (Figure S5).
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Figure 3: Slow protein efflux from condensates slows fibril formation.

(A) Schematic of the chemical kinetics model used to fit ThT fluorescence curves (see Methods). (B)
Examples of fits to ThT fluorescence traces for WT (Ctotal = 41 M, Sc = —0.53), D262V (Ctotal = 65 UM, Sc =
—0.57), and D262N (ctotal = 65 uM, Sc = —0.61) in the absence of condensates (solid fit lines), and for WT
(Crotal = 128 pM, Sc = +0.59), D262V (Ctotal = 200 uM, Sc = +0.55), and D262N (Ctotal = 200 uM, Sc= +0.50) in
the 2-phase regime (dashed fit lines). Concentrations were chosen to ensure similar degrees of
subsaturation and supersaturation with respect to csc for each of the three constructs. (C-F) Parameters
extracted from fitting ThT fluorescence traces to the chemical kinetics model for all reactions at total
concentrations > 17 yM and three replicas performed at sample ages of 0 days. Data were analyzed by
fixing the supersaturation with respect to the condensation threshold. Thus, St will be system-specific. (G-
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1) The effect of titrating kdi-»den and Kden—di On the time to reach (G) 5, (H) 50, and (I) 95 percent fibrils. Here,
all other parameters are set to be constant with ki = 1e-8, k2 = 5e-9, kiong = 500, and the total protein
concentration, cwta = 200 uM. The total simulation time was 500 minutes. White values indicate that the
target for percent of monomers incorporated into fibrils was not reached within this time. (J) Before-and-
after plots comparing the input protein concentration and the concentration of soluble protein left in the
supernatant after 14 days of incubation, when using different input concentrations above and below csc.
Data from individual measurements are shown. Red lines denote the csc values for each variant. When cst
< cwotal < Csc, the concentration in the supernatant consistently reaches the same value, which we interpret
as csf. (Data reproduced from Figures 1E and S1D.) However, when ctotal > Csc, the amount of protein
remaining in the supernatant increases, depending on the extent of supersaturation, pointing to the residual
sequestration of soluble proteins in condensates even after 14 days of incubation and ultracentrifugation.
Also see Figure S5.

Next, we performed a parameter sweep to test how rate constants for influx and efflux
influence the time it takes for 5%, 50% or 95% of the protein to convert to fibrils (Figures 3G-3l).
All other rate constants were kept constant. A large range of ratios of Kgii—sden/Kdendil Were found to
result in rapid incorporation of 5% of the protein (t.05) into fibrils. However, above a certain ratio
of Kaiisden/Kaen—>dil, We found that to.o5 rises sharply and fibril formation is suppressed, indicating that
proteins are sequestered in dense phases when influx into condensates is much faster than efflux.
Similarly, the time taken to incorporate 50% of protein into fibrils (fo.5) was found to be strongly
influenced by the ratio of kgi-den/Kden—dil- IN this case, we also observed an influence of the absolute
value of Kgen»dail, Whereby below cutoff values of Kden—qi, 50% incorporation into fibrils could not be
reached within 500 minutes. This cutoff value was found to depend on the rates for nucleation
and growth. The time to reach 95% incorporation into fibrils (t0.95) depends even more strongly on
Kdensdil in addition to the ratio of Kdi-sden/Kaen—sai. Overall, the analysis shows that the exchange of
material between species mimicking dilute phases and condensates, particularly the efflux from
condensates, becomes limiting for fibril growth in the dilute phase. This is highlighted by the WT-
like ratio of Kdiiden/Ksendil (Figure 31, black square) corresponding to a longer time to reach 95%
incorporation into fibrils compared to the pathogenic mutant-like ratio of Kqi—,den/Kden—dil (Figure 3l,
green square). Overall, the chemical kinetics modeling suggests that species corresponding to
dense phases should shrink over time. We tested this prediction using video microscopy, which
showed condensates shrinking over time, and weakly metastable condensates were found to
shrink more rapidly (Videos S1-S3). Taken together, the model predicts and the data show that
pathogenic mutations weaken the sink potential of condensates, thereby tilting the balance in
favor of fibrils.

To test the prediction that condensates are sinks for soluble protein, we asked if the
presence of condensates slowed equilibration to the globally stable fibrillar state. We repeated
measurements of the soluble protein concentration after two weeks of incubation with shaking,
and the total protein concentrations exceeding csc.. (Figure 3J). Unlike the measurements
performed when cwwa < Cs, iNnput concentrations above cs. resulted in soluble protein
concentrations above csr even after two weeks of incubation; the higher the input concentrations,
the more soluble protein remained. These results suggest that the presence of condensates slows
equilibration because metastable condensates act as sinks for soluble protein.

Taken together, while fibrils can be nucleated by condensate interfaces, the interiors of
condensates function as sinks, and fibrils grow in dilute phases. We observed that pathogenic
mutants formed fibrils that grow rapidly in a small number of places, with concomitant dissolution
of condensates (Videos S1, S2, see also Figure 1C for stills). WT fibrils, in contrast, formed at
condensate interfaces and grew slowly, without individual fibrils dominating fibril growth. WT
condensates also shrink slowly, limiting WT fibril growth (Video S3, see also Figure 1C for stills).
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Enhancing the metastability of mutant condensates suppresses fibril formation

Condensates can be stabilized by introducing stronger stickers into A1-LCD *'. Replacing
Phe and Tyr with Trp residues enhances the driving force for condensate formation **. We asked
if the pathogenic phenotype of D262V/N A1-LCD might be rescued by enhancing condensate
metastability through the introduction of stronger stickers. We designed variants in which we
mutated all or a subset of Phe and Tyr residues to Trp while keeping the sequence around the
site of the disease mutation intact, resulting in allw, allW D262V, allWw D262N, 11W D262V and
5W D262V variants (Figure 4A). These variants readily formed condensates (Figures 4B and
S6A,S6B), and their csc values were lower than those of the parent variants (Figure 4C). However,
the c« value for allW was equivalent to that of WT, and those for allWw D262V and allWW D262N
were between those of the original pathogenic mutants and WT (Figure 4D). All five Trp variants
formed fibrils within 14 days (Figure 4E). The AAGgs, values for the new variants were smaller
than those of WT and the original pathogenic mutants (Figure 4F), implying increased
metastability of condensates when Phe and Tyr stickers were replaced with Trp.

ThT assays confirmed a strong kinetic suppression of fibril formation for variants allW
D262V and 11W D262V but less so for 5W D262V (Figure 4G). Thus, the effect from incorporating
Trp residues was titratable. To test if inhibition worked in trans, we added increasing
concentrations of allW D262V/N or 11W D262V variants to a constant concentration of pathogenic
mutant protein D262V/N; the resulting condensates concentrated both proteins (Figures S6D,E).
Fibril formation was delayed and reduced with increasing concentrations of the Trp variants
(Figure 4H). Thus, condensates with higher metastability suppress or slow down fibril formation.
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Figure 4: Enhancing the metastability of mutant condensates suppresses
fibril formation.

(A) Schematic of sequence architectures of A1-LCD wild-type, pathogenic mutants, and the Trp variants
depicting the sites of mutations. Vertical bars indicate the position of Phe (green), Tyr (blue) or Trp (yellow)
residues in the sequence. The motif surrounding the pathogenic mutation site (S2s6YNDFGze4) is shown as
a grey rectangle. (B) DIC images of condensates formed by the Trp variants at 0 hour and 24 hours of
incubation. The structures formed by variants 11W D262V and 5W D262V after 24 hours are bundles of
fibrils %°. (C) Measured c¢sc values for WT A1-LCD, pathogenic mutants and Trp variants. (D) Measured cst
values for these variants at 20°C. Individual measurements are shown along with mean + SEM. Values for
WT A1-LCD, D262V and D262N are taken from Figure 1E. (E) Negative-stain TEM images showing fibrils
(and some oligomers) formed by Trp variants in the pellets obtained after ultracentrifugation in the assay in
panel (C). (F) AAGgap values for A1-LCD variants. Individual data points calculated from all possible pairs
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of replicate experiments in (C, D) are shown along with the mean + SEM. (G) ThT fluorescence-monitored
fibrillization kinetics of A1-LCD variants D262V, allWw D262V, 11W D262V and 5W D262V at equal
concentrations of 40 uM showing raw ThT fluorescence as a function of time. For additional concentrations
see Figure S6E. (H) Suppression of fibril formation of the D262V disease mutant in the presence of
increasing concentration of the allW D262V and 11W D262V variants, and of the D262N disease mutant in
the presence of increasing concentration of the allWw D262N variant. All experiments were carried out in 40
mM HEPES buffer, pH 7.0 and 150 mM NaCl. Also see Figure S6.

Trp variants slow both fibril nucleation and growth

Given the effects of the allW and 11W variants on lag time and fibril growth of the
pathogenic mutants (Figure 4H), we considered two factors in addition to the sink potential of
condensates as possible mechanisms for the suppression of fibril formation. We asked if fibril
formation would be delayed by the presence of Trp variants in the absence of condensates. To
test for this, we added increasing concentrations of Trp variants to a fixed concentration of
pathogenic mutant D262V, while maintaining concentrations in the regime of S¢ < 0 (Figure 5B).
The presence of variants 5W D262V and 11W D262V did not suppress fibril formation of
pathogenic mutant protein D262V, but the addition of allWw D262V delayed fibril formation
modestly. The allW variant likely forms clusters when S; < 0 *° that potentially influence fibril
formation in subsaturated solutions.

Next, we considered the effect of Trp variants on nucleation of fibrils at condensate
interfaces. We performed seeded fibrillization kinetics experiments using the pathogenic mutant
protein D262V in the presence of D262V fibril seeds and increasing concentrations of Trp variants
(Figure 5C). This was done to separate contributions from suppressing nucleation versus fibril
growth. Under these conditions, the presence of Trp variants reduced the slope of ThT traces,
and the size of the effect was titratable by the concentrations of Trp variants and extent of Trp
substitutions. Overall, condensates of higher metastability suppress fibril growth. In addition,
condensates with particularly high metastability delay nucleation at condensate interfaces
compared to condensates with lower metastability (Figures 4G, 4H and Figures S6A, S6B). A
plausible explanation comes from recent experimental observations *® and computations %%,
These studies show that enhancing the driving forces for phase separation lead to more parallel
orientations of scaffold molecules at interfaces, and we reason that this can affect the probability
of nucleation at interfaces %,
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Figure 5: Trp mutants slow the nucleation and growth of fibrils.

(A) Effect of Trp variants (allW D262V, 11W D262V, 5W D262V) on the fibril formation kinetics of the
pathogenic mutant of A1-LCD in the absence of condensates. (B) Effect of Trp variants on the kinetics of
seeded aggregation (in presence of 10% w/w fibril seeds of A1-LCD D262V). To compare lag time and
growth rates, the ThT fluorescence data are shown normalized to the plateau value.

Metastability of condensates governs the timescales of their dissolution

Chemical kinetics modeling suggested that the efflux of soluble protein from the dense to
the dilute phase can become rate-limiting. To test whether metastability governs the efflux rates,
we performed measurements of the kinetics of condensate dissolution. Single condensates were
optically trapped in a microfluidic flow chamber and moved to a flow channel that contained only
buffer, effectively jumping the system to strongly sub-saturating solutions that promote dissolution
(Figure 6A, Videos S4-S6). The dissolution of condensates was followed by measuring their
cross-sectional area over time. Flow in the channel accelerates condensate dissolution compared
to the absence of flow. Accordingly, we compared different variants relative to each other instead
of interpreting absolute dissolution rates.

Recent work has shown that condensates are viscoelastic materials ** defined by a
spectrum of relaxation times *°. Dissolution dynamics of such systems can be modeled using the
Kohlrausch-Watt-Williams (KWW) function %%¢'. We fit each of the dissolution traces to a KWW
stretched exponential defined by the fastest relaxation time t and an exponent  that quantifies
the ruggedness of the free energy landscape that gives rise to a distribution of barriers.
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Figure 6: Condensate metastability governs the kinetics of protein efflux.

(A) Schematic of the experimental setup for condensate dissolution measurements using an optical tweezer
and a laminar flow microfluidic cell. (B) Representative decay traces of condensate size as a function of
time for different A1-LCD variants, fitted using a stretched exponential function. See also Videos $4-S6.
(C) Dissolution time constants of A1-LCD variants extracted from decay traces of individual condensates.
Data from individual measurements are shown along with mean + SEM. The mean dissolution time constant
(in sec) of each variant is indicated. All experiments were performed in 40 mM HEPES buffer, pH 7.0, and
150 mM NaCl and the concentration of each A1-LCD variant was as follows: WT, 300 uM; AllW, 100 uM;
AllW D262V, 200 uM.

WT condensates dissolved within a few seconds under flow with a time constant t of 5.15
s (Figures 6B, 6C). The dissolution dynamics followed a single exponential decay with the
exponent 3 being close to 1 (see Methods). Condensates formed by the pathogenic mutant
protein D262V dissolved rapidly. The protein also aggregated in the microfluidic channel, and we
were thus unable to capture its condensate dissolution kinetics. To better explore the effect of
pathogenic mutations, we compared the dissolution kinetics of condensates formed by the allW
and allW D262V variants, which had time constants t of 1571 s and 295 s and exponents 3 of
0.84 and 0.85, respectively (Figures 6B, 6C, Videos S5, S6). These results suggest the following:
The slower dissolution of Trp variants demonstrates that mutations that stabilize the percolated
networks within condensates 32°45%62 wij|| slow the efflux of soluble protein from dilute phases.
The values of B that are lower than 1 suggest the presence of a distribution of barriers that slows
down protein efflux from the percolated network within condensates 3#°*°. Pathogenic mutations
destabilize condensates and increase the efflux rates of soluble protein. Overall, these results
suggest that highly metastable condensates can suppress fibril growth through slow efflux of
protein from condensates.
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Mutations that increase the metastability of A1-LCD condensates rescue a SG disassembly
phenotype in cells

Finally, we asked if mutations that increase the metastability of condensates formed by
homotypic interactions in vitro could also rescue a SG-related disease phenotype. The expression
of pathogenic hnRNPA1 mutants slows energy-dependent SG disassembly dynamics %364,
Delayed SG disassembly is a pathogenic phenotype in cultured cells % and we asked if this
might be rescued by stabilizing PLCD-mediated condensate formation of hnRNPA1. We replaced
the aromatic residues in the PLCD of a full-length hnRNPA1 construct with Trp while leaving the
steric zipper motif and nuclear localization sequence unchanged. U20S cells were transiently
transfected with a construct proportionally expressing C-terminally FLAG-tagged hnRNPA1
variants and eGFP as a separate polypeptide via an internal ribosome entry site (IRES). The cells
were subjected to heat stress for 1 hour at 43°C, which resulted in the assembly of SGs identified
by poly-A binding protein (PABP) immunostaining. C-terminally FLAG-tagged hnRNPA1 variants
colocalized with the SGs (Figure S7A).

Next, we transfected U20S cells expressing the SG hub G3BP1-tdTomato from its
endogenous locus ' with these constructs (Figure 7A). This allowed for the tracking of SGs in live
cells. After one day, the cells were subjected to heat stress for 1 hour at 43°C, which resulted in
the assembly of G3BP1-positive SGs. The expression levels of hnRNPA1 variants and the extent
of SG assembly in cells expressing the different hnRNPA1 variants were comparable (Figures
S7B,S7C). Upon release of the stress, achieved by restoring the temperature to 37°C, the SGs
disassembled over time (Figure 7B and S7D-S7F), and the rate of disassembly was quantified
for cells with moderate expression of eGFP (Figure 7C).

Cells expressing the pathogenic hnRNPA1 mutant D262V showed delayed SG
disassembly compared to cells expressing hnRNPA1 WT (Figure 7C). The effect of the mutation
was comparable to previous observations %%, In contrast, in cells expressing the designed
hnRNPA1 variant protein allWW D262V, the SGs started to disassemble on timescales that were
akin to those of cells expressing the WT protein and completed disassembly even faster than WT.
We also analyzed SG disassembly in a population of cells that expressed zero to very low levels
of hnRNPA1 variants as indicated by eGFP levels at background levels as a control. SG
disassembly dynamics in these cells were identical within error for WT and D262V variants;
transfection with the allW D262V variant seemed to confer a slight advantage (Figure 7D). This
may be attributable to some cells expressing low levels of hnRNPA1 despite background levels
of eGFP, attributable to relatively low levels of eGFP expression from the IRES (Figure S7B).
Indeed, examples of cells expressing WT or D262V hnRNPA1 without obvious eGFP signal are
detectable in our dataset (see Figure S7A for examples). Thus, to test the phenotypic effect of
expression of each hnRNPA1 variant, we systematically compared SG disassembly dynamics for
cells expressing and not expressing each of the constructs, as inferred from the presence or
absence of eGFP fluorescence. While the expression of D262V delayed SG disassembly
compared to cells that were transfected with the same construct but did not show measurable
expression, the expression of WT and allW D262V variants conferred a disassembly
enhancement (Figure S7D-S7F). These experiments suggest that even very low expression
levels of hnRNPA1 variants influenced SG disassembly dynamics. Our results suggest that
pathogenic mutants of hnRNPA1 with decreased metastability slow SG disassembly. Strikingly,
this effect can be rescued by mutations that increase the metastability of condensates, leading to
a wild type-like SG disassembly phenotype in cultured cells.
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Figure 7: Mutations that increase the metastability of A1-LCD condensates rescue a SG
disassembly phenotype in cells.
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(A) Schematic of the architecture of full-length hnRNPA1 variants with C-terminal FLAG tag and
proportionately expressing eGFP via an interim IRES sequence, showing the location and identity of the
aromatic residues in the LCD. (B) Representative micrographs of U20S cells expressing the SG marker
G3BP1-tdTomato (red) from its endogenous locus, that were transiently transfected with the WT hnRNPA1-
FLAG-IRES-eGFP construct and subjected to 1 hour of heat stress at 43 °C, during which SGs become
visible as punctate G3BP1 foci in the cytoplasm. In the recovery phase at 37 °C, the SGs dissolve over
time. eGFP (green) identifies the cells expressing protein from the transfected construct. The cell nuclei are
stained with Hoechst 33342 (blue). (C) Quantification of SG disassembly kinetics in cells expressing eGFP.
The mean of three independent replicate experiments is shown. (D) Quantification of SG disassembly
kinetics from the same experiments as in (C) but of cells without eGFP signal. (C,D) The mean of three
independent replicate experiments is shown. The shaded regions represent the 95% confidence interval.
The three variants were compared using a log rank test, and the overall p-value that tests for differences
between variants is shown in the top right corner. For pairwise comparisons of variants, adjusted p-values
(using the Benjamini-Hochberg correction) are shown in the table inset. Also see Figure S7.

DISCUSSION

Overall, our findings may be summarized as follows: Condensates are metastable relative
to globally stable fibrils (Figure 1A,1G). Condensates form more readily than fibrils (Figure 1C)
on sub-second timescales for A1-LCD *, but the system converts to globally stable fibrils over the
course of hours to days (Figures 1C, 2 and 3J). The metastability of condensates relative to fibrils
is an important factor in determining the timescale of conversion to fibrils. Conversion can be slow
if condensates have increased metastability defined by lower values of AAGgs, because
condensates can serve as effective sinks for soluble proteins (Figure 3J) to limit the rate of efflux
(Figure 6). The pathogenic mutations in the A1-LCD weaken the metastability of condensates to
stabilize fibrils (Figure 1E,1G). Condensates formed by pathogenic mutants do not sequester
soluble proteins as readily as WT condensates (Figures 2 and 3). Interfaces of condensates can
nucleate fibril formation (Figures 2 and S4), and mutations that affect condensate metastability
also change the effectiveness of nucleation at interfaces (Figure 5). Fibril growth occurs in the
dilute phase and is determined by the protein concentration in the dilute phase, which is kinetically
regulated by the efflux of proteins from condensates (Figures 3 and 6). Introducing mutations
that weaken the metastability of A1-LCD condensates also has a deleterious effect on SG
disassembly in cells. Mutations that enhance the metastability of the condensates rescue the SG
disassembly phenotype in cells even if they feature pathogenic mutations (Figure 7C). Our
findings point to separable contributions of stickers that contribute to stabilization of disordered
condensates and steric zippers that stabilize ordered, fibrillar phases 3. Thus, pathogenic
mutations in A1-LCD appear to be separation-of-function mutations that destabilize condensates
and stabilize fibrils.

We find that sticker-sticker interactions are important for preventing transformation into
fibrils. We propose that in SGs, the network of heterotypic sticker-mediated interactions slow the
formation of productive interactions of fibril-promoting motifs, thus suppressing fibril formation in
the dense phase. This proposal is in agreement with the heterotypic buffering model put forward
previously, in which heterotypic interactions in complex condensates suppress the conversion into
fibrils formed by homotypic interactions ®°. Recent work has suggested that the formation of
separate TDP-43 condensates or demixing of TDP-43 within condensates, either via oxidative
stress, protein unfolding stress, or optogenetic engineering, which cause loss of heterotypic
buffering, promotes conversion to solid states and pathogenic processes '9%%¢7  Kinetic
stabilization against fibrillization has also recently been proposed for translation-repressing
condensates formed by CPEB4 8.

Given the tendency of condensate interfaces to nucleate fibril formation
mechanisms to passivate those interfaces may have evolved. These can include emulsification

20-22,44,45
)
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of condensates by specific proteins that accumulate at the interface ®°. Prolonged stresses or the
presence of destabilizing pathogenic mutations may render the buffering functions of condensates
to be less effective.

Limitations of the study

Our studies were performed using a single PLCD and variants thereof. Future work will
focus on characterizing the effects of compositionally complex facsimiles of SGs. While our
findings are likely generalizable at least for PLCD-containing systems, they may not apply to
proteins with non-overlapping sticker and zipper sequence grammars. Additional work is needed
to test whether phenotypes generated by the expression of pathogenic RBP mutants are rescued
by stabilizing the PLD network in SGs. Novel methods will also be needed to follow the temporal
evolution of all the relevant species that go beyond fibrils.
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Methods
Constructs

All constructs used for in vitro experiments are variants of the LCD of heterogeneous
nuclear ribonucleoprotein 1 (hnRNPA1), and the coding sequences were either derived from the
original A1-LCD WT plasmid (sequence not optimized for bacterial expression) *° by site-directed
mutagenesis, or synthesized by Thermo Fisher Scientific (codon-optimized for bacterial
expression) with a sequence coding for an N-terminal TEV cleavage site (ENLYFQGS) and 5’ and
3’ attB sequences for Gateway cloning. Synthetic constructs were cloned into the expression
vector (pDEST17 vector) through an LR reaction and expressed as fusion proteins containing a
6X His-tag and the TEV protease cleavage site. Following purification, cleavage with TEV
protease was performed, after which the residues ‘GS’ remain at the N-terminus along with the
sequence for A1-LCD (186-320). All sequences are shown in Table S1 (bacterial expression
constructs) and Table S2 (mammalian expression constructs).

Protein expression and purification

The non-codon optimized constructs of A1-LCD (WT, D262V, D262N) were expressed in
E. coliBL21 (DE3) RIPL cells. All codon-optimized variants were expressed in E. coli BL21 (DE3)
Gold cells. Cultures were grown in ZYM5052 auto induction media ° at 37°C for 18-24 hours. Cell
pellets were resuspended in lysis buffer (50 mM MES pH 6.0, 500 mM NaCl, 20 mM 2-
mercaptoethanol), lysis was performed via sonication and the samples were centrifuged (30,000
g, 30 min) to pellet inclusion bodies containing the expressed protein. The pellet was further
resuspended in 6 M guanidinium chloride, 20 mM Tris pH 7.5, 15 mM imidazole and solubilized
overnight at 4°C with constant stirring. The solubilized pellet was centrifuged (30,000 g, 30-40
min) and the clear supernatant was loaded onto self-packed columns of chelating Sepharose Fast
Flow beads (GE Healthcare) charged with nickel sulphate. The columns were washed with at
least 5 column volumes of buffer containing 4 M urea, 20 mM Tris pH 7.5, 15 mM imidazole, and
proteins were eluted from the Ni-NTA resin with buffer containing 4 M urea, 20 mM Tris pH 7.5,
500 mM imidazole. TEV cleavage of the 6xHis-tag was performed while dialyzing against a buffer
containing 2 M urea, 20 mM Tris pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 1 mM DTT overnight at
room temperature. After cleavage, the protein solutions were loaded onto Ni-NTA columns to
separate the protein of interest from the cleaved His-tag. The fractions containing the flow-through
and buffer wash were collected and concentrated using a 3,000 MWCO centrifugal filter (Amicon,
Millipore Sigma). For the final purification step, the samples were passed over a S75 Superdex
size exclusion column (Cytiva Life Sciences) in 2 M guanidinium chloride, 20 mM MES pH 5.5.
The identity of each protein was confirmed via intact mass spectrometry. All proteins were stored
in 4 M guanidinium chloride, 20 mM MES pH 5.5 at 4°C. For the -4D+4V and —4D+4N variants,
which are highly aggregation prone, storage was performed in 6 M guanidinium chloride. The allW
variants, which showed a tendency to phase-separate even during TEV cleavage, were diluted to
a minimum volume of 80—100 mL per 1 L of culture and cleaved with TEV protease in 3 M urea,
20 mM Tris pH 7.5, 25 mM NaCl, 0.5 mM EDTA, 1 mM DTT. For the allW variants, size-exclusion
chromatography was performed in 4 M guanidinium chloride, 20 mM MES, pH 5.5 to keep the
proteins soluble.

Buffer exchange into native buffer

All variants used in this study showed a tendency to aggregate upon slow buffer exchange
through dialysis. Therefore, rapid buffer exchange was performed through use of Zeba spin
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desalting columns (7K MWCO, ThermoFisher Scientific) or HiTrap desalting columns with
Sephadex G-25 resin (Cytiva Life Sciences).

SDS-PAGE

Denaturing polyacrylamide gel electrophoresis was performed using NUPAGE 4-12% Bis-
Tris gradient gels (Invitrogen) and 1X NuPAGE MES SDS running buffer (Invitrogen). Gel staining
was performed with SimplyBlue SafeStain (Thermo Fisher Scientific) followed by destaining in
water. PageRuler Plus Prestained protein ladder (Thermo Fisher Scientific) was used as a
molecular mass ladder for reference.

Measurement of saturation concentrations

Dilute phase concentrations were determined as a function of temperature (4°C to 20°C)
using the sedimentation protocol described previously’'. Briefly, phase separation was induced
by adding NaCl to a final concentration of 150 mM, samples were incubated on temperature
blocks for 5-10 minutes, and the dilute and dense phases were separated via centrifugation under
pre-equilibrated temperature (21,100 g for 5 min). The protein concentration of the dilute phase
was determined by measurements of the absorbance at 280 nm on a UV-Vis spectrophotometer
(NanoDrop, ThermoFisher Scientific). For samples with low absorbance values, measurements
were performed in a 10 mm pathlength quartz cuvette. All measurements were performed at least
in triplicate.

Differential interference contrast (DIC) microscopy

DIC microscopy was performed on a Nikon Eclipse Widefield microscope or a 3i Marianas
spinning disk confocal microscope with a 20 X objective. Samples were prepared by adding NaCl
to a final concentration of 150 mM. Protein concentrations were selected such that they were at
approximately equal values of supersaturation for the different variants. Images were acquired at
room temperature. Protein solution (1.5-3 pL) was sandwiched between a slide and coverslip
(1.5 mm thickness) held together by 3M 300 LSE high-temperature double-sided tape (0.34 mm)
with holes punched in to accommodate the samples.

Protein solubility measurements

Samples containing two input protein concentrations in the sub-saturated and super-
saturated regimes were prepared in triplicates for each variant. A final NaCl concentration of 150
mM was used, and 0.03% sodium azide (NaN3) was added to avoid bacterial contamination during
the prolonged incubation. The samples were incubated at 20°C and 600 rpm on a bench-top
incubator shaker for 14 days. After the incubation period, the samples were transferred to 1.5 mL
ultracentrifuge tubes (Beckman Coulter) and ultracentrifugation was performed at 218,000 g for
40 minutes on a Beckman Coulter Ultracentrifuge (Optima). The soluble protein concentration of
the supernatant was measured from the absorbance at 280 nm in a 10 mm pathlength cuvette in
a UV-Vis spectrophotometer.

Confocal Microscopy for ThT localization

To study spatial localization of ThT fluorescence in condensates as a function of time, a
Zeiss LSM 780 confocal microscope was used. The samples were prepared by adding ThT (to a
final concentration of 20 uM) to the protein samples and inducing phase separation by adding
NaCl to a final concentration of 150 mM. The samples (1.5-3 uL) were either sandwiched as
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described above or placed (15 pL) into uncoated, chambered u-Slide 15-Well 3D (Ibidi) coverslips,
with the wells surrounding the sample wells filled with water to slow down sample evaporation.
The plates were sealed with DIC compatible lids. Imaging was performed at different time points
using the following settings: 20X objective or 40X water objective; laser excitation at 458 nm,
emission at 472-552 nm. Image processing was performed using Fiji.

Confocal microscopy for imaging condensates

N-terminal labeling was performed in denaturing conditions (4 M guanidinium chloride,
100 mM phosphate buffer, pH 7.0) for the A1-LCD variants using either Oregon Green 488 or
Alexa Fluor 647 NHS esters. To generate samples for imaging, labelled protein was spiked into
the corresponding unlabeled variant at a molar ratio of either 1:100 or 1:300, for Oregon Green
488 or Alexa Fluor 647, respectively. The protein samples were buffer exchanged into native
buffer, followed by induction of phase separation by adding NaCl to a final concentration of 150
mM. For long-term imaging, sample was prepared as follows: a 4 pyL drop of sample was
sandwiched between a slide and a cover glass separated by two narrow strips of double-sided
adhesive tape (3M 300LSE), and the region surrounding the drop was filled with mineral oil to
prevent evaporation. The images were collected on a spinning disc confocal microscope (3i
Marianas) using laser excitation of 488 nm and 633 nm for Oregon Green 488 and Alexa Fluor
647, respectively.

Thioflavin T fluorescence assays

Samples of equal volume generated via a 0.8x serial dilution of A1-LCD variants were
prepared in the wells of a 96-well clear flat-bottom half-area microplate (Corning or Greiner Bio-
One). Just before starting the measurements, phase-separation was induced by adding ThT to a
final concentration of 20 uM and NaCl to a final concentration of 150 mM to all wells. Plates were
sealed with optically transparent film to prevent evaporation, and data collection was performed
at room temperature with 15 seconds of shaking at 500 rpm between readings. ThT fluorescence
(excitation 450 nm, emission 510 nm) was monitored every few minutes (1-5 minutes), for 24-36
hours using either the top-reading (black plates) or the bottom-reading mode (clear plates) in a
plate reader (CLARIOstar, BMG Labtech). Data analysis and plotting were performed using
custom scripts written in R.

Preparation of fibril seeds

Samples of fibril seeds were prepared as follows: Samples of monomeric D262V A1-LCD
of a known concentration and volume were incubated in 40 mM HEPES, pH 7, 150 mM NaCl for
24 hours at 600 rpm until fibril formation. Fibrils were separated by ultracentrifugation at 218,000
g for 40 minutes in a Beckman Coulter Ultracentrifuge (Optima). The concentration of the
supernatant was determined, and a specified volume of supernatant was removed. Fibril
concentration was determined in terms of monomer equivalents compared to the initial monomer
concentration and the leftover concentration in the supernatant. The fibril pellet was resuspended
in buffer, vortexed and sonicated to prepare seeds. For the final assay, seeds were used as 10%
w/w of the monomeric protein concentration.

Transmission Electron Microscopy (TEM)

Samples were adsorbed to freshly glow-discharged 300 mesh carbon/formvar-coated
grids for electron microscopy by floating support on a drop of sample solution for 10 minutes.
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Following adsorption, samples were washed three times in ddH20 by passing the grid across a
large droplet of water. Grids were wicked almost dry with filter paper then contrasted by floating
on a drop of 2% uranyl acetate for 1 minute. Excess stain was wicked off the grid, and grids were
allowed to air dry. Samples were imaged in a ThermoFisher Scientific F20 transmission electron
microscope operating at 80 kV, and images were recorded on an AMT camera system.

Prediction of saturation concentrations from the mean-field model

The measured cs values of variants at 4°C were converted into the rescaled csc values
referred to as ¢s¢’' by using the equation described by Bremer et al. *'. The predicted values of cs.'
for these mutants were obtained from the mean-field model derived from the V-shaped plot of
rescaled saturation concentrations of A1-LCD variants vs NCPR *'. To determine the agreement
between them, the measured cs.' values were plotted against the predicted cs¢’ values.

Chemical kinetics modeling

Modeling was based on the following assumptions: (1) The system comprises three
species that mimic the dilute, dense (condensate), and fibrillar phases; (2) fibril formation can only
occur in the dilute phase, (3) protein exchange occurs between the dilute and dense phases with
rate constants controlling the influx (Kai-den) and efflux (Kden—ai), (4) fibril formation is controlled by
a combination of primary nucleation (k1), secondary nucleation (k2), and elongation (kiong), and (5)
monomer loss (i.e., reversal of elongation, kioss) is set to zero. Note that the term “phase” is used
loosely here because there is no phase boundary, with a delineating interface. Furthermore, we
use a chemical kinetics approximation, which means that neither the transport properties within
distinct phases nor the relative volumes or volume fractions are constrained in any way. The
predictions are interpreted within these limitations of the model. For example, if we assume two
coexisting phases, o and B, then the fraction of molecules in each of the phases, denoted as f®
and f® would be written as: f¥=(c®¢®)/c*®, where x is o or B, c¥is the equilibrium concentration
in phase x, ¢ is the fraction of the system volume that is occupied by phase x, and ¢ is the
input concentration. The expressions for f¥ become more complicated when we have three
coexisting phases a, 3, and y, which correspond to dilute, dense, and fibrillar phases, respectively.
Importantly, we do not have information regarding the steady-state values or time dependencies
of each of the $™ values. Instead, we have information regarding the growth of fibrillar species in
the form of the gain in ThT fluorescence as a function of time. Therefore, the model can be used
to fit the kinetic traces and make phenomenological predictions, which are then tested using a
different set of experiments. The goodness of fit is a necessary albeit insufficient test of the
exactness or accuracy of the model. However, the goodness of fit can be used to make
predictions, which are testable in separate experiments. These predictions and the tests are
described in the main text. In the model, coupled differential equations are used to model the
temporal evolution of different species, for different total protein concentrations. These equations,
which are written in terms of the concentrations (activities) of proteins in the dilute phase ([dilute]),
dense phase ([dense]), fibrils ([fibrils]), and the number of fibrils (numsi:is), are based on the work
of Meisl et al. °'. They are written as follows:

SBuBabrils) = k, [dilute] + k[dilute] [fibril], Eq. (1)

d[dense]
dt

= Kgil-den[dilute] — kqenan[dense], Eq. (2)
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d[dilute]
dt

= kgenoairldense] — kgiioqen[dilute] — k4 [dilute] — k, [dilute][fibril] —
2klong[di]llte]nurnfibrils + 2klossnulnfibriISa Eq (3)

d[fibril]
dt

= k,[dilute] + k;[dilute][fibril] + 2kjong[dilute]numgp s — 2kjossNUMgpris » EQ.
(4).
Fitting experimental ThT traces

Fits were determined for all total concentrations above 17 uM for each of the three
replicates corresponding to the sample age of zero days. The parameter fluorscaing Was used to
convert the ThT fluorescence to protein concentrations using a linear relationship. The known
experimental total concentrations were used as the starting concentrations in the model. The
parameters Kkqi-den and keendil Were set to zero for concentrations below csc where dense phases
(condensates) are absent. Optimization was performed using a least-squares residuals model.
Several initial starting parameters were used for the lowest concentration for each construct to
minimize the residuals. Then, the best fit parameters from the previous concentration were used
as starting points to fit the ThT traces for the next concentration. Fits were performed over the
first 500 minutes of the ThT traces unless traces showed a large drop in ThT fluorescence likely
due to fibrils accumulating at the bottom of the well and therefore not contributing to the ThT
signal. The slopes of the ThT traces were analyzed to extract traces that agreed with this criterion
and thus the revised time cutoff for fitting. All initial and extracted parameters, time cutoffs, and fit
values for each experimental concentration and replicate are provided.

Extraction of additional information from chemical kinetics modeling

A time step of 10 minutes was used. Euler's method was used to calculate protein
concentrations. To determine the effect of titrating kdiiden and Keen—qi ON the time to reach 5, 50,
and 95 percent fibril, all other parameters were set to be constant. Specifically, k1 = 1e-8, k> = 5e-
9, kiong = 500, and the total protein concentration was set to 200 uM. These values were chosen
to be equivalent to extracted parameters from fits of WT and D262N ThT traces at 200 uM.
Simulations were performed for a total of 5x10°-time steps, and this equates to 500 minutes. To
plot protein fractions in the dilute, dense, and fibrillar phases, the extracted best parameters from
fits to the ThT traces were utilized. Here, simulations were performed for 5x10°-time steps, and
this again equates to 500 minutes. Given a total concentration, cwta, the initial dilute phase
concentration was set by CiotaiKden—dil/ (Kdiisdent Kdensail) @nd the initial dense phase concentration
was set by CiotalKdil-sden/ (Kdilsdent Kden—sdil)-

Condensate dissolution assay under flow

Condensates of WT A1-LCD and two variants, allW and allW D262V, prepared in 40 mM
HEPES buffer (pH 7.0) and 150 mM NaCl, were flowed into a laminar flow microfluidic chamber
(u-Flux) attached to a Lumicks C-trap correlative laser tweezer and confocal fluorescence
microscopy system for recording condensate dissolution kinetics. Using Python-based bluelake
software (Lumicks), a pressure of ~1 bar was set to enable the laminar flow of condensates into
the microfluidic cell already equilibrated with the sample buffer. Condensates were optically
trapped using a laser tweezer operating at 10% trapping laser (1064 nm) power corresponding to
~100 pW. Fluorescence images of condensates, visualized with either Alexa488 (WT) or Alexa647
(allw and allw D262V) labeled A1-LCD (50 nM), were acquired continuously (0.3 to 1.1 frames
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per second) to monitor the decay in condensate size as the trapped condensate undergoes
dissolution under laminar flow conditions (pressure set at ~0.6 bar). For analysis of condensate
dissolution data, the respective timelapse video was imported into Fiji (v1.54f) and thresholding
was performed to binarize the timelapse image sequence to better distinguish the droplet from
the background for reliable quantification of condensate area. Using the ‘analyze particles’
function of Fiji, the area of the shrinking condensates was extracted as a function of time.
GraphPad Prism 10 was used for generating the plots of condensate size over time and fitting
with a stretched exponential function was performed to estimate the dissolution time constant (1)
and stretching exponent f of individual condensates of each A1-LCD variant. For generating
representative videos of condensate dissolution, the raw timelapse videos were upscaled utilizing
bilinear interpolation, with the aid of Fiji, for better clarity.

Stress granule disassembly assay

U20S cells expressing G3BP1-tdTomato from the G3BP1 endogenous locus' were
cultured in DMEM with 4.5 g/L glucose, 10% FBS and 2 mM L-glutamine supplement and no
antibiotics. Sequences of all constructs used in cellular experiments are shown in Table S2. Cells
were seeded in 35 mm glass bottom dishes (Thermo Fisher # 150680) at a density of 400,000
cells per dish. The following day, full-length hnRNPA1 constructs with C-terminal FLAG tags, and
expressing eGFP proportionately via an intermediate IRES sequence cloned in the
pcDNA4/TO/myc-his Abackbone, were transfected into the cells (1 ug DNA per dish) using Viafect
transfection reagent (Promega) as per the manufacturer’s protocol. 24 hours after transfection,
cell nuclei were stained with Hoechst 33342 (2 pg/mL) in imaging media (Fluorobrite DMEM with
10% FBS and 2 mM L-glutamine) for 10 minutes. After replacing the staining media with imaging
media, cells were imaged using an Okogawa CSU-W1 spinning disk confocal attached to a Nikon
Ti2 Eclipse microscope with a Photometrics Prime 95B camera and using Nikon Elements
software (v5.21.02). Conditions were maintained at 37°C and 5% CO2 using a Bold Line Cage
Incubator (Okolab) and an objective heater (Bioptechs), excluding when heat stress was applied.
Imaging was performed through a Nikon Plan Apo 60% 1.40 NA oil objective with Immersol 518 F
(Zeiss; refractive index 1.518), and Perfect Focus 2.0 (Nikon) was engaged for all captures. Heat
stress was achieved by increasing the temperature of the objective heater to 43°C, which showed
a reproducible effect of stress granule formation after 10-11 minutes. After 1 hour of heat stress,
the objective heater temperature was lowered to 37°C to allow the cells to recover, during which
time the stress granules gradually disassemble. Time-lapse imaging was performed for a total of
3 hours (1 hour of heat stress and 2 hours of recovery). For different days of experiment, the
sequential order of the variants imaged were cycled to randomize the effect of variable wait time
before imaging.

Analysis of stress granule disassembly

20 regions for each sample were imaged simultaneously, resulting in 20 time-lapse videos
per day of experiment and construct. The time-lapse videos from each condition for each
experiment day were manually reviewed. All cells that (a) have eGFP expression above
background fluorescence, (b) show stress granules at the end of the heat stress, and (c) remain
viable over the course of the experiment were included in the test set. For the negative control,
cells that (a) do not express eGFP above background fluorescence, (b) show stress granules at
the end of the heat stress, and (c) and remain viable over the course of the experiment, were
picked, 4 cells per time-lapse video, one from each quadrant. Cells were manually tracked to
determine the timepoint at which no stress granules are visible. Time-lapse videos were included
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as long as a few defocused frames did not interfere with an accurate determination of the
timepoint at which all stress granules disassemble. The stress granule disassembly timepoints
for each construct for three independent days of experiments were combined and analysed using
standard survival analysis methods. Kaplan-Meier survival curves that represent the fraction of
cells showing stress granules at each timepoint were generated (Figure 7C,D). The survival
curves for different variants were compared using log rank testing, and the p-values were adjusted
with the Benjamini-Hochberg correction for multiple comparisons 2.

Analysis of stress granule area fraction

For each of the stress granule disassembly experiments, the 20" frame (corresponding to
17 minutes of heat stress) was segmented for stress granules using the pixel classification model
using llastik v1.4 (https://www.ilastik.org/). Cell boundaries and nuclear boundaries were
segmented using Cellpose v2 (https://www.cellpose.org/) using the “cyto2” and “nuclei” models,
respectively. Only cells expressing eGFP above background were considered. The stress granule
area fraction per cell was calculated as stress granule area / (total cell area — nuclear area).
Comparison between variants was done by one-way ANOVA followed by Tukey’s post-hoc test.

Immunofluorescence microscopy

U20S cells grown in 24-well plates with a cover glass at the bottom were grown to 80%
confluency before transfecting with the prior-mentioned hnRNPA1-FLAG-IRES-eGFP-myc
constructs. 24 hours after transfection, the transfection media was replaced with fresh media and
the cells allowed to recover for an hour. The transfected cells were subjected to heat stress for 1
hour using a 43°C incubator followed by recovery for 2 hours at 37°C. At the end of each timepoint,
cells were taken out, fixed and permeabilized using 4% paraformaldehyde and 0.5% Triton X-100
for 15 minutes. Antigens were blocked with 3% BSA to reduce non-specific antibody binding,
followed by incubation with a cocktail of primary antibodies. Anti-PABP rabbit antibody (Abcam
AB21060), anti-FLAG mouse antibody (Sigma-Aldrich F3165) and anti-Myc chicken antibody
(Thermo Fisher A21281) were used to stain the stress granule marker PABP, hnRNPA1-FLAG
and eGFP-myc, respectively. Secondary antibodies used were anti-rabbit Alexa Fluor 647
(Invitrogen A31573) and anti-mouse Alexa Fluor 555 (Invitrogen A21422) and anti-chicken Alexa
Fluor 488 (Invitrogen A11039). DAPI was used to stain the nuclei. Cover glasses were mounted
on slides using ProLong Gold mounting media (Invitrogen). Fixed cells were imaged on a Zeiss
LSM 780 confocal microscope using a 63x oil immersion objective. Excitation lasers used were
405 nm for DAPI, 488 nm for Alexa Fluor 488, 532 nm for Alexa Fluor 555 and 633 nm for Alexa
Fluor 647.

Western blot

U20S cells were grown in 24-well plates and grown to 80% confluency before transfecting
with the hnRNPA1-FLAG-IRES-eGFP-myc constructs. 24 hours after transfection, cells were
lysed directly on the plate using 2x Laemmli SDS sample buffer with 100 mM DTT. The cell lysates
were heated to 95°C for 10 minutes followed by centrifugation to remove the insoluble fraction.
Equal volumes of the supernatant were separated by SDS-PAGE with a 10% polyacrylamide gel.
The gel was blotted on a PVDF membrane using wet transfer method, washed and blocked using
a standard protocol, and probed with a cocktail of primary antibodies: anti-hnRNPA1 rabbit
polyclonal antibody raised against residues 8-42 (Thermo Fisher PA5-79381), anti-GFP-B2
mouse monoclonal antibody (Santa Cruz Biotechnology sc-9996) and anti-B-actin rabbit
monoclonal antibody (Cell Signaling Technology 4970S). All primary antibodies were used at
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1:1000 dilutions. The secondary antibodies used were anti-Rabbit IRDye800CW (LICOR Bio 926-
32213) and anti-mouse IRDye680RD (LICOR Bio 926-68072), both used at 1:5000 dilution. The
membranes were imaged on a LICOR Odyssey Fc imager using excitation wavelengths of 800
nm and 700 nm, respectively.

Video S1. Time-lapse movie of a solution of A1-LCD D262N that is supersaturated with respect
to condensate formation transitions to fibrils.

Video S2. Time-lapse movie of a solution of A1-LCD D262V that is supersaturated with respect
to condensate formation transitions to fibrils.

Video S3. Time-lapse movie of a solution of WT A1-LCD that is supersaturated with respect to
condensate formation transitions to fibrils.

Video S4. Time-lapse movie of the dissolution of a WT A1-LCD condensate under flux in the
microfluidic flow chamber.

Video S5. Time-lapse movie of the dissolution of an allWw A1-LCD condensate under flux in the
microfluidic flow chamber.

Video S6. Time-lapse movie of the dissolution of an allW D262V A1-LCD condensate under flux
in the microfluidic flow chamber.
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