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misfolded proteins. Their results show
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stress-induced proteotoxic aggregates,
chaperones also regulate stress-induced
adaptive condensates.
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SUMMARY

Stresses such as heat shock trigger the formation of protein aggregates and the induction of a disaggregation
system composed of molecular chaperones. Recent work reveals that several cases of apparent heat-
induced aggregation, long thought to be the result of toxic misfolding, instead reflect evolved, adaptive bio-
molecular condensation, with chaperone activity contributing to condensate regulation. Here we show that
the yeast disaggregation system directly disperses heat-induced biomolecular condensates of endogenous
poly(A)-binding protein (Pab1) orders of magnitude more rapidly than aggregates of the most commonly used
misfolded model substrate, firefly luciferase. Beyond its efficiency, heat-induced condensate dispersal dif-
fers from heat-induced aggregate dispersal in its molecular requirements and mechanistic behavior. Our
work establishes a bona fide endogenous heat-induced substrate for long-studied heat shock proteins, iso-
lates a specific example of chaperone regulation of condensates, and underscores needed expansion of the
proteotoxic interpretation of the heat shock response to encompass adaptive, chaperone-mediated regu-

lation.

INTRODUCTION

In all cellular life, a sudden increase in temperature—heat
shock—causes the formation of intracellular aggregates and
the production of heat shock proteins, many of which act as mo-
lecular chaperones (Parsell and Lindquist, 1993). An early and
long-standing interpretation of these observations, which fol-
lows a wide range of so-called “proteotoxic stresses,” is that
molecular chaperones are produced to protect cells from the
toxic effects of stress-induced misfolded proteins and their
damaged aggregates (Lindquist, 1986; Vogel et al., 1995; Mori-
moto, 2008; Vabulas et al., 2010).

Supporting this view, the molecular disaggregation system,
which includes molecular chaperones Hsp100, Hsp70, and
Hsp40, disperses aggregates of model substrates such as
heat-misfolded firefly luciferase, restoring their function in vitro
(Glover and Lindquist, 1998; Goloubinoff et al., 1999). Decades
of biochemical studies on these model substrates have uncov-
ered the general mechanism of disaggregation as follows (re-
viewed in detail by Mogk et al. [2018]): J-domain proteins such
as Hsp40 target and promote binding of Hsp70 to specific sub-
strates while simultaneously stimulating Hsp70’s ATPase activity
(Laufen et al., 1999; Lu and Cyr, 1998; Jiang et al., 2019; Faust
et al., 2020). Substrate-bound Hsp70 then recruits and activates
the AAA+ disaggregase Hsp100 (Rosenzweig et al., 2013; Car-
roni et al., 2014; Seyffer et al., 2012; Haslberger et al., 2007),

L)

which threads the substrate delivered by Hsp70 through its cen-
tral channel to extract it from aggregates (Haslberger et al., 2008;
Gates et al., 2017; Avellaneda et al., 2020).

Alongside nascent polypeptides (Baler et al., 1992; Masser
et al., 2019), heat-induced aggregates of misfolded mature pro-
teins are considered major substrates of the disaggregation sys-
tem. However, no eukaryotic endogenous mature protein has yet
been identified to misfold in response to physiological heat
shock—i.e., nonlethal elevated temperature fluctuations
encountered in nature to which cells have adapted. Yeast prion
fibers are an endogenous substrate of the disaggregation sys-
tem (Shorter and Lindquist, 2004; Inoue et al., 2004), but they
do not form in response to acute heat shock in wild-type cells
(Franzmann et al., 2018; Tyedmers et al., 2008). As a conse-
quence, a central element in our understanding of the heat shock
response—that molecular chaperones directly engage and
disperse endogenous aggregates induced by heat shock—has
remained untested.

Recent work suggests that the proteotoxicity model, and the
view that physiological heat shock induces widespread protein
misfolding, must be expanded. A proteome-wide study in budding
yeast showed that a specific set of mature proteins form fully
reversible aggregates in response to heat shock (Wallace et al.,
2015). Closer inspection revealed that several cases of this
apparent aggregation reflect evolved, adaptive biomolecular
condensation (Riback et al., 2017; Iserman et al., 2020). For
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example, physiological heat shock temperature and pH changes
cause poly(A)-binding protein (Pab1), an abundant and broadly
conserved eukaryotic RNA-binding protein, to phase-separate
and form gel-like condensates in vitro. Suppressing Pab1 conden-
sation reduces cell fitness during prolonged heat stress, indicating
that condensation is adaptive (Riback et al., 2017).

Here, we will use the term “biomolecular condensates” to
refer to endogenous putatively adaptive membraneless struc-
tures of concentrated biomolecules (Banani et al., 2017) regard-
less of the condensation mechanism, and the term “aggregates”
to refer to amorphous clumps of misfolded proteins, commonly
deleterious to cells (Geiler-Samerotte et al., 2011).

Substantial in vivo evidence indicates that endogenous heat-
induced condensates interact with the disaggregation system.
All members of the yeast disaggregation system (Hsp104/
Hsp70/Hsp40) co-localize with stress granules, which contain
Pab1 (Cherkasov et al., 2013; Walters et al., 2015; Kroschwald
et al., 2015, 2018). Deletion or inhibition of any member of the
system, or the Hsp70 nucleotide exchange factor Hsp110
(Sse1/Sse2), delays dissolution of stress granules during recov-
ery (Cherkasov et al., 2013; Walters et al., 2015; Kroschwald
et al., 2015, 2018). Interestingly, dispersal of endogenous stress
granules precedes that of exogenously expressed misfolded
protein aggregates (Figures S1A-S1C) (Cherkasov et al., 2013;
Kroschwald et al., 2015), and only the former correlates with
the resumption of translation activity and the cell cycle (Cherka-
sov et al., 2013; Kroschwald et al., 2018).

We and others have hypothesized that heat-induced biomole-
cular condensates are major endogenous substrates of molecu-
lar chaperones (Wallace et al., 2015; Riback et al., 2017; Krosch-
wald et al.,, 2018; Yoo et al., 2019; Triandafillou et al., 2020;
Begovich and Wilhelm, 2020; Snead and Gladfelter, 2019). How-
ever, the questions of whether heat shock proteins directly
engage heat-induced condensates and whether and how func-
tional engagement differs between adaptive condensates and
aggregates of model misfolded substrates have remained
unanswered.

Here, we address these major open questions by reconstitut-
ing in vitro the dispersal of heat-induced Pab1 condensates by
their cognate disaggregation system. Comparative studies of
Pab1 condensates and aggregates of misfolded luciferase
reveal four key differences. First, and most strikingly, chaper-
ones that show slow and incomplete dispersal of luciferase ag-
gregates disperse Pab1 condensates rapidly and completely.
Second, unlike luciferase (Cashikar et al., 2005), Pab1 does not
require co-condensation with small heat shock protein Hsp26
for efficient dispersal. Third, unlike luciferase, for which type |
(Ydj1) and type Il (Sis1) Hsp40 show synergistic activity (Nille-
goda et al., 2015, 2017), Pab1 condensate dispersal depends
only on Sis1 and is antagonized by Ydj1. Fourth, we show that,
unlike luciferase, Pab1 is only partially threaded by Hsp104
and readily regains its function upon dispersal.

Finally, we investigate the dispersal system’s puzzling depen-
dence on excess Hsp70 for optimal activity, which we find also
applies to Pab1 condensate dispersal. Using a kinetic model,
we show that the requirement of multiple accessible Hsp70s
for Hsp104 recruitment and activation suffices to render the
disaggregation system sensitive to the relative Hsp70 level.
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Our results establish heat-induced biomolecular condensates
of Pab1 as direct endogenous substrates of the disaggregation
system and reveal that conclusions drawn from studying heat-
induced aggregates of “model” misfolded proteins do not
generalize to these endogenous condensates. Further study of
how chaperones engage with these and other adaptive, endog-
enous substrates, and how this engagement differs from foreign
or proteotoxic substrates, appears likely to yield substantial in-
sights into the mechanistic features and biological roles of this
ancient molecular system.

RESULTS

Heat shock causes Pab1 condensation, which is not
spontaneously reversible

In budding yeast, Pab1 forms RNase-resistant, sedimentable
condensates after heat shock (Wallace et al., 2015; Riback
et al.,, 2017). Condensates of mature, endogenous proteins
disperse to their pre-stress soluble form within an hour, without
degradation, as cells recover from stress (Wallace et al., 2015;
Cherkasov et al., 2013).

Consistent with previous results, 20 min of heat shock at 42°C
caused a roughly 6-fold increase in the proportion of RNase-
resistant, large sedimentable Pab1 (Pg) compared with the pre-
shock level (Figures 1A-1C). This fraction decreased as the cells
recovered at 30°C and reached the pre-shock level by 60 m.
Pab1 is not significantly induced during heat shock, and cells
recovered in the presence of cycloheximide (CHX) to block
new protein synthesis still solubilized most of the Pab1 conden-
sates by 60 min, with some reduction likely due to suppression of
chaperone synthesis by CHX (Figures S1D and S1E). These re-
sults confirm that under these conditions Pab1 rapidly forms sta-
ble RNase-resistant condensates in vivo.

To reconstitute Pab1 condensates in vitro, we treated purified
Pab1 at 42°C for 20 min at pH 6.8, which is approximately the pH
of the yeast cytoplasm during the same heat shock (Triandafillou
et al., 2020) (Figure 1D). Pab1 condensates formed in vitro by
heat shock or pH drop remained stable and did not dissolve after
dilution in a high-salt buffer (Figure S1F). When analyzed by size-
exclusion chromatography (SEC), about 25% of heat shocked
recombinant Pab1 eluted in the void volume, corresponding to
Pab1 condensates larger than 5,000 kDa (Figure 1D). Because
a previous study indicated that misfolded proteins could
nucleate stress granule formation in vivo (Kroschwald et al.,
2015), we tested whether heat-shocking Pab1 in the presence
of thermolabile firefly luciferase could further promote conden-
sation. Indeed, we found that the presence of a 100-fold lower
amount of luciferase, but not thermostable BSA, allows Pab1
condensation at a lower temperature and also increases the
condensation yield by about 2-fold (Figures S2A-S2C).

Condensation requires Pab1’s folded RNA recognition motifs
(RRMs), and excess RNA inhibits Pab1 condensation in vitro
(Riback et al., 2017), suggesting a competition between Pab1’s
condensation and RNA-binding activity. Consistent with this,
heat shock reduces the association of Pab1 with RNA in vivo
(Bresson et al., 2020). We measured the RNA-binding capacity
of Pab1 condensates isolated from SEC using fluorescence
anisotropy and electrophoretic mobility shift assay (EMSA). For
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1:1 binding of Pab1 to RNA, we used fluorescently labeled 19-
mer poly(A) RNA (A19). Pab1 condensates showed specific but
significantly reduced binding to A19 compared with monomers
(Figures 1E, S2D, and S2E). The condensates remained stable
at neutral pH and room temperature, consistent with a require-
ment for cellular disaggregation machinery as repeatedly indi-
rectly demonstrated.

Hsp104, Hsp70, and type Il Hsp40 are necessary and
sufficient for rapid, complete dispersal of Pab1
condensates in vitro
To monitor the dispersal of Pab1 condensates into functional
monomers, we developed a fluorescence-anisotropy-based
assay in which the increase in fluorescence anisotropy of A19in-
dicates RNA binding by Pab1 monomers (Figure 2A). We mixed
Pab1 condensates and A19 with molecular chaperones Hsp104,
Ssa2 (Hsp70), Ydj1 and Sis1 (type | and Il Hsp40, respectively),
and Ssel (Hsp110). The concentrations of Pab1 condensates
and A19 were chosen to maximize the assay’s sensitivity to
Pab1 monomers without saturating the signal (Figure 1E). In
the absence of ATP, no change in fluorescence anisotropy was
observed. In contrast, in the presence of ATP, fluorescence
anisotropy quickly increased and reached a plateau after about
5 min, marking the completion of Pab1 dispersal (Figure 2A).
We next tested which set of molecular chaperones are neces-
sary and sufficient for complete Pab1 dispersal in vitro (Figures
2B and 2C). Condensate dispersal in the absence of Sse1 abso-
lutely required ATP, Ssa2, Sis1, and Hsp104 with both sub-
strate-binding pore-loop tyrosine residues (Figures 2B and
S3A). Condensates formed in the presence of luciferase were

dispersed by chaperones as well as homogeneous conden-
sates (Figure S2F). Interestingly, in the former case, chaperones
also refolded luciferase, but luciferase refolding continued after
the completion of Pab1 condensate dispersal (Figures S2F and
S2G). When Ssel was added, the rate of Pab1 condensate
dispersal increased by 2.5-fold (Figure S3B), and removal of
Hsp104 led to only partial dispersal of condensates (Figure 2B).
These results are consistent with the weak disaggregation activ-
ity of Hsp110/Hsp70/Hsp40 observed against amorphous ag-
gregates and amyloid fibrils (Shorter, 2011), and with continued,
albeit strongly delayed, dispersal of Pab1 condensates in vivo in
cells lacking Hsp104 (Cherkasov et al., 2013).

The same chaperone requirement pattern was observed when
we repeated the assay with Ssa1 and Ssa4, which are, respec-
tively, the constitutively expressed and heat-inducible paralogs
of Ssa2 (Figures S3C-S3G). The overall dispersal rate was slower
with Ssa4 than with Ssa2 (Figure S3C), which is consistent with
the weaker activity of stress-inducible human Hsp70 observed
against amyloid fibrils (Gao et al., 2015; Scior et al., 2018).

We verified our fluorescence anisotropy results using two in-
dependent methods. First, we examined solubilization of Pab1
using sedimentation. About half of Pab1 condensates isolated
from SEC were too small to pellet, but incubating Pab1 conden-
sates with the minimal disaggregation system (Hsp104, Ssa2,
Sis1) completely solubilized Pab1 (Figures 2C and 2D). In
contrast, Pab1 solubility remained unchanged from background
levels when the condensates were incubated with an incomplete
disaggregation system (Figures 2C and 2D).

Next, we prepared Pab1-Clover condensates and examined
their size distribution by fluorescence-detection SEC (FSEC).

Molecular Cell 82, 741-755, February 17, 2022 743




Molecular Cell

- ¢? CellPress

A C D
\%pam ® OMMATP @ 5mMATP
Copdepsate 100 Hsp104 + + Hsp104 - + +
pom— o ° Ssa2 + + Ssa2 - + +
FAM-A19 RNA S 751 g Sis1 - + Sist - - +
% Ssa2/Hsp70 x s PSP @ 1.004 i n
& 501 Pab1 'S . 5
@ YditHspao o 3 0.751 3
° c 2
25 Ssa2 i I 3
@ Sis1Hsp4o 2 BSA |- - £ 0.50 82 %
* o @
Hsp104 g 0177, TS, Sc}1< \ - 50-25- ®
S| i . P
H H P . . . ° & 0.00 : £
e 0 10 20 30 v - v — v
% Hi?mo Time (min) 5 10 15 20
Elution volume (mL)
B +Ssel _arp + ATP - Ssa2 - Ydj1 - Sis1 — Hsp104 - Ssel Merge Conc.
1004 (uM) Ratio*
75 g,f:-“:a T 3 Ssa2 1.0 10
] Ydt 05 5
o %0 ! o
S 25 | Sist 05 5
S
- RO rem——— j ———— Hsp104 0.1 1
x - J - Jt - I - JL - - JL Ssel 005 05
é 0O 20 40 600 20 40 600 20 40 600 20 40 600 20 40 600 20 40 600 20 40 60 N .
O _Ssed relative to substrate
g se 0.1 M)
3 120 ———
5 80 7
40 ,/
0 -| eme———— ! . =
s T,
0 20 40 600 20 40 600 20 40 600 20 40 600 20 40 600 20 40 60 0 20 40 60

Time (min)

Figure 2. Hsp104, Hsp70, and Sis1 are necessary and sufficient for complete dispersal of Pab1 condensates in vitro

(A) Schematic representation of Pab1 condensate, A19 RNA, and chaperones used in the fluorescence anisotropy assay. Representative data fitted to the logistic
equation are shown on the right.

(B) Fluorescence anisotropy of A19 in the presence of Pab1 condensates and chaperones. Experiments shown in the top row included all chaperones shown in (A)
except the component specified at the top of each column. The same experiment repeated in the absence of Sse1 is shown in the bottom row. Fitted data from
two independent experiments are shown. Concentrations of chaperones are indicated on the right. Hsp40 and Hsp104 concentrations are for dimers and
hexamers, respectively.

(C) Western blot of Pab1 after sedimentation. Hsp104 is present at a low level and does not show up in the total protein gel shown at the bottom. CK stands for

creatine kinase. Asterisk indicates unknown contaminant.

(D) Quantification of Pab1 sedimentation results. Mean and SD were computed from at least three experiments.
(E) FSEC profiles of Pab1-Clover. The dashed lines, from left to right, mark the peaks corresponding to condensed, RNA-bound monomeric, and free monomeric

Pab1-Clover.

Pab1-Clover condensates remained stable when incubated for an
hour at 30°C in the absence of a complete disaggregation system
(Figure 2E). After incubation with the complete disaggregation
system, however, the condensate peak disappeared and a new
peak corresponding to RNA-bound Pab1-Clover appeared. A
similar experiment performed with unlabeled Pab1 using SEC
and western blot confirmed these results (Figures S3E-S3G).

In summary, the results from three independent methods
consistently indicate that Hsp104, Hsp70, and type Il Hsp40
Sis1 are necessary and sufficient for rapid, complete dispersal
of Pab1 condensates in vitro. These results are consistent with
the in vivo observations that deletion or inhibition of Hsp104,
Hsp70, or Hsp40 delays dispersal of stress granules marked
by Pab1 (Cherkasov et al., 2013; Walters et al., 2015; Krosch-
wald et al., 2015, 2018).

Pab1 condensates and misfolded protein aggregates
exhibit different chaperone dependence for dispersal
Substrate dispersal by the disaggregation system has been
extensively studied using non-native model substrates such as
firefly luciferase, which readily misfolds in vitro at elevated tem-
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peratures and whose light-producing enzymatic activity offers a
precise measure of the extent of protein refolding. To determine
whether and how Pab1 condensate dispersal differs from lucif-
erase aggregate disaggregation, we first focused on two chap-
erone-related features of luciferase disaggregation which we
could recapitulate: the dependence of dispersal on small heat
shock protein Hsp26, and on type | and type Il Hsp40s.

As reported previously, co-aggregation with excess Hsp26
promotes luciferase disaggregation and reactivation by several-
fold (Cashikar et al., 2005; Figure 3A). To investigate the effect
of Hsp26 on Pab1, we subjected Pab1 to a more severe heat
shock (46°C for 20 m at pH 6.4) in the absence or presence
of increasing concentrations of Hsp26. Hsp26 suppressed
Pab1 condensation and sedimentation in a concentration-
dependent manner (Figures S4A and S4B). Dynamic light scat-
tering (DLS) also revealed that Hsp26 suppresses nucleation
of Pab1 (Figures S4C and S4D). When added after Pab1 con-
densation, free Hsp26 neither affected Pab1’s RNA-binding
activity nor further accelerated the dispersal rate (Figures S4E-
S4G). Thus, unlike luciferase which readily co-aggregates with
Hsp26 upon heat shock, heat-induced Pab1 condensation is
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Figure 3. Pab1 condensates and misfolded protein aggregates exhibit different chaperone dependence for dispersal

(A) Fraction of reactivated luciferase after a 2-h incubation of luciferase aggregates, formed in the absence or presence of Hsp26, with the disaggregation system.
(B) Reactivation kinetics of aggregated luciferase. Mean and SD were calculated from two independent experiments, with duplicates in each experiment.

(C) Pab1 dispersal using either Sis1 (black) or a combination of Sis1 and Ydj1 (blue) as co-chaperones.

(D) Titration of either Sis1 (left) or Ydj1 (right) to reactions containing 0.2 uM Pab1 condensates, 0.05 uM Hsp104, 0.5 uM Ssa2, and 0.25 uM Sis1. The amount of
additional Hsp40 added was 0.25, 0.5, 1, and 2 pM.

(E) The average rate of dispersal and SD quantified from three independent titration experiments, one of which is shown in (D).

(F) Reactivation kinetics of Pab1 condensates or luciferase aggregates. The inset shows zoomed-in refolding kinetics of luciferase over 3 h.

suppressed by Hsp26. Most importantly, unlike luciferase aggre- We confirmed that type | and Il Hsp40s, Ydj1 and Sis1, act syn-
gates, Pab1 condensates formed in the absence of Hsp26 are ergistically in luciferase aggregate dispersal (Nillegoda et al.,
rapidly and completely dispersed by the disaggregation system 2015, 2017; Figure 3B). We next investigated whether Pab1
(Figure 2). dispersal is accelerated in the presence of both Ydj1 and Sis1.
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Ydj1 is a type | Hsp40 that has a highly conserved N-terminal J
domain followed by a G/F-rich region, a zinc-finger domain,
C-terminal domains, and a dimerization domain (Kampinga
and Craig, 2010). Type |l Sis1 largely resembles the architecture
of Ydj1 but lacks the zinc-finger domain. The rate of dispersal did
not improve when both Sis1 and Ydj1 were added to Pab1 con-
densates compared with when only Sis1 was added (Figure 3C).
Instead, Ydj1 slightly inhibited Pab1 dispersal in a concentration-
dependent manner (Figures 3D and 3E). These results indicate
that, unlike luciferase aggregates, for which Sis1 and Ydj1
show synergistic activity, Sis1 and Yd1j show antagonistic activ-
ity for Pab1 condensates.

The disaggregation system restores Pab1 condensates
far more efficiently than misfolded protein aggregates
The poor activity of the disaggregation system against aggregates
of model substrates has been observed since the first biochemical
reconstitution of the system (Glover and Lindquist, 1998; Golou-
binoff et al., 1999). Even with co-aggregation with 5-fold excess
Hsp26, less than half of luciferase activity is regained after a 2-h
incubation with 37.5-fold excess Hsp104 and Ssa2 (Figure 3B).
Indeed, the standard in vitro disaggregation protocol requires
the use of 10- to 100-fold excess molecular chaperones over sub-
strates to obtain moderate to good yield (Figure 6C; Table S1). We
found that when sub-stoichiometric concentration of Hsp104 and
closer to stoichiometric concentrations of Ssa2 and Sis1 are used,
Pab1 dispersal still completes within 20 min, while less than 1% of
luciferase is reactivated after an hour (Figure 3F).

What causes this large difference in restoration efficiency be-
tween Pab1 and luciferase? To gain insight into the potential
sources of this discrepancy, we turned to computational kinetic
modeling.

Higher disaggregation rate and partition coefficient lead
to more efficient substrate restoration in silico

We synthesized existing simulation studies (Powers et al., 2012;
De Los Rios and Barducci, 2014; Nguyen et al., 2017; Xu, 2018;
Goloubinoff et al., 2018; Assenza et al., 2019; Wentink et al.,
2020) to build what we call a cooperative model of the disaggre-
gation system (Figures 4A and S5A). The cooperative model cap-
tures the current model of Hsp104 regulation by Hsp70, in which
binding of more than one Hsp70 is required to activate Hsp104
(Seyfferetal., 2012; Carroni et al., 2014). Many of the rate param-
eters involved have been measured using bacterial chaperones
and model substrates or peptides (Table S2). We assumed that
these parameters are generally consistent in the eukaryotic sys-
tem and that the same model architecture can be used for both
luciferase and Pab1. For details of this ordinary differential equa-
tion model, see STAR Methods.

We examined how varying each of the following parameters
affected the substrate restoration yield: (1) rate of disaggregation
by Hsp104, (2) efficiency of the released substrate from regaining
its native structure, which we define as the partition coefficient,
and (3) substrate affinity for Hsp70. Modulation of each param-
eter over 1-2 orders of magnitude substantially affected the
restoration yield, measured from 0 to 1 (Figures 4B, 4D, and
4E). A large difference in partition coefficient alone reproduced
the Pab1 and luciferase dispersal data (Figure 4C). The simula-
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tion also revealed Hsp70 affinity as a potential factor which
can contribute to the observed difference in dispersal efficiency.

Because Hsp104 is associated with both the disaggregation
rate and the partition coefficient of a substrate (e.g., through
complete threading versus partial threading of a substrate), we
decided to experimentally investigate and compare how
Hsp104 engages with Pab1 condensates and luciferase
aggregates.

Pab1 is partially threaded by Hsp104

Substrate threading through the central channel of Hsp104 is a
common mechanism for protein unfolding and disaggregation
(Tessarz et al., 2008). To probe the folding state of Pab1 and
luciferase during their release from Hsp104, we first attempted
to use a mutated version of a bacterial chaperonin, GroEL-
D87K, which traps unfolded protein (Weber-Ban et al., 1999;
Siegers et al., 1999; Mogk et al., 2003; Motojima et al., 2012;
Figure 5A).

Although the GroEL trap prevented folding of luciferase after
disaggregation (Figure 5B), it did not engage with full-length
Pab1 (64 kDa) nor Pab1AP (55 kDa), even after full denaturation
by urea (Figures 5C and 5D), indicating that this well-used sys-
tem is not suitable for investigating Pab1. Pab1AP lacks the
disordered P domain but retains the ability to condense (Riback
et al., 2017). Regardless of GroEL trap presence, Pab1AP con-
densates were still readily dispersed by the disaggregation sys-
tem, although the rate of dispersal was slightly lower compared
with full-length Pab1 condensates (Figures S6J and S6K).

To circumvent the limitation of the GroEL trap, we turned to the
HAP/CIpP system (Tessarz et al., 2008). HAP (Hsp104-ClpA-P
loop) is an engineered Hsp104 that interacts with the bacterial
peptidase CIpP to form a proteolytic system (Figure 5E). HAP
behaved like wild-type Hsp104 and quickly degraded luciferase
in the presence of ClpP (Figures 5F and 5G), consistent with a
previous report that luciferase is fully threaded and degraded
by HAP/CIpP (Haslberger et al., 2008). In the absence of ClpP,
HAP also dispersed Pab1 condensates without degradation
like wild-type Hsp104 (Figures S6A and S6B).

If complete threading of Pab1 were required for condensate
dispersal, we would expect to see complete degradation of
Pab1 by HAP/CIpP. A control experiment using Pab1-fluorescein
tagged with the ssrA degradation tag and ClpX, which recognizes
the ssrA tag and unfolds the substrate for ClpP, confirmed that
ClpP can degrade Pab1 (Figures 5H and 5J). We made conden-
sates using this Pab1 construct and examined the degradation
pattern after dispersal with HAP/CIpP using SDS-PAGE (Figures
5H, S6C, and S6D) and FSEC (Figure 5K). A mixed group of full-
length and degraded Pab1 populations were observed after
dispersal. The appearance of full-length Pab1 monomers sug-
gested partial translocation of Pab1 by HAP and release before
Pab1 enters the proteolytic chamber of ClpP (Figures 51 and 5K).
Specific degradation fragments appeared upon incubation of
HAP/CIpP and chaperones with Pab1 condensates in an ATP-
dependent manner, but also to a lesser extent with Pab1 mono-
mers, suggesting a basal level of interaction between Pab1 and
HAP/CIpP (Figures 5H and Sél). Similar C-terminal fragments con-
taining a part of the P domain and the C-terminal domain of Pab1
appeared for Pab1-Clover and Pab1-fluorescein without the ssrA
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Figure 4. Higher disaggregation rate and folding partition coefficient lead to more efficient substrate restoration in silico

(A) Cooperative model of the disaggregation system. For more details, see STAR Methods and Figure S5A.

(B) Summary of model output in terms of fraction substrate restored at 2 h as a function of the partition coefficient. Dashed lines indicate the partition coefficient
used to simulate Pab1 (black) and luciferase (light blue) results in (C).

(C) Simulated substrate dispersal kinetics with either high (black) or low (light blue) partition coefficients. Simulation results (solid line) are overlaid on top of Pab1
and luciferase experimental data from Figure 3F.

(D) Simulated fraction substrate restored as a function of disaggregation rate.

(E) Simulated fraction substrate restored as a function of Hsp70(ATP) substrate affinity. Dashed lines in (D) and (E) indicate the default value used in the simulation
experiments.

tag (Figures S6E and S6H). However, much less full-length mono-  for proteins with a mixture of misfolded and folded domains
mer appeared for Pabi1-Clover than Pab1-fluorescein-ssrA (Haslbergeretal., 2008; Sweeny et al., 2015) and the lack of major
(compare Figure 5K with Figure S6F), suggesting thata fluorescent ~ secondary structure changes in Pab1 at condensation tempera-
label can affect the processing by HAP/CIpP. We also examined  ture (Riback et al., 2017).
C-terminal fragments of Pab1AP-fluorescein and N-terminal frag-
ments of fluorescein-Pab1 and fluorescein-Pab1AP (Figures S6G =~ Cooperative binding of Hsp70 targets condensates for
and S6L). HAP/ClpP-specific fragments were observed for fluo-  dispersal
rescein-Pab1 and Pab1AP-fluorescein, while fluorescein-Pab1AP  How does the disaggregation system recognize its substrates?
showed a smear indicative of continued translocation and To address this question, we first performed a series of fluores-
degradation. cence anisotropy Pab1 dispersal assays with varying chaperone
Together, these results show that, unlike luciferase, which re-  concentrations and quantified the rate of dispersal (Figures 6A
quires complete threading and unfolding by HAP for disaggrega- and 6B). Pab1 condensate dispersal was most robust to the
tion, partial threading of Pab1 still leads to condensate dispersal.  Hsp104 concentration, showing a half-maximal dispersal rate
This is consistent with the partial threading mechanism proposed at 1:10 Hsp104:Pab1 ratio. Excess Sse1 was inhibitory, and
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Figure 5. Pab1 is partially threaded by Hsp104

(A) Schematic description of GroEL trap system.

(B) Luciferase disaggregation in the absence or presence of excess GroEL trap. Mean and SD were calculated from three independent experiments.

(C) Pab1AP dispersal in the absence or presence of excess GroEL trap. Solid lines represent smoothed data. The decrease in the signal in the presence of GroEL
trap after 10 m is due to RNA degradation.

(D) Refolding of urea-denatured Pab1 (black) and Pab1AP (gray) in buffer containing either no or 10-fold excess GroEL trap.

(E) Schematic description of the HAP/CIpP system.

(F) Chemically aggregated luciferase was incubated with the indicated components and the extent of luciferase degradation was visualized by western blot.
(G) Refolding kinetics of chemically aggregated luciferase.

(H) SDS-PAGE gels of Pab1-fluorescein-ssrA monomers or condensates after an hour incubation with the indicated components. Asterisk indicates HAP/ClpP-
specific band.

(I) Fraction of full-length protein released from luciferase aggregates or Pab1 condensates, normalized to HAP control. The restoration yield of 60% was used for
both luciferase and labeled Pab1 based on the disaggregation and FSEC results, respectively.

(J) Fraction of full-length Pab1-ssrA monomers after incubation with ClpX and ClpP. (K) FSEC traces of Pab1-fluorescein-ssrA condensates after 1 h incubation
with the indicated components. Dashed lines indicate peaks corresponding to Pab1 condensates (8 mL), full-length monomers (14.5 mL), and HAP/ClpP-specific
C-terminal fragments (18.5 mL). Unmarked peaks in the control reactions are unknown contaminants.
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Figure 6. Cooperative binding of Hsp70 labels condensates for disaggregation

(A) Rate of Pab1 dispersal in the presence (black) or absence (orange) of Sse1. Solid lines in Hsp104, Sis1, and Ssa2 panels represent logistic fit to the data. Solid
line in Sse1 panel is the smoothing line. The baseline concentrations of the chaperones are indicated on the right.

(B) Relative chaperone concentration at half-maximal dispersal rate. Standard errors around the estimated parameter are shown.

(C) Summary of disaggregation data in the literature. Maximal yield of disaggregation experiments and the relative amount of Hsp104 and Hsp70 used are shown.
Color and size of each data point correspond to the yield. Circles represent studies with wild-type Hsp104. The one square data point in the sub-stoichiometric

Hsp70 area is from a study using a hyperactive variant of Hsp104.
(D) Schematic comparison of the cooperative and non-cooperative models.

(E) Pab1 dispersal monitored by fluorescence anisotropy (left) and the simulated Pab1 dispersal results from the cooperative model (right).
(F) Quantitative comparison of Pab1 dispersal data (black) to the cooperative (blue) and non-cooperative (orange) model simulation results. Fraction restored at
the end of the experiment (left) and the rate of dispersal (right) were used for comparison.

(G) Representative Sse1 titration Pab1 dispersal data.

(H) Simulated Pab1 condensate dispersal with different ADP nucleotide exchange rates.

Sse1 worked most optimally at sub-stoichiometric level, consis-
tent with previous observations (Kaimal et al., 2017; Wentink
et al., 2020). Pab1 condensate dispersal was most sensitive to
the concentrations of Sis1 and Ssa2. In particular, the rate of
dispersal plummeted as the Ssa2 concentration approached
the stoichiometric level (Figure 6A).

Indeed, although a survey of in vitro disaggregation studies
showed a consistent requirement for super-stoichiometric
Hsp70 (Figure 6C), the reason for this dependence has been a
long-standing puzzle (Goloubinoff et al., 1999; Ben-Zvi
et al., 2004).

We decided to investigate why excess Hsp70 over substrate is
needed for what is still a catalytic series of reactions. We titrated

Ssa2 over a narrow window around the stoichiometric
Hsp70:Pab1 ratio and monitored Pab1 dispersal (Figure 6E).
We also simulated the cooperative model (Figure 4A) using the
same chaperone concentrations used in the in vitro experiment
(Figure 6E). The cooperative model recapitulated the disaggre-
gation system’s Hsp70-sensitive Pab1 dispersal activity (Fig-
ure 6F). This model reflects the results from recent studies, which
indicate that interaction with more than one Hsp70 is required for
activation of Hsp104 (Carroni et al., 2014; Seyffer et al., 2012).
Indeed, simulation of the non-cooperative model, in which a sin-
gle Hsp70 is sufficient to recruit and activate Hsp104, resulted in
high Pab1 dispersal activity even with sub-stoichiometric Hsp70
(Figures 6D and 6F).
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The cooperative model was also able to recapitulate the gen-
eral trend seen in the Hsp104 and Ssa?2 titration experiments
(Figures 6A and S5B). Although Sis1 and Sse1 were not explicitly
included in the model, modulating the ATP hydrolysis rate and
ADP exchange rate allowed us to mimic the effect of titrating
Sis1 and Sse1, respectively (Figure S5B). Interestingly, although
we were able to recapitulate the inhibitory effect of Sse1 with a
high ADP exchange rate, modulating the ADP exchange rate
was not enough to recapitulate the facilitative effect of sub-stoi-
chiometric Sse1 (Figures 6G and 6H).

These results converge on a picture in which the presence of
multiple Hsp70 molecules accessible to a single Hsp104 mole-
cule on the surface of condensates provides a molecular marker
labeling condensates for Hsp104-dependent dispersal, as pro-
posed in the bacterial disaggregation system by Seyffer et al.
(2012). Our simulation results indicate that a cooperative
Hsp70 effect on Hsp104 binding and activation suffices to
explain the disaggregation system’s intrinsic sensitivity to the
level of Hsp70 (Figure 7).

DISCUSSION

Heat-induced biomolecular condensates are
endogenous substrates of the molecular disaggregation
system
In yeast, heat-induced biomolecular condensates, including
stress granules, adopt a solid-like characteristic (Kroschwald
etal., 2015; Riback et al., 2017). Timely dispersal of endogenous
condensates depends on molecular chaperones (Cherkasov
et al., 2013; Walters et al.,, 2015; Kroschwald et al., 2015,
2018), and the timing of dispersal correlates with resumption of
active cellular translation and growth (Cherkasov et al., 2013;
Kroschwald et al., 2015, 2018). These in vivo observations
strongly suggest heat-induced biomolecular condensates are
the endogenous substrates of the molecular disaggregation sys-
tem. However, direct biochemical evidence for chaperone-
mediated condensate dispersal has been missing.

In this study, we show using in vitro reconstitution that the
Hsp104/Hsp70/Hsp40 disaggregation system directly engages
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and disperses heat-induced condensates of Pab1. The contrast
between Pab1 condensates and luciferase aggregates on multi-
ple dimensions demonstrates that luciferase, and by extension
other similarly behaving “model” misfolded proteins, have limita-
tions as models of endogenous heat-induced chaperone sub-
strates. Whether the authentic substrate Pab1 is itself a suitable
model for other endogenous substrates remains an important
open question.

We also show that Hsp110, Hsp70, and Hsp40 can disperse
Pab1 condensates. This weaker alternative disaggregation sys-
tem is conserved in animals (Shorter, 2011; Wentink et al., 2020),
which lack cytosolic Hsp104 (Erives and Fassler, 2015), suggest-
ing a potential evolutionary and biochemical bridge to chap-
erone-mediated condensate dispersal in animals.

Co-aggregation of luciferase with Hsp26 facilitates aggregate
dispersal and refolding (Cashikar et al., 2005; Ungelenk et al.,
2016; Zwirowski et al., 2017). However, Hsp26 is almost unde-
tectable in cells pre-stress (Cashikar et al., 2005) and therefore
unlikely to be involved in condensate regulation during the initial
exposure to stress. We showed that Hsp26 prevents condensa-
tion of Pab1 in vitro, similar to suppression of FUS phase sepa-
ration by human small heat shock protein Hsp27 (Liu et al.,
2020). Post-stress accumulation of Hsp26 in cells may be
involved in desensitization of the cells to sustained or repeated
stress by modulating the phase boundary of endogenous mature
proteins.

The canonical type | (Ydj1; DNAJA2 in humans) and type I
Hsp40 (Sis1; DNAJB1) chaperones show synergistic activity to-
ward luciferase aggregates (Nillegoda et al., 2015, 2017). This
synergistic activity stems from the preference of type | and |
Hsp40 chaperones for small (200-700 kDa) and large
(>5,000 kDa) aggregates, respectively (Nillegoda et al., 2017),
although how aggregates of different sizes can be distinguished
at the molecular level remains unclear. Sis1 and Ydj1 also exhibit
a different amino acid sequence preference (Jiang et al., 2019)
and a different mode of binding Hsp70 (Faust et al., 2020). The
inability of Ydj1 to support Pab1 dispersal could be due to
many factors, including the condensate size, the lack of Ydj1-
binding sites among the exposed region of Pab1 in condensates,
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dependence on the Hsp70-binding mode unique to type Il
Hsp40, or any combination of these.

The antagonistic effect of Ydj1 on Sis1 suggests a competition
between the two co-chaperones for Hsp70. In cells, stress-
induced phosphorylation of Hsp70 can reprogram Hsp70’s
Hsp40-binding specificity, for example, by preventing Hsp70
from interacting with Ydj1 (Truman et al., 2012). Because Ydj1 lo-
calizes to stress granules (Walters et al., 2015), Ydj1 may be
involved in the dispersal of other stress granule constituents by
engaging with a different pool of Hsp70 from Sis1. We anticipate
that the in vitro system introduced here will substantially enable
future work on how the disaggregation system’s substrate spec-
ificity is regulated.

Hsp104 functions by threading substrate through its central
channel (Gates et al., 2017). However, our results indicate that
Pab1 is partially threaded by Hsp104. The partial threading activ-
ity of Hsp104 and its bacterial homolog ClpB has been reported
previously, where both proteins selectively thread misfolded
moiety of the substrate while leaving the natively folded domains
intact (Haslberger et al., 2008; Sweeny et al., 2015), and we now
report this for an endogenous heat-induced eukaryotic sub-
strate. The disordered P domain of Pab1 is dispensable for
both condensation and dispersal. Thus, we hypothesize that
partial threading of the locally unfolded region of Pab1, possibly
the same or near the region mediating Pab1 condensation inter-
action, allows for condensate dispersal without substantial pro-
tein unfolding.

Hsp70 clusters are a potential condensate-specific
marker for Hsp104

Efficient dispersal of Pab1 condensates depends on the pres-
ence of excess Hsp70. Nearby Hsp70s, which would be rare
on monomers but common on condensates, both increase
Hsp104 binding and stimulate additional Hsp104 activity. In
this sense, consistent with an insightful proposal from Seyffer
et al. (2012) working in the homologous bacterial system,
Hsp70 clusters provide an active label for engagement and acti-
vation of dispersal machinery only in spatial proximity to
condensed substrates.

Cooperative action of Hsp70 in substrate unfolding has been
proposed to explain the requirement of excess Hsp70 during
glucose-6-phosphate dehydrogenase (G6PDH) disaggregation
(Ben-Zvi et al., 2004). We find by simulation that cooperative ac-
tion of Hsp70 in the recruitment and activation of Hsp104 is suf-
ficient to reproduce the in vitro Hsp70 titration data.

We also found that, in the cooperative model, modulating the
ADP exchange rate alone was not enough to reproduce the facil-
itative effect of Sse1 (Figure 6H). A recent study by Wentink et al.
(2020) uncovered an additional function of human Hsp110in pro-
moting local clustering of Hsp70 on the substrate surface. A
similar function in the yeast Hsp110 may explain the discrepancy
between our model and the data.

Biomolecular condensates in the cellular heat shock
response

Engagement of Hsp70 with heat-induced biomolecular conden-
sates provides a tangible means to explain how yeast cells
sense temperature. The yeast transcriptional heat shock
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response is triggered when Hsp70 is titrated away from the tran-
scription factor Hsf1 by heat-induced substrates (Zheng et al.,
2016; Krakowiak et al., 2018; Peffer et al., 2019; Masser et al.,
2019; Feder et al., 2021). Suppression of protein synthesis is
not sufficient to suppress the transcriptional heat shock
response, implying the existence of mature substrates that
also depend on stress-associated intracellular acidification for
formation (Triandafillou et al., 2020). Condensation of Pab1
and other heat-sensitive proteins is strongly pH sensitive (Rib-
ack et al., 2017; Iserman et al., 2020; Kroschwald et al., 2018),
and here, we show that heat-induced condensates of Pab1
are authentic chaperone substrates that depend on Hsp70 for
dispersal. In short, Pab1—and by extension presumably others
of the dozens of previously identified heat-condensing proteins
(Wallace et al., 2015; Cherkasov et al, 2015), including more
than a dozen that condense in response to a 37°C heat
shock—now appears to have all the characteristics needed to
act as an inducer of the transcriptional heat shock response.

Molecular chaperones as biomolecular condensate
remodelers

In this work, we show that molecular chaperones can regulate
biomolecular condensates by acting as dispersal factors. This
expands the list of known condensate dispersal factors, which
currently includes the dual-specificity kinase DYRK3 (Wippich
et al., 2013) and nuclear-import receptor karyopherin-2 (Guo
et al., 2018). The functional repertoire of molecular chaperones
in biomolecular condensate regulation is likely to be much
broader than just dispersal. For example, Hsp104, Hsp70, and
Hsp40 in yeast are required for condensate formation of SNF1 ki-
nase activator Std1 during fermentation (Simpson-Lavy et al.,
2017). lllumination of the roles of molecular chaperones as facil-
itators, remodelers, and dispersers of biomolecular conden-
sates—and the mechanisms and biological consequences of
this regulation—presents an enormous opportunity for expand-
ing our understanding of these ancient molecules.

Limitations of the study

It remains to be determined to what extent the Pab1 conden-
sates we use in in vitro experiments fully recapitulate submicro-
scopic condensates that form in vivo. We use the recovery of
Pab1’s RNA-binding activity as a readout for the release of func-
tional Pab1 from condensates and have not determined to what
extent other known functions of Pab1 are restored after conden-
sate dispersal. In addition, as with many studies of stress-
induced condensation, relevant phenotypes are an important
unrealized goal.

In the molecular engagement of Pab1 with the disaggregation
machinery, the lack of a consistent fragmentation pattern from
different labeled Pab1 condensates after dispersal by HAP/
ClpP limits our ability to identify the precise stopping point for
Pab1 threading. We also cannot rule out the possibility that
wild-type Hsp104 processes unlabeled Pab1 differently from
what we observe with HAP and labeled Pab1 constructs.

Our kinetic model relies on two key assumptions: (1) the pa-
rameters measured using bacterial chaperones and model mis-
folded proteins and peptides are generally consistent with the
yeast system, and (2) the same model architecture can be
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applied to both luciferase aggregates and Pab1 condensates.
Although Hsp70 from bacteria and yeast exhibit similar affinity
toward model peptides (Xu et al., 2012), more studies will be
necessary to carefully examine the validity of these assumptions.
The model was designed to be minimal. Some of the missing in-
teractions, such as the potential role of yeast Hsp110 in promot-
ing Hsp70 clustering (Wentink et al., 2020) and the role of Hsp70
in triggering substrate release from Hsp104 (Durie et al., 2018),
may become important in certain conditions and the model ar-
chitecture may need to be modified in those cases. An extension
of this model allowing spatial segregation of aggregated sub-
strates would allow investigation of the effect of aggregate shape
or size on the dispersal efficiency. Lastly, instead of relying on
parameters derived from external studies, the model can be
fitted directly to experimental data to estimate parameters
(Hong et al., 2020).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Pab1p

Mouse monoclonal anti-Pgk1
Mouse monoclonal anti-GFP
Rabbit polyclonal anti-GFP

EnCor Biotechnology

Thermo Fisher
Proteintech
Thermo Fisher

Cat#MCA-1G1; RRID: AB_2572370;
Lot#020407

Cat#459250
Cat#66002-1-Ig
Cat#A-11122

Rabbit polyclonal anti-luciferase MilliporeSigma Cat#L0159
IRDye 800CW Donkey anti-rabbit IgG LI-COR Cat#92532213
IRDye 800CW Donkey anti-mouse 1gG LI-COR Cat#92532212
Bacterial and virus strains

Subcloning Efficiency DH5a Thermo Fisher Cat#18265017
Competent Cells

BL21(DE3) Competent Cells MilliporeSigma Cat#69450
Chemicals, peptides, and recombinant proteins

SUPERaseeIn RNase Inhibitor Thermo Fisher Cat#AM2694
Creatine phosphokinase MilliporeSigma Cat#C3755
Creatine phosphate GoldBio Cat#C-323
Protease Inhibitor Cocktail Set IV MilliporeSigma Cat#539136
Pierce Protease Inhibitor Tablets, Thermo Fisher Cat#A32965
EDTA-free

Polyadenylic acid (Poly(A)) MilliporeSigma Cat#10108626001
RNase I¢ NEB Cat#M0243S
5-FAM-HHHHHHLPETGG peptide Biomatik custom
GGGK(FAM) peptide Biomatik custom
GGGK(FAM)AANDENYALAA peptide Biomatik custom

BSA MilliporeSigma Cat#12659
Critical commercial assays

ONE-HOUR Western Basic Kit (Mouse) GenScript Cat#L00205
Clarity Western ECL Substrate Bio-Rad Cat#1705060
Luciferase assay system Promega Cat#E1500

Deposited data

Genome of S288C (SGD: R64-2-1)
Raw and processed experimental data
Simulation data

Saccharomyces Genome Database

This paper
This paper

https://www.yeastgenome.org/
Mendeley Data: 10.17632/wvztspxbbd.1
Mendeley Data: 10.17632/wvztspxbbd.1

Experimental models: Organisms/strains

Saccharomyces cerevisiae strain BY4741: ATCC; Brachmann et al., 1998 ATCC 201388
background strain S288C; genotype: MATa

ura3A0 leu2A0 his3A1 met15A0

BY4741 yGFP-luciferase:URA Cherkasov et al., 2013 VCY245
BY4741 Ahsp104 yGFP-luciferase:URA Cherkasov et al., 2013 VCY325
Oligonucleotides

Fluorescein-A19 RNA: 5’ 6-FAM- IDT N/A
AAAAAAAAAAAAAAAAAAA

Atto550-A19 RNA: 5’ ATTO550- IDT N/A
AAAAAAAAAAAAAAAAAAA
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Kozak RNA: 5’ 6-FAM- IDT N/A
ACCUCUGCCGCCGCCAUGG

Recombinant DNA

Plasmid: 6xHis-(TevC)-Pab1-clover in Riback et al., 2017 PESNO7
pET28a backbone

Plasmid: 8xHis-(TevC)-Pab1 in pET28a Riback et al., 2017 pJAROO6
backbone

Plasmid: 8xHis-(TevC)-Pab1AP in pET28a Riback et al., 2017 pJARO15
backbone

Plasmid: 6xHis-(SUMO)-Ssa2 in pET28a This manuscript pHY024
backbone

Plasmid: 6xHis-(SUMO)-Ssa4 in pET28a This manuscript pHY025
backbone

Plasmid: GroEL D87K in pDMI.1 backbone Axel Mogk; Weibezahn et al., 2003 N/A
Plasmid: 6xHis-(SUMO)-GroEL D87K in This manuscript pHY044
pET28a backbone

Plasmid: 6xHis-(SUMO)-Photinus pyralis This manuscript pHY045
Luciferase in pET28a backbone

Plasmid: 6xHis-(SUMO)-Ssal in pET28a This manuscript pEPO051
backbone

Plasmid: 6xHis-(SUMO)-Sse1 in pET28a This manuscript pEP053
backbone

Plasmid: 6xHis-(SUMO)-Hsp104 in pET28a This manuscript pEP055
backbone

Plasmid: 6xHis-(SUMO)-Ydj1 in pET28a This manuscript pEP056
backbone

Plasmid: 6xHis-(SUMO)-Sis1 in pET28a This manuscript pEP057
backbone

Plasmid: 6xHis-(SUMO)-Hsp26 in pET28a This manuscript pEP065
backbone

Plasmid: ClpP-6xHIS in pQE70 backbone Martin et al., 2005 N/A
Plasmid: 6xHIS-CIpXAN- ClpXAN- CIpXAN Martin et al., 2005 N/A
Plasmid: 6xHis-(SUMO)-Hsp104(G739I This manuscript pJB548
S740G K741F T746A) in pET28a backbone

Plasmid: 6xHis-(SUMO)-Hsp104 Y257A in This manuscript pJB551
pET28a backbone

Plasmid: 6xHis-(SUMO)-Hsp104 Y662A in This manuscript pJdB552
pET28a backbone

Plasmid: srtA-6xHIS in pET28a backbone Guimaraes et al., 2013 N/A
Plasmid: srtAheptamutant-6xHIS in Hirakawa et al., 2015 N/A
PET30b backbone

Plasmid: 8xHis-(TevC)-GG-Pab1 in pET28a This manuscript pJB545
backbone

Plasmid: 8xHis-(TevC)-Pab1-srtA-strep in This manuscript pJdB547
pET28a backbone

Plasmid: 8xHis-(TevC)-GG-Pab1AP in This manuscript pJB774
pET28a backbone

Plasmid: 8xHis-(TevC)-Pab1AP-srtA-strep This manuscript pJB775

in pET28a backbone

Software and algorithms

Image Lab ver. 6.1.0

Image Studio Lite ver. 5.2.5

Bio-Rad

LI-COR

https://www.bio-rad.com/en-us/product/
image-lab-software?|D=KRE6P5E8Z

https://www.licor.com/bio/image-
studio-lite/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RStudio ver. 1.2.1335 RStudio Team http://www.rstudio.com/.

Jupyter Notebook ver. 6.0.3 Kluyver et al., 2016 https://jupyter.org/

DYNAMICS ver. 7.1 Wyatt N/A

SparkControl ver. TECAN N/A

UNICORN ver. 5.31 GE Healthcare N/A

Custom R (version 3.5.2) scripts for data This paper Mendeley Data: 10.17632/wvztspxbbd.1
processing, analysis, and figure generation

Custom Python (version 3.7.7) code for This paper Github: https://github.com/drummondlab/
simulation sim_disagg_2021

Other

NBS 384 well microplates (white; flat Corning Cat#CLS3574

bottom) for luciferase assays

NBS 384 well microplates (black; flat Corning Cat#CLS3575

bottom) for anisotropy assays

Nunc Sealing Tapes for microplates Thermo Fisher Cat#235307

Whatman® Anotop® 10 syringe filter for MilliporeSigma Cat#WHA68091002

DLS experiments

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, D. Allan
Drummond (dadrummond@uchicago.edu).

Materials availability
All unique and stable reagents generated in this study are available upon request.

Data and code availability
o Allraw and processed data have been deposited at Mendeley Data and are publicly available as of the date of publication. DOI
is listed in the key resources table.
® All custom scripts for data processing, analysis, and figure generation have been deposited at Mendeley Data and are publicly
available as of the date of publication. The original python code for simulation is available on GitHub. The git address and DOI
are listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strain and growth conditions
All yeast strains listed in the key resources table were cultured in yeast extract peptone dextrose (YPD) media in shaking baffled flasks
at 30°C.

BACTERIA STRAIN AND GROWTH CONDITIONS

All recombinant proteins used in this work are expressed in and purified from E. coli BL21(DE3) using the plasmids listed in the key
resources table. Cells were first grown overnight in Luria broth (LB) at 37°C and then inoculated to 1-2 L Terrific Broth (TB) media.
Specific growth condition used for each recombinant protein is described in method details.

METHOD DETAILS

Physiological heat shock

By ’physiological heat shock’, we mean nonlethal elevated temperature fluctuations encountered in nature to which cells have

adapted during their evolutionary history. We have in previous published work discussed how physiological heat shock serves
as an important environmental signal, as opposed to damaging stress, for immune cells and both pathogenic and non-pathogenic
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fungi (Triandafillou et al., 2020). Briefly, for budding yeast, ingestion and dispersal by passerine birds, whose body temperature
averages around 42°C is an ecologically established and physiologically relevant heat shock condition for budding yeast (Trian-
dafillou et al., 2020).

Purification of Pab1 and Pab1 variants

Protein expression and purification protocols were adapted with modification from (Riback et al., 2017). Cells transformed with an
expression plasmid for N-terminally 8xHis-tagged Pab1 were grown in TB until the optical density at 600 nm (ODggg) reached be-
tween 0.4 and 0.6 and the flask was moved into a 30° C incubator. After 30 minutes, IPTG was added to the final concentration
of 0.2 mM to induce protein expression. Cells were harvested after four hours and lysed by sonication in His binding buffer
(20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl,, 20 mM imidazole, 10 % glycerol, and 1 mM BME) supplemented with a Pierce
protease inhibitor tablet listed in the key resources table. Lysate was cleared at 20,000 g for 15 minutes. Cleared lysate was loaded
onto a HisTrap FF column (Thermo Fisher 17525501) equilibrated with His binding buffer on an AKTA FPLC system. Protein was
eluted with a 20 mL gradient from 0 to 100 % His elution buffer (His binding buffer with 400 mM imidazole). Fractions containing
Pab1 were buffer exchanged into a Q binding buffer (20 mM HEPES pH 7.3, 50 mM KClI, 2.5 mM MgCl,, 10 % glycerol, and
1 mM DTT) and loaded onto a HiTrap Heparin HP column (GE Healthcare 17040701) to remove nucleic acids. Nucleic acid-free pro-
tein was eluted over a 20 mL gradient from 0 to 100 % Q elution buffer (Q binding buffer with 1 M KCI). Fractions of interest were
combined with an aliquot of a homemade tobacco etch virus (TEV) protease and dialyzed against a liter of His binding buffer over-
night. On the next day, the dialyzed solution was loaded again onto a HisTrap FF column and the flow-through which contains the
cleaved protein was collected. The protein was concentrated and loaded onto a Superose 6 10/300 GL column (GE Healthcare) equil-
ibrated with SEC/Storage buffer (20 mM HEPES pH 7.3, 150 mM KCI, 2.5 mM MgCl,, and 1 mM DTT). Monomeric proteins were
pooled together, further concentrated if necessary, and stored at —80° C. Protein concentration was measured using Bradford assay.

Purification of Hsp70 chaperones

We adapted with minor modifications the protocol provided by Zachary March in James Shorter’s group. Hsp70 proteins tagged with
an N-terminal 6xHis-SUMO were expressed at 18° C overnight. Cells were harvested after 14 - 18 hours of induction and lysed by
sonication in Hsp70 His binding buffer (50 mM HEPES pH 7.3, 750 mM KCI, 5 mM MgCl,, 20 mM imidazole, 10 % glycerol, 1 mM
BME, and 1 mM ATP) supplemented with Pierce protease inhibitor tablet listed in the key resources table. Cleared lysate was loaded
onto a HisTrap FF column equilibrated with Hsp70 His binding buffer on an AKTA FPLC system. After loading, the column was
washed with more Hsp70 His binding buffer until the UV reading returned to the baseline level. The column was further washed
with about 20 mL of high ATP buffer (Hsp70 His binding buffer with 20 mM ATP) and incubated in this buffer for 30 minutes. The
high ATP buffer was washed out with Hsp70 His binding buffer and the protein was eluted with a 20 mL gradient from 0 to 100 %
Hsp70 His elution buffer (Hsp70 His binding buffer with 400 mM imidazole). Fractions containing Hsp70 were combined and dialyzed
against a liter of Hsp70 His binding buffer for at least 2 hours to remove excess imidazole. An aliquot of homemade SUMO protease
Ulp1 was added to the dialysis bag. Dialysis was continued overnight at 4° C. Next day, the cleaved protein was recovered by running
the dialyzed solution through His column and collecting flow-through. Flow-through fractions containing tag-free Hsp70 proteins
were combined, diluted in Hsp70 Q binding buffer (20 mM HEPES pH 7.3, 50 mM KCI, 5 mM MgCl,, 0.5 mM EDTA, 2 mM DTT,
and 1 mM ATP), and loaded onto an equilibrated HiTrap Q HP anion exchange column (GE Healthcare 17115401). Hsp70 was eluted
over a 50 mL gradient from 0 to 100 % Hsp70 Q elution buffer (Hsp70 Q binding buffer with 1 M KCI). Fractions containing Hsp70 were
determined by SDS-PAGE. We observed a peak with a left shoulder or two closely overlapping peaks around 25 mS/cm. Both peaks
contained Hsp70, but only the later peak fractions exhibited activity in luciferase and Pab1 disaggregation assays. We combined the
fractions corresponding to the second peak, concentrated, and buffer exchanged the protein into Hsp70 storage buffer (50 mM
HEPES pH 7.3, 150 mM KCI, 5 mM MgCl,, 10 % glycerol, 2 mM DTT, and 1 mM ATP). Protein concentration was measured using
Bradford assay. Protein aliquots were snap-frozen in liquid nitrogen and stored at —80° C.

Purification of sortase A enzymes

Wild-type (used for N-terminal labeling) and heptamutant sortase A (used for C-terminal labeling) were purified using the same pro-
tocol. Descriptions of these constructs and the sources are given in the key resources table. Constructs were expressed with 0.5 mM
IPTG overnight at 18° C. The cells were harvested in His binding buffer supplemented with homemade protease inhibitors and Pierce
Universal Nuclease (Thermo Scientific PI88702). Cells were lysed by sonication, clarified by centrifugation at 20,000 g for 30 minutes,
then bound to 5 mL of Ni-NTA resin (Thermo Scientific 88222) for one hour at 4° C. The resin was washed with 100 mL of His binding
buffer, then the protein was eluted in 20 mL of His elution buffer (His binding buffer with 250 mM imidazole). The protein was concen-
trated in a spin concentrator, then loaded onto a Superdex 200 16/60 column (GE Healthcare) equilibrated in buffer 20 mM HEPES
pH 7.5, 150 mM KCl, 2.5 mM MgCl,, 10 % glycerol, and 0.5 mM TCEP). Fractions corresponding to the monomeric protein were
pooled together, concentrated, and aliquoted for storage at —80° C.

Purification of ClpX and ClpP

The purification of ClpX AN and ClpP were done as previously described (Martin et al., 2005). Specific information about the plasmid
is listed in the key resources table. A plasmid encoding a linked trimer of ClpX AN with an N-terminal 6xHis affinity tag
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was transformed and protein production was induced with 0.5 mM IPTG. Cells were harvested after 4 hours at 37° C and resus-
pended in His binding buffer 20 mM HEPES pH 7.5, 100 mM KCI, 400 mM NacCl, 20 mM imidazole, 10% glycerol, and 1 mM
BME), supplemented with protease inhibitors and Pierce Universal Nuclease (Thermo Scientific PI88702). Cells were lysed by son-
ication, clarified by centrifugation at 20,000 g for 30 minutes, then bound to 5 mL of Ni-NTA resin (Thermo Scientific 88222) for an hour
at 4° C. The resin was washed with 100 mL of His binding buffer, then the protein was eluted in 20 mL of His elution buffer (His binding
buffer with 250 mM imidazole). The protein was concentrated in a spin concentrator, then loaded onto a Superdex 200 16/60 column
(GE Healthcare) equilibrated in buffer (20 mM HEPES pH 7.5, 300 mM KCI, 0.1 mM EDTA, 10 % glycerol and 1 mM DTT). Fractions
corresponding to the monomeric protein were pooled together, concentrated and aliquoted for storage at —80° C. Protein concen-
tration was determined by measuring Asgo.

A plasmid encoding ClpP with a C-terminal 6xHis affinity tag was transformed and protein production was induced with 0.5 mM
IPTG. Cells were harvested after 4 hours at 37° C and resuspended in His binding buffer supplemented with Pierce Universal
Nuclease. Protease inhibitors were omitted. Cells were lysed by sonication, clarified by centrifugation at 20,000 g for 30 minutes,
then bound to 5 mL of Ni-NTA resin for an hour at 4° C. The resin was washed with 100 mL of His binding buffer, then the protein
was eluted in 20 mL of His elution buffer. The protein was then bound to a HiTrap MonoQ column equilibrated in low salt buffer
(50 mM Tris-HCL pH 8.0, 50 mM KCI, 10 mM MgCl,, 0.1 mM EDTA, 10 % glycerol, and 1 mM BME), washed with 20 mL of low
salt buffer and then eluted using a 100 mL gradient between low salt buffer and high salt buffer (low salt buffer with 200 mM KCI).
The protein was concentrated in a spin concentrator, then loaded onto a Superdex 200 16/60 column (GE Healthcare) equilibrated
in buffer 20 mM HEPES pH 7.5, 200 mM KCI, 0.1 mM EDTA, 10 mM MgCl,, 10 % glycerol and 1 mM DTT). Fractions corresponding to
the monomeric protein were pooled together, concentrated and aliquoted for storage at —80° C. Protein concentration was deter-
mined by measuring Axgo.

Purification of remaining recombinant proteins
The rest of the recombinant proteins used in this paper were expressed with an N-terminal 6xHis-SUMO tag and purified as
described for Pab1, but using a HiTrap MonoQ anion exchange column instead of a heparin column.

Fluorescein labeling of Pab1

Fluorescein labeling of Pab1 termini was done using sortase catalyzed ligation of labeled peptides. For N-terminal labeling, 6xHis-
TEV-GGG-Pab1 was purified using the same protocol described for wild-type Pab1 above. The labeling was done in SEC buffer
(20 mM HEPES 7.3, 150 mM KCI, and 2.5 mM MgCl,) as a 500 pL reaction with 100 uM Pab1, 20 uM wild-type sortase A,
0.5 mM TCEP, 10 mM CaCl, and 0.5 mM 5-FAM-HHHHHHLPETGG peptide. After an hour incubation at room temperature, labeled
protein was separated from free peptide on a HiTrap Desalting column equilibrated in aggregation buffer (20 mM HEPES pH 6.8,
150 mM KCl, 2.5 mM MgCl,, and 1 mM DTT). The C-terminally labeled Pab1 was prepared similarly, but the labeling reaction was
done with the following condition: 100 uM Pab1, 20 uM heptamutant sortase A, 0.5 mM TCEP, and 0.5 mM GGGK(FAM)AANDENYA-
LAA or GGGK(FAM) peptide. More information on the labeled peptides can be found in the key resources table.

In vivo Total/Soluble/Pellet (TSP) assay

Yeast cells were grown at 30° C in 200 mL YPD until ODggg reached between 0.2 and 0.3. A pre-shock sample was collected by
spinning 30 mL of the cell culture in a 50 mL conical tube at 3,000 g for 5 minutes at room temperature (RT). The cell pellet was
resuspended in 1 mL of cold soluble protein buffer (SPB; 20 mM HEPES pH7.3, 120 mM KCI, 2 mM EDTA, 0.2 mM DTT, and 1:500
protease inhibitors cocktail IV (MilliporeSigma 539136; listed in the key resources table), transferred to a pre-chilled 1.5 mL micro-
centrifuge tube, and centrifuged again at 5,000 g for 30 seconds at RT. Supernatant was removed and the pellet was resuspended
in 170 puL SPB. Two 100 puL aliquots from the resuspended sample were snap-frozen in a safe-lock tube in liquid nitrogen. The
remaining cell culture was vacumm filtered and the cells stuck on the filter membrane was resuspended in 30 mL YPD in a
50 mL conical tube. The membrane was removed and the resuspended cells were pelleted again by spinning the tube at
3,000 g for 30 seconds. After decanting the supernatant, the 50 mL conical tube containing cell pellet was placed in a heated
water bath. After heat shock, cells were resuspended in 170 mL of pre-warmed 30° C YPD media. Heat shock sample was
collected by taking 30 mL of this culture. The remaining cells were recovered at 30° C in a shaking 1 L baffled flask. Recovery
samples were collected at different time points and processed in the same way as the pre-shock sample. Cells were lysed by
cryomilling and fractionated as described in Wallace et al. (2015), with minor modifications on spin conditions. Briefly, cell lysates
were cleared at 3,000 g for 30 seconds. Unlysed cells and membrane-associated proteins were removed during this step. 150 pL
of the cleared lysate was transferred to a new 1.5 mL tube. RNase If (NEB M0243S; see key resources table) was added to the
final concentration of 0.3 units/uL and the sample was incubated at RT for 30 minutes. 50 uL of the sample was transferred to a
new tube, mixed with Total protein buffer (TPB; 20 mM HEPES pH 7.3, 150 mM NaCl, 5 mM EDTA, 3% SDS, 1:100 PMSF, 2 mM
DTT, and 1:500 protease inhibitors IV (MilliporeSigma 539136; see key resources table), and spun at 6,000 g for one minute to
collect Total protein sample. Pellet samples were collected by spinning the remaining 100 pL sample at 8,000 g for 5 minutes
(P8) and at 100,000 g for 20 minutes (P100) at 4° C, and resuspending the pellet in Insoluble protein buffer (IPB; TPB with 8 M
urea). Supernatant after the 100,000 g spin was collected as the Soluble protein sample. Western blots were performed as
described in Wallace et al. (2015) using a 1:10,000 dilutions of mouse monoclonal antibodies for Pab1, Pgk1, and GFP, and a
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1:10,000 dilution of secondary antibody. The sources of the antibodies are listed in the key resources table. The gels and blots
were visualized using either ChemiDoc (Bio-rad) or Odyssey CLx (LI-COR) using their associated software listed in the key re-
sources table. For cycloheximide treatment, post-shock pellet was resuspended in 300 mL YPD and, after collecting 30 mL
heat shock sample, the culture was split in half. Cycloheximide in DMSO was added to one culture at the final concentration
of 100 ug/mL and DMSO was added to another culture as control.

In vitro Total/Soluble/Pellet (TSP) assay

Reaction mixture containing Pab1 condensates and molecular chaperones were prepared and incubated at 30° C for an hour either in
the absence or presence of 5 mM ATP. The reaction mixture (Table S3) were centrifuged at 100,000 g for 20 minutes at 4° C. Super-
natant was collected as the soluble fraction sample. Buffer (20 mM HEPES pH 7.3, 150 mM KClI, 2.5 mM MgCl,, 0.01 % Triton X-100,
0.5 mg/mL BSA, and 1 mM DTT) was added to the pellet and the sample was centrifuged again under the same condition. After
removing the supernatant, the pellet was directly resuspended in 1x Laemmli buffer. Pab1 in each sample was visualized by
SDS-PAGE and western blot using ONE-HOUR Western Basic Kit and Clarity Western Enhanced Chemiluminescence (ECL) Sub-
strate (see key resources table for catalog numbers).

Preparation of Pab1 condensates

Pab1 monomers were buffer exchanged into aggregation buffer (20 mM HEPES pH 6.8, 150 mM KClI, 2.5 mM MgCl,, and 1 mM DTT)
and diluted to make a 500 pL sample of 25 uM Pab1. The sample was sometimes supplemented with 0.25 uM firefly luciferase to
increase yield. The sample was incubated in a 42° C water bath for 20 minutes at pH 6.8. Under this heat shock condition, the solution
remained clear and minimal protein pelleting was observed after a 3 minute centrifugation at 8,000 g. N-terminally fluorescein labeled
Pab1 aggregates were prepared at 39° C. The supernatant was loaded onto a Superose 6 10/300 GL column (GE Healthcare) equil-
ibrated with storage buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl,, and 1 mM DTT). Void fractions containing small Pab1
assemblies (>5,000 kDa) were collected. Concentration of Pab1 condensates in each void fraction was measured using Bradford
assay and/or SDS-PAGE with Pab1 standards of known concentrations. Protein aliquots were snap-frozen in liquid nitrogen and
stored at —80° C.

Condensate reversibility assay

The protocol was adapted from Kroschwald et al. (2018) and modified for Pab1. Pab1 condensates were formed at 30 uM by either
pH drop (pH 5 at 30° C) or heat shock (pH 6.4 at 46° C for 10 minutes) in buffered solution containing 150 mM KCI, 2.5 mM MgCl,, and
1 mM DTT. The formed condensates were diluted in control buffer (20 mM HEPES pH 7.3, 150 mM KCI, 2.5 mM MgCl,, 1 mM DTT) or
in buffer with high salt (20 mM HEPES pH 7.3, 1 M KCI, 2.5 mM MgCl,, 1 mM DTT). After 30 minute incubation at room temperature,
absorbance at 340 nm (turbidity) was measured in Spark microplate reader using its software (see key resources table).

Preparation of A90

To prepare A90, 7.5 mg of polyadenylic acid (MilliporeSigma 10108626001; see key resources table) was digested with 70 units of
RNase | (Thermo Fisher AM2294) for 25 minutes at 37° C in 500 pL reaction containing 10 mM HEPES pH 7.5 and 20 mM KCI. Di-
gested RNA was then purified by two rounds of phenol extraction in the presence of 1% SDS and ethanol precipitated. RNA was
dissolved in 300 uL water and applied to Superose 6 10/300 GL column in buffer (20 mM HEPES pH 7.5, 400 mM KCI). RNA species
eluted in 14.6-15.4 mL volume were collected, precipitated with ethanol, dissolved in water and further re-applied to Superose 6 col-
umn. The same elution fractions containing polyA RNA were collected, ethanol precipitated, dissolved in 100 puL water, and stored at
—80° C. RNA concentration was determined using NanoDrop and the average RNA size was evaluated by running the RNA on a 15%
TBE-Urea Criterion Precast Gel (Bio-Rad) with an RNA ladder.

Monitoring Pab1 dispersal using fluorescence anisotropy

Because Pab1 binds 12-mer poly(A) with full affinity and has a binding footprint of roughly 25 nucleotides (Sachs et al., 1987), we used
19-mer poly(A) RNA to get 1:1 binding of Pab1 to RNA. Pab1 condensates, molecular chaperones, and 5’ labeled A19 RNA (FAM-A19
or Atto550-A19) were diluted to desired concentrations in disaggregation buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl,,
0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT). The reaction mixture (Table S3) was supplemented with 5 mM ATP, and 8 mM
creatine phosphate (CP) and 1 uM creatine kinase (CK) for ATP regeneration. The reaction mixture was also supplemented with 2 %
SUPERase RNase Inhibitor (Thermo Fisher AM2694). The final reaction volume was 15 pL. Calibration samples were prepared by
adding known concentrations of monomeric Pab1 to the same concentration of FAM-A19 used in the reaction samples in disaggre-
gation buffer supplemented with 5 mM ATP. A new calibration curve was made each time an experiment was performed. Concen-
trations of Pab1 condensates and RNA were chosen so that a plateau indicates the completion of condensate dispersal, not signal
saturation (Figure 1E).

The reaction mixtures were added to a black, non-binding surface 384-well plate (Corning CLS3575). The plate wells were sealed
with a plate sealer (Thermo Fisher 235307) to prevent liquid evaporation. Fluorescence anisotropy was measured every 20 second in
Spark microplate reader (TECAN) using excitation/emission wavelengths of 485 nm/535 nm, each with a bandwidth of 20 nm, at 30°
C. Disaggregation buffer was used as blank. G factor was calibrated with a solution of free 6-iodoacetamidofluorescein to produce a
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fluorescence polarization reading of 20 mP. Descriptions and catalog information of all key reagents are listed in the key re-
sources table.

Fluorescence-detection size-exclusion chromatography (FSEC)

Fluorescent Pab1 condensates were prepared and mixed with chaperones, ATP, ATP regeneration system, and SUPERase RNase
Inhibitor as described above for wild-type Pab1. The reaction samples (120 pL per run) were incubated at 30° C for an hour. 120 pL of
the sample was loaded to a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with filtered running buffer (20 mM HEPES
pH 7.3, 150 mM KCI, 2.5 mM MgCl,, and 1 mM DTT) using Akta system. Fluorescence was measured by a fluorescence detector
(JASCO FP-2020 Plus) connected to the Akta system.

Luciferase reactivation assay

Recombinant firefly luciferase was aggregated by incubating 2 uM of luciferase with 10 uM Hsp26 in aggregation buffer (20 mM
HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCl,, and 1 mM DTT) at 42° C for 20 minutes. After cooling on ice for 2 minutes, the aggregates
were diluted to 0.2 uM in the disaggregation buffer 20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl,, 0.5 mg/mL BSA, 0.01 %
Triton X-100, and 1 mM DTT) supplemented with 5 mM ATP, 8 mM CP, 1 uM CK, and specified concentrations of chaperones (Table
S3). The mixed sample was incubated at 30° C. At each time point, 1.5 uL of the reaction sample was added to 13.5 uL of luciferin mix
(Promega E1500; see key resources table) in a white 384-well plate (Corning CLS3574; see key resources table), and luminescence
was measured using Spark microplate reader (TECAN) with integration time of 1 second.

To make luciferase aggregates that are more amenable to disaggregation (Figure 3B), 33.8 nM luciferase was heat shocked in the
presence of 169 nM Hsp26 at 42° C for 20 minutes in low-salt aggregation buffer (25 mM HEPES pH 7.3, 50 mM KCI, 0.1 mM EDTA,
and 1 mM DTT). Luciferase aggregates were diluted to the final concentration of 20 nM in the disaggregation buffer containing chap-
erones. Luminescence was measured as described above. For disaggregation of chemically aggregated luciferase using HAP/ClpP
system (Figures 5H and 5l), luciferase was diluted to 5 uM in low-salt urea buffer (25 mM HEPES pH 7.3, 50 mM KCI, 0.1 mM EDTA,
1 mM DTT, and 8 M urea) and incubated at 30° C for 30 minutes. Aggregation was induced by diluting luciferase 100-fold into the
disaggregation buffer containing chaperones and HAP/CIpP (Table S3). Western blot samples were collected at the specified
time points and stained using luciferase antibody (MilliporeSigma L0159; see key resources table). Blots were visualized using Od-
yssey CLx (LI-COR). Luminescence was measured as described above.

Dynamic light scattering (DLS)

DLS measurements were performed using DynaPro NanoStar (Wyatt) with its software (see key resources table). Sample acquisition
was done as described in Riback, Katanski et al. (2017). All experiments, unless noted otherwise, were performed with 10 uM Pab1 in
buffer (20 mM HEPES pH 6.8, 150 mM KCI, 2.5 mM MgCl,, and 1 mM DTT) filtered with a 0.02 um Anotop syringe filter (listed in the
key resources table). All protein samples used for DLS experiments were dialyzed against buffer overnight at 4° C and cleared of
aggregates by spinning at 20,000 g for 20 minutes.

Electrophoretic mobility shift assay (EMSA)

The assay was performed using agarose gels as described in a previous study (Ream et al., 2016) with little modifications. Briefly,
10 nM of fluorescein-labeled A19 RNA was incubated with increasing concentrations of either monomeric or condensed Pab1 for
at least 10 minutes at room temperature. The same concentration of kozak sequence RNA (5’ACCUCUGCCGCCGCCAUGG; see
key resources table) was used as a negative control. The samples were loaded to a 2.5% agarose gel and the gel was ran for 45 mi-
nutes at 30 V/cm in 0.5x Tris/Boric Acid/EDTA (TBE) buffer (Bio-rad 1610733). Fluorescence from the labeled RNA was visualized
using a ChemiDoc (Bio-rad).

GroEL trap assay

Pab1 dispersal and luciferase reactivation assays were performed as described above, but in the presence of five-fold excess GroEL
trap. For refolding experiment, 5 uM Pab1 was denatured in 8 M urea buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCls,
1 mM DTT, and 8 M urea) and incubated at 30° C for 30 minutes. Pab1 was first diluted to 0.5 uM in refolding buffer (20 mM HEPES
pH 7.3, 150 mM KCI, 2.5 mM MgCl,, and 1 mM DTT) containing no or 10-fold excess GroEL trap, and then to 0.1 uM in the same
respective refolding buffer with 0.1 uM FAM-A19. Pab1’s RNA-binding activity was measured by fluorescence anisotropy.

Gel analysis of HAP/CIpP degradation

Digestion by the HAP/CIpP system was done in disaggregation buffer (20 mM HEPES pH 7.3, 150 mM KCI, 2.5 mM MgCl,, 0.5 mg/mL
BSA, 0.01 % Triton X-100, and 1 mM DTT) with 0.2 uM Pab1 condensate or monomer, 1.5 uM ClpP, 1 uM Hsp104 (WT or HAP), 0.5
uM Sis1, 1-2 uM Ssa2, 5 mM ATP, and 8 mM CP and 1 uM CK for ATP regeneration. Reactions were run for an hour at 30° C, then
quenched with Laemmli buffer and run on a Bio-rad TGX 4-20% SDS-PAGE gel. Fluorescent gels were imaged using a ChemiDoc
(Bio-rad) and western blots were performed using a 1:5000 dilution of Rabbit anti-GFP antibody and a 1:20,000 dilution of Donkey
anti-rabbit secondary antibody (see key resources table for more descriptions and catalog numbers). Blots were visualized using
Odyssey CLx (LI-COR).
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The ClpXP digestion reaction was done for 30 minutes at 30° C with 0.2 uM Pab1-FAM monomer, 0.1 uM ClpX and 1 uM CIpP in
disaggregation buffer.

Broad Range Blue Prestained Protein Standard (NEB P7718L) was ran alongside the protein samples in a 4-20% Criterion TGX
Stain-Free Protein Gel. Prestained standards run differently from their true molecular weight due to the dyes. To more accurately
determine the true molecular weight of the degraded product, we adjusted the apparent molecular weight of the prestained stan-
dards based on the calibration reported in the NEB website and our own calibration comparing prestained and unstained ladders.
The molecular weights shown next to the gels in Figures 5H and S6 reflect the adjusted molecular weight values.

Disaggregation data from the literature

The following data from 18 different studies (Nillegoda et al., 2017; Doyle et al., 2015; Rampelt et al., 2012; Yu et al., 2015; Zwirowski
etal.,2017; Martin etal., 2014; Ktosowska et al., 2016; Reidy et al., 2014; Rosenzweig et al., 2013; DeSantis et al., 2012; Shorter, 2011;
Haslberger et al., 2008; Glover and Lindquist, 1998; Ratajczak et al., 2009; Cashikar et al., 2005; Goloubinoff et al., 1999; Sielaff and
Tsai, 2010; Duennwald et al., 2012) were compiled for comparison (Table S1): 1) substrate identity; 2) concentrations of substrate and
molecular chaperones used; 3) maximum yield observed within the experimental time; 4) the names of molecular chaperones; and 5)
reference to the source paper with DOI. Only the results from in vitro experiments were recorded. Studies reporting fold-change rela-
tive to negative control were omitted because yield cannot be determined from the given information for comparison. For a study which
reports multiple disaggregation results with the same substrate, the concentrations of substrate and chaperones which give the high-
est maximal yield were recorded.

Modeling and simulation
In our model, free substrates exist in one of the following states: folded (Sy), unfolded (S,), misfolded (S,.,), and aggregated (S,). Free
Hsp70 exists either in an ATP-bound state (Hsp70atp) or an ADP-bound state (Hsp70app), and each state can bind certain free sub-
strates to form a complex (e.g., Hsp70a7p:S,). ATP hydolysis of Hsp70atp in Hsp70atp:S,, complex results in substrate unfolding, a
step we call "priming”. For an aggregated substate, the same sequence of events do not result in any state transition but instead
primes the complex (Hsp70a7p:S4p) for interaction with Hsp104. In the cooperative model, a second Hsp70arp can bind Hsp70ap-
p:Sap complex to form a ternary complex (Hsp70atp app:Sap) and only the ternary complex with both Hsp70s in the ADP-bound state
(Hsp70atp,ADP:Sap) can engage with Hsp104 for disaggregation. For simplicity, we did not allow unfolding of a natively folded sub-
strate. The parameter values used for the simulation are listed in Table S2.

The time evolution of the concentrations of all distinct species in the cooperative model was described using the following ODEs:

d[Hsp70
w: kDT[HSp70ADp} + ksf-lf—P([HSp70ATp : Sa} + [HSp?OATp : Sap]
+ [HSP70atp : Sm] + [HSP70are : Su] + [Hsp70atp ape : Sap)) (Equation 1)

~[Hsp70a7p] (KA1 ([Sm] + [Sa]) + (k1o + ki) + 0.1K51 " [HSP70app : Sap))

d[HSp7OADp]

gt = (kTD + kh) [HSp?OATp} + kgf?P([HSp7OADP : Sap} + [HSp?OADp : Su}) + 2kﬁ5p’104[Hsp70ADp,ADp : Sap

: Hsp104] — [Hsp70app] (Kot + k& ([Sa] + [Su] ) ) (Equation 2)
d[Hsp104
% =K% [HSP70a0p ADP © Sap : HSP104] + Kefgage [HSP104 : S,]

—[Hsp104][Hsp70app ace : Saplkas’

(Equation 3)

dS.|
dt

= kg[Sm] + Kai ([HSP70are : Sa] + [HSP70atp : Sap) + Kot [Hsp70app : Sapl
~[Sa] (Kon" [Hsp70ate] + KOOF [HSp70app])

on

(Equation 4)

d[Hsp70at1p : S, s
dHSP7O0ATe = Sal _ | A2 11070, 70]Sa] + K, [HSP7Onop : S| -
at e . (Equation 5)
—[Hsp70ate : Sal (Ko + Kip + kp)
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d[HSp?OADp : Sa] _

gt (k'?'D + kﬁ)[HSp?OATP : Sa} + kdeprime[HSp70ADF’ : Sap}

—[HSp70ADp : Sa](kSDT + kprime)

d[Hsp70app : S,
W: Korime [HSP70app : Sa] + k5p[HSP70arp : Sap)

+KATP [Hsp70atp aop : Sap] + Ka2P [Hsp70app][Sa]
~[HSP70pp : Sap] (Kaeprime + K37 + Ki" + 0.1k [HSp70ate] )

d[Hsp70at1p : Sy
—[ dé[TP p] = ksDT[HSp70ADp : Sap] - [Hsp70ATP : Sap} (k/o\f-lf—P + k'?'D)

d[Hsp70 : Sgp : Hsp104
[Hsp PR P }:kgg“[Hsp?oADp,ADP:sap][Hsp1o4]

—[HSp?OADp,ADp : Sap : HSp1 O4](kl?f4 + kgfl:f)PJM)

G = KAPP 1% Hsp70app anp : Sap : Hsp104] — [Hsp104 : Syplkaisagg

d[Sy]
at
+KATP [HSp7041p : Sy] + KAPP [HSP70pp : S

—[Su] (k1 + k2 + kﬁ?P[HSp7OADP])

= k; [Sm] + kdisagg[HSp1 04 : Sap}

d[dStm] = kp[Sy] + K&f" [Hsp70arp : Sp)

—[Sm] (K5 + ks + K5r" [Hsp70are])

dsq] _
g = kals

d [HSp70ATp : Sm]

gt = kﬁ:P [SmHHSFﬂOATP] + kET[HSp70ADP : Sm]

~[Hsp70are : Sm] (K~ + K3p + K7)

d[HSpP70a0p : Sr
% = (K + K2)[HSP704rp : Sl + Kaeprime [HSP70a0p : S

_[Hsp7OADP : Sm] (kSDT + kprime)

d[Hsp70app : S s
%: Korime [HSP70app : S| + Kyp [HSP70arp : Sy

+ kﬁr?P[HSp7OADP} [Su] — [HsP70app : Su] (Kdeprime + Ko7 + kéfl?P)
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d[Hsp70a7p : S, |
% = ko7 [HSp70aop : Su] — [Hsp70are : Su] (K + ki) (Equation 17)

d[Hsp70ate Aop : Sap)
dt

+2Kpr[HSP70app o : Sap]
*[HSP7OATP,ADP : Sap] (k/(;\;fI'P + k'T'D + k:)

=0.1K3TP Hsp70,a1p] [HSP70a0p : Sap]
(Equation 18)

d[Hsp70app ape : Sap)
dt

+ k2 [HSP70app aop : Sap : Hsp104]
—[HSP70app app : Sap) (2K3; + k0! [Hsp104])

on

= (k—er + kf\) [HSp70ATp,ADp : Sap]
(Equation 19)

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of sedimentation data

The western blot band intensities were quantified using either Image Lab (Figures 1A, 2C, and S7) or Image Studio (Figures S1) soft-
ware. The band intensity from soluble (S), Pg, or P4qo fraction was divided by the sum of those values to compute proportion soluble,
Pg, and P1qg, respectively, in R. The statistical details of data shown in Figures 1C and 2D can be found in the respective figure leg-
ends. For Figure 1C, RNase-treated samples from three independent biological replicates were used. The western blots and total
protein gels for the biological replicates are shown in Figures 1A, S1E, and S7TA-S7C.

Fluorescence anisotropy data fitting and analysis
The kinetic data were fitted with the following logistic equation:

m

Y= d e

—X*C (Equation 20)
where d, m, a, b, and c are fitting parameters. The negative linear term accounts for the chaperone concentration-dependent signal
decay, which comes from RNA-degrading contaminants co-purified with chaperones.

To extract maximal rate of Pab1 dispersal, the fluorescence anisotropy values were first converted to the concentration of RNA-
binding competent monomeric Pab1 using a calibration curve (Figure 1E) fitted with the following equation:

(RNA +Pab1" +d) — \/(RNA+ Pab1n + d)2 — 4(RNA « Pab1n)
2« RNA
Min and max refer to the fluorescence anisotropy values of the calibration samples with no or saturating amount of monomeric

Pab1, respectively. The values of d and n extracted from the calibration fit were used to convert fluorescence anisotropy values
in the reaction samples to concentrations of Pab1 with this rearranged Equation 21:

y = min + (max — min) (Equation 21)

" ((y —min)? « _BNA__ (y _ min) (RNA+d))

y — max

Pab1 =

(Equation 22)

The converted data were fitted again with Equation 20. Maximal rate of dispersal was calculated by computing the extracted fit
parameters to the derivative of Equation 20 when x = b:

dy axmx e alx-b)

= —-C Equation 23
dx (1 +e,a(xfb))2 (Eq )
ratemax = ? —-cC (Equation 24)

To convert the y-axis from Pab1 concentration to fraction restored Pab1, we first subtracted background signal using the negative
control data (no ATP). Background-subtracted data were divided by the total concentration of Pab1, which was approximated by
taking the mean of highest data points, i.e., data points in the plateau region of the positive control. Total Pab1 concentration in
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the reaction had to be approximated this way for more accurate quantification because we noticed that Pab1 condensates adhere to
plastic, causing loss of about 30-50% substrate during transfer. To compensate for this, 1.5 to 2-fold excess Pab1 was added to aim
for, e.g., the final concentration of 0.2 uM Pab1 in the reaction. The same total Pab1 concentration was used to normalize reactions
prepared from the same master mix. The presence of ATP slightly lowered the fluorescence anisotropy baseline compared to the no
ATP control, and this led to negative starting values for all ATP-containing reactions after background subtraction. All traces were
shifted upward by the same amount to make the positive control reactions to start around the value of zero.

The rate data in Figure 6A were fitted with a logistic equation:

a

= 11ebx—o (Equation 25)

y

with a, b, and c as fitting parameters. We used the total Pab1 concentration to calculate the ratio of chaperone to substrate.
All of the statistical details of data shown in Figures 1E, 3E, 6A, and 6B can be found in the respective figure legends.

Luciferase disaggregation
Reactivation yield was computed in R by normalizing luminescence of aggregated luciferase to that of mock-treated luciferase at
each time point. The statistical details of data shown in Figures 3A and 3B can be found in the respective figure legends.

Dynamic light scattering (DLS)

Temperature at which Pab1’s hydrodynamic radius doubles (Tgoupie in Figures S2A and S2B) or crosses 20 nm (Tog in Figures S4C and
S4D) was calculated using custom scripts written in R. The script for computing Tgounie Was originally written in Mathematica and
published in Riback et al., 2017. Quantification was done for the representative data shown in Figures S2A and S4C.

Hsp26 titration experiment

Protein bands in the Coomassie-stained gel (Figure S4A) was quantified using Image Lab. Proportion soluble Pab1 shown in Fig-
ure S4B was computed in R by dividing the soluble fraction band intensity by the sum of both soluble and pelleted fraction band in-
tensities. Quantification was done for the representative data shown in Figures S4A.

Electrophoretic mobility shift assay (EMSA)

Fluorescence of free RNA (Figures S2D and S2E) was quantified using Image Studio. Fraction bound was calculated in R by normal-
izing to the RNA-alone control. A19 and Pab1 monomer titration data were fitted with a quadratic binding equation. The statistical
details can be found in the figure legends.

Analysis of Pab1 refolding

RNA-binding activity of refolded Pab1 quantified by fluorescence anisotropy was normalized to that of urea-denatured Pab1 (Fig-
ure 5D). Statistical significance was determined with Welch t test using R’s built-in t test function, using a p value of 0.05 as the cutoff
for significance.

Turbidity analysis
Turbidity values of Pab1 condensates in Figure S1F were normalized by dividing by the turbidity of buffer. Statistical significance was
determined with Welch t test using R’s built-in t test function, using a p value of 0.05 as the cutoff for significance.

Quantification of protein degradation by HAP/CIpP

Full-length protein band intensities were quantified from luciferase and Pab1 western blots (Figures 5F and 5H) using Image Studio.
Because chemically denatured luciferase showed about 60% restoration after an hour (Figure 5G) and the FSEC traces of Pab1-fluo-
rescein-ssrA also showed around 60% dispersal under the same condition (Figure 5K), we assumed 60% of the full-length band cor-
responds to the protein released from aggregates without degradation by HAP/CIpP. The quantified value was normalized to either
HAP alone control (for HAP/CIpP experiments in Figure 5I) or Sis1 alone control (for ClpX/ClpP experiment in Figure 5J). Quantifica-
tion was done for the representative data shown in Figure 5.
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Figure S1. Heat shock causes Pabl condensation, Related to Figure 1.

(A) Quantification of Pabl (red) and Pgkl (gray) sedimentation before and after severe heat
shock, and during post-stress recovery in either wild-type (solid line) or Ahsp104 background
(dotted line). (B) Western blots against Pabl, Pgkl, and GFP-luciferase. One of two biological
replicates is shown. Total protein gels show the relative amount of loading. (C) Quantification of
soluble GFP-luciferase and Pabl relative to Pgkl in either wild-type (black circle) or Ahsp104
background (orange triangle), normalized to pre-stress level. Only the soluble fractions were
used for quantification because luciferase pelleted during the 3,000 g lysate clearance step. (D)
Quantification of Pabl (red) and Pgkl (gray) sedimentation before and after heat shock, and
during post-stress recovery in the presence of DMSO (solid line) or cycloheximide (dotted line).
(E) Western blots against Pabl and Pgkl. One of two biological replicates is shown. (F') Relative
absorbance (turbidity) of heat- or pH-induced in vitro Pabl condensates after dilution into
a neutral pH buffer with either physiological or high concentrations of salt. The signal was
normalized to buffer control.
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Figure S2. Misfolded protein can nucleate Pabl condensation which reduces RNA-
binding activity, Related to Figure 1.

(A) DLS of Pabl in the presence of increasing concentrations of firefly luciferase (Fluc) or BSA.
(B) Tgoubles temperature at which the baseline Ry, doubles, quantified from (A). Dashed line
indicates Tyouple for Pabl in the absence of luciferase or BSA. (C) Representative SEC trace of
Pabl heat shocked in the absence or presence of 100-fold lower luciferase. Pabl condensates and
monomers elute around 7.5 mL and 16 mL, respectively. (D) Agarose gel electrophoretic mobility
shift assay (EMSA) with RNA and either monomeric or condensed Pabl. Kozak sequence RNA
were used as a negative control. (E) Quantification of EMSA. Mean and SD were computed
from three independent experiments using A19 and two independent experiments using Kozak
RNA. The monomer Pabl titration data were fitted with a quadratic binding equation. (F)
Dispersal kinetics of Pabl condensates formed in the absence or presence of luciferase. (G)
Luciferase reactivation during Pabl condensate dispersal shown in (F).
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Figure S3. Hsp104, Hsp70, and Sisl are necessary and sufficient for Pabl dispersal,
Related to Figure 2.

(A) Hspl04 pore-loop tyrosines are required for Pabl condensate dispersal. (B) Addition of
Ssel increases the rate of Pabl condensate dispersal by about 2.5-fold. (C) Rate of dispersal
quantified from the dropout experiments in the absence of Ssel. (D) Dropout experiments as
shown in Figure 2A but with Ssa4 instead of Ssa2. (E) Purified recombinant chaperones. (F)
SEC-based dropout experiments. Pabl dispersal reaction samples were examined by Superose 6
Precision Column. Red box highlights the minimal set composed of Hsp104, Ssal, and Sisl. PK
and PEP stand for pyruvate kinase and phosphoenolpyruvate, respectively. (G) Verification of
Pabl dispersal by western blot.
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Figure S4. Hsp26 suppresses Pabl condensation, Related to Figure 3.

(A) Sedimentation of Pabl in the absence or presence of increasing concentrations of Hsp26,
visualized by Coomassie staining. (B) Proportion soluble Pabl quantified from (A) and plotted
against the relative Hsp26 level. (C) DLS of Pabl in the presence of increasing concentrations
of Hsp26 at pH 6.4. Hsp26 forms high molecular weight oligomers and shifts the DLS baseline
upward. (D) Temperature at which Pabl’s hydrodynamic radius crosses 20 nm in (C) is plotted
against Hsp26 concentration. (E) Pabl binding to A19 RNA in the absence or presence of free
Hsp26. (F) Pabl condensate dispersal in the absence or presence of free Hsp26. Data are shown
in duplicates. Both the rate and yield of Pabl condensate dispersal decreased in the presence of
soluble Hsp26, likely due to nonproductive interactions with chaperones. (G) Quantification of
the rate of Pabl condensate dispersal in the absence or presence of free Hsp26. Data from two
independent reactions, one of which is shown in (F), were used for quantification. The p-value
was calculated using Welch’s t-test.
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Figure S5. Cooperative model, Related to Figure 4 and Figure 6.

(A) (1) Biochemical model of ATP hydrolysis-coupled substrate binding and release from Hsp70
(De Los Rios and Barducci, 2014; Powers et al., 2012; Nguyen et al., 2017; Xu, 2018). Nucleotide
exchange from ADP to ATP facilitates substrate release from Hsp70. (2) Hsp70 binding to
a single misfolded protein leads to protein unfolding and expansion (Imamoglu et al., 2020;
Assenza et al., 2019). We describe this step as a priming step, and use pink halo to graphically
represent the primed species. (3) Nucleotide state-coupled substrate binding of Hsp70 is assumed
to be consistent with aggregated substrates. However, unlike with single misfolded proteins
(Sharma et al., 2010), aggregated proteins do not unfold upon Hsp70 binding and need Hsp104.
(4) One Hsp70 molecule is insufficient to activate Hspl04 (Seyffer et al., 2012; Carroni et al.,
2014). Second Hsp70 binds the substrate with an order of magnitude lower affinity than the first
Hsp70 due to the entropic penalty (Wentink et al., 2020). (5) Exact mechanism of substrate
handover is unknown, but substrate handover is described as an irreversible step (Powers et al.,
2012). (B) Simulation of chaperone titration experiments shown in Figure 6A. Titration of Sisl
and Ssel were simulated by varying the ATP hydrolysis rate of substrate-bound Hsp70 (kh_S)
and ADP exchange rate (kDT and kDT_S), respectively, from the default level indicated by the
dashed line.
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Figure S6. HAP /ClpP-specific cleavage of Pabl constructs, Related to Figure 5.
(A) Condensates of C-terminally fluorescein-labeled Pabl were dispersed by the indicated
components. Fluorescence anisotropy of Atto550-A19 RNA was monitored. (B) End-point
measurement of unlabeled Pabl condensate dispersal. FAM-A19 RNA was added after an hour
of reaction incubation to measure fluorescence anisotropy. (C) A replicate of the condensate
dispersal experiment shown in Figure 5H. (D) Quantification of full-length Pabl band intensity
in (C) normalized to the HAP control signal. The yield of dispersal was assumed to be the same
as seen in the Figure 5K FSEC experiment. (E) Pabl-Clover condensates were incubated with
the indicated components and examined by western blot. Schematics of full-length and truncated
products, and their corresponding molecular weight are shown. (F) Pabl-Clover condensate was
incubated with the indicated components for an hour and examined by FSEC. Dashed lines
indicate the elution volume for Pab1l-Clover condensates (7.8 mL), Pabl-Clover monomers (13.7
mL), and HAP /ClpP-specific cleavage products (15.7 mL). (G-H) SDS-PAGE gels of N- or
C-terminally labeled Pabl were visualized by detecting dye fluorescence. Asterisks in indicate
HAP /ClpP-specific cleavage products. (I) HAP/ClpP-specific degradation of Pabl is ATP-
dependent. (J) Dispersal of Pabl and PablAP condensates. (K) Rate of condensate dispersal
quantified from (J). (L) Dispersal of either N- or C-terminally labeled PablAP condensates in
the presence of HAP /ClpP. Higher exposure was used to visualize cleavage products.
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Figure S7. Uncropped stain-free total protein gel and western blot images, Related

to Figure 1 and Figure 2.

(A and B) SDS-PAGE gel of RNase treated (A) or untreated (B) yeast lysate samples. The
corresponding anti-Pabl western blot images are shown in (Figure 1A). (C) Replicate of (B).
(D-G) Western blot (top) and SDS-PAGE images (bottom) of in vitro TSP experiments. Cropped
images of (G) is shown in (Figure 2C). The quantification results are shown in (Figure 2D).
Lanes marked with # were not quantified. CK stands for creatine kinase. Asterisks indicate

unknown contaminant.



Table S2. Model parameters, Related to Figure 4 and Figure 6

Name Value Unit Description Source
ky, 0.036  min ! ATP hydrolysis rate of free Hsp70 McCarty et al. (1995)*
kp 108 min ! ?OTLIE dhgl(;lll;?loysm rate of substrate- Laufen et al. (1999)*
kATP 24 min' yM 1 Substrate on-rate to Hsp70z1p S,s };11.112113‘52)14(1994); Gisler
kOAf?P 120 min ! Substrate off-rate to Hsp70Tp (Séljlm?l(gtgg)l '*(1994); Gisler
kADP 0.06 min' pM~!  Substrate on-rate to Hsp70App Mayer et al. (2000)*
k?f?P 0.0282 min ! Substrate off-rate to Hsp70App Mayer et al. (2000)*
KATP 0.008  min ATP off-rate from Hsp7051p Russell et al. (1998)*
kATP 7.8 min ! uM’l ATP on-rate to Hsp70apo Russell et al. (1998)*
kADP 1.32  min! ADP off-rate from Hsp70App Sffi;ﬁl ((;Jég()ig%) s
KADP 16 min ' xM!  ADP on-rate to Hsp70apo Russell et al. (1998)*
K7, . Nucleotid.e exchange rate from ATP Calculfemtefi ?xs described ig
K 0.0014 min to ADP in free or substrate-bound De Los Rios and Barducci
TD Hsp70 (2014)
kDT - Nucleotide exchange rate from ADP Calcqlfemte.d ?ms described ig
IS 1.0951 min to ATP in free or substrate-bound De Los Rios and Barducci
DT Hsp70 (2014)
k104 12 min 1 g1 P04 on-rate to fﬁﬁlﬁffﬁdlfiféﬁfff}f o r‘;].
Hsp70pp:substrate complex (2013)
Hspl104 off-rate from Estimated from the K re-
ké% 60 min ! Hsp70ppp:substrate:Hspl04 com- ported in Rosenzweig et al.
plex (2013)
k(‘;“f?P’lM 100 min~! ?;EZS?G?F;OOIE;;TS 1 after substrate Free parameter
Kaisagg 0.2 min ! Disaggregation rate isrzgrllitier? tf}rl?srr; ttil;ymeasu-
Kprime 10 min ! Substrate remodeling rate Free parameter
Kdeprime 1 min ! Reverse substrate remodeling rate Free parameter
K 10, min- ! Rate of tlTansition from the unfolded Free parameter
0.001 Pabl/luciferase to the folded state
K 1 min-1 Rate of transit.ion from the unfolded Free parameter
state to the misfolded state
ks 1 min-! Rate of transition from the misfolded Free parameter

state to the aggregated state

*listed in De Los Rios and Barducci (2014)



Table S3. Reaction conditions, Related to Figure 1 to Figure 6

Panel Reaction mixture*

1d 25 uM Pabl

le 0.2 uM FAM-A19, varying concentrations of Pabl monomers or condensates, 5 mM ATP

2a, 2b 0.1 uM FAM-A19, 0.1 M Pabl, 1 uM Ssa2, 0.1 uM Hspl04, 0.5 pM Sisl, 0.5 M Ydj1,
50 nM Ssel, ATP mix

2c 0.1 uM FAM-A19, 0.1 pM Pabl, 1 uM Ssa2, 0.02 uM Hsp104, 0.5 uM Sisl, ATP mix

2e 0.2 uM Pabl-Clover, 1 uM Ssa2, 0.5 uM Sis1, 0.1 M Hsp104, 0.5 pM A90 RNA, ATP
mix

3a 0.2 uM Fluc, 1 uM Ssa2; 0.1 uM Hsp104, 0.5 uM Hsp40, ATP mix

3b 20 nM Fluc, 0.75 pM Ssa2, 0.75 pM Hsp104, 0.25 M Hsp40, 38 nM Ssel, ATP mix

3c, 3d 0.2 uM FAM-A19, 0.2 uM Pabl, 0.5 uM Ssa2, 50 nM Hsp104, 0.25 uM Sisl (plus 0, 0.25,
0.5, 1, or 2 uM additional Sisl or Ydj1), ATP mix

3f 0.2 uM FAM-A19 (for Pabl), 0.2 uM Pabl or luciferase, 1 uM Ssa2, 0.1 uM Hsp104, 0.5
uM Sisl, ATP mix

4b The cooperative model was simulated with the initial concentrations of 0.2 uM substrate,
1 pM Hsp70, 0.1 pM Hsp104

5b 20 nM Fluc, 0.75 uM Ssa2, 0.75 M Hspl04, 0.125 pM Sisl, 0.125 uM Ydjl, 0.1 uM
GroEL trap, 38 nM Ssel, ATP mix

5¢c 0.2 uM FAM-A19, 0.2 uM Pabl, 1 uM Ssa2, 0.2 uM Hsp104, 0.5 uM Sisl, 1 uM GroEL
trap, ATP mix

5d 0.1 pM FAM-A19, 0.1 uM Pabl, 1 uM GroEL trap

51, bg 10 nM Fluc, 1 pM Ssa2, 0.25 uM Sisl, 0.25 uM Ydjl, 1 uM Hspl04/HAP, ATP mix

5h, bk 0.2 uM Pabl-fluorescein-ssrA, 2 uM Ssa2, 0.5 uM Sisl, 1 uM HAP, 1.5 uM ClpP, ATP
mix; For ClpXP: 0.2 uM nM Pabl-fluorescein-ssrA, 0.1 uM ClpX, 1 uM ClpP

6a, 6g Default: 0.2 uM FAM-A19, 0.2 uM Pabl, 0.5 uM Ssa2, 0.2 uM Hspl04, 0.5 pM Sis1, 0.1
uM Ssel, ATP mix

6e 0.2 uM FAM-A19, 0.14 uM Pabl, varying Ssa2, 0.02 uM Hsp104, 0.5 uM Sisl, ATP mix

Sif 10 uM Pabl condensates in 20 mM HEPES pH 7.3, 150 mM or 1 M KCl, 2.5 mM MgCly,
1 mM DTT

S2a 15 uM Pabl + BSA or Fluc as indicated

S2c 25 M Pabl + Fluc as indicated

S2d, S2e¢ 10 nM FAM-A19 or K19, varying concentrations of Pabl monomers or condensates

S2f, S2¢g 0.1 uM FAM-A19, 0.2 uM Pabl, 0.5 uM Ssa2, 0.1 uM Hsp104, 0.25 uM Sisl, 0.25 uM
Ydj1l, ATP mix

S3a 0.1 uM FAM-A19, 0.2 uM Pabl, 0.5 uM Ssa2, 0.1 uM Hsp104, 0.5 pM Sisl, ATP mix

S3c, S3d 0.1 uM FAM-A19, 0.1 M Pabl, 1 uM Ssad, 0.1 uM Hsp104, 0.5 uM Sisl, 0.5 uM Ydjl,
ATP mix

S3f 0.5 uM Pabl, 1.2 uM Ssal, 0.2 uM Hsp104, 0.3 uM Ssel, 0.3 pM Ydj1, 0.3 uM Sis1, 3
mM PEP, 10 units/mL PK, 2 mM ATP

Sda 10 M Pabl + Hsp26 as indicated

Sdc 10 pM Pabl + Hsp26 as indicated

Sde 0.2 uM FAM-A19, varying concentrations of Pabl monomers, 0 or 2 M Hsp26

S4f 0.2 uM FAM-A19, 0.2 uM Pabl, 1 uyM Ssa2, 0.1 M Hspl104, 0.5 uM Sisl, 0 or 2 uM

Hsp26, ATP mix



S6a 0.1 uM Atto550-A19, 0.2 uM Pabl-FAM, 1 uM Ssa2, 1 uM Hspl104, 0.5 uM Sisl, ATP

mix

S6b 0.1 pM Atto550-A19, 0.1 uM Pabl-FAM, 1 uM Ssa2, 1 uM Hspl104, 0.5 uM Sisl, ATP
mix

S6c 0.1 pM Pabl-fluorescein-ssrA, 2 uM Ssa2, 0.5 uM Sisl, 1 uM Hsp104/HAP, 1.5 uM ClpP,
ATP mix

S6e, S6f 0.2 uM Pabl-Clover, 1.5 uM ClpP, 1 M Hspl104/HAP, 0.5 uM Sisl, 2 uM Ssa2, ATP
mix

S6g, S6h 0.2 uM Pabl, 1.5 uM ClpP, 1 uM Hspl04/HAP, 0.5 uM Sisl, 2 uM Ssa2, ATP mix

S6i 0.2 pM Pabl, 1 pM Ssa2, 1 uM Hspl04, 1 uM ClpP, 0.5 uM Sisl, ATP mix

S6j 0.1 uM FAM-A19, 0.2 uM Pabl, 1 uM Ssa2, 1 uM Hspl104, 0.5 M Sisl, ATP mix

S6l 0.2 uM Pabl, 1 uM Ssa2, 1 uM Hspl104, 1 uM ClpP, 0.5 uM Sisl, ATP mix

*Concentrations of Hsp104/HAP, Hsp40, and GroEL indicate the concentrations for the hexamers, dimers, and
14-mers, respectively; ATP mix includes 1 uM CK, 8 mM CP, 2 % RNase Inhibitor and 5 mM ATP in 20 mM
HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCls, 0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT.
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