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In all organisms studied, elevated temperatures induce the expression of a variety of stress proteins,
among them small Hsps (sHsp). sHsps are chaperones
that prevent the unspecific aggregation of proteins by
forming stable complexes with unfolded polypeptides.
Reactivation of captured proteins requires the assistance of other ATP-dependent chaperones. How sHsps
and ATP-dependent chaperones work together is poorly
understood. Here, we analyzed the interplay of chaperones present in the cytosol of Saccharomyces cerevisiae.
Specifically, we characterized the influence of Hsp104
and Ssa1 on the disassembly of Hsp26䡠substrate complexes in vitro and in vivo. We show that recovery of
proteins from aggregates in the cell requires the chaperones to work together with defined but overlapping
functions. During reactivation, proteins are transferred
from a stable complex with Hsp26 to Hsp104 and Hsp70.
The need for ATP-dependent chaperones depends on the
type of sHsp䡠substrate complex. Although Ssa1 is able to
release substrate proteins from soluble Hsp26䡠substrate
complexes, Hsp104 is essential to dissociate substrate
proteins from aggregates with incorporated sHsps. Our
results are consistent with a model of several interrelated defense lines against protein aggregation.

sHsps1 are potent and efficient chaperones that selectively
bind non-native proteins in large quantities per oligomeric
sHsp complex (1, 2). However, in general, no spontaneous release of bound substrate has been observed. For ␣-crystallin, it
was suggested that irreversible binding of other lens crystallins, which might occur in the aging lens, prevents aggregation
and light scattering (3– 6). In the living cell however, it seems
counterproductive to entertain a chaperone system that traps
non-native proteins without allowing reactivation once a stress
period is over. A first hint that sHsp䡠substrate complexes are
not dead-end products but productive intermediates was the
discovery that a non-native protein is bound by sHsps in a
reactivable state (7). Thus, sHsps are able to trap non-native
proteins in a soluble and folding-competent state until permissive folding conditions are restored.
A clue for the contribution of different chaperones to this
reaction came from in vivo experiments. Kampinga et al. (8, 9)
and Stege et al. (10) could demonstrate that the overexpression
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of Hsp70 slowed down the inactivation of marker proteins in
transfected cells. In the presence of Hsp27, the inactivation of
marker proteins was not influenced and both substrate and
chaperone were found to be insoluble. However, when these
cells were transferred to permissive conditions, the proteins
became soluble again, and the cells recovered much faster than
in the absence of Hsp27. This is reminiscent of the observation
that prokaryotic sHsps are found specifically associated with
inclusion bodies, intracellular aggregates of overexpressed
proteins (11).
In agreement with these findings, it was shown in vitro that
the chaperone Hsp70 allowed reactivation of the sHsp-bound
substrate in the presence of ATP (7, 12, 13). Evidence for the
release of substrate proteins bound to sHsp was also obtained
for the Escherichia coli sHsp, IbpB. Here, the non-native proteins were transferred to ClpB and the DnaK-DnaJ-GrpE system leading to subsequent reactivation (14 –16).
Based on these data a model that integrates sHsps in the
cellular chaperone machinery was proposed, where under
stress conditions sHsps bind non-native proteins, prevent their
irreversible aggregation, and hold them in a refoldable state.
Upon restoration of physiological conditions, the non-native
protein will either dissociate from the complex spontaneously,
or ATP-dependent chaperones such as Hsp70 will release the
non-native polypeptide.
In yeast, Hsp26 is the best characterized member of the sHsp
family (17–22). Like other sHsps, Hsp26 forms large oligomeric
complexes (23) and suppresses the aggregation of target proteins (19, 22). Strikingly, Hsp26 builds defined sHsp䡠substrate
complexes in a cooperative manner (19, 21).
Here we analyzed the interplay of Hsp26 with Hsp70 and
Hsp104 using several well established model substrate proteins. We show that both Hsp104 and Hsp70 act together with
Hsp26 in protein refolding after temperature-induced unfolding. The respective importance of Hsp104 and Hsp70 depends
on the nature of the Hsp26䡠substrate complex.
EXPERIMENTAL PROCEDURES

Materials—All chemicals were obtained from Roche Diagnostics. Mitochondrial citrate synthase (CS) from pig heart (EC 4.1.3.7) was purified as described elsewhere (24). The concentration of CS was determined using the extinction coefficient of ⑀ ⫽ 75,770 M⫺1cm⫺1 at 280 nm.
CS was stored in 50 mM Tris-HCl, 2 mM EDTA, pH 8.0. The Hsp26 and
Hsp104 overexpressing yeast strains were a kind gift of S. Lindquist
(Whitehead Institute, Boston, MA). Hsp26 was expressed and purified
according to Haslbeck et al. (19). Ssa1 was expressed according to
Wegele et al. (25). Hsp104, Ydj1, DnaK, GrpE, GroEL, and GroES
expression was performed as described elsewhere (24, 26). The concentrations for all proteins given in the text refer to monomers, respectively, if not indicated otherwise. Polyclonal antisera against Hsp26,
Ssa1, and Hsp104 were raised in rabbits by standard procedures. For
all in vivo studies and lysate preparations, the yeast strain SEY 6211
(27) was used. Deletion of Hsp26 was performed as described (22). All
other deletion strains were a kind gift of E. Craig (University of Wisconsin, Madison, WI). Lysates were prepared form cultures of Saccha-
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romyces cerevisiae SEY 6211 using a Basic Z cell disrupter at 250 MPa
(Constant Systems, Warwick, UK). After separation of insoluble cellular material by centrifugation for 10 min and 13,000 ⫻ g at 4 °C, the
cleared lysate was used for further experiments. Densitometric analysis
of Coomassie-stained SDS-polyacrylamide gels was performed using
the ImageMaster 1D software (Amersham Biosciences).
Inactivation/Reactivation of CS—The inactivation of CS was performed as described (28). In short, CS was incubated in the absence or
presence of Hsp26 at 43 °C in 40 mM HEPES-KOH, 0.5 mM dithiothreitol, pH 7.5. To determine CS activity, aliquots were taken at the time
points indicated and the activity was measured according to Srere (29).
The activity measurements were carried out at 25 °C in 50 mM TrisHCl, 2 mM EDTA, pH 8.0.
To initiate reactivation of CS, samples were shifted to 25 °C, and the
stabilizing ligand OAA was added to a final concentration of 1 mM (28).
Additional chaperones (concentrations as indicated), ATP (3 mM), and
MgCl2 (10 mM) were added subsequently. As an energy-regenerating
system 10 mM phosphoenolpyruvate and 25 g of pyruvate kinase
(Roche Diagnostics) were added. CS activities after 60 min of reactivation were compared.
Inactivation/Reactivation of Firefly Luciferase—Firefly luciferase
(Photinus pyralis; Promega) activity was assayed following the protocol
described by Dumitru et al. (30). For each measurement, native luciferase was diluted to a final concentration of 4 g/ml (80 nM) and
denatured for 30 min at 40 °C in the presence and in the absence of
Hsp26. After denaturation, different combinations and concentrations
of chaperones were added, and the kinetics of luciferase reactivation
were determined at 30 °C. Luciferase activity was measured using a
thermostated Tecan GENios Microplate Reader (Tecan Group Ltd.).
The gain of the instrument was set to 85, and the signal of 150 cycles
was accumulated.
Electron Microscopy—For negative staining, complex formation of
Hsp26 and the different substrates was performed following the protocol used for the size exclusion chromatography experiments. The samples were directly applied to glow-discharged carbon-coated copper
grids. Grids were washed briefly with water and stained with 1% uranyl
acetate for 60 s. Electron micrographs were recorded at a nominal
magnification of 33,000 using a JOEL 100 CX electron microscope
(JOEL, Eching, Germany) operated at 100 kV.
Analytical Size Exclusion Chromatography—Size exclusion high
pressure liquid chromatography was performed using a TosoHaas TSK
5000 PW column (TosoHaas, Stuttgart, Germany) with a separation
range of 100 –10,000 kDa). Buffer conditions were 40 mM HEPES-KOH,
150 mM KCl, pH 7.4, and a flow rate of 0.5 ml/min was used. Proteins
were detected by fluorescence at an excitation wavelength of 280 nm
and an emission wavelength of 330 nm using a FP 920 fluorescence
detector (Jasco, Grossumstadt, Germany). Standard proteins from the
molecular weight marker kit (Sigma) and lumazine synthase (1,000
kDa) from Bacillus subtilis (kind gift of M. Fischer, TU München,
Germany) were used for calibration.
In Vitro Transcription and Translation—The in vitro transcription
and translation reactions were carried out in the RTS500 with the
RTS-Mini kit-system (both Roche Diagnostics) according to the manufacturer’s instructions. Reactions were carried out at 30 °C and 120 rpm
stirring speed for 24 h. In each reaction 10 g of template DNA were
used. GFP was expressed from the control vector included in the RTSMini kit-system. GFP needs molecular oxygen to form its fluorophore
(31). To enhance oxidation, air was provided during the reaction by
filling the reaction chamber only with 50% of the reaction sample. When
chaperones were investigated the translation reaction was performed in
the presence of 300 nM Hsp26 (24-mer) for 24 h. Subsequently, the
reaction was divided in several samples and 300 nM Ssa1 and 600 nM
Ydj1, 300 nM Hsp104, or both chaperone systems in presence of additional 3 mM ATP were added. The samples were incubated for 4 h at
30 °C with gentle stirring, and the activation of GFP was monitored by
following the fluorescence at 503 nm. Complex formation of GFP and
Hsp26 in in vitro transcription/translation reactions was tested by
pulling down the synthesized His-tagged GFP, using nickel-nitrilotriacetic acid-coated magnetic beads (Qiagen, Hilden, Germany) following
the manufacturer’s protocols.
Determination of GFP Activity—GFP fluorescence was analyzed in a
SPEX II fluorescence spectrometer. The excitation wavelength was set
to 395 nm, and fluorescence emission was scanned from 430 –580 nm.
After baseline subtraction, the signal intensities at 503 nm were compared, and the intensity of a GFP-expression reaction without chaperones was set to 1.
Two-dimensional Electrophoresis—Two-dimensional analysis of protein aggregates in the yeast cytosol was performed as described else-

where (22, 32). Lysates of late logarithmic phase cultures after the
diauxic shift were used to identify proteins incorporated in
sHsp䡠substrate complexes. Hsp26 (5 g) was added to 200 g of total
lysate protein. After incubating the mixture for 60 min at 43 °C, the
insoluble fraction was separated by two-dimensional gel electrophoresis
(22). For isoelectric focusing, 24-cm fixed ampholyte gradients from pH
4 to 7 (Amersham Biosciences) were used. Preparative focusing was
performed using a IPG-Phor device (Amersham Biosciences). In the
second dimension, the proteins were separated by SDS-PAGE on 24 ⫻
18-cm gels containing 13% acrylamide in an Ettan Dalt chamber (Amersham Biosciences, Freiburg, Germany) and stained with Coomassie.
For identification, spots were excised and digested following the protocol of Schäfer et al. (33). Sample preparation for matrix-assisted laser
desorption ionization-mass spectrometry was performed using ZipTips
(Qiagen, Hilden, Germany) following the manufacturer’s protocol. For
matrix-assisted laser desorption ionization-mass spectrometry a
Biflex-II mass spectrometer (Bruker Daltonik, Bremen, Germany) was
used. Data analysis was performed using Mascot (Matrix Science,
London, UK).
RESULTS

Hsp70 and Hsp104 Promote the Release of Proteins from
Hsp26 Complexes in Vivo—It was shown previously that Hsp26
exhibits chaperone activity like its mammalian and plant homologues (19 –21). Hsp26 is able to efficiently suppress the
aggregation of a number of model proteins, including CS, rhodanese, ␣-glucosidase, and insulin. This chaperone activity of
Hsp26 is further characterized by the trapping of substrate
proteins in spherical, ordered chaperone䡠substrate complexes
(19, 21). So far it is not clear whether these complexes represent productive intermediates or dead-end products of cellular
protein folding. To differentiate between the two possibilities is
crucial for understanding the contribution of Hsp26 to the
chaperone capacity in the yeast cytosol.
To determine whether ATP-dependent chaperones are involved in substrate release from Hsp26 complexes in the yeast
cytosol, we analyzed the aggregate fraction of cytosolic yeast
proteins after heat stress by two-dimensional gel electrophoresis. Hsp26 was mainly found in the insoluble fraction, indicating the formation of large substrate complexes or its incorporation in aggregates (19, 22). The identification of target
proteins by protease digestion and mass spectrometry revealed
that besides Hsp26 several members of the Hsp70 family and
Hsp104 were present in the insoluble fraction (Fig. 1). This
observation suggests that Hsp26 is either involved in the recovery of substrates proteins together with the Hsp70s and
Hsp104 in vivo or that these chaperones partially aggregate.
In a further experiment we analyzed the disintegration of
aggregates formed in the yeast cytosol upon heat stress. We
incubated a wild type yeast strain and several chaperone deletion strains for 30 min at 43 °C. Subsequently, the cells were
shifted back to 30 °C. The disappearance of the aggregated
cytosolic protein was followed during recovery at 30 °C. Although in the wild type, strain recovery was completed after
1 h, no recovery was observed in the Hsp26/Hsp70s/Hsp104
triple deletion strain (Fig. 2). In strains where the yeast
Hsp70s, Ssa1, Ssa3, and Ssa4 were deleted together with
Hsp26, only a slight effect on recovery was observed (Fig. 2). In
agreement with the thermoprotective function of Hsp104 (34),
the deletion of Hsp104 alone and together with the Hsp70
proteins already showed a significant defect in recovery of the
aggregated proteins (Fig. 2). However, the additional deletion
of Hsp26 led to a more severe defect (Fig. 2), indicating that the
three chaperone families collaborate in thermoprotection and
disaggregation of proteins in yeast.
Efficient Reactivation of GFP Requires Hsp26, Hsp104, and
Hsp70 —To test whether Hsp26 also plays a role in de novo
protein folding, we used an in vitro transcription/translation
system and His-tagged GFP as a model substrate protein because only 15–30% of GFP reaches the native state after in
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FIG. 1. Hsp104 and Hsp70 proteins
are found together with Hsp26 in aggregates in the yeast cytosol. Coomassie-stained two-dimensional gels of insoluble protein in SEY 6211 lysates after
incubation for 60 min at 43 °C after addition of Hsp26. The positions of Hsp26,
Hsp104, and Hsp70 proteins are
indicated.

FIG. 2. Hsp26 together with Hsp104 is involved in the recovery
of aggregated proteins after heat shock. Coomassie-stained SDSPAGE analysis of insoluble protein in wild type or chaperone deletions
strains (as indicated). The flow chart summarizes the experimental
protocol. Exponentially growing yeast cells were heat-shocked for 30
min at 43 °C, and recovery was started by shifting the cells back to
30 °C. Equal amounts of cells were collected at the indicated time points
of recovery. Cytosolic extracts were prepared according to “Experimental Procedures.” Insoluble protein was separated by centrifugation at
13,000 ⫻ g for 10 min, and SDS-PAGE loading dye was added.

vitro synthesis (Fig. 3A). The remainder form insoluble aggregates lacking fluorescence. The addition of Hsp26 to the reaction mixture had no significant influence on the amount of
active GFP produced (Fig. 3B). We were able to pull down
Hsp26 together with GFP, indicating that Hsp26 trapped the
aggregating GFP in stable complexes (Fig. 3D). Next, we investigated whether, after completion of the translation reaction, the addition of the Hsp70 system or Hsp104 would lead to
a release of GFP. We divided a translation reaction performed
in the presence of Hsp26 in several samples and added different combinations of chaperones. As shown in Fig. 3B, it was
possible to increase the amount of active GFP by the addition of
the Hsp70 system up to 4.5-fold. Surprisingly, also the addition
of Hsp104 alone resulted in a 5-fold increase of GFP activity
(Fig. 3B), and the combination of both chaperone systems led to
a nearly 6-fold increase in activity. In contrast, the addition of
GroEL/ES chaperone system as a control did not result in a
significant increase of GFP activity (data not shown). When the

in vitro transcription/translation reaction was performed in the
absence of Hsp26, the subsequent addition of chaperones did
not trigger the refolding of GFP (Fig. 3B).
To determine whether the assisted folding of GFP is energydependent, we depleted ATP by the addition of apyrase. Under
these conditions, the Hsp70 or Hsp104-mediated refolding of
GFP was inhibited almost completely (Fig. 3C). Thus, the newly
synthesized GFP is kept in a reactivable state by Hsp26, and its
folding is triggered by the addition of ATP-dependent
chaperones.
Hsp70 and Hsp104 Promote the Release of CS from Hsp26䡠CS
Complexes in Vitro—To analyze the mechanism of substrate
release from Hsp26 in more detail, we studied the cooperation
of Hsp26, Hsp104, and Hsp70 in vitro using CS as a model
substrate.
CS is a dimeric enzyme that is inactivated and aggregates
irreversibly at temperatures above 40 °C. Compared with aggregation, the loss of enzymatic activity is an early step in the
unfolding process of CS (28). Unfolding intermediates of CS can
be shifted back to the native state by the addition of the ligand
OAA (28, 35), which stabilizes the native enzyme (29). In a first
set of experiments, we tested whether CS was released spontaneously from complexes with Hsp26. CS was inactivated at
43 °C in the absence or presence of varying amounts of Hsp26.
Reactivation was induced by shifting the sample to 25 °C and
subsequent addition of OAA. The spontaneous reactivation of
CS was very low, and no dependence on the concentration of
Hsp26 was detected (Fig. 4A, data not shown). Because it is
known that ATP-dependent chaperones promote the release of
sHsp-bound proteins, we investigated the influence of Hsp70
and Hsp104 on CS reactivation. When CS was thermally inactivated in the absence of Hsp26, the subsequent addition of
Hsp70 and Hsp104 did not result in an enhanced reactivation
of CS (Fig. 4A). When CS was inactivated for 60 min in the
presence of Hsp26, we observed a 3– 4-fold increase in CS
reactivation upon the addition of the Hsp70 systems from
E. coli (DnaK, DnaJ, and GrpE) or yeast (Ssa1 and Ydj1), (Fig.
4A). Hsp104 was able to support the refolding of CS to a similar
extent. The addition of both chaperone systems resulted in a
further increase of CS activity, indicating a more efficient release of bound CS from Hsp26䡠CS complexes. When the Hsp70
and Hsp104 chaperones were added without ATP, no reactivation of CS was observed, demonstrating the strict energy dependence of this reaction (data not shown).
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FIG. 3. Hsp70 and Hsp104 promote the release of GFP from Hsp26䡠GFP complexes after in vitro transcription/translation. In vitro
transcription and translation reactions were carried out at 30 °C, with a 120-rpm stirring speed for 24 h. In each reaction, GFP was expressed from
10 g of template DNA. GFP activity was monitored by its fluorescence emission at 503 nm at the time points indicated. A, insoluble GFP was
separated by centrifugation of the reaction sample for 10 min at 10,000 ⫻ g. A Coomassie stained SDS-gel comparing the soluble and the total
protein content is shown. B, in vitro transcription and translation reactions carried out in the presence of 300 nM Hsp26 (a– d). As demonstrated
in the flow chart, samples were split after synthesis and no chaperones (a), 300 nM Ssa1 and 600 nM Ydj1 (c), or 300 nM Hsp104 (d) as well as the
combination of both chaperone systems were added (b). In e, Hsp26 was absent during in vitro transcription/translation. 300 nM Ssa1, 600 nM Ydj1,
and 300 nM Hsp104 were added after the reaction. C, as illustrated in the flow chart, after synthesis, the samples were split, and chaperones were
added as indicated (⫹ATP, black), or incubated with apyrase for 3 min before adding chaperones (⫺ATP, gray). D, complex formation between GFP
and Hsp26. GFP was pulled down in the reaction using antibodies against its N-terminal His-tag and analyzed by SDS-PAGE. Left lane,
immunoprecipitation after 24 h of synthesis; right lane, immunoprecipitation after additional 4 h of incubation in the presence of Hsp70/Hsp104.

The enhanced release of CS in the presence of Hsp104 and
Hsp70 indicates that both chaperones act in an additive manner
on folding intermediates of CS. In a second set of experiments we
tested the influence of Hsp70 and Hsp104 on the reactivation of
CS at different time points of the inactivation kinetics. Experiments on the unfolding pathway of CS showed that inactivation
of CS involves at least two inactive unfolding intermediates (35–
37). Surprisingly, when the reactivation of CS was started after
10 min of inactivation in presence of Hsp26, where 40% of the CS
are still active (Fig. 4C, inset), the addition of a Hsp70 system or
the combination of a Hsp70 system and Hsp104 were equally
efficient in reactivation of CS (Fig. 4, B and C). Fig. 4C shows the
time course of formation of reactivable CS intermediates during
inactivation at 43 °C. In the absence of chaperones, the amount of
recoverable intermediates increased during the first minutes to a
maximum of ⬃20% intermediates at 5–7 min (7, 37). In the
presence of Hsp26, the maximum of the spontaneously reactivated intermediates is shifted to 10 –12 min (19), but no significant influence on the amount of reactivable intermediates was
observed (Fig. 4C).
Thus, depending on the time point of complex formation
between Hsp26 and CS, differences in the energy-dependent
chaperone systems needed for reactivation seem to exist. Although Hsp70 alone is sufficient to release and refold CS from
“early” Hsp26䡠CS complexes, Hsp104 is essential for the efficient reactivation from “late” Hsp26䡠CS complexes.
Hsp104 Is Essential to Release Substrates from Aggregates
with Incorporated Hsp26 —All experiments described so far
where performed at excess or at least stoichiometric ratios of
Hsp26 to substrate. We next set out to determine whether the
stoichiometry of Hsp26 and substrate proteins influences the
release reaction. To this end, we analyzed Hsp26䡠substrate
complexes formed at varying ratios of Hsp26 to substrate.
In contrast to the experiments described so far, we were not

able to detect any significant spontaneous reactivation of CS
when CS was inactivated in the presence of substoichiometric
amounts of Hsp26. Also, when only the Hsp70 system was
added (Fig. 5A) release could not be observed. Only Hsp104, or
the combination of the Hsp70 system and Hsp104, showed an
increase in the reactivation of CS. This observation indicated
that Hsp104 might be essential for the reactivation of substrate
proteins from complexes formed in the presence of substoichiometric amounts of Hsp26. To test whether this was a general
phenomenon, we analyzed firefly luciferase as an additional
substrate. Firefly luciferase is a heat-labile, 61-kDa monomeric
protein, which aggregates rapidly at temperatures above 37 °C
(38). Its activity can be followed by a highly sensitive assay (30,
39). Similar to CS, thermally denatured luciferase is bound
efficiently by sHsps (12).
We inactivated firefly luciferase in the presence and absence
of Hsp26 at 40 °C for 30 min. Release of luciferase was triggered by shifting the samples to 30 °C and the subsequent
addition of Hsp70 or Hsp104 (Fig. 5B). When inactivation was
performed in the presence of stoichiometric concentrations of
Hsp26 (1 substrate monomer/Hsp26 dimer), a slight spontaneous increase of reactivated luciferase was observed (Fig. 5B).
The addition of Ssa1 and Ydj1, however, led to a significant
increase in reactivation (up to 35%) of luciferase (Fig. 5B). In
contrast, when substoichiometric concentrations of Hsp26 were
present during inactivation, only a very small increase in reactivation was observed when Ssa1 and Ydj1 were added (Fig.
5B). Next, we investigated the influence of Hsp104 on the
reactivation of luciferase. When we added Hsp104 to the reactivation mixture, after inactivation in the presence of stoichiometric amounts of Hsp26, a slight increase was observed (Fig.
5B). However, when Ssa1, Ydj1, and Hsp104 were added, a
substantial increase in reactivation of up to 42% was observed.
Interestingly, when Hsp26 was only present in substoichiomet-
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FIG. 4. Hsp70 and Hsp104 differ in promoting the release of CS
intermediates bound to Hsp26. A, CS (150 nM) was inactivated in
the absence (gray) or presence of 600 nM Hsp26 (black) at 43 °C for 60
min. Spontaneous reactivation of CS was started by shifting the samples to 25 °C and adding OAA and ATP. The Hsp70 systems from yeast
(600 nM Ssa1 and 1.2 M Ydj1) or from E. coli (600 nM DnaK, 1.2 M
DnaJ, and 600 nM GrpE) as well as yeast Hsp104 (600 nM) and the
combination of Hsp104 and either the E. coli or the yeast Hsp70 system
were added together with OAA and ATP. CS activities after 45 min of
reactivation were compared. Error bars indicate the variation in three
independent experiments. B, CS (150 nM) was incubated in the absence
(gray) or presence of 600 nM Hsp26 (black) at 43 °C for 10 min. Spontaneous reactivation of CS was started by shifting the samples to 25 °C
and adding OAA and ATP. The Hsp70 systems from yeast 600 nM Ssa1
and 1.2 M Ydj1or from E. coli 600 nM DnaK, 1.2 M DnaJ, and 600 nM
GrpE as well as yeast 600 nM Hsp104 and the combination of the yeast
Hsp70 system and Hsp104 or E. coli Hsp70 system and Hsp104 were
added together with OAA and ATP. CS activities after 45 min of
reactivation were compared. Error bars indicate the variation in three
independent experiments. C, dissection of early and late unfolding
intermediates of CS. CS (150 nM) was incubated at 43 °C in presence of
600 nM Hsp26. Inset, inactivation of CS (●) monitored by activity
measurements at the time points indicated. Spontaneous reactivation
was started by shifting the reaction to 25 °C, and addition of OAA and
ATP and activity was determined at the time points indicated. The
amount of reactivable intermediates present at a given time was calculated by subtracting the activity at the beginning of reactivation from
the activity 45 min after addition of OAA. Intermediates present in the
spontaneous reaction (‚) and when the Hsp70 systems from E. coli (E)
as well as Hsp104 () or the combination of the Hsp70 system and
Hsp104 (〫) were added together with OAA and ATP are illustrated.
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FIG. 5. Hsp70 and Hsp104 differ in promoting the release substrates bound in substoichiometric Hsp26䡠substrate complexes.
A, CS (150 nM) was incubated in the absence (gray) and in the presence
of 75 nM Hsp26 (black) at 43 °C for 60 min. Spontaneous reactivation of
CS was started by shifting the samples to 25 °C and adding OAA and
ATP. E. coli DnaK (600 nM), DnaJ (1.2 M), and GrpE (600 nM) as well
as Hsp104 (600 nM) and the combination of the E. coli Hsp70 system
and Hsp104 were added together with OAA and ATP. CS activities after
45 min of reactivation were compared. Error bars indicate the variation
in three independent experiments. B, firefly luciferase (80 nM) was
denatured for 30 min at 40 °C in the absence of Hsp26 (dark gray) or in
the presence of 160 nM (black) or 80 nM (light gray) Hsp26. Reactivation
was started by shifting the reaction to 30 °C. 1 M Ssa1 and 2 M Ydj1,
1 M Hsp104, or the combination of Ssa1, Ydj1, and Hsp104 were added
after shifting the inactivation reactions to 30 °C.

ric concentrations during inactivation, a substantial increase
in reactivation of up to 20% was observed only when Hsp104
and the Hsp70 system were added together (Fig. 5B). Thus, the
Hsp104 and the Hsp70 system work together in releasing luciferase from Hsp26䡠luciferase complexes. Our observations indicate a difference between saturated Hsp26䡠substrate complexes (formed at excess or stoichiometric concentrations of
Hsp26) and unsaturated Hsp26䡠substrate complexes (formed at
substoichiometric concentrations of Hsp26).
Saturated and Unsaturated Hsp26䡠Substrate Complexes
Have Different Morphologies—Next, we compared the morphologies of the different Hsp26䡠substrate complexes by electron
microscopy. In previous experiments, we had shown that regular, globular Hsp26䡠substrate complexes were formed when
Hsp26 was present in excess or at least at stoichiometric concentrations (1 Hsp26 dimer:1 substrate monomer) during the
inactivation of the substrate (19, 21). Here, we analyzed the
morphology of Hsp26䡠substrate complexes in the presence of
substoichiometric amounts of Hsp26 (0.25 Hsp26 dimer:1 CS
monomer or luciferase monomer). The species observed did not
resemble aggregated CS, and no free Hsp26 oligomers were
observed. This new form of complex resembled globular Hsp26
complexes, which are linked together (Fig. 6).
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detected (Fig. 7B). Furthermore, when single particles were compared, the Hsp26䡠CS particles are bigger (⬃30-nm diameter) and
more irregular. Interestingly, when inactivation of CS was performed in the absence of Hsp26, no changes in the morphology of
CS aggregates was observed. Furthermore, reactivation of CS from
Hsp26䡠CS complexes using only Hsp104 also resulted in an increase of free soluble Hsp26䡠CS complexes. These complexes, in
contrast to those observed when both Hsp104 and Hsp70 were
added, resembled fully loaded Hsp26䡠CS particles (⬃30-nm diameter). When reactivation of CS from Hsp26䡠CS complexes was performed in the presence of the Hsp70 system alone, no change in
morphology was observed (data not shown). Taken together these
data show that only Hsp104 disassembles big aggregate-like complexes with incorporated Hsp26 very effectively. Although Hsp104
is able to release substrate molecules for subsequent spontaneous
unfolding (Fig. 4), for efficient release of the substrate, the Hsp70
system is also needed. Thus, Hsp26, Hsp104, and Hsp70 seem to
act in a cascade-like manner.
DISCUSSION

FIG. 6. Hsp26䡠substrate complexes formed at different substrate concentrations show different morphologies. A–D, negative stained electron micrograph of Hsp26䡠substrate complexes formed
at stoichiometric concentrations (A, 1:1 CS monomer:Hsp26 dimer; C,
1:1 luciferase monomer:Hsp26 dimer) or at substoichiometric concentrations
(B, 1:0.25 CS monomer:Hsp26 dimer; D, 1:0.25 luciferase monomer:Hsp26
dimer). E, size exclusion chromatography of Hsp26䡠luciferase complexes.
Complexes were formed at stoichiometric (ordered complexes; dashed line)
or substoichiometric concentrations of Hsp26 (aggregate-like complexes;
solid line). Insets, silver-stained SDS-gels of proteins present in the peak.

Luciferase, like CS (Fig. 6A) and other substrates (21), forms
globular complexes in the presence of excess Hsp26. These
luciferase䡠Hsp26 complexes (Fig. 6C) are smaller than CS䡠Hsp26
(Fig. 6A) or rhodanese䡠Hsp26 and ␣-glucosidase䡠Hsp26 complexes
(21). They have a diameter of ⬃ 20 nm and are more irregular than
CS䡠Hsp26 complexes. In the presence of substoichiometric concentrations of Hsp26, also larger species are formed that seem to
consist of the smaller complexes cross-linked in a chain-like, condensed structure. By size exclusion chromatography, we were able
to distinguish between the smaller ordered luciferase䡠Hsp26 complex (⬃ 670 kDa) and the more aggregate-like form, which eluted as
a broad peak with a molecular mass larger than 1.5 MDa (Fig. 6E).
To investigate whether the morphology of the Hsp26䡠substrate
complexes changes during the recovery of the substrate by Hsp104
and Hsp70, we analyzed samples of Hsp26䡠CS complexes formed in
the presence of substoichiometric amounts of Hsp26 by electron
microscopy. Reactivation of CS was started by shifting the samples
to 25 °C and adding Hsp70 together with Hsp104. Interestingly,
the cross-linked species of aggregate-like Hsp26䡠CS complexes vanishes during recovery (Fig. 7A), and single, globular particles appear. These particles are smaller (⬃20-nm diameter) and smoother
than saturated Hsp26䡠CS complexes. Without the addition of
Hsp104 and Hsp70, no dispersion in single globular complexes was

From in vitro studies the picture emerged that the primary
function of sHsps might be to bind denatured proteins to prevent their aggregation (1, 2). Bovine ␣-crystallin and murine
Hsp25 were first reported to have chaperone-like activity (40,
41). Since then, it has been demonstrated for a number of
different sHsps that they are able to prevent the formation of
thermally or chemically induced aggregates. The major task of
sHsps seems to be to maintain (un)folding intermediates in a
soluble and folding-competent state (7, 12). The precipitation of
most substrate proteins can be avoided by the addition of an
equimolar amount of sHsps suggesting that each chaperone
subunit is able to capture up to one substrate molecule (40, 42).
However, certain size limitations and steric restrictions seem
to apply, because it was shown that ␣-crystallin is a more
potent chaperone for small substrate proteins (43) Large
substrates probably tie up two or more sHsp molecules
simultaneously (44).
Once formed, complexes between the substrate and sHsp are
very stable (7, 21, 45). Consequently the substrates are neither
transferred between different sHsp complexes nor released spontaneously. Although trapping of aggregation-prone polypeptides
might be sufficient in the static environment of the eye lens, in
other cell types the reservoir of folding-competent proteins is
destined for reuse. Some release of CS from Hsp25 could be
achieved by the addition of OAA, a stabilizing ligand of CS (7).
However, the productive release of substrate proteins from sHsps
requires additional cellular components in an ATP-dependent
reaction (7, 12). It has been demonstrated for the E. coli sHsps
IbpA and IbpB that substrates proteins are specifically transferred to the Hsp70/DnaK system for refolding (13, 14). In addition, disaggregation of the sHsp䡠substrate complexes by DnaK is
facilitated by ClpB in vitro and in E. coli (15, 16).
In this study, we analyzed protein disaggregation in yeast.
Most intriguingly, we and Cashikar et al. (52) were able to
provide in vitro and in vivo evidence that sHsps and the ATPdependent Hsp70 and Hsp104 chaperones cooperate in disaggregating proteins. In this context our results indicate mechanistic differences between the chaperone capacity of Hsp70 and
Hsp104.
First, our results on the reactivation of CS from Hsp26䡠CS
complexes demonstrate a crucial difference in reactivation of
early unfolding intermediates and late unfolding intermediates. During heat inactivation, the native CS dimer unfolds
very fast to an inactive dimer, which exhibits native-like structure but already exposes some hydrophobic patches (35). These
intermediates, which were also shown to bind weakly to GroEL
(36, 37), are already interacting with Hps26. Later during the
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FIG. 7. Hsp104 and Hsp70 together
are required to disassemble substoichiometric Hsp26䡠CS complexes. A,
Negative stained electron micrograph of
Hsp26䡠CS complexes at different time
points during recovery. For complex formation, CS (150 nM) was incubated in the
presence of 75 nM Hsp26 at 43 °C for 60
min. Spontaneous reactivation of CS was
started by shifting the samples to 25 °C
and adding OAA and ATP. E. coli DnaK
(600 nM), DnaJ (1.2 M), and GrpE (600
nM) as well as Hsp104 (600 nM) were
added together with OAA and ATP. After
starting the reactivation, samples were
taken at the time points indicated. Single
complex particles are shown at higher
magnification. The frame shows the positions where single particles were cut out.
The dotted circles serve as marker for size
comparison. B, recovery was started as
described A, but no Hsp104 and Hsp70
system was added. C, recovery was
started as described A, but only Hsp104
was added. D, CS (150 nM) was incubated
in absence of Hsp26 at 43 °C for 60 min.
Recovery was started as described A, adding Hsp104 and Hsp70.

FIG. 8. Model for cooperation of Hsp26 with ATP-dependent chaperones. Stress conditions, like heat shock (⌬T), lead to the unfolding
of substrate proteins. Unfolding proteins are trapped by Hsp26. In the presence of an excess of Hsp26, soluble complexes are formed. If there is
an excess of non-native protein, Hsp26 is incorporated in the aggregate-like structures. The type of complex formed determines the requirements
of the refolding machinery. Although in the case of soluble Hsp26䡠substrate complexes, Hsp104 or Hsp70 chaperones can reactivate the substrate
proteins in an energy-dependent reaction, for aggregates with incorporated Hsp26, Hsp104 is absolutely necessary for reactivation of the substrate.
This indicates a cascade-like reactivation of the substrate, where Hsp104 releases the substrate from the aggregate for subsequent refolding by the
Hsp70 system. In the absence of Hsp26, the release of substrate from aggregates is less efficient and requires the combination of the Hsp104 and
Hsp70 system (34).

unfolding process, the inactive dimers dissociate into monomeric intermediates before they unfold completely. The dimeric
intermediates can be reactivated spontaneously upon stabilization with a ligand such as OAA (36, 37). The unfolded CS
monomers tend to aggregate. Hsp26 seems to bind to all these
intermediates, but the resulting complexes are different. The
early unfolding intermediates are able to dissociate and refold
spontaneously, indicating a relative weak interaction with the
chaperone. In addition, they are efficiently reactivated by the
Hsp70 chaperone system. The unfolded CS monomers, however, are bound in stable complexes. Here, the release of late
unfolding intermediates is strictly dependent on Hsp104. One

explanation for this observation is that both chaperones have
different substrate recognition properties. On the other hand, it
seems obvious that Hsp26 binds more strongly to late unfolding
intermediates, and consequently these complexes are more difficult to dissociate. The known properties of Hsp104 are in
agreement with this hypothesis. Hsp104 seems to be specialized in binding and extracting polypeptide chains from aggregates in an ATP-dependent reaction (46, 47).
Differences in the disaggregation behavior of Hsp70 and
Hsp104 become obvious when the ratio of sHsp to substrate is
changed (Fig. 8). It is possible to distinguish these types of
complexes on a morphological basis. Hsp26 forms soluble, glob-
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ular complexes with its substrate when present in excess or at
least stoichiometric concentrations. On the other hand, aggregate-like assemblies of these globular complexes are observed
when an excess of substrate is present. In these aggregates, the
sHsp is probably incorporated in a network of non-native
polypeptides
cross-linking
the
individual,
globular
sHsp䡠substrate complexes. After heat shock, Hsp26 is found
more or less completely in the insoluble fraction of cytosolic
proteins (Fig. 1 and Refs. 22 and 52) indicating that in vivo
there is an excess of aggregating proteins. Thus, aggregates
with incorporated Hsp26 resemble the in vivo situation.
A further interesting aspect is the ability of Hsp104 to reactivate a certain amount of CS without the help of Hsp70 proteins. In the literature, two Hsp104 disaggregation models are
discussed. In the first model, Hsp104 breaks up large aggregates into smaller ones in a crowbar-like activity (48, 49). These
smaller aggregates are then further disassembled by the Hsp70
system. In the second model, Hsp104 has remodeling activity
and is capable of extracting unfolded protein monomers from
the aggregates (50, 51). Our data suggest that Hsp104 is setting free recoverable CS intermediates in agreement with an
“unfolding” activity for single monomers (Fig. 8). A crowbarlike activity does not seem to be sufficient to explain these
results. The reactivation by Hsp104 alone can be detected only
with a substrate capable of spontaneous refolding such as early
CS intermediates. With luciferase, which does not refold spontaneously after heat inactivation, this Hsp104 effect cannot be
observed.
Together with the data presented by Cashikar et al. (52), the
in vitro and in vivo results clearly identify Hsp26 as an important component of the disaggregation network in S. cerevisiae.
In cooperation with Hsp104 and the Hsp70 proteins, it promotes the efficient clearance of aggregated proteins from the
yeast cytosol after stress. The incorporation of Hsp26 into
cytosolic aggregates enables the cell to dissociate these particles more efficiently, probably because Hsp104 can work more
efficiently on these aggregates. As a consequence, Hsp104
seems to extract proteins from Hsp26 complexes for subsequent
refolding by the Hsp70 chaperones.
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