
Chaperones directly and efficiently disperse stress-triggered
biomolecular condensates

Haneul Yoo1, Jared A.M. Bard1, Evgeny Pilipenko1, and D. Allan Drummond1,2*

1Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL, USA
2Department of Medicine, Section of Genetic Medicine, The University of Chicago, Chicago, IL, USA
*Correspondence: dadrummond@uchicago.edu

Abstract

Heat shock triggers formation of intracellular protein aggregates and induction of a molecular
disaggregation system. Although this system (Hsp100/Hsp70/Hsp40 in most cellular life) can
disperse aggregates of model misfolded proteins, its activity on these model substrates is
puzzlingly weak, and its endogenous heat-induced substrates have largely eluded biochemical
study. Recent work has revealed that several cases of apparent heat-induced aggregation instead
reflect evolved, adaptive biomolecular condensation. In budding yeast Saccharomyces cerevisiae,
the resulting condensates depend on molecular chaperones for timely dispersal in vivo, hinting
that condensates may be major endogenous substrates of the disaggregation system. Here, we
show that the yeast disaggregation system disperses heat-induced biomolecular condensates
of poly(A)-binding protein (Pab1) orders of magnitude more rapidly than aggregates of the
most commonly used model substrate, firefly luciferase. Pab1 condensate dispersal also differs
from aggregate dispersal in its molecular requirements, showing no dependence on small heat-
shock proteins and a strict requirement for type II Hsp40. Unlike luciferase, Pab1 is not fully
threaded (and thus not fully unfolded) by the disaggregase Hsp104 during dispersal, which
we show can contribute to the extreme differences in dispersal efficiency. The Hsp70-related
disaggregase Hsp110 shows some Pab1 dispersal activity, a potentially important link to animal
systems, which lack cytosolic Hsp104. Finally, we show that the long-observed dependence of the
disaggregation system on excess Hsp70 stems from the precise mechanism of the disaggregation
system, which depends on the presence of multiple, closely spaced Hsp70s for Hsp104 recruitment
and activation. Our results establish heat-induced biomolecular condensates of Pab1 as a direct
endogenous substrate of the disaggregation machinery which differs markedly from previously
studied foreign substrates, opening a crucial new window into the native mechanistic behavior
and biological roles of this ancient system.
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Introduction 1

In all cellular life, a sudden increase in temperature—heat shock—causes formation of intracellu- 2

lar aggregates and production of heat shock proteins, many of which act as molecular chaperones 3

(Parsell and Lindquist, 1993). An early and long-standing interpretation of these observations, 4

which follow a wide range of so-called “proteotoxic stresses,” is that molecular chaperones are 5

produced to protect cells from the toxic effects of stress-induced misfolded proteins and their 6

aggregates (Lindquist, 1986; Morimoto, 2008; Vabulas et al., 2010). 7

Supporting this view, the molecular disaggregation system, which includes molecular cha- 8

perones Hsp100, Hsp70, and Hsp40, has been demonstrated to disperse aggregates of model 9

substrates such as heat-misfolded firefly luciferase and restore their function in vitro (Glover 10

and Lindquist, 1998; Goloubinoff et al., 1999). Decades of biochemical studies on these model 11

substrates have uncovered the general mechanism of disaggregation as follows (reviewed in 12

detail by Mogk et al. (2018)): First, J-domain proteins such as Hsp40 target Hsp70 to specific 13

substrates while simultaneously stimulating Hsp70’s ATPase activity (Laufen et al., 1999; Lu 14

and Cyr, 1998; Jiang et al., 2019; Faust et al., 2020). Second, substrate-bound Hsp70 recruits 15

and de-represses the AAA+ disaggregase Hsp100 (Rosenzweig et al., 2013; Carroni et al., 2014; 16

Seyffer et al., 2012; Haslberger et al., 2007). Third, Hsp100 threads substrate delivered by 17

Hsp70 through its central channel to extract the substrate from aggregates (Haslberger et al., 18

2008; Gates et al., 2017; Avellaneda et al., 2020). Lastly, the threaded substrate is released 19

from Hsp100 and undergoes either spontaneous or Hsp70/40-assisted folding to regain its native 20

structure (Imamoglu et al., 2020). 21

A surprising and universal feature of biochemical studies of model misfolded substrate 22

dispersal has been the use of—and in the case of Hsp70, a requirement for—substantial excesses 23

of molecular chaperones over their substrates to achieve only limited dispersal. This is unlike a 24

typical enzymatic reaction, although Hsp70 and Hsp104 are well-characterized enzymes and no 25

chaperones are consumed during the disaggregation reaction. 26

An important possibility is that model substrates are not fully accurate models of endogenous 27

substrates—and remarkably, the endogenous heat-induced substrates of the disaggregation 28

system have largely eluded biochemical study. Alongside nascent polypeptides and prion fibers 29

(Shorter and Lindquist, 2004; Inoue et al., 2004), heat-induced aggregates of misfolded mature 30

proteins are considered major substrates of the disaggregation system. However, no endogenous 31

mature protein has yet been identified to misfold in response to physiological heat shock in 32

eukaryotes. As a consequence, a central element in our understanding of the heat shock response— 33

that molecular chaperones directly engage and disperse endogenous aggregates induced by heat 34

shock—has remained untested. A corollary is that the degree to which model thermolabile 35

proteins, such as luciferase, accurately model endogenous aggregating proteins has been difficult 36

to assess. 37

Recent work suggests that the proteotoxicity model, and the view that heat shock induces 38

widespread protein misfolding, must be expanded. A proteome-wide study in budding yeast 39

showed that a specific set of mature proteins form fully reversible aggregates in response to 40

sublethal heat shock (Wallace et al., 2015). Closer inspection revealed that several cases of 41

this apparent aggregation reflect evolved, adaptive biomolecular condensation (Riback et al., 42

2017; Iserman et al., 2020). For example, physiological heat shock temperature and pH changes 43

cause poly(A)-binding protein (Pab1), an abundant and broadly conserved eukaryotic RNA- 44

binding protein, to phase separate and form gel-like condensates in vitro (Riback et al., 2017). 45

Suppressing Pab1 condensation reduces cell fitness during prolonged heat stress, indicating 46
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that condensation is adaptive (Riback et al., 2017). Similarly, heat-induced phase separation of 47

translation initiation factor and DEAD-box helicase Ded1 confers an adaptive benefit to cells by 48

promoting translational switch from housekeeping to stress-induced transcripts (Iserman et al., 49

2020). As illustrated by these studies, heat-induced biomolecular condensates of endogenous, 50

mature proteins appear to be fundamentally different from misfolded protein aggregates in both 51

mechanism of formation and, most importantly, fitness consequences. 52

Here we will use the term biomolecular condensates to refer to endogenous membraneless 53

structures of concentrated biomolecules (Banani et al., 2017) regardless of the condensation 54

mechanism, reserving the term phase separation for cases where it has been shown. We use 55

the term aggregates to refer to amorphous clumps of misfolded proteins, which are commonly 56

deleterious to cells,(Geiler-Samerotte et al., 2011) and which differ from endogenous condensates 57

whose fitness consequences are adaptive in several cases. 58

Substantial in vivo evidence indicates that endogenous heat-induced condensates interact with 59

the disaggregation system. All members of the yeast disaggregation system (Hsp104/Hsp70/Hsp40) 60

co-localize with stress granules, which contain both Pab1 and Ded1 (Cherkasov et al., 2013; 61

Walters et al., 2015; Kroschwald et al., 2015, 2018). Deletion or inhibition of any member of the 62

system, or the Hsp70 nucleotide exchange factor (NEF) Hsp110 (Sse1/2), delays dissolution of 63

stress granules during stress recovery (Cherkasov et al., 2013; Walters et al., 2015; Kroschwald 64

et al., 2015, 2018). Interestingly, dispersal of endogenous stress granules precedes dispersal of 65

exogenously expressed misfolded protein aggregates (Cherkasov et al., 2013; Kroschwald et al., 66

2015) and only the former correlates with the resumption of translation activity and the cell 67

cycle (Cherkasov et al., 2013; Kroschwald et al., 2018). 68

We and others have hypothesized that heat-induced biomolecular condensates are major 69

endogenous substrates of molecular chaperones (Wallace et al., 2015; Riback et al., 2017; 70

Kroschwald et al., 2018; Yoo et al., 2019; Triandafillou et al., 2020; Begovich and Wilhelm, 2020; 71

Snead and Gladfelter, 2019). However, the questions of whether molecular chaperones directly 72

engage heat-induced biomolecular condensates, and whether and how functional engagement 73

differs between adaptive condensates and aggregates of model misfolded substrates, have 74

remained unanswered. 75

Here, we address these major open questions by reconstituting in vitro the dispersal of 76

heat-induced Pab1 condensates by their cognate disaggregation system. We use independent 77

methods to demonstrate that Hsp104, Hsp70, and the type II Hsp40 Sis1 are necessary and 78

sufficient for complete dispersal of Pab1 condensates back to functional monomers. Comparative 79

studies of Pab1 condensates and aggregates of misfolded luciferase reveal four key differences. 80

First, and most strikingly, chaperones which show slow and incomplete dispersal of luciferase 81

aggregates disperse Pab1 condensates rapidly and completely. Second, unlike luciferase (Cashikar 82

et al., 2005), Pab1 does not require co-condensation with small heat shock protein Hsp26 for 83

subsequent efficient dispersal. Third, unlike luciferase for which type I (Ydj1) and type II 84

(Sis1) Hsp40 show synergistic activity (Nillegoda et al., 2015, 2017), Pab1 condensate dispersal 85

depends only on Sis1 and is antagonized by Ydj1. Fourth, we show that unlike luciferase, Pab1 86

is only partially threaded by Hsp104 and readily regains its function upon dispersal. 87

Finally, we investigate the dispersal system’s puzzling dependence on excess Hsp70 for 88

optimal activity, which we find also applies to Pab1 condensate dispersal. Combining biochemical 89

experiments with modeling, we show that the required presence of multiple, closely-spaced 90

Hsp70s for Hsp104 recruitment and activation suffices to render the disaggregation system 91

sensitive to the relative Hsp70 level. 92

Our results establish heat-induced biomolecular condensates of Pab1 as direct endogenous 93
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substrates of the disaggregation system, and reveal that many important conclusions drawn 94

from studying aggregates of “model” misfolded proteins do not generalize to endogenous 95

condensates. Whether the remarkable efficiency of Pab1 dispersal is itself a general feature of 96

native substrates remains to be seen. Further study of how chaperones engage with adaptive, 97

endogenous substrates, and how this engagement differs from foreign or proteotoxic substrates, 98

appears likely to yield substantial new insights into the mechanistic features and biological roles 99

of this ancient molecular system. 100

Results 101

Heat shock causes Pab1 condensation, which is not spontaneously reversible 102

In budding yeast, Pab1 forms RNase-resistant, sedimentable condensates after physiological heat 103

shock (Wallace et al., 2015; Riback et al., 2017). Condensates of mature, endogenous proteins 104

disperse to their pre-stress soluble form within an hour, without degradation, as cells recover at 105

30◦C (Wallace et al., 2015; Cherkasov et al., 2013). 106

Consistent with previous results, 20 minutes of heat shock at 42◦C caused a roughly five-fold 107

increase in the proportion of large sedimentable Pab1 compared to the pre-shock level (Figure 108

1A-C). This fraction decreased as the cells recovered at 30◦C and reached the pre-shock level by 109

60 minutes. RNase treatment to release sedimentable species formed by RNA-protein interaction 110

decreased the fraction of Pab1 sedimented at 100,000 g spin, but did not change the fraction 111

of Pab1 sedimented at 8,000 g spin (Figure 1B), as previously reported (Riback et al., 2017). 112

These results confirm that under these conditions Pab1 rapidly forms RNase-resistant assemblies 113

which persist upon return to pre-shock temperatures in vivo. 114

To reconstitute Pab1 condensates in vitro, we treated purified Pab1 at 42◦C for 20 minutes 115

in a physiological buffer at pH 6.8, which is about the measured pH of budding yeast cytoplasm 116

during the same heat shock (Triandafillou et al., 2020) (Figure 1D). We examined the size 117

distribution of Pab1 in the soluble fraction using size exclusion chromatography (SEC) and 118

saw a clear division of Pab1 into two peaks: one peak corresponding to Pab1 monomers and 119

another peak in the void volume corresponding to Pab1 condensates larger than 5,000 kDa 120

(Figure 1D). About 30% of total recombinant Pab1 shifted to the void peak after heat shock, 121

consistent with about 25% of total cellular Pab1 sedimented at 8,000 g spin (Figure 1B). Because 122

a previous study indicated that misfolded proteins can nucleate stress granule formation in 123

vivo (Kroschwald et al., 2015), we tested whether heat shocking Pab1 in the presence of firefly 124

luciferase increases the condensation yield. Indeed, we found that heat shocking Pab1 in the 125

presence of 100-fold lower amount of thermolabile firefly luciferase, but not thermostable BSA, 126

increased the condensation yield to about 50% (Figure S1A-C). 127

Condensation requires Pab1’s folded RNA recognition motifs (RRMs) and excess RNA 128

inhibits Pab1 condensation in vitro (Riback et al., 2017), suggesting a competition between 129

Pab1’s condensation and RNA-binding activity. Consistent with this, heat shock reduces the 130

association of Pab1 with RNA in vivo (Bresson et al., 2020). We measured the RNA-binding 131

capacity of Pab1 condensates isolated from SEC using fluorescence anisotropy. For 1:1 binding 132

of Pab1 to RNA, we made 19-mer poly(A) RNA (A19) and labeled the 5’ end of the RNA 133

with fluorescein. Indeed, Pab1 condensates showed significantly reduced RNA binding activity 134

compared to monomers (Figure 1E). 135

As expected, unlike Pab1 condensates formed in vivo, Pab1 condensates formed in vitro 136

remained stable and RNA-binding incompetent even after dilution into pH 7.3 buffer at 30◦C 137
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(Figure 1E), consistent with a requirement for cellular disaggregation machinery as repeatedly 138

indirectly demonstrated. Thus, we next investigated whether the reversal of Pab1 condensates 139

to RNA-binding monomers depends on direct engagement the molecular disaggregation system. 140

Hsp104, Hsp70, and type II Hsp40 are necessary and sufficient for complete 141

dispersal of Pab1 condensates in vitro 142

To monitor the dispersal Pab1 condensates into functional monomers, we developed a fluorescence 143

anisotropy-based assay in which the increase in fluorescence anisotropy of labeled A19 RNA 144

indicates RNA binding by Pab1 (Figure 2A). We mixed Pab1 condensates and labeled A19 with 145

molecular chaperones Hsp104, Ssa2 (Hsp70), Ydj1 and Sis1 (type I and II Hsp40, respectively), 146

Heat shock causes Pab1 condensation, which is not spontaneously reversible.
(A) Western blot against Pab1 isolated from yeast cells before and after 20 minutes of heat
shock at 42◦C, and during post-stress recovery at 30◦C. Cell lysates were incubated with or
without RNase If and centrifuged at 8,000 g and 100,000 g to separate the supernatant (S)
from the pellet (P8 and P100). (B) Quantification of (A). Red and black colors correspond to
the RNase- or mock-treated sample, respectively. (C) Relative change in the fraction of large
sedimentable Pab1 (P8) after heat shock and during recovery compared to pre-shock level. (D)
Schematic description of in vitro Pab1 condensate purification process and the representative
SEC traces for untreated and heat shocked Pab1. Only the heat shocked sample contains Pab1
condensates, which elute in the void volume shaded in gray. (E) Fluorescence anisotropy of 5’
labeled 19-mer poly(A) RNA (A19) in the absence or presence of Pab1. Pab1 condensates have
substantially reduced RNA binding capacity than the equimolar amount of monomeric Pab1.
No spontaneous reversal of Pab1 condensates was observed at physiological recovery condition
(pH 7.3 buffer at 30◦C).
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Figure 2. Hsp104, Hsp70, and Sis1 are necessary and sufficient for complete disper-
sal of Pab1 condensates in vitro.
(A) Schematic representation of Pab1 condensate, labeled A19 RNA, and molecular chaperones
used in the fluorescence anisotropy assay. Solid line is the fit of experimental data points to
the logistic equation. (B) Time-resolved fluorescence anisotropy of A19 in the presence of Pab1
condensates and a specific set of molecular chaperones. All chaperones shown in (A) except
the component specified at the top of each column were included in the experiments shown in
the top row. The same experiment repeated in the absence of Sse1 is shown in the bottom row.
Fitted data points from two independent experiments are shown. Merged data points and a
solid line fitted to the merged data are shown. (C) Western blot of Pab1 after sedimentation.
Total protein image of the corresponding lanes is shown as a loading control at the bottom. CK
stands for creatine kinase. Asterisk indicates unknown contaminant. (D) Quantification of Pab1
sedimentation results. (E) Fluorescence-detection SEC (FSEC) profiles of Pab1-Clover. The
dashed lines mark the peaks corresponding to Pab1-Clover condensates (7.3 mL), RNA-bound
Pab1-Clover monomers (13 mL), and free monomers (16 mL).

and Sse1 (Hsp110). In the absence of ATP, no change in fluorescence anisotropy was observed. 147

In contrast, in the presence of 5 mM ATP, fluorescence anisotropy quickly increased and reached 148

a plateau after about 5 minutes, marking the completion of Pab1 dispersal (Figure 2A). 149

We next tested which set of molecular chaperones are necessary and sufficient for complete 150

Pab1 dispersal in vitro by removing one component of the chaperone mix at a time and 151

monitoring the effect on Pab1 dispersal (Figure 2B). We used excess molecular chaperones 152

except Sse1, which becomes inhibitory when present in excess (Kaimal et al., 2017), to help 153

ensure even weak disaggregation activity would be detected. Condensate dispersal in the absence 154

of Sse1 absolutely required ATP, Ssa2, Sis1, and Hsp104 (Figure 2B; bottom). When Sse1 was 155

present, removal of Hsp104 led to a much slower and incomplete dispersal of Pab1 (Figure 2B; 156
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top). This is consistent with the weak disaggregation activity of Hsp110/70/40 observed against 157

amorphous aggregates and amyloid fibrils (Shorter, 2011). Sse1 and Ydj1 were dispensable in 158

the presence of Hsp104, Ssa2, and Sis1 for both condensates formed in the absence or presence 159

of luciferase (Figure S1D). 160

The same chaperone requirement pattern was observed when we repeated the assay with Ssa1 161

and Ssa4, which are respectively the constitutively expressed and heat-inducible paralogs of 162

Ssa2 (Figure S3 and Figure S2A-C). The overall dispersal rate was slower with Ssa4 than with 163

Ssa2, which is consistent with the weaker activity of stress-inducible human Hsp70 observed 164

against amyloid fibrils (Gao et al., 2015; Scior et al., 2018). 165

We verified our fluorescence anisotropy results using two additional independent methods. 166

First, we examined solubilization of Pab1 using sedimentation. About half of Pab1 condensates 167

isolated from SEC remained in the supernatant after 100,000 g spin in the absence of chaperones, 168

suggesting some condensates are too small to be pelleted (Figure 2C and 2D). Incubating 169

Pab1 condensates with the minimal disaggregation system (Hsp104, Ssa2, Sis1) completely 170

solubilized Pab1. In contrast, Pab1 solubility remained unchanged from background levels when 171

the condensates were incubated with an incomplete disaggregation system. 172

Next, we prepared Pab1-Clover condensates and examined their size distribution by fluorescence-173
detection SEC (FSEC). Pab1-Clover condensates remained stable when incubated for an hour 174

at 30◦C in the absence of any molecular chaperones or in the presence of an incomplete di- 175

saggregation system (Figure 2E). After incubation with the minimal complete disaggregation 176

system, however, the condensate peak disappeared and a new peak corresponding to RNA-bound 177

Pab1-Clover appeared. A similar experiment performed with unlabeled Pab1 using SEC and 178

western blot confirmed that small Pab1 condensates remain stable and are reversed back to 179

monomers only upon incubation with the complete disaggregation system (Figure S3B-C). 180

In summary, the results from three independent methods consistently indicate that Hsp104, 181

Hsp70, and type II Hsp40 Sis1 are necessary and sufficient for complete dispersal of Pab1 182

condensates in vitro. These results are consistent with the in vivo observations that deletion 183

or inhibition of Hsp104, Hsp70, or Hsp40 delays dispersal of Pab1 condensates (Cherkasov 184

et al., 2013) and of stress granules marked by Pab1 (Cherkasov et al., 2013; Walters et al., 2015; 185

Kroschwald et al., 2015, 2018). 186

Pab1 condensates and misfolded protein aggregates exhibit different chape- 187
rone dependence for dispersal 188

The mechanism of substrate dispersal by the disaggregation system has been extensively 189

studied using non-native model substrates. The most commonly used model substrate is firefly 190

luciferase, which readily misfolds in vitro at elevated temperatures and whose light-producing 191

enzymatic activity can be easily and accurately measured as a readout for the extent of protein 192

refolding. Therefore, we used luciferase as a benchmark heat-misfolded substrate and studied 193

how Pab1 dispersal differs from luciferase disaggregation. We first focused on two chaperone- 194

related features of luciferase disaggregation which we could recapitulate: 1) dependence on 195

co-aggregation with excess Hsp26 for more efficient disaggregation (Cashikar et al., 2005) and 2) 196

synergistic disaggregation in the presence of both type I and II Hsp40s, Ydj1 and Sis1 (Figure 197

3B) (Nillegoda et al., 2015, 2017). 198

Heat-induced aggregation of luciferase in the presence of five-fold excess Hsp26 facilitated 199

subsequent disaggregation and reactivation of luciferase (Figure 3A) as previously reported 200

(Cashikar et al., 2005). To investigate the effect of Hsp26 on Pab1, we subjected Pab1 to a 201
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more severe heat shock condition (46◦C for 20 minutes at pH 6.4) in the absence or presence of 202

increasing concentrations of Hsp26. Hsp26 suppressed Pab1 condensation and sedimentation in a 203

concentration-dependent manner (Figure S4A-B). Dynamic light scattering (DLS) also revealed 204

that Hsp26 suppresses nucleation of Pab1 (Figure S4C-D). Thus, unlike luciferase which readily 205

co-aggregates with Hsp26 under physiological heat shock conditions, Pab1 condensation is 206

suppressed by Hsp26. Most importantly, unlike luciferase aggregates, Pab1 condensates formed 207

in the absence of Hsp26 are rapidly and completely dispersed by the disaggregation system 208

(Figure 2). 209

We next investigated whether Pab1 dispersal is accelerated in the presence of both Ydj1 and 210

Sis1, as with luciferase. Ydj1 is a type I Hsp40 which has an highly conserved N-terminal J 211

domain followed by G/F-rich region, zinc-finger domain, C-terminal domains, and a dimerization 212

domain (Kampinga and Craig, 2010). Type II Sis1 largely resembles the architecture of Ydj1 213

but lacks the zinc-finger domain. To quantify the maximal rate of dispersal in the presence of 214

either or both types of Hsp40s, we converted the fluorescence anisotropy to Pab1 concentration 215

using a calibration curve (Figure S4E and Eq. 3) and extracted the rate (Eqs. 4 and 5). The 216

rate of dispersal did not improve when both Sis1 and Ydj1 were added to Pab1 condensates 217

compared to when only Sis1 was added (Figure 3B-C). Instead, Ydj1 slightly inhibited Pab1 218

dispersal in a concentration-dependent manner (Figure 3D and 3E). These results indicate that, 219

unlike luciferase aggregates for which Sis1 and Ydj1 show synergistic activity, Sis1 and Yd1j 220

show antagonistic activity for Pab1 condensates. 221

The disaggregation system restores Pab1 condensates far more efficiently 222

than misfolded protein aggregates 223

The poor activity of the disaggregation system against aggregates of model substrates has been 224

observed since the first biochemical reconstitution of the system (Glover and Lindquist, 1998; 225

Goloubinoff et al., 1999). Even with co-aggregation with 5-fold excess Hsp26, less than half of 226

luciferase activity is regained after a two-hour incubation with 37.5-fold excess Hsp104 and 227

Ssa2 (Figure 3B). Indeed, the standard in vitro disaggregation protocol requires the use of 228

10- to 100-fold excess molecular chaperones over substrates to obtain moderate to good yield 229

(Figure 6C). We found that when sub-stoichiometric concentration of Hsp104 (0.5×) and closer 230

to stoichiometric concentrations of Ssa2 (5×) and Sis1 (2.5×) are used, Pab1 dispersal still 231

completes within 20 minutes while less than 1% of luciferase is reactivated after an hour (Figure 232

3F). The heat shock condition used to prepare Pab1 condensates and luciferase aggregates was 233

identical except for the initial concentration (2 µM luciferase in the presence of five-fold excess 234

Hsp26 versus 25 µM Pab1). 235

What causes this large difference in restoration efficiency between Pab1 and luciferase? To 236

gain insight into the potential sources of this discrepancy, we turned to computational kinetic 237

modeling. 238

Higher disaggregation rate and partition coefficient lead to more efficient 239

substrate restoration in silico 240

Pab1 condensation requires the folded RRMs, and condensation involves only minor unfolding 241

of secondary structures (Riback et al., 2017). We hypothesized that separation of specific RRM 242

interactions and subsequent folding of the re-solvated Pab1 into native structure may be more 243

efficient compared to the restoration of luciferase aggregates. To test this hypothesis within 244
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Figure 3. Pab1 condensates and misfolded protein aggregates exhibit different cha-
perone dependence for dispersal.
(A) Fraction of functional luciferase after a two-hour incubation of luciferase aggregates (0.2
µM) with Hsp104 (0.1 µM; 0.5x), Ssa2 (1 µM; 5x), and Hsp40 (0.5 µM total; 2.5x). Luciferase
was aggregated either in the absence or presence of 5-fold excess Hsp26. (B) Reactivation of
20 nM aggregated luciferase in the presence of excess Hsp104 (0.75 µM; 37.5x), Ssa2 (0.75
µM; 37.5x) and Sis1 (0.25 µM; 12.5x). Either Sis1 (black), Ydj1 (orange), or both (blue) were
used as co-chaperones. Mean and standard deviation 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;
gradients of black) or Ydj1 (right; gradients of orange) to reactions containing 0.2 µM Pab1
condensates, 0.05 µM Hsp104, 0.5 µM Ssa2, and 0.25 µM Sis1. The amount of additional Hsp40
added was 0.25, 0.5, 1, and 2 µM. (E) The average maximal rate of dispersal and standard
deviations quantified from three independent titration experiments, one of which is shown in
(D). (F) Restoration of 0.2 µM of Pab1 or luciferase by 0.1 µM Hsp104 (0.5x), 1 µM Ssa2 (5x),
and 0.5 µM Sis1 (2.5x). The inset shows zoomed-in refolding kinetics of luciferase over three
hours.

our model, we synthesized existing simulation studies (Powers et al., 2012; De Los Rios and 245

Barducci, 2014; Nguyen et al., 2017; Xu, 2018; Goloubinoff et al., 2018; Assenza et al., 2019; 246

Wentink et al., 2020) to build what we call a cooperative model of the disaggregation system 247
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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 Methods and Figure
S5. (B) Summary of model output in terms of fraction substrate restored as a function of
partition coefficient. Dashed lines indicate the partition coefficient used to simulate Pab1 (black)
and luciferase (light blue) results in (C). For all simulation experiments in this figure, fraction
restored at 2 hours is shown. The starting simulation condition was 0.2 µM substrate, 0.1 µM
Hsp104, and 1 µM Hsp70. (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.

(Figure 4A and Figure S5A). The cooperative model captures the current model of Hsp104 248

regulation by Hsp70, in which binding of more than one Hsp70 is required to activate Hsp104 249

(Seyffer et al., 2012; Carroni et al., 2014). Many of the rate parameters involved, especially 250
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in the refolding step, have been measured using bacterial chaperones and model substrates or 251

peptides (Table 1). We assumed that these parameters are generally consistent in the eukaryotic 252

system, and that the same model architecture can be used for both luciferase and Pab1. For 253

details of this ordinary differential equation model, see Methods. 254

We examined how varying each of the following parameters affected the substrate restoration 255

yield: 1) rate of disaggregation by Hsp104, 2) efficiency of the released substrate from regaining 256

its native structure, which we define as the partition coefficient, and 3) substrate affinity for 257

Hsp70. Modulation of each parameter over 1-2 orders of magnitude substantially affected the 258

restoration yield, measured from 0 to 1 (Figure 4B, D, E). A large difference in partition 259

coefficient alone reproduced the Pab1 and luciferase dispersal data (Figure 4C). The simulation 260

also revealed Hsp70 affinity as a potential factor which can contribute to the observed difference 261

in dispersal efficiency. 262

Because Hsp104 is associated with both the disaggregation rate and the partition coefficient 263

of a substrate, e.g., through complete threading vs. partial threading of a substrate, we decided 264

to investigate experimentally and compare how Hsp104 engages with Pab1 condensates and 265

luciferase aggregates. 266

Pab1 is partially threaded by Hsp104 267

Substrate threading through the central channel of Hsp104 is a common mechanism for protein 268

disaggregation (Tessarz et al., 2008). Complete threading requires complete substrate unfolding. 269

To probe the folding state of Pab1 and luciferase during their release from Hsp104, we used a 270

mutated version of a bacterial chaperonin, GroEL, which traps unfolded protein (Weber-Ban 271

et al., 1999) (Figure 5A). We verified that this GroEL variant traps unfolded luciferase released 272

during disaggregation and prevents folding (Figure 5B). 273

We then tested whether Pab1 becomes unfolded during dispersal by dispersing Pab1∆P in 274

the presence of excess GroEL trap. We used Pab1∆P (55 kDa) because most GroEL substrates 275

are known to have molecular weight less than 60 kDa (Houry et al., 1999) and full-length 276

Pab1 (64 kDa) exceeds that limit. Pab1∆P lacks the disordered P domain but retains the 277

ability to phase separate (Riback et al., 2017). Pab1∆P condensates were readily dispersed by 278

the disaggregation system, indicating that the P domain is dispensable for the condensate’s 279

engagement with chaperones (Figure 5C). The rate of dispersal was almost identical for Pab1∆P 280

dispersed in the absence or presence of GroEL trap. However, when we chemically denatured 281

both full-length Pab1 and Pab1∆P in 8 M urea and refolded the proteins in buffer containing 282

no or 10-fold excess GroEL trap, both constructs refolded to the same level regardless of the 283

presence of GroEL trap (Figure 5D). This indicated to us that GroEL trap is unable to engage 284

with fully unfolded Pab1 and thus not applicable to investigating the folding state of Pab1. 285

To circumvent the limitation of the GroEL trap, we turned to the HAP/ClpP system (Tessarz 286

et al., 2008). HAP (Hsp104-ClpA-P loop) is an engineered Hsp104 that interacts with the 287

bacterial peptidase ClpP to form a proteolytic system (Figure 5E). HAP behaved like wild type 288

Hsp104 and quickly degraded luciferase in the presence of ClpP (Figure 5F-G), consistent with 289

a previous report that luciferase is fully threaded and degraded by HAP/ClpP (Haslberger 290

et al., 2008). HAP also behaved like wild type Hsp104 during Pab1 dispersal (Figure S6A-B). 291

If complete threading of Pab1 were required for condensate dispersal, we would expect to see 292

complete degradation of Pab1 by HAP/ClpP. We made condensates using Pab1-fluorescein-ssrA 293

and examined the degradation pattern after dispersal using SDS-PAGE (Figure 5H and Figure 294

S6C-D) and FSEC (Figure 5K). A mixed group of full-length and degraded Pab1 populations 295
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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 5-fold excess GroEL trap. Mean and standard deviation were calculated from
three independent experiments. (C) Pab1∆P dispersal in the absence or presence of 5-fold
excess GroEL trap. Solid lines represent smoothed data from a representative experiment. The
decrease in the signal in the presence of GroEL trap after 10 min is due to RNA degradation.
(D) Refolding of urea-denatured Pab1 (black) and Pab1∆P (gray) in buffer containing no or
10-fold excess GroEL trap. (E) Schematic description of HAP/ClpP system. (F) Chemically
aggregated luciferase were incubated with the indicated components and the extent of luciferase
degradation was visualized by western blot.
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(G) Refolding kinetics of chemically aggregated luciferase in the presence of indicated components.
(H) SDS-PAGE gels of Pab1-fluorescein-ssrA monomers or condensates after an hour incubation
with the indicated components. Full-length Pab1 and C-terminal fragments are indicated by the
fluorescein band signal. 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 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 an hour 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 fragment (18.5
mL). Unmarked peaks in the control reactions are unknown contaminants.

were observed after dispersal. The appearance of full-length Pab1 monomers suggested partial 296

translocation of Pab1 by HAP and release before Pab1 enters the proteolytic chamber of ClpP 297

(Figure 5I and Figure 5K). We confirmed that ClpP can degrade Pab1 using ClpX, which 298

recognizes the ssrA degradation tag and unfolds the substrate for ClpP (Figure 5H and Figure 299

5J). Specific degradation fragments appeared upon incubation of HAP/ClpP and chaperones 300

with Pab1 condensates, but also to a lesser extent with Pab1 monomers, suggesting a basal 301

level of interaction between Pab1 and HAP/ClpP (Figure 5H). Similar C-terminal fragments 302

containing a part of the P domain and the C-terminal domain of Pab1 appeared for Pab1-Clover 303

and Pab1-fluorescein without the ssrA tag (Figure S6E and Figure S6H). However, much 304

less full-length monomer appeared for Pab1-Clover than Pab1-fluorescein-ssrA (Figure S6F), 305

suggesting that a fluorescent label can affect the processing by HAP/ClpP. We also examined 306

the N-terminal fragments using fluorescein-Pab1 and saw appearance of both large fragments of 307

the RRMs and small peptides (Figure S6G). HAP/ClpP fails to completely disperse condensates 308

of Pab1-Clover (Figure S6F), which limited our ability to quantify the fraction of Pab1 released 309

without cleavage for these constructs. 310

Together, these results show that, unlike luciferase which requires complete threading and 311

unfolding by HAP for disaggregation, partial threading of Pab1 still leads to condensate dispersal. 312

This is consistent with the partial threading mechanism proposed for proteins with a mixture 313

of misfolded and folded domains (Haslberger et al., 2008; Sweeny and Shorter, 2016) and the 314

lack of major secondary structure changes in Pab1 at condensation temperature (Riback et al., 315

2017). However, we cannot rule out the possibility that wild type Hsp104 processes unlabeled 316

Pab1 differently from what we observed with HAP and labeled Pab1 constructs. 317

Cooperative binding of Hsp70 targets condensates for dispersal 318

How does the disaggregation system recognize Pab1 condensates? To address this question, we 319

first performed a series of fluorescence anisotropy Pab1 dispersal assays with varying chaperone 320

concentrations and quantified the maximal rate of dispersal (Figure 6A and 6B). Pab1 condensate 321

dispersal was most robust to the Hsp104 concentration, showing half-maximal dispersal rate 322

at 1:10 Hsp104:Pab1 ratio. Excess Sse1 was inhibitory and Sse1 worked most optimally at 323

sub-stoichiometric level, consistent with previous observations (Kaimal et al., 2017; Wentink 324

et al., 2020). Pab1 condensate dispersal was most sensitive to the concentrations of Sis1 and 325

Ssa2. In particular, the rate of dispersal plummeted as the Ssa2 concentration approached the 326

stoichiometric level (Figure 6A). 327
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Figure 6. Cooperative binding of Hsp70 labels condensates for disaggregation.
(A) Maximal rate of Pab1 dispersal in the presence (black) or absence (brown) 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 proteins were 0.2 µM Pab1, 0.5 µM Ssa2, 0.5
µM Sis1, 0.2 µM Hsp104, and 0.1 µM Sse1. Shaded area denotes the sub-stoichiometric region.
The lower rate with the highest Hsp70 concentration is due to RNA degradation. (B) Relative
chaperone concentration at half-maximal dispersal rate, extracted from the fits in (A). Error
bars represent standard errors around the estimated parameter. (C) Survey of disaggregation
studies in the literature. Maximal yield of disaggregation experiments and the relative amount
of Hsp104 and Hsp70 used in the experiment are shown. Color and size of each data point
correspond to the yield. Circles represent studies with wild type Hsp104. One square data
point in the sub-stoichiometric Hsp70 area represents a study which used a hyperactive D484K
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 simulated results from the cooperative (blue) and non-cooperative models
(orange). Fraction restored at the end of the 8 hour experiment (left) and the maximal rate of
dispersal (right) were used for comparison. (G) Representative Sse1 titration Pab1 dispersal
data. (H) Simulation of Pab1 dispersal with different ADP nucleotide exchange rates using the
cooperative model.
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Indeed, the disaggregation system’s dependence on super-stoichiometric Hsp70 for optimal 328

activity has been a long-standing puzzle. Earlier studies investigating this problem with a 329

reconstituted bacterial disaggregation system found that DnaK (bacterial Hsp70) has to be 330

present in excess for maximal disaggregation yield (Goloubinoff et al., 1999; Ben-Zvi et al., 2004). 331

We surveyed in vitro disaggregation studies in the literature and found that this dependence on 332

excess Hsp70 is widespread across studies, precise conditions, and substrates (Figure 6C), and 333

our results are no exception. 334

We decided to investigate why excess Hsp70 over substrate is needed for what is still a 335

catalytic series of reactions. We titrated Ssa2 over a narrow window around the stoichiometric 336

Hsp70:Pab1 ratio and monitored Pab1 dispersal reaction for eight hours (Figure 6E). We also 337

simulated the cooperative model (Figure 4A) using the same chaperone concentrations used in 338

the in vitro experiment (Figure 6E). The cooperative model recapitulated the disaggregation 339

system’s Hsp70-sensitive Pab1 dispersal activity (Figure 6F). This model reflects the results from 340

recent studies which indicate that interaction with more than one Hsp70 is required for activation 341

of Hsp104 (Carroni et al., 2014; Seyffer et al., 2012). Indeed, simulation of non-cooperative 342

model, in which single Hsp70 is sufficient to recruit and activate Hsp104, resulted in high Pab1 343

dispersal activity even with sub-stoichiometric Hsp70 (Figure 6D and 6F). 344

The cooperative model was also able to recapitulate the general trend seen in the Hsp104 345

and Ssa2 titration experiments (Figure 6A and Figure S5B). Although Sis1 and Sse1 were not 346

explicitly included in the model, modulating the ATP hydrolysis rate and ADP exchange rate 347

allowed us to mimic the effect of titrating Sis1 and Sse1, respectively (Figure S5B). Interestingly, 348

although we were able to recapitulate the inhibitory effect of Sse1 with high ADP exchange 349

rate, modulating ADP exchange rate was not enough to recapitulate the facilitative effect of 350

sub-stoichiometric Sse1 (Figure 6G and Figure 6H). 351

These results converge on a picture in which the presence of multiple, closely spaced Hsp70 352

molecules on the surface of condensates provide a molecular marker labeling condensates for 353

Hsp104-dependent dispersal, as proposed in the bacterial disaggregation system by Seyffer et al. 354

(2012). Our simulation results indicate that a cooperative Hsp70 effect on Hsp104 binding and 355

activation suffices to explain the disaggregation system’s intrinsic sensitivity to the level of 356

Hsp70. 357

Discussion 358

We demonstrated that the yeast disaggregation system composed of molecular chaperones 359

Hsp104, Hsp70, and Hsp40 can directly reverse heat-induced biomolecular condensates of Pab1 360

back to functional monomers in vitro. This establishes heat-induced biomolecular condensates 361

of Pab1 as endogenous substrates of the molecular disaggregation system. Through comparative 362

studies of Pab1 and the model substrate firefly luciferase, we uncovered a number of distinctions 363

in the way chaperones engage with each substrate. The most notable distinction was the large 364

difference in the restoration efficiency between Pab1 condensates and luciferase aggregates. Our 365

results show that partial threading of Pab1 by Hsp104 during dispersal can contribute to this 366

large difference in the restoration efficiency. Finally, we find that efficient Pab1 dispersal depends 367

on the presence of excess Hsp70, which serves as a condensate detector through cooperative 368

recruitment and activation of Hsp104 near the surface of condensates (Figure 7). 369

15/47

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2021. ; https://doi.org/10.1101/2021.05.13.444070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.13.444070
http://creativecommons.org/licenses/by-nc/4.0/


Figure 7. Model of Pab1 dispersal by the Hsp104/Hsp70/Hsp40 disaggregation
system.
Productive recruitment and activation of Hsp104 depend on the presence of multiple closely
spaced Hsp70 molecules on the surface of aggregate/condensate, a condition which is most
likely to be achieved with excess Hsp70. Luciferase is fully threaded by Hsp104 and released as
unfolded protein; This leads to slow and inefficient folding because unfolded protein is prone to
misfolding and re-aggregation. In contrast, Pab1 is released after partial threading by Hsp104
and readily re-folds into native structure, resulting in faster and more efficient folding compared
to luciferase. The schematic of Hsp104 with repressed (red) and activated (green) protomers is
adapted from Carroni et al. (2014).

Heat-induced biomolecular condensates are endogenous substrates of the mo- 370
lecular disaggregation system 371

In yeast, heat-induced biomolecular condensates including stress granules adopt a solid-like 372

characteristic (Kroschwald et al., 2015; Riback et al., 2017). Timely dispersal of endogenous 373

condensates depends on molecular chaperones (Cherkasov et al., 2013; Walters et al., 2015; 374

Kroschwald et al., 2015, 2018), and the timing of dispersal correlates with resumption of active 375

cellular translation and growth (Cherkasov et al., 2013; Kroschwald et al., 2015, 2018). These in 376

vivo observations strongly suggest heat-induced biomolecular condensates are the endogenous 377

substrates of the molecular disaggregation system. However, direct biochemical evidence for 378

chaperone-mediated condensate dispersal has been missing. 379

In this study, we showed using in vitro reconstitution that the Hsp104/70/40 disaggregation 380

system directly engages and disperses heat-induced condensates of Pab1. The contrast between 381

Pab1 condensates and luciferase aggregates on multiple important dimensions (requirements for 382

specific chaperones and for small heat-shock proteins, rate and yield of dispersal, the nature 383

of engagement with Hsp104) demonstrates that luciferase, and by extension other similarly 384

behaving “model” misfolded proteins, have severe limitations as models of endogenous heat- 385

induced chaperone substrates. Whether the authentic substrate Pab1 is itself a suitable model 386

for other endogenous substrates remains an important open question. 387

We also showed that Hsp110, Hsp70, and Hsp40 can disperse Pab1 condensates. This 388

alternative disaggregation system is also capable of disaggregating luciferase aggregates and 389
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amyloid fibrils, although with much weaker disaggregation activity than with Hsp104 (Shorter, 390

2011). The disaggregation activity of the Hsp110/70/40 system is conserved in animals (Shorter, 391

2011; Wentink et al., 2020), which lack cytosolic Hsp104 (Erives and Fassler, 2015), suggesting 392

a potential evolutionary and biochemical bridge to chaperone-mediated condensate dispersal in 393

animals. 394

Different engagement of molecular chaperones with biomolecular condensates 395

and misfolded protein aggregates 396

Co-aggregation of luciferase with Hsp26 keeps luciferase in a near-native conformation, generates 397

smaller aggregates, and facilitates aggregate interaction with Hsp70 (Cashikar et al., 2005; 398

Ungelenk et al., 2016; Żwirowski et al., 2017). However, Hsp26 is almost undetectable in cells 399

pre-stress (Cashikar et al., 2005). Because biomolecular condensation of endogenous proteins 400

occurs within a few minutes of heat stress (Wallace et al., 2015), Hsp26 is unlikely to be involved 401

in condensate regulation during the initial exposure to stress. We showed that Hsp26 prevents 402

condensation of Pab1 in vitro. Human small heat shock protein Hsp27 has also been shown to 403

repress phase separation of FUS (Liu et al., 2020). Post-stress accumulation of Hsp26 in cells 404

may be involved in desensitization of the cells to sustained or repeated stress by modulating 405

the phase boundary of endogenous mature proteins. 406

The canonical type I (Ydj1; DNAJA2 in humans) and type II Hsp40 (Sis1; DNAJB1) 407

chaperones show synergistic activity toward luciferase aggregates (Nillegoda et al., 2015, 2017). 408

This synergistic activity stems from the preference of type I and II Hsp40 chaperones for small 409

(200-700 kDa) and large (>5,000 kDa) aggregates, respectively (Nillegoda et al., 2017), although 410

how aggregates of different sizes can be distinguished at the molecular level remains unclear. 411

Sis1 and Ydj1 also exhibit different amino acid sequence preference (Jiang et al., 2019) and 412

different mode of binding Hsp70, the latter of which has been shown to be responsible for 413

amyloid disaggregation activity unique to type II chaperones (Faust et al., 2020). The inability 414

of Ydj1 to support Pab1 dispersal could be due to the large size of Pab1 condensates, the lack 415

of Ydj1 binding sites among the exposed region of Pab1 in condensates, dependence on the 416

Hsp70 binding mode unique to type II Hsp40, or any combination of these. 417

The antagonistic effect of Ydj1 on Sis1 suggests a competition between the two co-chaperones 418

for Hsp70. In cells, stress-induced phosphorylation of Hsp70 reprograms Hsp70’s substrate 419

specificity, e.g., by preventing Hsp70 from interacting with Ydj1 but not with Sis1 (Truman 420

et al., 2012). Similar post-translational modifications may also regulate the activity of the 421

disaggregation system toward specific substrates. 422

Hsp104 functions by threading substrate through its central channel (Gates et al., 2017). 423

However, both our simulation and biochemical experiments suggest Pab1 is partially threaded 424

by Hsp104. A partial threading activity of Hsp104 and its bacterial homolog ClpB has been 425

reported previously, where both proteins selectively thread misfolded moiety of the substrate 426

while leaving the natively folded domains intact (Haslberger et al., 2008; Sweeny and Shorter, 427

2016). We hypothesize that partial threading of the locally “unfolded” region of Pab1, possibly 428

the same or near the region mediating Pab1 condensation interaction, allows for condensate 429

dispersal without substantial protein unfolding. 430
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Hsp70 clusters are a potential condensate-specific marker for Hsp104 431

Efficient dispersal of Pab1 condensates depends on the presence of excess Hsp70. Nearby Hsp70s, 432

which would be rare on monomers but common on condensates, both increase Hsp104 binding 433

and stimulate additional Hsp104 activity. In this sense, consistent with an insightful proposal 434

from Seyffer et al. (2012) working in the homologous bacterial system, Hsp70 clusters provide 435

an active label for engagement and activation of powerful dispersal machinery only in spatial 436

proximity to condensed substrates. 437

Cooperative action of Hsp70 in substrate unfolding has been proposed to explain the 438

requirement of excess Hsp70 during glucose-6-phosphate dehydrogenase (G6PDH) disaggregation 439

(Ben-Zvi et al., 2004). We find by simulation that cooperative action of Hsp70 in the recruitment 440

and activation of Hsp104 is sufficient to reproduce the in vitro Hsp70 titration data. We also 441

found that, in the cooperative model, modulating the ADP exchange rate alone was not enough 442

to reproduce the facilitative effect of Sse1 (Figure 6H). A recent study by Wentink et al. (2020) 443

uncovered an additional function of human Hsp110 in promoting local clustering of Hsp70 on the 444

substrate surface. A similar function in the yeast Hsp110, Sse1/2, may explain the discrepancy 445

between our model and the data. 446

Biomolecular condensates in the cellular heat shock response 447

Engagement of molecular chaperones, especially Hsp40 and Hsp70, with stress-induced bio- 448

molecular condensates provides a tangible means to explain how yeast cells integrate multiple 449

physical cues from the environment to sense temperature. In yeast, the transcriptional heat 450

shock response is triggered when Hsp70, which is bound repressively to the transcriptional 451

factor Hsf1, is titrated away by stress-induced substrates (Zheng et al., 2016; Krakowiak et al., 452

2018; Peffer et al., 2019; Masser et al., 2019; Feder et al., 2021). 453

S. cerevisiae cultured at 30◦C begins mounting the transcriptional heat shock response when 454

the temperature is raised above 36◦C. The identities of these stress-induced substrates remain 455

elusive. Although misfolding-prone nascent or newly synthesized polypeptides are known to 456

help trigger the response, suppression of protein synthesis is not sufficient to suppress the 457

transcriptional response, implying the existence of mature substrates which, we recently showed, 458

also like depend on stress-associated intracellular acidification for formation (Triandafillou et al., 459

2020). Notably, condensation of Pab1 and other heat-sensitive proteins is strongly pH-sensitive 460

(Riback et al., 2017; Iserman et al., 2020; Kroschwald et al., 2018). Here, we provide an additional 461

important piece of circumstantial evidence for the model of stress-triggered condensation as an 462

activator of Hsf1: heat-induced condensates of Pab1 are authentic chaperone substrates which 463

depend on Hsp70 for dispersal. Thus, Pab1 can autonomously transduce physiological heat 464

shock temperatures into biomolecular condensation, dependent on pH, and recruit molecular 465

chaperones including Hsp70. In short, Pab1—and by extension presumably others of the dozens 466

of previously identified heat-condensing proteins (Wallace et al., 2015; Cherkasov et al., 2015), 467

including more than a dozen which condense in response to a 37◦C heat shock—now appears to 468

have all the characteristics needed to act as an inducer of the transcriptional heat shock response. 469

An important conceptual difference is that while the proteotoxicity model has invoked toxic 470

misfolding, biomolecular condensation is known to be an evolved, adaptive response (Riback 471

et al., 2017; Iserman et al., 2020). 472
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Molecular chaperones as biomolecular condensate remodelers 473

In this work, we show that molecular chaperones can regulate biomolecular condensates by 474

acting as dispersal factors. This expands the list of known condensate dispersal factors, which 475

currently includes the dual specificity kinase DYRK3 (Wippich et al., 2013) and nuclear-import 476

receptor karyopherin-β2 (Guo et al., 2018). The functional repertoire of molecular chaperones 477

in biomolecular condensate regulation is likely to be much broader than just dispersal. For 478

example, Hsp104, Hsp70, and Hsp40 in yeast are required for condensate formation of SNF1 479

kinase activator Std1 during fermentation (Simpson-Lavy et al., 2017). Another example is 480

Hsp27, which partitions into liquid-like FUS condensates upon stress-induced phosphorylation 481

and prevents amyloid transition of FUS (Liu et al., 2020). Illumination of the roles of molecular 482

chaperones as facilitators, remodelers, and dispersers of biomolecular condensates—and the 483

mechanisms and biological consequences of this regulation—presents an enormous opportunity 484

for expanding our understanding of these ancient molecules. 485
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Methods 486

Resource Availability 487

Lead Contact 488

Further information and requests for resources and reagents should be directed to and will be 489

fulfilled by Lead Contact, D. Allan Drummond (dadrummond@uchicago.edu). 490

Materials Availability 491

All unique and stable reagents generated in this study are available from the Lead Contact. 492

Data and Code Availability 493

Experimental data and code for analysis 494

All data analysis and visualization were performed with R (version 3.5.2) in RStudio (RStudio 495

Team, 2018). The raw and processed data, and the custom scripts for data process, data analysis, 496

and figure generation will be available on Data Dryad. 497

Code for simulation and data analysis 498

Simulation was performed with Python (version 3.7.7) in Jupyter notebook (Kluyver et al., 2016). 499

The code is be available on GitHub (https://github.com/haneulyoo/sim_disagg_2021). 500

Experimental Model and Subject Details 501

Yeast strain and growth conditions 502

S. cerevisiae strain BY4741 (MATa ura3∆0 leu2∆0 his3∆1 met15∆0) cells were cultured in 503

yeast extract peptone dextrose (YPD) media in shaking baffled flasks at 30◦C. The strain 504

background used was S288C. 505

Bacteria strain and growth conditions 506

Unless specified otherwise under Chemicals, Peptides, and Recombinant proteins of the Key 507

Resources Table, all recombinant proteins used in this work are expressed in and purified from 508

E. coli BL21(DE3). Cells were first grown in Luria broth (LB) at 37◦C for 12 to 16 hours and 509

then inoculated to 1-2 L Terrific Broth (TB) culture. Specific growth condition used for each 510

recombinant protein is described in Method Details. 511

Method Details 512

Purification of Pab1 and Pab1 variants 513

Protein expression and purification protocols were adapted with modification from (Riback 514

et al., 2017). N-terminally 8xHis-tagged Pab1 constructs were transformed into an E. coli strain 515

BL21(DE3) and grown overnight at 37◦C. The overnight culture was used to inoculate 1L 516

Terrific Broth (TB). Cells were grown until the optical density at 600 nm (OD600) reached 517

between 0.4 and 0.6 and then the flask was moved into a 30◦C incubator. After 30 minutes, 518
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0.2 mM IPTG was added to induce protein expression. Cells were harvested after 4 hours 519

and lysed by sonication in His binding buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM 520

MgCl2, 20 mM imidazole, 10 % glycerol, and 1 mM BME) supplemented with 1 Pierce protease 521

inhibitor tablet (Thermo Fisher A32965). Lysate was cleared by spinning at 20,000 g for 15 522

minutes. Cleared lysate was loaded onto a 5 mL HisTrap FF column (Thermo Fisher 17525501) 523

equilibrated with His binding buffer on an AKTA FPLC system. Protein was eluted with a 524

20 mL gradient from 0 to 100 % His elution buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 525

mM MgCl2, 400 mM imidazole, 10 % glycerol, and 1 mM BME). Fractions containing Pab1 526

were buffer exchanged into a Q binding buffer (20 mM HEPES pH 7.3, 50 mM KCl, 2.5 mM 527

MgCl2, 10 % glycerol, and 1 mM DTT) and loaded onto a 5 mL HiTrap Heparin HP column 528

(GE Healthcare 17040701) to remove nucleic acids. Nucleic acid-free protein was eluted over a 529

20 mL gradient from 0 to 100 % Q elution buffer (20 mM HEPES pH 7.3, 1 M KCl, 2.5 mM 530

MgCl2, 10 % glycerol, 1 mM DTT). Fractions of interest were combined with an aliquot of 531

a homemade tobacco etch virus (TEV) protease and dialyzed against 1 L His binding buffer 532

overnight to remove the N-terminal tag and to lower the salt concentration. On the next day, 533

the dialyzed solution was loaded again onto a 5 mL HisTrap FF column and the flow-through 534

which contains the cleaved protein was collected. The protein was concentrated and loaded onto 535

a Superose 6 10/300 GL column (GE Healthcare) equilibrated with SEC/Storage buffer (20 536

mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2, and 1 mM DTT). Monomeric proteins were 537

pooled together, further concentrated if necessary, and stored at -80◦C. Protein concentration 538

was measured using Bradford assay (Bio-Rad 5000201). 539

Purification of Hsp70 chaperones 540

We adapted with minor modifications the protocol provided by Zachary March in James 541

Shorter’s group. N-terminally 6xHis-SUMO-tagged Hsp70 proteins were transformed into an E. 542
coli strain BL21(DE3) and grown overnight at 37◦C. The overnight culture was used to inoculate 543

1L Terrific Broth (TB). Cells were grown until OD600 between 0.4 and 0.6 and then the flask 544

was moved into a 18◦C incubator. After 30 minutes, 0.2 mM IPTG was added to induce protein 545

expression overnight. Cells were harvested after 14 - 18 hours and lysed by sonication in Hsp70 546

His binding buffer (50 mM HEPES pH 7.3, 750 mM KCl, 5 mM MgCl2, 20 mM imidazole, 10 547

% glycerol, 1 mM BME, and 1 mM ATP) supplemented with 1 Pierce protease inhibitor tablet. 548

Cleared lysate was loaded onto a 5 mL HisTrap FF column equilibrated with Hsp70 His binding 549

buffer on an AKTA FPLC system. After loading, the column was washed with more Hsp70 His 550

binding buffer until the UV reading returned to a steady, baseline level. The column was further 551

washed with about 20 mL high ATP buffer (50 mM HEPES pH 7.3, 750 mM KCl, 5 mM MgCl2, 552

20 mM imidazole, 10 % glycerol, 1 mM BME, and 20 mM ATP) and incubated in this buffer for 553

at least 30 minutes. The high ATP buffer was washed out with Hsp70 His binding buffer and 554

the protein was eluted with a 20 mL gradient from 0 to 100 % Hsp70 His elution buffer (50 mM 555

HEPES pH 7.3, 750 mM KCl, 5 mM MgCl2, 400 mM imidazole, 10 % glycerol, 1 mM BME, 556

and 1 mM ATP). The fractions of interest were combined and dialyzed against 1 L Hsp70 His 557

binding buffer for at least 2 hours to remove excess imidazole. An aliquot of homemade SUMO 558

protease Ulp1 was added to the dialysis bag. Dialysis was continued overnight at 4◦C. Next 559

day, the cleaved protein was recovered by running the dialyzed solution through His column 560

and collecting flow-through. Flow-through fractions containing tag-free Hsp70 proteins were 561

combined, diluted in Hsp70 Q binding buffer (20 mM HEPES pH 7.3, 50 mM KCl, 5 mM MgCl2, 562

0.5 mM EDTA, 2 mM DTT, and 1 mM ATP), and loaded onto an equilibrated 5 mL HiTrap Q 563
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HP anion exchange column (GE Healthcare 17115401). Hsp70 was eluted over a 50 mL gradient 564

from 0 to 100 % Hsp70 Q elution buffer (20 mM HEPES pH 7.3, 1 M KCl, 5 mM MgCl2, 0.5 565

mM EDTA, 2 mM DTT, and 1 mM ATP). Fractions containing Hsp70 were determined by 566

SDS-PAGE. We observed a peak with a left shoulder or two closely overlapping peaks around 567

25 mS/cm. Both peaks contained Hsp70, but only the later peak fractions exhibited activity in 568

both luciferase and Pab1 disaggregation assays. We combined the fractions corresponding to 569

the second peak, concentrated, and buffer exchanged the protein into Hsp70 storage buffer (50 570

mM HEPES pH 7.3, 150 mM KCl, 5 mM MgCl2, 10 % glycerol, 2 mM DTT, and 1 mM ATP). 571

Protein concentration was measured using Bradford assay. Protein aliquots were snap-frozen in 572

liquid nitrogen and stored at -80◦C. 573

Purification of sortase A enzymes 574

Wild-type (Guimaraes et al., 2013) (used for N-terminal labeling) and heptamutant sortase A 575

(Hirakawa et al., 2015) (used for C-terminal labeling) were purified using the same protocol. 576

Constructs were transformed into E. coli strain BL21(DE3), grown in 1 L of TB until they 577

reached an OD600 of 0.6. Protein production was induced with 0.5 mM IPTG. The cells were 578

incubated overnight at 18◦C, and harvested in His binding buffer (20 mM HEPES pH 7.5, 150 579

mM KCl, 2.5 mM MgCl2, 20 mM imidazole, 10 % glycerol, and 1 mM BME), supplemented 580

with protease inhibitors and Pierce Universal Nuclease (Thermo Scientific PI88702). Cells were 581

lysed by sonication, clarified by centrifugation at 20,000 g for 30 minutes, then bound to 5 582

mL of Ni-NTA resin (Thermo Scientific 88222) for 1 hour at 4◦C. The resin was washed with 583

100 mL of His binding buffer, then the protein was eluted in 20 mL of His elution buffer (20 584

mM HEPES pH 7.5, 150 mM KCl, 2.5 mM MgCl2, 250 mM imidazole, and 1 mM BME). The 585

protein was concentrated in a spin concentrator, then loaded onto a Superdex 200 16/60 column 586

(GE Healthcare) equilibrated in buffer (20 mM HEPES pH 7.5, 150 mM KCl, 2.5 mM MgCl2, 587

10 % glycerol, and 0.5 mM TCEP). Fractions corresponding to the monomeric protein were 588

pooled together, concentrated, and aliquoted for storage at -80 ◦C. 589

Purification of ClpX and ClpP 590

The purification of ClpX∆N and ClpP were done as previously described (Martin et al., 2005). 591

A plasmid encoding a linked trimer of ClpX∆N with an N-terminal 6xHis affinity tag was 592

transformed into E. coli BL21(DE3) and grown in 1 L of TB until OD600 of 0.6. Protein 593

production was induced with 0.5 mM IPTG. Cells were harvested after 4 hours at 37◦C and 594

resuspended in His binding buffer (20 mM HEPES pH 7.5, 100 mM KCl, 400 mM NaCl, 20 595

mM imidazole, 10% glycerol, and 1 mM BME), supplemented with protease inhibitors and 596

Pierce Universal Nuclease (Thermo Scientific PI88702). Cells were lysed by sonication, clarified 597

by centrifugation at 20,000 g for 30 minutes, then bound to 5 mL of Ni-NTA resin (Thermo 598

Scientific 88222) for 1 hour at 4◦C. The resin was washed with 100 mL of His binding buffer, 599

then the protein was eluted in 20 mL of His elution buffer (20 mM HEPES pH 7.5, 100 mM 600

KCl, 400 mM NaCl, 250 mM imidazole, 10% glycerol, and 1 mM BME). The protein was 601

concentrated in a spin concentrator, then loaded onto a Superdex 200 16/60 column (GE 602

Healthcare) equilibrated in buffer (20 mM HEPES pH 7.5, 300 mM KCl, 0.1 mM EDTA, 10 603

% glycerol and 1 mM DTT). Fractions corresponding to the monomeric protein were pooled 604

together, concentrated and aliquoted for storage at -80◦C. Protein concentration was determined 605

by measuring A280. 606
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A plasmid encoding ClpP with a C-terminal 6xHis affinity tag was transformed into E. coli 607

BL21(DE3), grown in 1 L of TB until OD600 of 0.6. Protein production was induced with 0.5 608

mM IPTG, and cells were harvested after 4 hours at 37◦C, and resuspended in His binding 609

buffer (20 mM HEPES pH 7.5, 100 mM KCl, 400 mM NaCl, 20 mM imidazole, 10% glycerol, 610

and 1 mM BME), supplemented with Pierce Universal Nuclease (Thermo Scientific PI88702). 611

Protease inhibitors were omitted. Cells were lysed by sonication, clarified by centrifugation at 612

20,000 g for 30 minutes, then bound to 5 mL of Ni-NTA resin (Thermo Scientific 88222) for 1 613

hour at 4◦C. The resin was washed with 100 mL of His binding buffer, then the protein was 614

eluted in 20 mL of His elution buffer (20 mM HEPES pH 7.5, 100 mM KCl, 400 mM NaCl, 615

250 mM imidazole, 10% glycerol, and 1 mM BME). The protein was then bound to a 5 mL 616

HiTrap MonoQ column equilibrated in low salt buffer (50 mM Tris-HCL pH 8.0, 50 mM KCl, 617

10 mM MgCl2, 0.1 mM EDTA, 10% glycerol, and 1 mM BME), washed with 20 mL of low salt 618

buffer and then eluted using a 100 mL gradient between low salt buffer and high salt buffer (50 619

mM Tris-HCL pH 8.0, 200 mM KCl, 10 mM MgCl2, 0.1 mM EDTA, 10% glycerol, and 1 mM 620

BME). The protein was concentrated in a spin concentrator, then loaded onto a Superdex 200 621

16/60 column (GE Healthcare) equilibrated in buffer (20 mM HEPES pH 7.5, 200 mM KCl, 622

0.1 mM EDTA, 10 mM MgCl2, 10 % glycerol and 1 mM DTT). Fractions corresponding to 623

the monomeric protein were pooled together, concentrated and aliquoted for storage at -80◦C. 624

Protein concentration was determined by measuring A280. 625

Purification of remaining recombinant proteins 626

The rest of the recombinant proteins used in this paper were expressed with an N-terminal 627

6xHis-SUMO tag in E. coli strain BL21(DE3) and purified as described for Pab1, but using 628

anion exchange instead of Heparin column. 629

Fluorescein labeling of Pab1 630

Fluorescein labeling of Pab1 termini was done using sortase catalyzed ligation of labeled peptides. 631

For N-terminal labeling, 6xHis-TEV-GGG-Pab1 was purified using the same protocol described 632

for wild-type Pab1 above. The labeling was done in SEC buffer (20 mM HEPES 7.3, 150 mM 633

KCl, and 2.5 mM MgCl2) as a 500 µL reaction with 100 µM Pab1, 20 µM wild-type sortase A, 634

0.5 mM TCEP, 10 mM CaCl2 and 0.5 mM 5-FAM-HHHHHHLPETGG peptide (Biomatik). 635

After an hour incubation at room temperature, labeled protein was separated from free peptide 636

on a 5 mL HiTrap Desalting column equilibrated in aggregation buffer (20 mM HEPES pH 6.8, 637

150 mM KCl, 2.5 mM MgCl2, and 1 mM DTT). The C-terminally labeled Pab1 was prepared 638

similarly, but the labeling reaction was done with the following condition: 100 µM Pab1, 639

20µM heptamutant sortase A, 0.5 mM TCEP, and 0.5 mM GGGK(FAM)AANDENYALAA or 640

GGGK(FAM) peptide (Biomatik). 641

In vivo Total/Soluble/Pellet (TSP) assay 642

Yeast cells were diluted to OD600 of approximately 0.001 in 250 mL YPD and incubated at 643

30◦C until OD600 reached between 0.3 and 0.4. 30 mL of the cell culture was harvested as 644

the pre-shock sample by spinning in a 50 mL conical tube at 3,000 g for 5 minutes at room 645

temperature (RT). The cell pellet was resuspended in 1 mL of cold soluble protein buffer (SPB; 646

20 mM HEPES pH7.3, 120 mM KCl, 2 mM EDTA, 0.2 mM DTT, 1:100 PMSF, and 1:100 647

protease inhibitors cocktail IV (MilliporeSigma 539136)), transferred to a pre-chilled 1.5 mL 648
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microcentrifuge tube, and centrifuged again at 5,000 g for 30 seconds at RT. Supernatant 649

was removed and the pellet was resuspended in 170 µL SPB. Two 100 µL aliquots from the 650

resuspended sample were snap-frozen in liquid nitrogen. The remaining cell culture was vacumm 651

filtered and the cell pellet was transferred to a 50 mL conical tube. The conical tube was placed 652

in a 42◦C water bath to heat shock the cells. After 20 minutes, the cell pellet was resuspended 653

in 220 mL of pre-warmed 30◦C YPD media. 30 mL of this culture was harvested as the heat 654

shock sample and processed as described earlier. The remaining cell culture was transferred to a 655

1 L flask and the cells were recovered in a 30◦C water bath. Recovery samples were collected at 656

different time points and processed in the same way as the pre-shock sample. Cells were lysed 657

by cryomilling and fractionated as described in Wallace et al. (2015), with minor modifications 658

on spin conditions. Briefly, cell lysates were cleared at 3,000 g for 30 seconds. 150 µL of the 659

cleared lysate was transferred to a new 1.5 mL tube. To remove RNA, RNase If (NEB M0243S) 660

was added to the final concentration of 0.3 units/µL and the sample was incubated at RT for 661

30 minutes. 50 µL of the sample was transferred to a new tube, mixed with Total protein buffer 662

(TPB; 20 mM HEPES pH 7.3, 150 mM NaCl, 5 mM EDTA, 3% SDS, 1:100 PMSF, 2 mM DTT, 663

and 1:1000 protease inhibitors IV (MilliporeSigma 539136)), and spun at 6,000 g for 1 minute 664

to collect Total protein sample. Pellet samples were collected by spinning the remaining 100 665

µL sample at 8,000 g for 5 minutes (P8) and at 100,000 g for 20 minutes (P100) at 4◦C, and 666

resuspending the pellet in Insoluble protein buffer (IPB; TPB with 8 M urea). Supernatant from 667

this last spin was collected as the Soluble protein sample. Pab1 in each sample were visualized 668

by SDS-PAGE and western blot as described in (Wallace et al., 2015) using mouse monoclonal 669

anti-Pab1p antibody (EnCor Biotechnology MCA-1G1) and Image Lab software (Bio-Rad). 670

In vitro Total/Soluble/Pellet (TSP) assay 671

Reaction mixture containing Pab1 condensates and molecular chaperones were prepared and 672

incubated at 30◦C for an hour either in the absence or presence of 5 mM ATP. The reaction 673

mixture (Table 2) were centrifuged at 100,000 g for 20 minutes at 4◦C. Supernatant was collected 674

as the soluble fraction sample. Buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2, 675

0.01 % Triton X-100, 0.5 mg/mL BSA, and 1 mM DTT) was added to the pellet and the sample 676

was centrifuged again under the same condition. After removing the supernatant, the pellet was 677

directly resuspended in 1x Laemmli buffer. Pab1 in each sample was visualized by SDS-PAGE 678

and western blot as described in (Wallace et al., 2015) using Image Lab software (Bio-Rad). 679

Preparation of Pab1 condensates 680

Pab1 monomers were buffer exchanged into aggregation buffer (20 mM HEPES pH 6.8, 150 681

mM KCl, 2.5 mM MgCl2, and 1 mM DTT) and diluted to make a 500 µL sample of 25 µM 682

Pab1. The sample was sometimes supplemented with 100-fold lower firefly luciferase to increase 683

yield. The sample was incubated in a 42◦C water bath for 20 minutes at pH 6.8. Under this 684

heat shock condition, the solution remained clear and minimal protein pelleting was observed 685

after a 3 minute centrifugation at 8,000 g. N-terminally fluorescein labeled Pab1 aggregates 686

were prepared at 39◦C. The supernatant was loaded onto a Superose 6 10/300 GL column (GE 687

Healthcare) equilibrated with SEC/Storage buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM 688

MgCl2, and 1 mM DTT). Void fractions containing small Pab1 assemblies (>5,000 kDa) were 689

collected. About half of the loaded protein eluted in the void volume while the remaining protein 690

eluted as monomers. Concentration of Pab1 condensates in each void fraction was measured 691
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using Bradford assay and/or SDS-PAGE with Pab1 standards of known concentrations. Protein 692

aliquots were snap-frozen in liquid nitrogen and stored at -80◦C. 693

Monitoring Pab1 dispersal using fluorescence anisotropy 694

Because Pab1 binds 12-mer poly(A) with full affinity and has a binding footprint of roughly 25 695

nucleotides (Sachs et al., 1987), we used 19-mer poly(A) RNA to get 1:1 binding of Pab1 to RNA. 696

Pab1 condensates, molecular chaperones, and 5’ labeled A19 RNA (FAM-A19 or Atto550-A19) 697

were diluted to desired concentrations in disaggregation buffer (20 mM HEPES pH 7.3, 150 mM 698

KCl, 2.5 mM MgCl2, 0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT). The reaction 699

mixture (Table 2) was supplemented with 5 mM ATP, and 8 mM creatine phosphate (CP) and 700

1 µM creatine kinase (CK) for ATP regeneration. The reaction mixture was also supplemented 701

with 2 % SUPERase RNase Inhibitor (Thermo Fisher AM2694) to prevent RNA degradation. 702

The final reaction volume was 15 µL. Calibration samples were prepared by adding known 703

concentrations of monomeric Pab1 to a fixed concentration of FAM-A19 used in the reaction 704

samples, typically 200 nM. 705

A new calibration curve was measured each time an experiment was performed. The reaction 706

mixtures were added to non-binding surface 384-well plate (Corning CLS3575). The plate 707

wells were sealed with a plate sealer (Thermo Fisher 235307) to prevent liquid evaporation. 708

Fluorescence anisotropy was measured every 20 second in Spark microplate reader (TECAN) 709

using excitation/emission wavelengths of 485 nm/535 nm, each with a bandwidth of 20 nm, at 710

30◦C. Disaggregation buffer was used as blank. G factor was calibrated with a solution of free 711

6-iodoacetamidofluorescein to produce a fluorescence polarization reading of 20 mP. 712

Anisotropy data fitting and analysis 713

The reaction data were fitted with the following logistic equation: 714

y = d +
m

1 + e–a(x–b)
– x ∗ c (1)

where d, m, a, b, and c are fitting parameters. The negative linear term accounts for the chaperone 715

concentration-dependent signal decay, which comes from RNA-degrading contaminants co- 716

purified with chaperones. 717

To extract maximal rate of Pab1 dispersal, the fluorescence anisotropy values were first 718

converted to the concentration of RNA-binding competent monomeric Pab1 using the calibration 719

curve. Fluorescence anisotropy data of the calibration samples were fitted with the following 720

equation: 721

y = min + (max – min)
(RNA + Pab1n + d) –

√
(RNA + Pab1n + d)2 – 4(RNA ∗ Pab1n)

2 ∗ RNA
(2)

Min and max refer to the fluorescence anisotropy values of the calibration samples with no or 722

saturating amount of monomeric Pab1, respectively. The values of d and n extracted from the 723

calibration fit were used to convert fluorescence anisotropy values in the reaction samples to 724

concentrations of Pab1 with this rearranged equation (2): 725
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Pab1 =
n

√√√√((y – min)2 ∗ RNA
max–min – (y – min) ∗ (RNA + d))

y – max
(3)

The converted data were fitted again with equation (1). Maximal rate of dispersal was 726

calculated by computing the extracted fit parameters to the derivative of equation (1) when x 727

= b: 728

dy
dx

=
a ∗m ∗ e–a(x–b)

(1 + e–a(x–b))2
– c (4)

729

ratemax =
a ∗m

4
– c (5)

Note that, because Pab1 condensates exhibit substantially reduced but non-zero binding to 730

FAM-A19 in a concentration-dependent manner, the maximal rate of dispersal quantified from 731

fluorescence anisotropy data may be systematically underestimating the true rate of dispersal. 732

To convert the y-axis from Pab1 concentration to fraction restored Pab1, we first subtracted 733

background signal using the negative control data (no ATP). Background-subtracted data 734

were divided by the total concentration of Pab1, which was approximated by taking the mean 735

of highest 50-100 data points, i.e., data points in the plateau region of the positive control. 736

Total Pab1 concentration in the reaction had to be approximated this way for more accurate 737

quantification because we noticed that Pab1 condensates adhere to plastic, causing loss of 738

about 30-50% substrate during transfer. To compensate for this, 1.5 to 2-fold excess Pab1 739

was added to aim for, e.g., the final concentration of 0.2 µM Pab1 in the reaction. The same 740

total Pab1 concentration was used to normalize reactions prepared from the same master mix. 741

The presence of 5 mM ATP slightly lowered the fluorescence anisotropy baseline compared to 742

the no ATP control, and this led to negative starting values for all ATP-containing reactions 743

after background subtraction; All traces were shifted upward by the same amount to make the 744

positive control reactions to start around the value of zero. 745

The rate data in Figure 6A were fitted with a logistic equation: 746

y =
a

1 + e–b(x–c)
(6)

with a, b, and c as fitting parameters. We used the total Pab1 concentration to calculate the 747

ratio of chaperone to substrate. 748

Fluorescence-detection size-exclusion chromatography (FSEC) 749

Small Pab1-Clover condensates were prepared and mixed with chaperones, ATP, ATP regene- 750

ration system, and SUPERase RNase Inhibitor as described above for wild type Pab1 (Table 751

2). The reaction samples (120 µL per run) were incubated at 30◦C for an hour. 120 µL of the 752

sample was loaded to a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with 753

filtered running buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2, and 1 mM DTT) 754

using Akta system. Fluorescence was measured by a fluorescence detector (JASCO FP-2020 755

Plus) connected to the Akta system. 756
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Luciferase reactivation assay 757

Recombinant firefly luciferase was aggregated by incubating 2 µM of luciferase with 10 µM 758

Hsp26 in aggregation buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCl2, and 1 mM 759

DTT) at 42◦C for 20 minutes. After cooling on ice for 2 minutes, the aggregates were diluted 760

to 0.2 µM in the disaggregation buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2, 761

0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT) supplemented with 5 mM ATP, 8 762

mM CP, 1 µM CK, and specified concentrations of chaperones (Table 2). The mixed sample 763

was incubated at 30◦C. At each time point, 2 µL of the reaction sample was added to 18 µL 764

of luciferin mix (Promega E1500), and luminescence was measured using Spark microplate 765

reader (TECAN) with integration time of 1 second. Luminescence of 0.2 µM native luciferase 766

supplemented with 1 µM Hsp26 in disaggregation buffer was used to compute reactivation yield. 767

For faster disaggregation using excess molecular chaperones (Figure 3B), 33.8 nM luciferase 768

was heat shocked in the presence of 169 nM Hsp26 at 42◦C for 20 minutes in low-salt aggregation 769

buffer (25 mM HEPES pH 7.3, 50 mM KCl, 0.1 mM EDTA, and 1 mM DTT). Luciferase 770

aggregates were diluted to the final concentration of 20 nM in the disaggregation buffer containing 771

chaperones (Table 2). Luminescence was measured as described above. 772

For disaggregation of chemically aggregated luciferase using HAP/ClpP system (Figure 5H 773

and 5I), luciferase was diluted to 5 µM in low-salt urea buffer (25 mM HEPES pH 7.3, 50 774

mM KCl, 0.1 mM EDTA, 1 mM DTT, and 8 M urea) and incubated at 30◦C for 30 minutes. 775

Aggregation was induced by diluting luciferase 100-fold into the disaggregation buffer containing 776

chaperones and HAP/ClpP (Table 2). Western blot samples were collected at the specified time 777

points and stained using luciferase antibody (MilliporeSigma L0159). Blots were visualized using 778

Odyssey CLx (LI-COR). Luminescence was measured as described above using mock-treated 779

luciferase as normalization control. 780

Dynamic light scattering (DLS) 781

DLS measurements were performed using DynaPro NanoStar (Wyatt). Sample acquisition 782

was done as described in (Riback et al., 2017). All experiments, unless noted otherwise, were 783

performed with 10 µM Pab1 in filtered DLS buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 784

mM MgCl2, and 1 mM DTT). All protein samples used for DLS experiments were dialyzed 785

against DLS buffer overnight at 4◦C and cleared of aggregates by spinning at 20,000 g for 20 786

minutes. 787

GroEL trap assay 788

Pab1 dispersal and luciferase reactivation assays were done as described above, but in the 789

presence of 5-fold excess GroEL trap (Table 2). For refolding experiment, 5 µM Pab1 was 790

denatured in 8 M urea buffer (20 mM HEPES pH 6.8, 150 mM KCl, 2.5 mM MgCl2, 1 mM 791

DTT, and 8 M urea) and incubated at 30◦C for 30 minutes. Pab1 was first diluted to 0.5 µM 792

in refolding buffer (20 mM HEPES pH 7.3, 150 mM KCl, 2.5 mM MgCl2, and 1 mM DTT) 793

containing no or 10-fold excess GroEL trap, and then to 0.1 µM in the same respective refolding 794

buffer with 0.1 µM FAM-A19. Pab1’s RNA-binding activity was measured by fluorescence 795

anisotropy. 796
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Gel analysis of HAP/ClpP degradation 797

Digestion by the HAP/ClpP system was done in disaggregation buffer (20 mM HEPES pH 7.3, 798

150 mM KCl, 2.5 mM MgCl2, 0.5 mg/mL BSA, 0.01 % Triton X-100, and 1 mM DTT) with 0.2 799

µM Pab1 condensate or monomer, 1.5 µM ClpP, 1 µM Hsp104 (WT or HAP), 0.5 µM Sis1, 1-2 800

µM Ssa2, 5 mM ATP, and 8 mM CP and 1 µM CK for ATP regeneration (Table 2). Reactions 801

were run for 1 hour at 30◦C, then quenched with Laemmli buffer and run on a Bio-rad TGX 802

4-20% SDS-PAGE gel. Fluorescent gels were imaged using a ChemiDoc (Bio-rad) and westerns 803

were performed using a 1:5000 dilution of Rabbit anti-GFP antibody (Life A11122) and a 804

1:20,000 dilution of secondary (Donkey anti-Rabbit, LiCor 925-32213). Blots were visualized 805

using Odyssey CLx (LI-COR). 806

The ClpXP digestion reaction was done for 30 minutes at 30◦C with 0.2 µM Pab1-FAM 807

monomer, 0.1 µM ClpX and 1 µM ClpP in disaggregation buffer. 808

Disaggregation data from the literature 809

The following data from 18 different studies (Nillegoda et al., 2017; Doyle et al., 2015; Rampelt 810

et al., 2012; Yu et al., 2015; Żwirowski et al., 2017; Mart́ın et al., 2014; Kłosowska et al., 2016; 811

Reidy et al., 2014; Rosenzweig et al., 2013; DeSantis et al., 2012; Shorter, 2011; Haslberger et al., 812

2008; Glover and Lindquist, 1998; Ratajczak et al., 2009; Cashikar et al., 2005; Goloubinoff 813

et al., 1999; Sielaff and Tsai, 2010; Duennwald et al., 2012) were compiled for comparison: 1) 814

substrate identity; 2) concentrations of substrate and molecular chaperones used; 3) maximum 815

yield observed within the experimental time; 4) the names of molecular chaperones; and 5) 816

reference to the source paper with DOI. Only the results from in vitro experiments were recorded. 817

Studies reporting fold-change relative to negative control were omitted because yield cannot 818

be determined from the given information for comparison. For a study which reports multiple 819

disaggregation results with the same substrate, the concentrations of substrate and chaperones 820

which give the highest maximal yield were recorded. 821

Modeling and simulation 822

In our model, free substrates exist in one of the following states: folded (Sf), unfolded (Su), 823

misfolded (Sm), and aggregated (Sa). Free Hsp70 exists either in an ATP-bound state (Hsp70ATP) 824

or an ADP-bound state (Hsp70ATP), and each state can bind certain free substrates to form a 825

complex (e.g., Hsp70ATP:Sa). ATP hydolysis of Hsp70ATP in Hsp70ATP:Sm complex results in 826

substrate unfolding, a step we call “priming”. For an aggregated substate, the same sequence of 827

events do not result in any state transition but instead primes the complex (Hsp70ATP:Sap) for 828

interaction with Hsp104. In the cooperative model, a second Hsp70ATP can bind Hsp70ADP:Sap 829

complex to form a ternary complex (Hsp70ATP,ADP:Sap) and only the ternary complex with both 830

Hsp70s in the ADP-bound state (Hsp70ADP,ADP:Sap) can engage with Hsp104 for disaggregation. 831

For simplicity, we did not allow unfolding of a natively folded substrate. 832

The time evolution of the concentrations of all distinct species in the cooperative model was 833

described using the following ODEs: 834

d[Hsp70ATP]
dt

= kDT[Hsp70ADP] + kATPoff ([Hsp70ATP : Sa] + [Hsp70ATP : Sap]

+[Hsp70ATP : Sm] + [Hsp70ATP : Su] + [Hsp70ATP,ADP : Sap])

–[Hsp70ATP](kATPon ([Sm] + [Sa]) + (kTD + kh) + 0.1kATPon [Hsp70ADP : Sap])

(7)
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d[Hsp70ADP]
dt

= (kTD + kh)[Hsp70ATP] + kADPoff ([Hsp70ADP : Sap]

+[Hsp70ADP : Su]) + 2kADP,104off [Hsp70ADP,ADP : Sap : Hsp104]

–[Hsp70ADP](kDT + kADPon ([Sa] + [Su]))

(8)

d[Hsp104]
dt

= k104off [Hsp70ADP,ADP : Sap : Hsp104] + kdisagg[Hsp104 : Sap]

–[Hsp104][Hsp70ADP,ADP : Sap]k104on

(9)

d[Sa]
dt

= k3[Sm] + kATPoff ([Hsp70ATP : Sa] + [Hsp70ATP : Sap]) + kADPoff [Hsp70ADP : Sap]

–[Sa](kATPon [Hsp70ATP] + kADPon [Hsp70ADP])
(10)

d[Hsp70ATP : Sa]
dt

= kATPon [Hsp70ATP][Sa] + ksDT[Hsp70ADP : Sa]

–[Hsp70ATP : Sa](kATPoff + ksTD + ksh)
(11)

d[Hsp70ADP : Sa]
dt

= (ksTD + ksh)[Hsp70ATP : Sa] + kdeprime[Hsp70ADP : Sap]

–[Hsp70ADP : Sa](ksDT + kprime)
(12)

d[Hsp70ADP : Sap]
dt

= kprime[Hsp70ADP : Sa] + ksTD[Hsp70ATP : Sap]

+kATPoff [Hsp70ATP,ADP : Sap] + kADPon [Hsp70ADP][Sa]

–[Hsp70ADP : Sap](kdeprime + ksDT + kADPoff + 0.1kATPon [Hsp70ATP])

(13)

d[Hsp70ATP : Sap]
dt

= ksDT[Hsp70ADP : Sap] – [Hsp70ATP : Sap](kATPoff + ksTD) (14)

d[Hsp70ADP,ADP : Sap : Hsp104]
dt

= k104on [Hsp70ADP,ADP : Sap][Hsp104]

–[Hsp70ADP,ADP : Sap : Hsp104](k104off + kADP,104off )
(15)

d[Hsp104 : Sap]
dt

= kADP,104off [Hsp70ADP,ADP : Sap : Hsp104] – [Hsp104 : Sap]kdisagg (16)

d[Su]
dt

= kr2[Sm] + kdisagg[Hsp104 : Sap]

+kATPoff [Hsp70ATP : Su] + kADPoff [Hsp70ADP : Su]

–[Su](k1 + k2 + kADPon [Hsp70ADP])

(17)

d[Sm]
dt

= k2[Su] + kATPoff [Hsp70ATP : Sm]

–[Sm](kr2 + k3 + kATPon [Hsp70ATP])
(18)
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d[Sf ]
dt

= k1[Su] (19)

d[Hsp70ATP : Sm]
dt

= kATPon [Sm][Hsp70ATP] + ksDT[Hsp70ADP : Sm]

–[Hsp70ATP : Sm](kATPoff + ksTD + ksh)
(20)

d[Hsp70ADP : Sm]
dt

= (ksTD + ksh)[Hsp70ATP : Sm] + kdeprime[Hsp70ADP : Su]

–[Hsp70ADP : Sm](ksDT + kprime)
(21)

d[Hsp70ADP : Su]
dt

= kprime[Hsp70ADP : Sm] + ksTD[Hsp70ATP : Su]

+kADPon [Hsp70ADP][Su] – [Hsp70ADP : Su](kdeprime + ksDT + kADPoff )
(22)

d[Hsp70ATP : Su]
dt

= ksDT[Hsp70ADP : Su] – [Hsp70ATP : Su](kATPoff + ksTD) (23)

d[Hsp70ATP,ADP : Sap]
dt

= 0.1kATPon [Hsp70ATP][Hsp70ADP : Sap]

+2ksDT[Hsp70ADP,ADP : Sap]

–[Hsp70ATP,ADP : Sap](kATPoff + ksTD + ksh)

(24)

d[Hsp70ADP,ADP : Sap]
dt

= (ksTD + ksh)[Hsp70ATP,ADP : Sap]

+k104off [Hsp70ADP,ADP : Sap : Hsp104]

–[Hsp70ADP,ADP : Sap](2ksDT + k104on [Hsp104])

(25)

The parameter values used for the simulation are listed in Table 1. Note that the current 835

model lacks spatial information; an extension of this model allowing spatial segregation of 836

aggregated substrates would allow investigating the effect of aggregate shape and/or size on the 837

efficiency of the disaggregation system. 838
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Supplemental Figures 839

Figure S1. Misfolded protein can nucleate Pab1 condensation; Related to Figure
1.
(A) DLS temperature ramp experiment with 15 µM Pab1 in the presence of increasing con-
centrations of firefly luciferase (Fluc) or BSA. (B) Tdouble, temperature at which the baseline
Rh doubles, for the DLS temperature ramp experiment shown in (A) is plotted against the
concentrations of the additives (either BSA or luciferase). Dashed line indicates Tdouble for
Pab1 in the absence of any additives. (C) Representative SEC trace of Pab1 heat shocked in the
absence or presence of 100-fold lower luciferase. Pab1 condensates and monomers elute around
7.5 mL and 16 mL, respectively. (D) Dispersal of Pab1 condensates formed in the presence or
absence of 100-fold less luciferase. Condensation in the presence of 100-fold lower luciferase does
not affect subsequent condensate dispersal by chaperones.
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Figure S2. Ssa2 can be replaced by its heat-inducible paralog Ssa4 for Pab1 disper-
sal; Related to Figure 2.
(A) Time-resolved fluorescence anisotropy of A19 in the presence of Pab1 condensates and
molecular chaperones. All chaperones shown in Figure 2A, except Sse1, were included in the
experiments. Ssa4 was added instead of Ssa2. Fitted data points from two independent experi-
ments are shown. Merged data points and a solid line fitted to the average of each experimental
condition is shown on the right. (B) Maximal rate of dispersal quantified from the dropout
experiments in the absence of Sse1.
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Figure S3. Hsp104, Hsp70, and Sis1 are necessary and sufficient for Pab1 dispersal;
Related to Figure 2.
(A) Purification of recombinant chaperones. (B) Dropout experiments to determine the com-
ponents necessary for dispersal of Pab1 condensates. Pab1 dispersal reaction samples were
examined by Superose 6 Precision Column. Red box highlights the minimal set composed of
Hsp104, Ssa1, and Sis1. PK and PEP stand for pyruvate kinase and phosphoenolpyruvate,
respectively. (C) Verification of Pab1 dispersal by western blot.
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Figure S4. Hsp26 suppresses Pab1 condensation; Related to Figure 3.
(A) DLS temperature ramp experiment with 10 µM Pab1 with increasing concentrations
of Hsp26 at pH 6.4. Note that the presence of Hsp26, which forms high molecular weight
oligomers, shifts the DLS baseline upward. (B) Temperature at which Pab1’s hydrodynamic
radius crosses 20 nm in (A) is plotted against Hsp26 concentration. (C) Sedimentation of Pab1 in
the absence or presence of increasing concentrations of Hsp26, visualized by Coomassie staining.
(D) Quantification of proportion soluble Pab1 in (C) plotted against the ratio of Hsp26 to Pab1.
(E) A representative calibration curve showing the increasing fluorescence anisotropy of the
labeled A19 RNA as a function of increasing concentration of monomeric Pab1. The calibration
curve was used convert the y-axis from fluorescence anisotropy to Pab1 concentration and
extract the rate of dispersal. The mean and standard deviation of 8 independent calibration
data are shown. Data were fitted with equation 2.

34/47

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 14, 2021. ; https://doi.org/10.1101/2021.05.13.444070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.13.444070
http://creativecommons.org/licenses/by-nc/4.0/


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 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,
aggregated proteins do not unfold upon Hsp70 binding and need Hsp104. (4) One Hsp70 molecule
is insufficient to activate Hsp104 (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 Sis1 and Sse1 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 Pab1 constructs; Related to Figure 5.
(A) Condensates of C-terminally fluorescein-labeled Pab1 were dispersed by the indicated
components. Fluorescence anisotropy of Atto550-A19 RNA was monitored. (B) End-point
measurement of unlabeled Pab1 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 Pab1 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) Pab1-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) Pab1-Clover
condensate was incubated with the indicated components for an hour and examined by FSEC.
Dashed lines indicate the elution volume for Pab1-Clover condensates (7.8 mL), Pab1-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 Pab1 were visualized by detecting fluorescein fluorescence.
Asterisks in indicate HAP/ClpP-specific cleavage products.
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Figure S. Uncropped stain-free total protein gel and western blot images; Related
to Figures 1 and Figure 2.
(A and B) SDS-PAGE gel of RNase treated (A) or untreated (B) yeast lysate samples. The
corresponding anti-Pab1 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.
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840

Table 1. Model parameters 841

Name Value Unit Description Source

kh 0.036 min–1 ATP hydrolysis rate of free Hsp70 McCarty et al. (1995)*

ksh 108 min–1
ATP hydrolysis rate of substrate-
bound Hsp70

Laufen et al. (1999)*

kATPon 12 min–1 µM–1 Substrate onrate to Hsp70ATP
Schmid et al. (1994); Gisler
et al. (1998)*

kATPoff 120 min–1 Substrate offrate to Hsp70ATP
Schmid et al. (1994); Gisler
et al. (1998)*

kADPon 0.06 min–1 µM–1 Substrate onrate to Hsp70ADP Mayer et al. (2000)*

kADPoff 0.0282 min–1 Substrate offrate to Hsp70ADP Mayer et al. (2000)*

kATPr 0.008 min–1 ATP offrate from Hsp70ATP Russell et al. (1998)*

kATP 7.8 min–1 µM–1 ATP onrate to Hsp70apo Russell et al. (1998)*

kADPr 1.32 min–1 ADP offrate from Hsp70ADP
Theyssen et al. (1996); Rus-
sell et al. (1998)*

kADP 16 min–1 µM–1 ADP onrate to Hsp70apo Russell et al. (1998)*

kTD,
ksTD

0.0014 min–1
Nucleotide exchange rate from ATP
to ADP in free or substrate-bound
Hsp70

Calculated as described in
De Los Rios and Barducci
(2014)

kDT,
ksDT

1.0951 min–1
Nucleotide exchange rate from ADP
to ATP in free or substrate-bound
Hsp70

Calculated as described in
De Los Rios and Barducci
(2014)

k104on 30 min–1 µM–1
Hsp104 onrate to
Hsp70ADP:substrate complex

Estimated from the Kd re-
ported in Rosenzweig et al.
(2013)

k104off 60 min–1
Hsp104 offrate from
Hsp70ADP:substrate:Hsp104 com-
plex

Estimated from the Kd re-
ported in Rosenzweig et al.
(2013)

kADP,104off 100 min–1
Hsp70ADP offrate after substrate
handover to Hsp104

Free parameter

kdisagg 0.2 min–1 Disaggregation rate
Estimated from the measu-
rement in this study

kprime 10 min–1 Substrate remodeling rate Free parameter

kdeprime 1 min–1 Reverse substrate remodeling rate Free parameter

k1
10,
0.001

min–1
Rate of transition from the unfolded
Pab1/luciferase to the folded state

Free parameter

k2 1 min–1
Rate of transition from the unfolded
state to the misfolded state

Free parameter

kr2 0.1 min–1
Rate of transition from the misfolded
state to the unfolded state

Free parameter

k3 1 min–1
Rate of transition from the misfolded
state to the aggregated state

Free parameter

842

*listed in De Los Rios and Barducci (2014) 843
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Table 2. Reaction conditions for experiments shown in the figures 844

Panel Reaction mixture*

1d 25 µM Pab1
1e 0.2 µM FAM-A19, 0.2 µM Pab1 monomers or condensates, 5 mM ATP

2a, 2b 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM Ssa2, 0.1 µM Hsp104, 0.5 µM Sis1, 0.5 µM Ydj1,
50 nM Sse1, ATP mix

2c 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM Ssa2, 0.02 µM Hsp104, 0.5 µM Sis1, ATP mix
2e 0.2 µM Pab1-Clover, 1 µM Ssa2, 0.5 µM Sis1, 0.1 µM Hsp104, 0.5 µM A90 RNA, ATP

mix

3a 0.2 µM Fluc, 1 µM Ssa2, 0.1 µM Hsp104, 0.5 µM Hsp40, ATP mix
3b 20 nM Fluc, 0.75 µM Ssa2, 0.75 µM Hsp104, 0.25 µM Hsp40, 38 nM Sse1, ATP mix
3c, 3d 0.2 µM FAM-A19, 0.2 µM Pab1, 0.5 µM Ssa2, 50 nM Hsp104, 0.25 µM Sis1 (plus 0, 0.25,

0.5, 1, or 2 µM additional Sis1 or Ydj1), ATP mix
3f 0.2 µM FAM-A19 (for Pab1), 0.2 µM Pab1 or luciferase, 1 µM Ssa2, 0.1 µM Hsp104, 0.5

µM Sis1, ATP mix

5b 20 nM Fluc, 0.75 µM Ssa2, 0.75 µM Hsp104, 0.125 µM Sis1, 0.125 µM Ydj1, 0.1 µM
GroEL trap, 38 nM Sse1, ATP mix

5c 0.2 µM FAM-A19, 0.2 µM Pab1, 1 µM Ssa2, 0.2 µM Hsp104, 0.5 µM Sis1, 1 µM GroEL
trap, ATP mix

5d 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM GroEL trap
5f, 5g 10 nM Fluc, 1 µM Ssa2, 0.25 µM Sis1, 0.25 µM Ydj1, 1 µM Hsp104/HAP, ATP mix
5h, 5k 0.2 µM Pab1-fluorescein-ssrA, 2 µM Ssa2, 0.5 µM Sis1, 1 µM HAP, 1.5 µM ClpP, ATP

mix; For ClpXP: 0.2 µM nM Pab1-fluorescein-ssrA, 0.1 µM ClpX, 1 µM ClpP

6a, 6g Default: 0.2 µM FAM-A19, 0.2 µM Pab1, 0.5 µM Ssa2, 0.2 µM Hsp104, 0.5 µM Sis1, 0.1
µM Sse1, ATP mix

6e 0.2 µM FAM-A19, 0.14 µM Pab1, varying Ssa2, 0.02 µM Hsp104, 0.5 µM Sis1, ATP mix

S1a 15 µM Pab1 + BSA or Fluc as indicated
S1c 25 µM Pab1 + Fluc as indicated
S1d 0.1 µM FAM-A19, 0.1 µM Pab1, 0.5 µM Ssa2, 0.05 µM Hsp104, 0.1 µM Sis1, ATP mix

S2a 0.1 µM FAM-A19, 0.1 µM Pab1, 1 µM Ssa4, 0.1 µM Hsp104, 0.5 µM Sis1, 0.5 µM Ydj1,
ATP mix

S3b 0.5 µM Pab1, 1.2 µM Ssa1, 0.2 µM Hsp104, 0.3 µM Sse1, 0.3 µM Ydj1, 0.3 µM Sis1, 3
mM PEP, 10 units/mL PK, 2 mM ATP

S4a 10 µM Pab1 + Hsp26 as indicated
S4c 10 µM Pab1 + Hsp26 as indicated
S4e 0.2 µM FAM-A19 + Pab1 monomer as indicated

S6c 0.1 µM Pab1-fluorescein-ssrA, 2 µM Ssa2, 0.5 µM Sis1, 1 µM Hsp104/HAP, 1.5 µM ClpP,
ATP mix

S6e, S6f 0.2 µM Pab1-Clover, 1.5 µM ClpP, 1 µM Hsp104/HAP, 0.5 µM Sis1, 2 µM Ssa2, ATP
mix

S6g, S6h 0.2 µM fluorescein-Pab1 or Pab1-fluorescein, 1.5 µM ClpP, 1 µM Hsp104/HAP, 0.5 µM
Sis1, 2 µM Ssa2, ATP mix

845

*Concentrations of Hsp104/HAP, Hsp40, and GroEL indicate the concentrations for the hexamers, dimers, and 846

14-mers, respectively; ATP mix includes 1 µM CK, 8 mM CP, 5 mM ATP. 847
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