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SUMMARY

Protein folding in the cell requires ATP-driven chap-
erone machines such as the conserved Hsp70 and
Hsp90. It is enigmatic how these machines fold pro-
teins. Here, we show that Hsp90 takes a key role in
protein folding by breaking an Hsp70-inflicted folding
block, empoweringprotein clients to foldon their own.
At physiological concentrations, Hsp70 stalls produc-
tive folding by binding hydrophobic, core-forming
segments. Hsp90 breaks this deadlock and restarts
folding. Remarkably, neither Hsp70 nor Hsp90 alters
the folding rate despite ensuring high folding yields.
In fact, ATP-dependent chaperoning is restricted
to the early folding phase. Thus, the Hsp70-Hsp90
cascade does not fold proteins, but instead prepares
them for spontaneous, productive folding. This stop-
start mechanism is conserved from bacteria to man,
assigning also a general function to bacterial Hsp90,
HtpG.Wespeculate that thedecreasinghydrophobic-
ity along theHsp70-Hsp90 cascademaybe crucial for
enabling spontaneous folding.

INTRODUCTION

It is the primary sequence of the protein that determines its native

fold (Anfinsen, 1973). Proteins condense around an initial nu-

cleus, the hydrophobic core, and ultimately fold into the same

structure each time (Daggett and Fersht, 2003). Recapitulating

protein folding in vitro usually requires conditions that are far

away from physiological states. In the cell, conserved families

of molecular chaperones support folding of proteins in an en-

ergy-consuming manner, presumably by repeated cycles of

binding and release (Buchberger et al., 2010; Ellis, 1987; Kim

et al., 2013; Mayer, 2013). The non-native polypeptide sub-

strates targeted by chaperones are also known as clients. The

molecular determinants of assisted protein folding, however,

remain largely enigmatic.

The ubiquitous, ATP-dependent Hsp70 chaperone interacts

with virtually all unfolded or misfolded proteins and has been
demonstrated to refold numerous proteins into their native state.

The likewise ATP-dependent Hsp90 chaperone is believed to be

more specific, targeting certain proteins in a near-native state

(Jakob et al., 1995; Karagöz and R€udiger, 2015; Li et al., 2012;

Taipale et al., 2012). Hsp90 acts downstream of Hsp70, but its

contribution to protein folding is unclear (Karagöz et al., 2014;

Karagöz and R€udiger, 2015). Hsp70 and Hsp90 work together

to promote maturation of steroid receptors in an ATP-depen-

dent manner (Kirschke et al., 2014; Sanchez et al., 1987;

Smith et al., 1992), and the co-chaperone Hop physically links

both chaperones, facilitating substrate transfer from Hsp70 to

Hsp90 (Wegele et al., 2006). Hsp90 is suggested to remodel

the client downstream of Hsp70, but its impact on the folding

yield is marginal, and its molecular role remains enigmatic (Gen-

est et al., 2011, 2015).

Indeed, Hsp70 can refold proteins in the absence of Hsp90

(Schröder et al., 1993). However, two issues appeared paradox-

ical to us. First, Hsp70 promotes protein folding while it binds to

short, very hydrophobic stretches, which are required to form the

hydrophobic core of the protein (R€udiger et al., 1997; Karagöz

et al., 2014). Second, Hsp70 is also required to bind with high as-

sociation rate, within seconds, to outcompete their high aggre-

gation propensity (Mayer et al., 2000; Mayer and Bukau, 2005).

How can hydrophobic cores form when Hsp70 binds to the

very stretches that are required for folding, and how do complex

proteins form their hydrophobic core and ultimately reach the

native state in the presence of fast-rebinding Hsp70?

Here, we propose that the chaperone machines Hsp70 and

Hsp90 form a conserved cascade that promotes spontaneous

protein folding by a stop-start mechanism. Instead of refolding

proteins, Hsp70 blocks folding when present at physiological

concentrations. It is the transfer of the client to Hsp90 that is

crucial to break the deadlock and to allow the protein to start a

productive folding trajectory. Our findings describe the mode

of action of the Hsp70-Hsp90 cascade and thus provide molec-

ular understanding of chaperone-assisted protein folding.

RESULTS

Hsp70 Inhibits Substrate Refolding
Protein folding activity of Hsp70 chaperones was established

both in vivo and in vitro using luciferase as a paradigmatic client,

nota bene in the absence of Hsp90 (Schröder et al., 1993). To
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Figure 1. Hsp90 Rescues Luciferase out of

the Hsp70 Trap

(A) Experimental setup.

(B) Time course of luciferase refolding in the

presence of constant levels of DnaJ (160 nM) and

GrpE (400 nM) and increasing concentrations of

DnaK (blue to red, 0 to 10 mM), fitted as a first-order

reaction with identical rates.

(C) High concentrations of DnaK inhibit luciferase

refolding. Plateau refolding yields in (B) were

plotted against DnaK concentration (±SEM), and

data were fitted as shown in the STAR Methods

section and explained in detail in the Equa-

tion System.

(D) Reactivation of denatured luciferase at 10 mM

DnaK levels as a function of HtpG concentration

(±SD of plateau).
understand the chaperone activity of Hsp70, we first revisited re-

folding of luciferase by the E. coli Hsp70 system. This consists of

the Hsp70 DnaK, the ATPase-stimulating J-protein DnaJ, and

the nucleotide exchange factor GrpE. We confirmed the seminal

findings of the Bukau laboratory that luciferase refolds in the

presence of the Hsp70 system.

Substrate proteins bind to DnaK at high rates, within sec-

onds, but folding of, for example, luciferase takes around

30 min (Hu et al., 2006; Kityk et al., 2015; Schröder et al.,

1993). Increasing Hsp70 levels should further favor the associ-

ation of Hsp70 with an unfolding protein, so that chaperone

activity may possibly compete with productive folding. We

therefore chemically denatured luciferase and monitored the re-

folding rate in the presence of the Hsp70 system (Figure 1A).

We kept the concentration of luciferase, DnaJ, and GrpE con-

stant and titrated DnaK. We observed that independent of

chaperone levels, the activity of refolded luciferase reaches a

plateau after around 30 min (Figure 1B). The refolding yield,

however, depended strongly on the concentration of Hsp70.

Refolded luciferase increased to a maximum of 82% refolded

luciferase at 2 mM DnaK. Strikingly, however, increasing

Hsp70 levels further successively reduced the yield, dropping

eventually to background levels at 10 mM DnaK (Figure 1C).

Thus, Hsp70 is not only a promoter but also an effective inhib-

itor of folding of luciferase.

This phenomenon depends only on the levels of Hsp70 itself

and not on the relative ratio of chaperone to co-chaperones.

A similar picture was revealed when titrating DnaK, DnaJ, and
546 Molecular Cell 70, 545–552, May 3, 2018
GrpE together: a maximal refolding yield

of 83.5%was reached at 5 mMDnaK, sub-

sequently falling to background levels at

10 mM(Figures 2A and 2B). The physiolog-

ical concentration of E. coli Hsp70 is

even higher (�27 mM at 30�C) and dou-

bles upon heat shock (Mogk et al., 1999).

A 10-fold increase in luciferase levels did

not release the Hsp70 block (Figure 2C).

The Hsp70 block thus depends on the

absolute Hsp70 levels, not on the ratio

of Hsp70 to substrate. Together, these
results suggest that Hsp70 requires an additional factor for effec-

tive refolding at physiological concentrations.

Hsp90 Restores Folding Yields at High Hsp70 Levels
Given that Hsp90 acts downstream of Hsp70, we considered

whether E. coli Hsp90 (HtpG) would restore the folding activity at

physiological Hsp70 levels (Karagöz and R€udiger, 2015). Hsp90

acts on steroid receptors downstream of Hsp70, and E. coli

Hsp90,HtpG,was found tohaveamildeffect onDnaK-dependent

luciferase refolding (Genest et al., 2011, 2015; Kirschke et al.,

2014; Sanchez et al., 1987). Here, we found that at high levels of

theHsp70system,Hsp90dramatically restored the foldingcapac-

ity to maximum levels, increasing the folding yield from less than

10% to more than 80%, even when substoichiometric to Hsp70

(1 mM HtpG restores folding in the presence of 10 mM DnaK; Fig-

ures 1D and 2D). Importantly, and in contrast toHsp70, high levels

of Hsp90 (15 mM)were not detrimental to folding. Thus, Hsp90 be-

comes essential for folding at high Hsp70 levels, without adverse

side effects at physiological concentrations.

Since Hsp90 is essential for folding at high Hsp70 levels, we

explored whether Hsp90 functions as a safeguard, making the

Hsp70 system robust to fluctuation in free chaperone levels, as

naturally occurs upon and after cell stress. In the presence of

Hsp90 (1 mM HtpG), we titrated the E. coli Hsp70 system up to

physiological levels (27.4 mM DnaK/1 mM DnaJ/6.2 mM GrpE).

The yield of refolded protein reached a plateau above 5 mM

DnaK (Figure 2E). Thus, Hsp90 ensures that folding efficiency

is independent of the levels of free Hsp70 and its co-chaperones.



Figure 2. Hsp90 Buffers the Hsp70 System in an ATP-Dependent Way

(A) Time course of luciferase refolding in the presence of increasing DnaK/DnaJ/GrpE concentrations keeping a constantmolar ratio (10:2:5). Fitting as in Figure 1B.

(B) Plateau refolding yields in (A) plotted against DnaK concentration (±SEM).

(C) Hsp70 folding block is independent of the chaperone/substrate ratio. Low DnaK concentration (blue, 0.8 mM) and high (red, 10 mM) show similar results at

80 nM or 800 nM of luciferase (±SEM).

(D) Reactivation of denatured luciferase at high DnaK/DnaJ/GrpE levels as a function of HtpG concentration (±SD of plateau).

(E) Titration of DnaK/DnaJ/GrpE keeping a constant ratio (10:2:5) in the presence of HtpG (1 mM). Data from (B) were used for comparison (dotted line).

(F) ATPase activity is required for substrate rescuing from DnaK. HtpG titration at high levels of DnaK/DnaJ/GrpE (10:2:5 mM; blue, no radicicol; orange, 30 mM

radicicol; red, 30 mM radicicol pre-bound to Hsp90 [±SD of plateau]). The scheme on the right explains the timing of addition.
In the absence of Hsp70, however, Hsp90 alone does not refold

luciferase (Figure 2E).

ATP-Dependent Chaperoning in Early Stages
Hsp90 activity is linked to ATP hydrolysis, which is required to

take over the client fromHsp70 (Kirschke et al., 2014; Prodromou
et al., 1997). To determine the timing of ATPase action of Hsp90,

we added the Hsp90-specific, ATP-competitive inhibitor radici-

col to the assay. Radicicol blocked Hsp90 folding activity,

consistent with earlier findings (Genest et al., 2011) (Figure 2F).

Remarkably, radicicol prevented substrate takeover by Hsp90

only when pre-incubated with the chaperone. As radicicol binds
Molecular Cell 70, 545–552, May 3, 2018 547



Figure 3. The Effect of Hsp90 on the Hsp70 System Is Conserved and Substrate Independent

(A) Time course of luciferase refolding at constant levels of Hdj1 (1 mM) and Apg2 (200 nM) and increasing Hsp70 (blue to red, 0 to 12 mM) fitted as a first-order

reaction with identical rates.

(B) High Hsp70 levels inhibit luciferase refolding. Plateau refolding yields were plotted against Hsp70 concentration (±SD of plateau), and data were fitted as

shown in the STAR Methods. Physiological levels of Hsp70 in different cell lines are shown in Table S1.

(C) Hsp90 rescues luciferase refolding at high Hsp70 levels. Titration of Hsp90 and Hop keeping molar ratio (2:1) at constant high Hsp70/Hdj1/Apg2 levels

(12:1:0.2 mM) (±SD of plateau).

(D) Normalized recovered binding of F-Dex to GR-LBD after thermal unfolding with chaperone components indicated (±SD).
quickly to Hsp90 (Phillips et al., 2007), these findings imply that

the Hsp90 ATPase is only relevant in the earliest phase on the

folding path. As the folding of luciferase continues for a further

30 min, this indicates that there is a short, initial period of chap-

erone action, after which folding of luciferase is independent of

the ATPase activity of Hsp90. As Hsp90 acts downstream of

Hsp70, this finding suggests that chaperoning is restricted to

the first few seconds of the folding path. The largest part is free

of ATP-dependent chaperone activity and thus chaperone-free.

The Mechanism Is Conserved across Species
To elucidate whether the interplay between the bacterial Hsp70

and Hsp90 systems is a conserved process, we repeated the

experiments with the human chaperones. We confirmed that,

assisted by the J-protein Hdj1 and the nucleotide exchange fac-

tor Apg2, human Hsp70 (HSPA1A) is able to refold luciferase

(Figure 3A) (Freeman and Morimoto, 1996; Rampelt et al.,

2012). We monitored luciferase refolding in the presence of

increasing concentrations of all three members of the Hsp70

system (Figures 3A and 3B). At 2 mM Hsp70, refolding of lucif-

erase was maximal (75%). Further increase of Hsp70 concen-

tration subsequently reduced refolding efficiency until basal re-

folding levels were reached at 12 mM Hsp70. Notably, the

concentration of Hsp70 in eukaryotic cells is around 18 mM (Gei-

ger et al., 2012; Stankiewicz et al., 2010) (Table S1). However,

addition of Hsp90 and the Hsp70-Hsp90 adaptor protein Hop

at high Hsp70 concentrations restored folding of luciferase in

a substoichiometric manner (Figure 3C). This indicates that

the function of Hsp90 chaperones to counter the Hsp70-in-

flicted folding block is conserved between bacteria and man.

Folding Rate Is Chaperone Independent
We wondered whether the chaperones affected the folding

rate of luciferase. In fact, the association rate of DnaK is much

higher than the folding rate of the client. The association rate

(kON) for peptides to DnaK in the ATP state is �106 M�1 s�1

(Mayer et al., 2000; Schmid et al., 1994), and the T1/2 for folding
548 Molecular Cell 70, 545–552, May 3, 2018
of luciferase with the DnaK system 6–8 min (�400 s). Thus, at

the concentrations of our assay, DnaK is constantly binding to

luciferase (�1 s�1 at the lowest concentration and 10 s�1 at

the highest). During folding, DnaK can re-bind luciferase multiple

times and presumably in different sites before it reaches the

native state, which at high DnaK concentration translates into

inhibition of the folding process. Therefore, we developed an

equation system (see STARMethods) to take the dynamic nature

and the fast and multiple binding of Hsp70 to the client into ac-

count and analyzed the luciferase refolding curves.

Remarkably, in all experiments, the folding rate of luciferase al-

ways followed first-order kinetics (averaged rates 5 ± 23 10�4 s�1

for 0–10 mM Hsp70 [Figure 2A] and 6 ± 4 3 10�4 s�1 for 0–8 mM

Hsp90 [Figure 2D]). First-order kinetics indicate that the reaction

dependson theconcentrationof the foldingprotein itself; however,

neither presencenor concentration of any chaperone tested in this

study significantly influenced the folding rate (Figures 1, 2, and 3).

We concluded that although the chaperones dramatically

improved the refolding yield, they did not change the refolding

rate and thus not the transition state on the folding path. This is

consistent with Anfinsen’s thermodynamic hypothesis for protein

folding (Anfinsen, 1973). Thus, neither Hsp70 nor Hsp90 actively

contribute to the folding process of luciferase. Therefore, the

Hsp70-Hsp90 cascade lacks foldase activity, despite being

required to generate high yields of refolded protein.

A key reason for Hsp70 to inhibit the folding of luciferase could

be multiple simultaneous binding events. This is consistent with

earlier findings that potential binding sites for Hsp70 exist on

average every 30–40 residues (R€udiger et al., 1997). Since an

average protein in E. coli has about 360 residues, and an average

eukaryotic protein has about 500 residues, these proteins have

on average 10–15 sites Hsp70 can bind. Our data are consistent

with several Hsp70 molecules binding simultaneously a single

client polypeptide chain (see Scheme 1, STAR Methods), as

had been shown bymolecular simulations andNMRexperiments

(Kellner et al., 2014, Rosenzweig et al., 2017). Since Hsp70 disso-

ciation is a stochastic and concentration-independent process,



whereas Hsp70 binding to the client is concentration dependent,

above a certain Hsp70 concentration, rebinding will occur at

higher rates than dissociation. Folding of the client, however,

would require all hydrophobic sites to be simultaneously avail-

able for the formation of the hydrophobic core. Thus, Hsp70 re-

binding may prevent folding of the protein. Notably, we could

fit the Hsp70-dependent folding block when assuming that up

to three Hsp70 may bind to the client, converting it into an irre-

versible state, e.g., when re-association of Hsp70 occurs at

higher rates than dissociation (Figures 1B and 3B).

Mechanism Is Client Independent
This ledus to testwhether themechanismsestablishedhereusing

luciferase could be confirmed for a classical Hsp90 in vivo and

in vitro client, the ligand binding domain of the glucocorticoid re-

ceptor (GR-LBD) (Kirschke et al., 2014; Lorenz et al., 2014; San-

chezet al., 1987). FoldingofGR-LBDcanbemonitoredbybinding

to a fluorescent-labeledhormonederivative (Kirschke et al., 2014;

Lorenz et al., 2014). After thermally unfolding GR-LBD, we moni-

tored refolding at permissive temperature in the presence of

Hsp70 and Hsp90. At a high concentration of Hsp70 (15 mM)

and in line with previous findings, Hsp90 (together with its co-

chaperone Hop) strictly controlled refolding (Kirschke et al.,

2014; Sanchez et al., 1987). At a low Hsp70 concentration

(5mM),however,Hsp90wasnotessential forGR-LBD folding (Fig-

ure 3D).We conclude that themechanistic interplay of Hsp70 and

Hsp90 is also valid for folding of this paradigmatic steroid hor-

mone receptor, which requires Hsp90 for maturation in the cell.

DISCUSSION

Here, we identify the key of the function of Hsp90 in protein

folding as resolving the Hsp70-imposed folding deadlock. This

block is intrinsically linked to the specificity of Hsp70 for core-

forming polypeptide segments. Hsp90 binding enables proteins

to complete the early nucleation phase and to re-start the stalled

folding trajectory, which ultimately leads to the native state. We

find this to be a conserved and general function generating an

Hsp70-Hsp90 cascade robust against fluctuations in chaperone

levels and co-chaperone ratios. Remarkably, neither Hsp70

nor Hsp90 alter the folding rate, despite dramatically increasing

the folding yield. Together, our findings suggest a molecular

mechanism throughwhich Hsp90 improves the folding efficiency

of the Hsp70 machine.

Evolution of Chaperoned Folding
Hsp90 can act downstream of Hsp70 (Genest et al., 2011, 2015;

Nakamoto et al., 2014; Pratt and Toft, 2003; Schumacher et al.,

1996; Wegele et al., 2006). The nature of this activity has been

elusive, as Hsp90 showed only minor effects on folding yields,

contrasting its essential function in maturation processes for

many regulatory proteins (Genest et al., 2011; Kirschke et al.,

2014; Pratt and Toft, 1997). As we show here, the presence of

Hsp90 ensures permanent high folding yields (Figure 2E), gener-

ating a machinery that is reliable even upon dramatic increase

in Hsp70 levels under heat shock conditions. We conclude

that there is no systematic difference between the functions of

Hsp90 in protein maturation and in folding.
The components of the Hsp70-Hsp90 cascade are conserved

in the cytosol from bacteria to man and are present in the main

folding organelles of higher eukaryotes (Johnson, 2012). Hsp70

and Hsp90 collaborate by direct interaction, further assisted by

the co-chaperone Hop in eukaryotes (Genest et al., 2015; Kra-

vats et al., 2018; Wegele et al., 2006; Alvira et al., 2014). This

cascade thus takes a major role in assisted protein folding

throughout all kingdoms of life. The function of Hsp90 in this

cascade is that of an optimizer, at least for such diverse clients

as heterologous luciferase and homologous GR.

Hsp90 is essential neither in E. coli nor in the ER or mitochon-

dria of eukaryotes (Johnson, 2012). We expect that proteins

may escape the Hsp70 deadlock in other ways, although this

is likely to be less efficient. We speculate that new supply of

nascent chains or unfolded protein under stress conditions

may contribute to break the Hsp70 deadlock in the absence

of Hsp90. Otherwise, Hsp70 may also be inactivated by, for

instance, oligomerization or posttranslational modification, like

BiP (the Hsp70 ER paralog) inactivation by AMPylation (Preissler

et al., 2017). The re-start activity of Hsp90 may be particularly

crucial for slow-folding, complex proteins, making this chap-

erone essential in the cytoplasm of higher eukaryotes as well

as in certain bacteria under heat stress (Honoré et al., 2017).

Protective Role of Hsp90
Hsp90 activity is particularly important for kinases in need of their

activator proteins and steroid hormone receptors requiring their li-

gands (HuseandKuriyan,2002;Schopfetal., 2017). Lacking these

factors, the intermediate speciesmight remainbound toHsp90 for

longer, in a folding-competent conformation. In that case, certain

co-chaperones might be needed to stall Hsp90 activity and main-

tain this folding-upon-activation state (Radli and R€udiger, 2017;

Sahasrabudhe et al., 2017). Such a stalled Hsp90-bound interme-

diate is seen in the structural model of Cdk4 in complex with

Hsp90-Cdc37 (Verba et al., 2016). This protective role explains

the increased foldingdependenceof disease-causingmutant pro-

teins on Hsp90 (Karras et al., 2017). In the case of particularly un-

stable kinases and transcription factors, Hsp90 is needed for the

stability of the mature protein (Xu et al., 2001). Hsp90 inhibition

causesdestabilizationandmisfoldingof theclient,whichmaysub-

sequently bind Hsp70 through their now-exposed hydrophobic

residues. The client then remains in the deadlock of Hsp70 chap-

erone cycles until co-chaperones like the ubiquitin ligase CHIP

bind to Hsp70 and target the client for proteasomal degradation

(Johnson and Toft, 1995; Stankiewicz et al., 2010; Xu et al., 2002).

Chaperoned Energy Landscape
Our data suggest that neither Hsp70 nor Hsp90 actively (re-)fold

the client. This is in line with previous observations that the

ATPase activity ofDnaK is required for an early unfolding reaction,

but not for subsequent folding (Sharma et al., 2010). Accordingly,

we show that folding kinetics are independent of the chaperone

concentration, implying that chaperone action takes place at an

early stage, in the formation of the protein nucleus, and that chap-

erone-free folding is the rate-limiting step of the reaction. Addi-

tionally, our data indicate that Hsp90 acts more quickly than the

inhibitor radicicol canbind (Figure 2F). Taken together, these find-

ings strongly suggest that theHsp70-Hsp90cascade acts prior to
Molecular Cell 70, 545–552, May 3, 2018 549



Figure 4. General Model for Chaperoned

Protein Folding

(A) Three-dimensional scheme for protein folding.

Energy landscape shows the effect of chaperones

in early stages. Ub, a misfolded intermediate, is

boosted by chaperones to a state that allows self-

evolution following a slow path toward the native

state.

(B) Time scheme indicating the action of the

Hsp70/Hsp90 cascade early on the folding path,

far ahead of the transition state.

(C) Chaperone-assisted folding mechanism.

Unfolded protein directly evolves into two states,

folding-competent Ua and aggregation/misfold-

ing-prone Ub, which binds to Hsp70. After release

from Hsp70, the protein can further evolve to Ua or

Ub. However, high Hsp70 levels inhibit the return

to the Ua/Ub junction. Hsp90 removes the Hsp70-

inflicted folding block, promoting progression

to the native state. Roman numbers indicate

the three modes proposed for protein folding

(I, spontaneous folding; II, Hsp70 cycling; III,

Hsp70-Hsp90 cascade). See also Figure S1.
the transition state of the client folding reaction. Based on the dis-

cussed facts,wepropose that theunfoldedclient (U), ensembleof

rapidly interconverting structures (Fersht and Daggett, 2002), can

evolve from its unstable state through two different ways: Ua, an

on-pathway intermediate that can eventually reach the native

state, and Ub, an off-pathway species prone to aggregation and

able to bind to chaperones. The task of the folding cascade is re-

positioning the folding client on the energy hypersurface such that

it can ultimately fold autonomously according to Anfinsen, inde-

pendent of chaperone action. A tridimensional illustration of this

concept is presented in Figure 4A, and the chronological pathway

is shown in Figure 4B.

Folding Scheme Hsp70-Hsp90 Cascade
Combining current knowledge with the findings presented here,

we propose a stop-start mechanism for cooperation of the

Hsp70-Hsp90 cascade in protein folding (Figure 4C): (I) Indepen-

dent from any chaperone, a fraction of the protein folds sponta-

neously; (II) in the presence of Hsp70 and absence of Hsp90,

the protein cycles on Hsp70, allowing the protein to re-enter

pathway I, a stepblockedbyexcessofHsp70; (III) in thepresence

of both Hsp70 and Hsp90, Hsp90 takes over from Hsp70, pro-

moting folding by breaking the deadlock of unproductive cycling.

Hsp90 provides a controlled restart of folding after Hsp70-assis-

ted recovery of the client from the folding trap. Therefore, it may

not be beneficial to continue repeated cycles of Hsp70 binding

and release in the presence of Hsp90, making pathway III more

efficient than pathway II. Involving Hsp90 in protein folding

may thus be evolutionarily beneficial. The general function of

Hsp90 in protein folding observed here is, we note, consistent

with Hsp90 action in hormone receptor activation (Kirschke

et al., 2014; Sanchez et al., 1987; Schowalter et al., 1991).

The function of Hsp70 is widely seen as foldase, notably a para-

digm that has been established for luciferase (Freeman and Mori-

moto, 1996; Schröder et al., 1993; Liman et al., 2005; Kermer et al.,

2015;Perales-Calvoetal., 2018).AlthoughHsp70activity is indeed
550 Molecular Cell 70, 545–552, May 3, 2018
required to ensure high refolding yields of luciferase, our results

show that at the molecular level, the Hsp70 system does not act

as foldase. Why is Hsp90 needed to restart folding of an Hsp70-

bound client? Given that the Hsp70 substrate binding pocket is

highly hydrophobic, whereas the Hsp90 substrate binding site is

much more hydrophilic (Karagöz and R€udiger, 2015), we suggest

that this gradient of decreasing hydrophobicity may be key in the

functioning of the Hsp70-Hsp90 cascade. The more polar Hsp90

surfacemay stimulate the client tocomplete formationof its hydro-

phobic core, which cannot form while bound to Hsp70. In fact, a

client can reach its native statewhile still bound toHsp90 (Kirschke

et al., 2014; Wegele et al., 2006). This may potentially be a wide-

spread chaperone mechanism. The E. coli chaperonin GroEL re-

cruits its substrate initially through a hydrophobic ring and, subse-

quent to capping by GroES, exposes the substrate protein to a

larger and more hydrophilic chamber promoting folding (Xu et al.,

1997). In an analogous way, Hsp90 would offer a more extended

and less hydrophobic binding surface after the highly hydrophobic

binding pocket of Hsp70 (Figure S1). Thus, exposure of the sub-

strate to decreasing hydrophobicity may have a crucial role for

client folding in general, particularly in the Hsp70-Hsp90 cascade.
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Kermer, P., Köhn, A., Schnieder, M., Lingor, P., B€ahr, M., Liman, J., and Dohm,

C.P. (2015). BAG1 is neuroprotective in in vivo and in vitro models of

Parkinson’s disease. J. Mol. Neurosci. 55, 587–595.

Kim, Y.E., Hipp, M.S., Bracher, A., Hayer-Hartl, M., and Hartl, F.U. (2013).

Molecular chaperone functions in protein folding and proteostasis. Annu.

Rev. Biochem. 82, 323–355.

Kirschke, E., Goswami, D., Southworth, D., Griffin, P.R., and Agard, D.A.

(2014). Glucocorticoid receptor function regulated by coordinated action of

the Hsp90 and Hsp70 chaperone cycles. Cell 157, 1685–1697.

Kityk, R., Vogel, M., Schlecht, R., Bukau, B., andMayer, M.P. (2015). Pathways

of allosteric regulation in Hsp70 chaperones. Nat. Commun. 6, 8308.

Kravats, A.N., Hoskins, J.R., Reidy, M., Johnson, J.L., Doyle, S.M., Genest, O.,

Masison, D.C., and Wickner, S. (2018). Functional and physical interaction be-

tween yeast Hsp90 and Hsp70. Proc. Natl. Acad. Sci. USA 115, E2210–E2219.
Molecular Cell 70, 545–552, May 3, 2018 551

https://doi.org/10.1016/j.molcel.2018.03.028
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref1
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref1
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref1
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref1
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref2
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref2
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref2
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref3
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref3
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref4
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref4
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref4
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref5
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref5
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref5
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref6
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref6
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref7
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref7
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref8
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref9
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref9
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref10
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref10
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref10
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref11
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref11
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref11
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref12
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref12
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref12
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref12
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref13
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref13
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref13
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref14
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref14
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref14
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref15
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref15
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref15
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref16
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref16
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref16
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref16
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref17
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref17
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref18
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref18
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref19
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref19
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref20
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref20
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref20
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref21
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref21
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref22
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref22
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref23
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref23
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref23
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref24
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref24
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref24
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref24
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref25
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref25
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref25
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref26
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref26
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref26
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref26
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref27
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref27
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref27
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref27
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref28
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref28
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref28
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref29
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref29
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref29
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref30
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref30
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref31
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref31
http://refhub.elsevier.com/S1097-2765(18)30231-4/sref31


Krukenberg, K.A., Street, T.O., Lavery, L.A., and Agard, D.A. (2011).

Conformational dynamics of the molecular chaperone Hsp90. Q. Rev.

Biophys. 44, 229–255.

Laufen, T., Mayer, M.P., Beisel, C., Klostermeier, D., Mogk, A., Reinstein, J.,

and Bukau, B. (1999). Mechanism of regulation of hsp70 chaperones by

DnaJ cochaperones. Proc. Natl. Acad. Sci. USA 96, 5452–5457.

Li, J., Soroka, J., and Buchner, J. (2012). The Hsp90 chaperone machinery:

conformational dynamics and regulation by co-chaperones. Biochim.

Biophys. Acta 1823, 624–635.

Liman, J.,Ganesan,S.,Dohm,C.P., Krajewski,S.,Reed, J.C.,B€ahr,M.,Wouters,

F.S., and Kermer, P. (2005). Interaction of BAG1 and Hsp70 mediates neuropro-

tectivity and increases chaperone activity. Mol. Cell. Biol. 25, 3715–3725.

Lorenz, O.R., Freiburger, L., Rutz, D.A., Krause, M., Zierer, B.K., Alvira, S.,
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pZE2-PzI-1(grpE) received from Bernd Bukau N/A
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pCA528-hshsp90b Nguyen et al., 2017 N/A

pCA528-DNAJB1 Nguyen et al., 2017 N/A

pCA528-ydj1 Nguyen et al., 2017 N/A

pCA528-HSPA4 Rampelt et al., 2012 N/A

pMAL-c2E-GRLBD-F602S Nguyen et al., 2017 N/A

pCA528-HOP Nguyen et al., 2017 N/A

Software and Algorithms
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METHOD DETAILS

Protein Purification
E. coli DnaK was purified according to a published procedure (Kityk et al., 2015). Briefly, DnaK was purified as native protein with

an N-terminal His6-Smt3-tag after overproduction in DdnaK52 cells (BB1994). Cell pellets were resuspended in lysis buffer
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(20mMTris/HCl pH 7.9, 100mMKCl, 1mMPMSF), subjected to lysis bymicrofluidizer EmulsiFlex C5 (Avestin, Ottawa, Canada), and

afterward applied onto a column with Ni-IDA resin (Macherey-Nagel, D€uren, Germany). Subsequently, the column was washed with

20 CV of lysis buffer and 10 CV of ATP buffer (20 mM Tris/HCl pH 7.9, 100 mM KCl, 5mMMgCl2, 5 mM ATP), and 2 CV of lysis buffer.

Proteins were eluted with elution buffer (20 mM Tris/HCl pH 7.9, 100 mM KCl, 250 mM imidazol). To remove the His6-Smt3 tag from

DnaK, the protein was treated with Ulp1 protease. After cleavage and dialysis into lysis buffer, the protein mixture was subjected

again to a Ni-IDA column and the flow-through fraction containing tag-free DnaK was collected. Subsequently, DnaK was bound

to an anion exchange column (Resource Q, GE Healthcare) equilibrated in low salt buffer (40 mM HEPES/KOH pH 7.6, 100 mM

KCl, 5 mM MgCl2). DnaK was eluted with a linear KCl gradient (0.1–1 M) within 10 CV.

E. coli DnaJ was purified according to a published procedure (Graf et al., 2009). Briefly, DnaJ was purified as native protein after

overproduction in the E. coli strainW3110. Cell pellets were resuspended in lysis buffer (50mMTris/HCl pH 8, 10mMDTT, 0.6% (w/v)

Brij 58, 1 mM PMSF, 0.8 g/l Lysozyme) and lysed by microfluidizer EmulsiFlex-C5. Cell debris was removed by centrifugation at

20,000 g for 30 min. One volume of buffer A (50 mM sodium phosphate buffer pH 7, 5 mM DTT, 1 mM EDTA, 0.1% (w/v) Brij 58)

was added to the supernatant and DnaJ was precipitated by addition of (NH4)2SO4 to a final concentration of 65% (w/v). After centri-

fugation (15,000 g, 30 min), the ammonium sulfate pellet was dissolved in 220 mL buffer B (50 mM sodium phosphate buffer pH 7,

5 mM DTT, 1 mM EDTA, 0.1% (w/v) Brij 58, 2 M Urea) and dialysed against the 5 L buffer B. Subsequently, DnaJ was loaded onto a

cation exchange column (SP-Sepharose, equilibratedwith buffer B), washedwith buffer B and elutedwith a 15CV long linear gradient

of 0 to 666 mM KCl. DnaJ containing fractions were pooled and dialysed against 5 l buffer C (50 mM Tris/HCl, pH 7.5, 2 M urea,

0.1% (w/v) Brij 58, 5 mM DTT, 50 mM KCl). Afterward the sample was loaded onto a hydroxyapatite column equilibrated in

buffer C. The column was first washed with 1 CV buffer C supplemented with 1 M KCl, and then with 2 CV of buffer C. DnaJ was

eluted with a linear gradient (0%–50%, 1 CV) of buffer D (50 mM Tris/HCl, pH 7.5, 2 M urea, 0.1% (w/v) Brij 58, 5 mM DTT,

50 mM KCl, 600 mM KH2PO4) and 2 CV of 50% buffer D. The DnaJ containing fractions were pooled and dialysed against 2 L

buffer E (50 mM Tris/HCl, pH 7.7, 100 mM KCl).

E. coli GrpE was purified as described before (Schönfeld et al., 1995). Briefly, GrpE was purified after overproduction in DdnaK52

cells (BB1994). Upon expression, cell pellets were resuspended in lysis buffer (Tris/HCl 50 mM, pH 7.5, 100 mM KCl, 3 mM EDTA,

1 mM PMSF) and lysed using a microfluidizer EmulsiFlex-C5. The lysate was clarified by centrifugation (18,000 g, 50 min). To the

cleared lysate, ammonium sulfate (0.35 g/ml) was added, and insoluble proteins were separated from soluble by centrifugation

(10,000 g, 20 min). The pellet was dissolved in 200 mL buffer A (50 mM Tris/HCl pH 7.5, 100 mM KCl, 1 mM DTT, 1 mM EDTA,

10%glycerol) and dialysed twice against the same buffer (3 l, 4 h). Subsequently, protein was loaded onto an anion exchange column

(HiTrap Q XL; GE Healthcare) equilibrated with buffer A and GrpE was eluted using a linear gradient of buffer B (50 mM Tris/HCl

pH 7.5, 1 M KCl, 1 mM DTT, 1 mM EDTA, 10% glycerol). Fractions containing the protein were dialyzed against buffer C (10 mM

KxHyPO4 pH 6.8, 1 mM DTT, 10% glycerol). On the following day the protein was loaded onto a Superdex 200 (GE Healthcare)

gel filtration column equilibrated in buffer A, and concentrated using HiTrap Q XL with a steep gradient.

E. coli HtpG was purified as a native protein after overproduction in MC1061 cells induced by L-arabinose. Upon expression, cell

pellets were resuspended in lysis buffer (25 mM KxHyPO4 pH 7.2, protease inhibitor (cOmplete, EDTA free, Roche) and 5 mM b-mer-

captoethanol). The cells were lysed by microfluidizer EmulsiFlex-C5 and the lysate was clarified by centrifugation (20,000 g, 40 min).

The cleared lysate was loaded onto a Nickel column (Poros 20MC) and eluted with elution buffer (25 mM KxHyPO4 pH 8, 400 mM

NaCl, 500 mM imidazole, 5 mM b-mercaptoethanol). Eluted fractions were diluted in lysis buffer and loaded onto an anion exchange

column (HiTrap Q XL). From this column, the protein was eluted using high salt buffer (50 mM KxHyPO4 pH 7.2, 1 M KCl, 1 mM

b-mercaptoethanol, 1 mM EDTA, 10% glycerol).

Human Hdj1 (DNJB1) was cloned and purified as a His6-SUMO fusion as previously described (Malakhov et al., 2004) using buffer

(40 mM HEPES/KOH pH 7.6, 150 mM KCl, 5 mM MgCl2, 5% glycerol, 10 mM b-mercaptoethanol) and Ni-IDA material.

Human Hsp90a was expressed and purified as described earlier (Nguyen et al., 2017). Briefly, Hsp90a was expressed from the

bacterial expression vector pCA528 (Andréasson et al., 2008) as fusion proteins with an N-terminal His6-Smt3 tag in the E. coli strain

BL21(DE3) Star/pCodonPlus (Invitrogen). After expression, cells were resuspended in lysis buffer (40 mM HEPES/KOH pH 7.5,

100 mM KCl, 5 mM MgCl2, 10% glycerol, 4 mM b-mercaptoethanol, 5 mM PMSF, 1 mM Pepstatin A, 1 mM Leupeptin, and 1 mM

Aprotinin) and lysed by a microfluidizer EmulsiFlex-C5. The lysate was clarified by centrifugation and incubated with Ni-IDA matrix.

Thematrix was loaded onto a column andwashedwith lysis buffer (without protease inhibitors) and eluted with lysis buffer containing

250 mM imidazole. Ulp1 was added to the eluted protein and the mixture was dialysed overnight against lysis buffer containing

20 mM KCl. The dialyzed protein was subjected to reverse Ni-IDA, followed by anion-exchange chromatography (ResourceQ; GE

healthcare) with a linear gradient of 0.02-1 M KCl. Fractions of eluted Hsp90 were subjected to size exclusion chromatography on

Superdex 200 in storage buffer (40 mMHEPES/KOH pH 7.5, 50 mMKCl, 5 mMMgCl2, 10% glycerol, and 4mM b-mercaptoethanol).

Human Hsp70 (gene name: HSPA1A; UniProt code: P0DMV8) was purified as native protein as an N-terminal His6-Smt3 fusion

after overproduction in BL21 (DE3) Rosetta cells. After harvesting by centrifugation, pelleted cells were resuspended in lysis buffer

(20 mM Tris/HCl pH 7.9, 100 mM KCl, 1 mM PMSF) and lysed using microfluidizer EmusiFlex C5. The lysate was clarified by centri-

fugation (20,000 g, 50 min) and the supernatant wasmixed with Ni-IDA beads and incubated for 15 min at 4�C. The lysate with beads

was then poured into a column and was washed with 20 CV of lysis buffer (without PMSF), 20 CV of high salt buffer (20 mM Tris/HCl

pH 7.9, 1 M KCl) and again with 2 CV of lysis buffer. The column was then slowly washed with 10 CV of ATP-buffer (40 mM Tris/HCl

pH 7.9, 100 mM KCl, 5 mMMgCl2, 5 mM ATP) to elute bound substrates. Hsp70 was eluted with twice 1 CV of elution buffer (40 mM
e2 Molecular Cell 70, 545–552.e1–e9, May 3, 2018



Tris/HCl pH 7.9, 100 mM KCl, 250 mM imidazole) and Ulp1 was added to the elution and dialyzed overnight against dialysis buffer

(40 mM HEPES-KOH pH 7.6, 10 mM KCl, 5 mM MgCl2). The dialysed sample was then loaded on Ni-IDA material, flow-through

containing Hsp70 was collected and loaded onto a Resource Q anion exchange column. Hsp70 was eluted with a linear gradient

of AEX elution buffer (40 mM HEPES/KOH pH 7.6, 1 M KCl, 5 mM MgCl2, 10 mM b-mercaptoethanol, 5% glycerol) and dialysed

against storage buffer (40 mM HEPES/KOH pH 7.6, 50 mM KCl, 5 mM MgCl2, 10 mM b-mercaptoethanol, 10% glycerol).

Hop and Apg2 were purified as native proteins both as an N-terminal His6-Smt3 fusion after overproduction in BL21 (DE3) Rosetta

cells (Merck KGaA, Darmstadt, Germany). Upon expression, the cell pellets were resuspended in lysis buffer (40 mM Tris/HCl pH 7.9,

100mMKCl, 5mMATP, 8mg/l Pepstatin, 10 mg/ml Aprotinin, 5mg/l Leupeptin). The cells were lysed bymicrofluidizer EmulsiFlex C5.

The lysate was clarified by centrifugation (20,000 g, 40 min). After addition of Ni-IDA resin, the cleared lysate was incubated for

20 min, and then washed with 20 CV wash buffer (40 mM Tris/HCl pH 7.9, 100 mM KCl, 5 mM ATP) followed by elution with elution

buffer (40 mM Tris/HCl pH 7.9, 100 mM KCl, 300 mM imidazole). Subsequently, buffer exchange was performed on a HiPrep 26/10

Desalting Column (GE Healthcare) equilibrated in the desalting buffer (20 mM Tris/HCl pH 7.9, 100 mM KCl, 10% glycerol). Upon

buffer exchange, to remove the His-Smt3-tag, the protein was incubated overnight at 4�C with Ulp1 protease in the presence of

5 mM ATP. On the following day the protein was loaded onto a HiLoad 16/600 Superdex 200 Column equilibrated in gel filtration

buffer (40 mMHEPES/KOH pH 7.6, 10 mMKCl, 5 mMMgCl2, 10% glycerol). Protein containing fractions were pooled and subjected

to anion-exchange chromatography on Resource Q column (GE Healthcare) for Apg2, and POROS 20HQ column (Thermo Fisher

Scientific) in the case of Hop, both equilibrated with gel filtration buffer. In both cases the protein was eluted with linear KCl gradient

(0.01–1 M) within 10 CV.

Photinus pyralis Firefly luciferase was purified according to previously described procedures (Rampelt et al., 2012). Briefly, firefly

luciferase was expressed in XL10 Gold strain (Stratagene, US). Cells containing the expression plasmid were grown at 37�C until

OD600 = 0.5 was reached, at which point the temperature was lowered to 20�C. After 45 min shaking at 20�C, cells were induced

with IPTG overnight. After harvesting by centrifugation, pellets were resuspended in precooled lysis buffer (50 mM NaxHyPO4

pH 8.0, 300mMNaCl, 10mM b-mercaptoethanol, protease inhibitors (cOmplete, EDTA free, Roche) DNase10 mg/ml) and lysed using

a microfluidizer EmulsiFlex-C5. The lysate was cleared and incubated with Ni-IDA resin for 30 min. Subsequently, the lysate-

protino mixture was loaded onto a column and washed with 10 CV of lysis buffer, 10 CV of wash buffer (50 mM NaxHyPO4

pH 8.0, 300 mM NaCl and 10 mM b-mercaptoethanol) and eluted by addition of elution buffer (50 mM NaxHyPO4 pH 8.0, 300 mM

NaCl, 250 mM Imidazole, 5 mM b-mercaptoethanol) collecting 1-2 mL fractions. Luciferase was dialyzed overnight using dialysis

buffer (50 mM NaxHyPO4 pH 8.0, 300 mM NaCl and 10 mM b-mercaptoethanol, 10% glycerol). All data points were pipetted in trip-

licates and the experiments were reproduced with different luciferase batches.

Saccharomyces cerevisiae Ydj1 was overproduced as native protein in E. coli from an IPTG-inducible expression plasmid. After

addition of IPTG, cells were grown for additional 5 h. Cells were harvested by centrifugation, washed twicewith H2O and resuspended

in a minimal volume of 1x lysis buffer (10x lysis buffer: 180 mM Spermidin/HCl pH 7.6, 1 M (NH4)2SO4, 50 mM DTT, 5 mM EDTA) in

buffer A (50 mM Tris/HCl, pH 7.6, 10% (w/w) saccharose, 1 mM PMSF). Cells were disrupted in a microfluidizer EmulsiFlex-C5 and

cell debris removed by centrifugation. (NH4)2SO4 was added to the clarified lysate to a saturation of 85% over a 30-min period and

stirring was continued for an additional 30 min at 4�C. Ydj1 was separated from precipitated proteins by centrifugation (20 min;

15,000 g) and dialyzed overnight against Ydj1 buffer (HEPES/KOH 40mM pH 7.6, 150 mM KCl, 1 mMDTT, 5% glycerol). The protein

was then loaded onto an anion exchange column (DEAE-Sepharose), washed with Ydj1 buffer and eluted with a linear gradient of

0-800 mM KCl over 3 CV. The fractions containing Ydj1 were collected, concentrated and loaded onto a Superdex 200 and subse-

quently loaded onto a ResourceQ column for further purification and concentration. Ydj1 was stored in Ydj1 buffer.

For purification of human GR-LBD (glucocorticoid receptor ligand-binding domain), the protocol previously described (Nguyen

et al., 2017) was followed. Briefly, the GR-LBD fragment (residues 521-777 of human glucocorticoid receptor) with an F602S amino

acid exchange was produced as fusion to the maltose binding protein (MBP) in BL21(DE3) Star Rosetta. Cells containing the expres-

sion plasmid were grown at 37�C until OD600 = 0.8 was reached. Dexamethasone was then added to a final concentration of 250 mM

and cells were inducedwith 0.5mM IPTG at 18�Covernight. Cells were lysed using amicrofluidizer EmulsiFlex-C5 inMBP-lysis buffer

(50 mM Tris HCl pH 8.3, 300 mM KCl, 5 mM MgCl2, 0.04% CHAPS, 1 mM EDTA, 10% glycerol, 50 mM dexamethasone, 5 mM

b-mercaptoethanol) with protease inhibitor cOmplete tablets (Roche) and purified using an amylose resin (NEB, E8021S) following

the manufacturer protocol with 50 mM dexamethasone addition to every buffer. To remove dexamethasone the eluted protein

was dialysed in 2 l MBP-lysis buffer (without dexamethasone) four times, each at least 2 h. Protein was freshly purified before use.

Luciferase Refolding Assay
For refolding by the bacterial Hsp70 system, firefly luciferase (10 mM) was chemically denatured by incubation in unfolding buffer (5 M

GdmCl, 30 mM Tris/acetate pH 7.5) for 10 min at 22�C. For refolding, luciferase was diluted 125-fold into refolding buffer (25 mM

HEPES/KOH pH 7.6, 100 mM KOAc, 10 mM Mg(OAc)2, 2 mM ATP, 5 mM DTT) (80 nM final luciferase concentration), containing

the specified chaperone concentrations and incubated at 30�C. Luciferase activity was determined by photon counting in a Lumat

LB 9507 luminometer (Berthold Technologies) by transferring 1 mL of sample to 124 mL of assay buffer (100 mM K-phosphate buffer

pH 7.6, 25 mM Glycylglycine, 100 mM KOAc, 15 mM Mg(OAc)2, 5 mM ATP) at the indicated time points and mixing with 125 mL of

80 mM luciferin injected by the instrument right before each measurement. Luminescence was measured for 5 s.
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For the human system, 80 nM firefly luciferase in refolding buffer containing the indicated amounts of chaperones was

heat-denatured at 42�C for 10 min. At the indicated time points, 1 mL sample was diluted into 124 mL of assay buffer and

measured as described for the bacterial system. Refolding yields were normalized based on the activity of non-denatured

luciferase.

Our initial conditions (before titration) compare with the previous conditions used in literature in the following way:
Source [Luciferase] (nM) [DnaK] (mM) Ratio (DnaK/DnaJ/GrpE)

This paper 80 0.8 10:2:5

Bischofberger et al., 2003 100 1.0 10:1:5

Sharma et al., 2010 100 1.0 10:1:5

Kityk et al., 2015 80 0.8 10:2:5

Genest et al., 2011 80 0.75 10:2:0.7

Buchberger et al., 1996 80 1.2 10:1:5
Luciferase Data Fitting
All data fitting was performed in GraphPad Prism 6.0 (GraphPad software, La Jolla CA, USA). Refolding kinetics (Figures 1B, 2A, and

3A) were fittedwith a single exponential equation y = ymax,ð1� e�k,tÞ individually. Since no statistical differences were found between

the rates for the different Hsp70 concentrations, the data were also globally fitted using a single (shared) rate constant k but

different ymax.

Reaction rates k and their standard error from the fit of data in Figures 1B, 2A, and 3A to a one phase association equation.
k (s�1) ±SEM

Figure 1B 0.093 0.004

Figure 2A 0.115 0.006

Figure 3A 0.033 0..002
For each concentration, the percentage of refolded luciferase at the plateau were extrapolated from the fits and standard error of

the fit for the plateau were calculated:

Plateau values and their standard error from the fit of data in Figures 1B, 2A, and 3A.

To fit the refolding yield versus Hsp70 concentration data (Figures 1C, 3B) we derived an equation from a chemical reaction

scheme shown in detail in the next methods section (Equation System):
Figure 1B

[DnaK] mM ymax (% refolded) ±SEM

0 7.35 0.27

0.8 59.66 1.51

1 64.26 1.42

1.5 71.77 1.11

2 83.49 1.79

4 59.28 1.21

6 36.14 0.81

8 23.67 0.42

10 10.79 0.26
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Figure 2A

[DnaK] mM ymax (% refolded) ±SEM

0 1.01 0.03

0.8 35.73 1.38

1 40.88 0.99

1.5 50.49 1.09

2 77.80 1.53

4 89.14 3.75

7 52.53 1,58

8 13.78 0.77

10 8.18 0.71

Figure 3A

[Hsp70] mM ymax (% refolded) ±SEM

0 14.36 0.29

1 66.04 2.34

2 83.41 2.36

4 61.09 1.08

8 33.36 1.45

12 13.50 1.09
An =

 
kfK2½H� � ka½H�3

K1K2 +K2½H�+ ½H�2 + rs

!
½Cd�0

ðrn + rsÞ ð1Þ

With An, % refolding yield; kf, actual folding rates (s�1); ka, actual rate for the conversion of the client into the non-refoldable

state; [H], Hsp70 concentration (mM); K1, dissociation equilibrium constant for the Hsp70-client complex (mM); K2, dissociation

equilibrium constant for the Hsp70-client-Hsp70 complex (mM); [Cd], relative concentration of the denatured protein at time point

0 ( = 100%); rn, observed refolding rate (s�1); rs, apparent rate of the side reaction to the non-refoldable state of the client. A stable

result was obtained when assuming that the numerical value for ka and rs are identical.

Values of the parameters of the derived equation used in Figures 1C and 3B.
Figure 1C Figure 3B

[Cd]0 (%) 100.0 100.0

rn (s
�1) 0.093 0.033

kf (s
�1) 0.727 0.157

K1 (mM) 9.231 4.805

K2 (mM) 0.462 0.879

rs (s
�1) 0.003 0.001

ka (s
�1) 0.003 0.001

correlation r2 0.986 0.958
Equation (1) assumes Hsp70 concentration as constant since it is in large excess over the client. In the situation of Figure 2B, not

only Hsp70 concentration changes but its co-chaperones are titrated up aswell. DnaJwas shown to bind as a client to DnaKwhen no

other clients are present or, presumably, when in large excess over the client (Laufen et al., 1999). That translates in a more complex

situation that could not be described by the same equation. In this case, a dotted line was used to guide the eye.

For the Hsp90 titrations, % refolding versus time data were fitted to a single exponential equation as described for the Hsp70

experiments with a shared rate k (graphs not shown). Refolding versus [Hsp90] was fitted to a single exponential equation with

association constant K (mM�1) (Figures 1D, 2D, 3C).
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% Refolding=%Ref0 + ðPlateau �%Ref0Þ �
�
1� e�K�½Hsp90��

Values of the parameters of the single exponential equation used to fit data in Figures 1D, 2D, 2F, and 3C (Hsp90 titration

experiments).
Figure 1D Figure 2D Figure 2F Figure 3C

Plateau (% refolded) 80.37 87.60 72.36 91.08

K (mM�1) 6.905 3.020 2.080 0.8803

correlation r2 0.9626 0.9863 0.9325 0.9040
Equation System
Analysis of the refolding yield of denatured luciferase in the presence of excess Hsp70: Scheme 1 illustrates the simplest version of

the refolding reaction that is able to explain our observations. The denatured client (Cd) interacts with Hsp70 (H) to form the

Hsp70$client (HCd) complex. The Hsp70$client complex can dissociate, and the client refold into the native state (Cn) with the

rate constant kf. At high concentrations of Hsp70 the Hsp70$client complex could react with a second Hsp70 molecule to give

the trimeric complex Hsp70$client$Hsp70 (H2Cd). This complex could associate with a third Hsp70 molecule with reaction rate ka
to give a client state (H3Cd*) that is inactive and not readily refolded. At high concentrations of Hsp70, a side reaction of the denature

client to aggregates is unlikely and therefore neglected. For simplification, the reactions of the co-chaperones, J-domain protein and

the nucleotide exchange factor, were disregarded.

C , denatured client; C *, denatured client that is not readily refolded; C , native active client; H, Hsp70; K , dissociation equilibrium
d d
 n 1

constant for association of Hsp70with client; K2, dissociation equilibriumconstant for association of a secondHsp70moleculewith the

client; kf, folding rate constant; ka, rate for the conversion of the client into a not readily refoldable conformation. Under the conditions

of the experiments native client remains native. The reaction to the native state is essentially irreversible. The reaction to the H3Cd*

conformation is modeled for simplicity also as irreversible reaction. Changing this reaction into a reversible reaction will not lead to a

decrease infinal yieldof nativeproteinwith increasingHsp70concentrationsasobserved inour experimentsbut toadecrease in folding

rates.TheH3Cd* state ismost likelyaheterogeneousunfoldedstatewithseveralHsp70proteinsboundwherebyanyHsp70dissociating

is immediately replaced by another Hsp70 associating with this state creating a practically irreversible situation.

From the chemical equation follows for the equilibrium constants:

K1 =
½H�½Cd�
½HCd� 5½HCd�= ½H�½Cd�

K1

(1)
K2 =
½HCd�½H�
½H2Cd� 5½H2Cd�= ½HCd�½H�

K2

=
½Cd�½H�2
K1K2

(2)

Since Hsp70 is in large excess over client, its concentration remains roughly constant during the reaction and is equal to the

concentration added at the beginning.

½H�z½H�0 = const:

The concentration of the denatured client is equal to the concentration added at the beginning ([Cd]0) minus the concentrations of

native and Hsp70 containing client complexes.

½Cd�= ½Cd�0 � ½HCd� � ½H2Cd� �
�
H3C

�
d

�� ½Cn� (3)

With (1) and (2):

½Cd�+ ½H�
K1

½Cd�+ ½H�2
K1K2

½Cd�= ½Cd�0 �
�
H3C

�
d

�� ½Cn�
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½Cd�=
½Cd�0 �

�
H3C

�
d

�� ½Cn�

1+
½H�
K1

+
½H�2
K1K2

(4)

The regain in client activity depends on the refolding rate of the client and the concentration of the Hsp70$client complex:

d½Cn�
dt

= kf,½HCd�= kf,
½H�½Cd�
K1
d½Cn�
dt

= kf,
½H��½Cd�0 �

�
H3C

�
d

�� ½Cn�
�

K1

�
1+

½H�
K1

+
½H�2
K1K2

! = kf,
K2½H�

�½Cd�0 �
�
H3C

�
d

�� ½Cn�
�

K1K2 +K2½H�+ ½H�2
k
0
f : =

kfK2½H�
K1K2 +K2½H�+ ½H�2 (5)
d½Cn�
dt

= k
0
f ½Cd�0 � k

0
f

�
H3C

�
d

�� k
0
f ½Cn�
d½Cn�
dt

+ k
0
f ½Cn�+ k

0
f

�
H3C

�
d

�� k
0
f ½Cd�0= 0 (6)

The formation of the (Hsp70)3-client complex depends on the concentration of Hsp70 and of the (Hsp70)2-client complex:

d
�
H3C

�
d

�
dt

= ka,½H2Cd�½H�= ka,
½Cd�½H�3
K1K2
d
�
H3C

�
d

�
dt

= ka,
½H�3
K1K2

,
½Cd�0 �

�
H3C

�
d

�� ½Cn�

1+
½H�
K1

+
½H�2
K1K2

= ka,½H�3,
½Cd�0 �

�
H3C

�
d

�� ½Cn�
K1K2 +K2½H�+ ½H�2
k
0
a : =

ka½H�3
K1K2 +K2½H�+ ½H�2 (7)
d
�
H3C

�
d

�
dt

= k
0
a½Cd�0 � k

0
a

�
H3C

�
d

�� k
0
a½Cn�
d
�
H3C

�
d

�
dt

+ k
0
a½Cn�+ k

0
a

�
H3C

�
d

�� k
0
a½Cd�0= 0 (8)

Equation (6) minus (8) yields:

d½Cn�
dt

� d
�
H3C

�
d

�
dt

+ ðk0 f � k
0
aÞ½Cn�+ ðk0 f � k

0
aÞ
�
H3C

�
d

�� ðk0 f � k
0
aÞ½Cd�0= 0 (9)

A general solution for this type of differential equation is:

½Cn�=An

�
1� e�rnt

�
(10)
�
H3C

�
d

�
=AS

�
1� e�rSt

�
(11)
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with An and rn are equal to yield and apparent rate of the refolding reaction and As and rs are equal to the yield and apparent rate of

the side reaction to the not refoldable state H3Cd* of the client.

d½Cn�
dt

=Anrne
�rnt (12)
d
�
H3C

�
d

�
dt

=ASrSe
�rSt (13)

Inserting Equations (10) to (13) into (9):

Anrne
�rnt � ASrSe

�rSt + ðk0 f � k
0
aÞAn

�
1� e�rnt

�
+ ðk0 f � k

0
aÞAS

�
1� e�rSt

�� ðk0 f � k
0
aÞ½Cd�0= 0 (14)

At the beginning of the reaction no native and no (Hsp70)3-client complex is present:

For : t = 00½Cn�= 0;
�
H3C

�
d

�
= 0; e0 = 1

Anrn � ASrS � ðk0 f � k
0
aÞ½Cd�0= 0

Anrn � ASrS = ðk0 f � k
0
aÞ½Cd�0 (15)

At the end of the reaction all client proteins are either converted into the native state or into the not refoldable state.

For : t/N0½Cn�+
�
H3C

�
d

�
= ½Cd�00½Cd�0=An

�
1� e�rnN

�
+AS

�
1� e�rSN

�
=An +AS
AS = ½Cd�0 � An (16)

Since we directly measure the activity of the native client, which is proportional to its amount, we eliminate As from Equation (15)

using (16) and solve the equation to yield An:

Anrn � ½Cd�0rs +Anrs = ðk0 f � k
0
aÞ½Cd�0

Anðrn + rsÞ= ðk0 f � k
0
a + rsÞ½Cd�0

An =
ðk0 f � k

0
a + rsÞ½Cd�0

ðrn + rsÞ (17)

With Equations (5) and (7) we get:

An =

 
kfK2½H�

K1K2 +K2½H�+ ½H�2 �
ka½H�3

K1K2 +K2½H�+ ½H�2 + rs

!
½Cd�0

ðrn + rsÞ
An =

 
kfK2½H� � ka½H�3

K1K2 +K2½H�+ ½H�2 + rs

!
½Cd�0

ðrn + rsÞ (18)

Equation (18) was used to fit the yield of luciferase refolding at different Hsp70 concentrations. To reduce the number of parameters

during the nonlinear fitting procedure and because the apparent refolding rates were equal at all Hsp70 concentrations, we deter-

mined rn from the refolding kinetics by global fitting of all data and used it as a constant in the fit of the yield data. While fitting these

data we found that a stable result was obtained when assuming that the numerical value for ka and rs are identical.

GR-LBD Fluorescence Polarization Assay
Fluorescence polarization of fluorescein-labeled dexamethasone (F-Dex) was measured in a plate reader (CLARIOStar, BMG Lab-

tech) with excitation/emission wavelengths of 485/538 nm using a 384-well black flat-bottom microplate (Corning). GR-LBD (2 mM)

was denatured at 42�C for 10minutes in Tris-HCl buffer pH 8.3, 300mMKCl, 5mM b-mercaptoethanol, 5mMMgCl2 and 2mMATP in
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the absence or presence of 15 mM Hsp70 and 2 mM Ydj1. After denaturation in the indicated samples, 15 mM Apg2, 10 mM Hsp90,

5 mM Hop were added. F-Dex was added to a final concentration of 20 nM and ligand association was monitored measuring fluo-

rescence polarization over time until plateau was reached. Control samples of GR-LBD alone were prepared with matching volumes

of the chaperones storage buffer. Data was normalized to 100% and 0% binding of F-Dex considering the folded and unfolded

GR-LBD samples, respectively. GraphPad Prism 6.0 was used to plot the data.

QUANTIFICATION AND STATISTICAL ANALYSIS

All biochemical assays were performed at least 3 times independently. Data were analyzed with GraphPad Prism 6.0 (GraphPad

Software).
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