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ABSTRACT. Hsp104, the most potent thermotolerance factoBatcharomyces cerisiae, is an unusual
molecular chaperone that is associated with the dispersal of aggregated, non-native proteins in vivo and
in vitro. The close cooperation between Hsp100 oligomeric disaggregases and specific Hsp70 chaperone/
cochaperone systems to refold and reactivate heat-damaged proteins has been dubbed a “bichaperone
network”. Interestingly, animal genomes do not encode a Hsp104 ortholog. To investigate the biochemical
and biological consequences of introducing into human cells a stress tolerance factor that has protein
refolding capabilities distinct from those already present, Hsp104 was expressed as a transgene in a human
leukemic T-cell line (PEER). Hsp104 inhibited heat-shock-induced loss of viability in PEER cells, and
this action correlated with reduced procaspase-3 cleavage but not with reduced c-Jun N-terminal kinase
phosphorylation. Hsp104 cooperated with endogenous human Hsp70 and Hsc70 molecular chaperones
and their J-domain-containing cochaperones Hdjl and Hdj2 to produce a functional hybrid bichaperone
network capable of refolding aggregated luciferase. We also established that Hsp104 shuttles across the
nuclear envelope and enhances the chaperoning capacity of both the cytoplasm and nucleoplasm of intact
cells. Our results establish the fundamental properties of protein disaggregase function in human cells
with implications for the use of Hsp104 or related proteins as therapeutic agents in diseases associated
with protein aggregation.

Exposure of cells or organisms to a mild heat shock leads dependent on the expression of a different molecular
to a transient state of increased heat resistaffeThis chaperone, Hsp104). Hsp104 is required for the recovery
thermotolerant state is attributed to the increased capacityof heat-inactivated bacterial luciferase solubility and enzyme
of cells with elevated levels of heat-shock proteins to prevent activity in intact yeast cells, as well as the dispersal of heat-
irreversible protein misfolding (reviewed in r&f. In animal induced aggregate@. Reconstitution of Hsp104-dependent
cells, elevated heat-shock-protein expression prevents stressefolding in vitro established that, in contrast to other
induced apoptosis3}, and disruption of the HSF1 gene, chaperone systems, Hsp104 specializes in reactivating pro-
which encodes the transcription factor responsible for stress-teins trapped in aggregates and that cannot be efficiently
induced expression of the heat-shock-protein genes, resultgeactivated by other chaperone systerhy).(Nonetheless,
in an inability to develop thermotolerance and an increased Hsp104 and its relatives, yeast mitochondrial Hsp78 and
sensitivity to stress-induced apoptost. (While the mech- bacterial ClpB, do not function productively in protein
anisms of heat-shock-protein-mediated regulation of apop-reactivation alone, but each requires specific Hsp70s and
tosis remain unclear, considerable evidence implicates theHsp70 cochaperones to disaggregate and refold target
blockade of specific biochemical events in the apoptotic proteins (1—13) in a functional interaction called a “bichap-
signaling pathway by Hsp7®)and small heat-shock protein, erone network” 13).

Hsp27 6). Genes encoding orthologs of Hsp104 are found in the
In yeast, neither reduction of Hsp70 expressi@h r{or genomes of fungi, plants, and bacteria and, like Hsp104 in

elimination of the small heat-shock protein Hsp3p lfave yeast, Hsp101 irrabidopsis(14, 15) and maize 16) and

a substantial effect on survival of yeast exposed to severeClpB in Escherichia coli(17, 18) are all important thermo-

heat stress. Instead, thermotolerance in yeast is highlytolerance determinants. Intriguingly, Hsp104 orthologs are

absent from animal genomes and there is no evidence that
t Funded by Canadian Institutes of Health Research (Grant 52836 they possess a bichaperone network analogous to the Hsp104/

to J.R.G.) and the Natural Sciences and Engineering Research CounciHsp70 network in yeast that is capable of reversing protein

(Grant 250199-02 to D.D.M.). i i i i
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as a model of heat-shock-induced apopto8is10—21).
When expressed from a tetracycline-inducible promoter,
wild-type Hsp104, but not a mutant form of the protein,

Mosser et al.

and 10 mM DTT), flash-frozen in liquid nitrogen, and stored
at —80 °C until use. Thawed cells were resuspended in two
volumes of RFB supplemented with 1 mM AEBSF and 2

enhances the viability of heat-shocked PEER cells and thisug/mL each of aprotinin, leupeptin, and pepstatin A. Crude

effect correlates with diminished cleavage of procaspase-3.

We find that Hsp104 forms a hybrid bichaperone network

lysates were prepared by sonication and clarified by cen-
trifugation at 100000 for 30 min at 4°C. For ion exchange

with human Hsp70 chaperones and DnaJ-like cochaperoneschromatography, PEER cells were suspended in two volumes
Furthermore, we establish that Hsp104 shuttles across theof extraction buffer consisting of 20 mM Tris-HCI at pH

nuclear envelope in human cells and is active in protein
refolding in both the cytoplasm and nucleoplasm.

EXPERIMENTAL PROCEDURES

Plasmids and Cell Line$isp104 open-reading frame was
excised from the yeast expression vector pLA28SX (provided
by S. Lindquist, Whitehead Institute) asBanH|—Sad
fragment and subcloned into pCDNAS3 (Invitrogen). For

inducible expression, the Hspl04-coding sequence was

excised from pCDNA3Hsp104 asSad fragment, blunted
with T4 DNA polymerase and inserted into the tetracycline-
regulated dicistronic expression plasmid, pTR5-DC/GFP*tk/
hygro 21). The second cistron of the resulting plasmid
(pTR5-DC/Hsp104-GFP*tk/hygro) encodes GFFGFP-
positive cells were selected by micromanipulation and
expanded Z2). Expression of Hsp104 was confirmed by
Western blot analysis. An inducible expression vector
encoding an ATPase-deficient derivative of Hspl04
(Hsp104K218T; ref23) was constructed using identical

methods. Cell lines expressing wild-type and mutant Hsp104

were designated PrtTAHspl104 and PrtTAHspl104K218T,
respectively. The plasmids, pRSVcyt-Luc and pRSVnuc-Luc,
encoding firefly luciferase (FFL) lacking a C-terminal
peroxisomal targeting signal for cytoplasmic localization or
containing a SV40 large T antigen nuclear localization signal
for nucleoplasmic accumulatior24) were provided by H.
Kampinga and were transfected into PrtTAHsp104 and
PriTAHsp104K218T by electroporation for in vivo refolding
experiments. HEK293 cells were transfected with
pCDNA3Hsp104 for the subcellular localization experiment.

Cell Viability AssaysCultures in mid-log phase were split

8.0, 10 mM DTT, and protease inhibitors. Cells were
disrupted with a motorized PotteElvehjem homogenizer.
A total of 20 mg of clarified extract was applied to a 1-mL
Resource Q column (AP Biotech), washed with 5 column
volumes of extraction buffer, and eluted in the same buffer
with a linear gradient of 8500 mM NacCl over 20 column
volumes collecting 1-mL fractions. Fractions were dialyzed
against k RFB before being used in the refolding assays.
Luciferase Refolding Assays (in Vitrddggregated FFL
was prepared as previously describ&d)( To avoid batch-
to-batch variation in substrate preparation, aliquots of ag-
gregated FFL were flash-frozen in liquidNstored at—80
°C, and thawed on ice immediately prior to use. Each
refolding reaction (5Q:L final volume) contained %L of
aggregated FFL (20 nM final concentration), gL of
dialyzed column fraction or cell extract, 5 mM ATP, 25 mM
phosphocreatine, 100 mU of creatine phosphokinase, and 0.1
mg/mL BSA, supplemented with the indicated purified
chaperones at a final concentration gi¥ with respect to
the monomers. After incubation for 90 min at 26, 1 uL
of each refolding reaction was diluted into 50 of
Luciferase Assay Reagent (Promega) and light emission was
measured fo5 s with a luminometer (Berthold LB9507).
Luciferase Refolding Assays (inJd). Following trans-
formation with pRSVcyt-Luc and pRSVnuc-Luc, cells were
cultured for 24 h in medium containing 20@/mL hygro-
mycin and 15Q:g/mL G418 and split. One-half was induced
with 3 wug/mL DOX for 14 h. Harvested cells were
resuspended in medium containingggymL cycloheximide
and 20 mM MOPS at pH 7.0. Submerging the cells in a 44
°C water bath for precisely 6 min inactivated FFL. The cells
were then maintained at room temperature for an additional

and DOX (lug/mL) was added to one-half. After 24 h, both g, "Fr| activity was determined as previously described
induced and uninduced cells were washed with PBS and(25).

resuspended in fresh media containing 20 mM HEPES-KOH
at pH 7.2. Cells were heat-shocked by immersion in a 43
°C water bath for the indicated times; control cells remained
at 37°C. Following heat shock, cells were diluted with fresh
medium and returned to a I CO, incubator for 24 h.
Cell viability was measured by the reduction of MTT
according to the instructions of the supplier (ATCC).
Viability was calculated as the ratio of color development

for heat-shocked cells relative to that of nonheat-shocked

cells in each cell line examined.

Cell Extracts As required, Hsp104 expression was induced
with 1 ug/mL DOX for 48 h. Cells were harvested, washed
in 1x refolding buffer (RFB; 25 mM HEPES-KOH at pH

Protein Purification Human Hdj1/Hsp40 (SPP400) and
Hsc70/Hsp73 (SPP751) were purchased from Stressgen.
Recombinant Hsp104, human Hsp70, and His-tagged Hdj2
were purified following expression iE. coli using standard
chromatographic procedures.

ImmunofluorescenceHEK293 cells transfected with
pCDNA3Hsp104 were seeded onto sterile coverslips and
permitted to grow for 2 days. Cells were rinsed with PBS
and fixed with 4% formaldehyde for 20 min followed by
treatment with 50 mM NRCI for 5 min. Cells were
permeabilized with 0.2% (v) TX-100 in PBS. After
blocking, cells were probed with polyclonal rabbit anti-
Hsp104 antibody diluted 1:10 000 in the blocking solution

7.6, 150 mM potassium acetate, 10 mM magnesium acetate so||owed by Cy3-conjugated goat anti-rabbit IgG (Jackson

1 Abbreviations: GFP, green fluorescent protein; DTT, dithiothreitol;
AEBSF, 4-(2-aminoethyl)benzene sulfonylfluoride; DAPI64diami-
dino-2-phenylindole; LMB, leptomycin B; MTT, 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrasodium bromide; FFL, firefly luciferase;
DOX, doxycycline, JNK, c-Jun N-terminal kinase; MAPK, mitogen-
activated kinase.

Laboratories) fo1 h and finally treated with Zg/mL DAPI

for 5 min. To examine CRM1-dependent trafficking, cells
were treated with 10 ng/mL leptomycin B (Sigma) for 4 h
in the presence of 2@g/mL cycloheximide. To examine
the effect of heat shock on protein localization, transfected
cells were grown on sterile chamber slides (Lab-Tek).
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Growth medium was replaced with a medium buffered with 10 Ho104
20 mM HEPES-KOH at pH 7.0, and the slides were heated 0.64 P
to 43 °C for 30 min and returned to 37C in fresh growth -
medium for 4 h. Cells were immunostained for Hsp104 as % 0.6+
described above. Hsc/p70 was detected with a 1:500 dilution g 0.4-]
of a mouse monoclonal antibody (Sigma, Clone BRM-22)
in combination with a Cy5-conjugated donkey anti-mouse 0.2
IgG secondary (Jackson Laboratories). Cells were imaged 0 : :
with a standard fluorescence microscope (Zeiss Axioskop) 0 30 60 90
equipped with a Spot Junior CCD camera (Diagnostics 10
Instruments). 08 Hsp104K218T
Antibodies.The following antibodies were used in these 2
experiments: rabbit polyclonal anti-Hsp104, rabbit poly- 5 09
clonal anti-Hdj1 (Hsp40, Stressgen, SPA400); mouse mono- S 0.4
clonal anti-Hdj2 (Neomarkers, Clone KA2A5.6); rat mono-
clonal anti-Hsc70 (Hsp73, Stressgen, SPA815); mouse -2
monoclonal anti-Hsp70 (Stressgen, SPA810); rabbit poly- 0 , ,
clonal anti-Hsp70 (Hsp72, Stressgen, SPA812); mouse 0 3 60 90
monoclonal anti-Hsp70 (Sigma, BRM-22); rabbit polyclonal 10
anti-caspase 3 (a gift from D. W. Nicholson, Merk Frosst, 05 Hsp70
Pointe Claire, Quebec, Canada), rabbit polyclonal anti- '
activated c-Jun N-terminal kinase (JNK) (pTPpY, Promega); % 0.6
and mouse monoclonal anti-actin (ICN, C4). Immunocom- g 0.4-
plexes were detected by enhanced chemiluminescence.
0.2
RESULTS 0 . :

Hsp104 Enhances Thermoresistance of Human CEdls. i o~
determine if Hsp104 confers thermoprotection when ex- Time at 43°C (min)
pressed in human cells, we compared the rate of viability Ficure 1: Hspl04 expression enhances viability of PEER cells

; inali ; following heat shock. PEER cells expressing yeast Hsp104, an
IOSS. "1 ge:racy;:llnte |rr]1dul§:e(? agn(\jlvunlndluce((jj .PEER ”C?"S ATPase deficient mutant Hsp104K218T, and human Hsp70 were
subjected 1o a heat shock of 5. We analyzed in parallel hyeated @) or induced for 24 h with ug/mL DOX (O). Cells

the thermoresistance of cell lines expressing Hsp104K218T,were heat-shocked at 48 for the indicated times and then returned

an ATPase-dead derivative of Hsp1@8)or human Hsp70.  to 37 °C. After 24 h, viability was determined by MTT assay.
As previously observed®(), tetracycline-induced expression  Plotted points represent the means of three independent experiments
of Hsp70 enhanced the thermoresistance of PEER cells(€Tor bars= standard error of the mean).

(Figure 1). Wild-type Hsp104 expression but not the expres- appearance of a 17 kDa cleavage product. Hsp104 also
sion of Hsp104K218T also enhanced thermoresistance ofinhibited procaspase-3 cleavage but to a lesser extent than
heat-shocked cells compared to uninduced controls, indicat-Hsp70, while Hsp104K218T had no discernible effect.

ing that the influence of Hsp104 depended on the intrinsic |mportantly, in contrast to the effect of Hsp70, Hsp104 had
ATPase activity of the chaperone and not simply on the ng influence on the activation of JNK.

presence of the transgene or the protein itself. Western blot  gypcellular Distribution of Hsp104 in Human Cells.
analysis confirmed that Hsp104 and Hsp104K218T were |mmunoelectron microscopy indicates that at least some
expressed at similar levels in tetracycline-induced cells Hsp104 is present in the nuclei of yeag6), Because the
(Figure 2) In the absence of tetracycline-induced HSp?O mass of assembled HsplO@QOO kDa) is too |arge to
expression, heat-shock-induced accumulation of Hsp70transiocate through the nuclear pore complex by passive
increased as a function of time of recovery at’€7and the  diffusion, entry into the yeast nucleus is likely mediated by
expression of either Hsp104 or mutant Hsp104 had little nyclear transport factors. To determine if Hsp104 can enter
impact on endogenous Hsp70 expression. the nucleus in mammalian cells, we examined its distribution
In heat-shocked PEER cells, the appearance of condensedsing indirect immunofluorescence. PEER cells are round,
chromatin, caspase 3 and caspase 9 activation, DEVDaseonadherent cells in which the cytoplasm forms only a thin
activity, poly(ADP-ribose) polymerase cleavage, JNK activa- layer around the nucleus. We therefore used an adherent cell
tion, annexin V binding, and cytochroneerelease have all  line, HEK293, transiently transfected with pCDNA3Hsp104
been reported previousI®,(20, 21). Each of these apoptosis- for these experiments. In transfected cells, Hsp104 appeared
associated responses is inhibited by the overexpression oto be distributed throughout the cell including the nucleo-
Hsp70. To determine if Hsp104 might similarly inhibit plasm as indicated by overlapping staining with DAPI
apoptotic signaling, we examined two indicators: JNK (Figure 3A).
phosphorylation and procaspase-3 cleavage. As previously In mammalian cells, it is possible that some Hspl104 is
observed, Hsp70 strongly inhibited the transient activation simply entrapped in the nucleus during reassembly of the
of JNK that is evident immediately after heat shock (Figure nuclear envelope following mitosis. We therefore examined
2). In addition, Hsp70 expression inhibited procaspase-3the effect of leptomycin B (LMB), a covalent modifier of
cleavage detected during recovery in control cells by the the nuclear export factor Crm27), on Hsp104 localization.
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Ficure 2: Hspl04 expression inhibits caspase 3 activation. PEER cell lines, untreated or induced with DOX as indicated, were heat-
shocked fo 1 h at 43°C. Cells were collected before heat shock (C), immediately after heat shock (0), and afte8 s arfirecovery at

37 °C. Equal amounts of cell lysate were subjected to SBPBGE, blotted, and probed with the indicated antibodies. In anti-caspase 3
blots, only the 17 kDa cleavage product is shown. The anti-actin blot indicates equal loading of the lanes.

a-Hsp104 DAPI A

0 2 4 60 2 4 6
Recovery Time (h)
+ CHX B CB a-Hsp104
Eh s T B2 PP — S
C
+ LMB DOX + - + - + -+ -
+ CHX
WT K218T WT K218T
FIGURE 4: Hspl04 enhances in vivo refolding of thermally

) . inactivated FFL in the nucleoplasm and cytoplasm of intact cells.
Ficure 3: Hspl04 shuttles across the nuclear envelope in human (A) PrtTAHsp104 {1 andm) and PrtTAHsp104K218TQ and®)

cells. HEK293 cells were cultured on coverslips and transfected ; ; : ;
- b - cell lines were transfected by electroporation with plasmids that
with pCDNA3Hsp104. After 24 h, post-transfection cells were fixed  jiract the expression of cyt())/plasmic-p (CYT) or nch):IeopIasmic-

and permeablilized. Hsp104 was detected with an anti-HSp104 ,04jizeq4 (NUC) FFL and were either left untreatea gndO) or
polyclonal serum (left column), and nuclear DNA was stained with ;-4 .cad with DOX for 24 h M and®). FFL was inactivated by

DAPI (right column). Cells were untreated (A) or, to prevent ..o ; i ;
k . . g at 44C for 6 min. Recovered FFL activity was normalized
synthesis of Hsp104 in the cytosoplasm, treated with.@0mL to the level of activity measured in an equivalent number of cells

cycloheximide alone (CHX; B) or together with 20 ng/mL LMB iy mediately before heat inactivatiorError bars = standard

(C) and incubated at 37C for 4 h prior to fixation. deviation of three FFL determinations at each time point. (B) Cell

. . . extracts were analyzed by SB8AGE and stained with Coomassie
To prevent the synthesis of Hsp104 in the cytoplasm during blue (CB) to indicate equal loading of protein. A duplicate gel was

the LMB treatment, cells were also treated with cyclohex- piotted with anti- Hsp104 antibody. A representative result of three
imide. The majority of cells receiving only the cycloheximide independent trials is shown.

treatment showed the same distribution of Hsp104 as cells
receiving no treatment (Figure 3B). In contrast, most cells
that were treated with LMB and cycloheximide showed

distinctly more intense nuclear staining for Hsp104 and

depletion of cytoplasmic Hsp104, a pattern that is charac- . .
teristic of many shuttling proteins (Figure 3C). of heat-denatured FFL mistargeted to either the cytoplasm

In mammalian cells, heat shock induces the transient ©F nucleoplasm as a probe of chaperone function in vivo.
redistribution of Hsp70 to the nucleuad). Indeed, after mild Both the cytoplasmic and nucleoplasmic FFL activities were
heat shock and recovery, immunostaining for Hsp70 revealed™ore rapidly restored in Hsp104-expressing cells than in
that these proteins accumulated in the nucleus of a substantiagither uninduced cells or cells expressing Hsp104K218T
number of the cells but the pattern of Hsp104 distribution (Figure 4A). Unexpectedly, reactivation of cytosolic FFL in
was unchanged (data not shown). uninduced PrtTAHsp104 cells was observed in repetitions

Hsp104 Enhances Protein Reaetiion in the Cytosol and  of the experiment albeit delayed by ab@uh relative to the
NucleusThe ability of Hsp104 to promote survival of heat- induced cells. It is plausible that the low but detectable level
shocked PEER cells correlated with its inhibition of pro- of Hsp104 expressed in uninduced cells (Figure 4B) con-

YT NUC

[N T & ) BN |
o @ O

=

Luciferase activity
(% of original)

caspase-3 cleavage. To determine if Hsp104 expression also
contributes in a more general way to the protein refolding
capacity in intact PEER cells, we examined the reactivation
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A B CON HS refolded luciferase was enhanced by the heat-induced
- + = 4 DOX expression of Hsp70 detected by Western blot analysis of
2 g{ WT 1 the lysates (Figure 5B).
ot The yield of refolded FFL was dramatically higher in
2 61 "l' CB extracts derived from induced cells, consistent with the
2 = observation that refolding of FFL trapped in higher molecular
£ 4 = = sm = weight aggregates is largely dependent on Hsp1@) The
S 4 3 yield of FFL refolded by heat-shocked cell lysate was 3-fold
@ 21 — a-Hsp104 higher compared to that by unheated control cell lysate,
2 Hlll § > a-Hsp70 indicating that Hsp104 itself is activated by heat shock or
b L v e — = = a-Hsc70 that other heat-inducible host cell factors enhance the
o il i - Dpox oY % S| o-Hdjl function of Hsp104. To rule out the possibility that the
- -+ - - +Hsploa | fo-Hd2 apparent increase in Hsp104-dependent refolding was due
C D to an increase in the activity of Hsp104 itself, recombinant
“’g 8{ ka18T & g Hsp1_04 (0.2«M final concentration) was added to extracts
" T = 1 of uninduced cells. Indeed, the enhancement of exogenous
EPy Il Hsp104 function in heat-shocked extracts paralleled the effect
‘é’ e of heat shock on transgenlcally_ expressed Hsp104 suggesting
24l 54 that heat shock alters the ability of the host cell to support
& S Hspl04-mediated refolding.
§ 5 ] § 5 | Hsp104 participates in a bichaperone network with cyto-
ko) & solic Hsp70s encoded by tH&SA*-4 genes in yeast and
§ 0 |'L| -1 g 0 dem rl H - either of two Hsp70 cochaperones, Ydfill) or Sisl (2).
- == 4+ 4+ +HS - - - + + +DOX We therefore probed the cell extracts with antibodies that
- +=- -+ -DOX -+ - -+ - Hs70 specifically detect the human orthologs of the relevant yeast
- -+ - - +Hsplo4 - - + - - +Hsp70

chaperones to determine which, if any, might be involved
FIGURE 5. Hspl04-mediated refolding is stimulated by heat-shock in enhancing Hsp104 function (Figure 5B). This analysis

induction of endogenous chaperones. Cell-free protein extracts were;, 4 iynifi i
prepared from PriTAHsp104 cells. (A) Reactions @3 containing indicated that the most significant change in endogenous

74 ug of total soluble protein (1000@0supernatant) from each chaperone levels was in r_leat-shock-lndumble Hsp70.
lysate was used to refold non-native aggregated FFL. The indicated Furthermore, to establish that the reduced chaperone
reactions were supplemented with @:®1 recombinant Hsp104.  activity in intact cells expressing Hspl04K218T was
FFL activity was determined afte h of refolding at 25°C. (B) attributable to the presence of inactive Hspl04 rather

Each lysate (35tg) was loaded on duplicate SBRAGE gels. ; ; ; ;
CB staining indicates equal loading. Duplicate gels were blotted, than a different cause, refolding reactions were carried out

and the membranes were probed with the indicated antibodies. (C)USINg extracts prepared from uninduced and induced
Cell-free extracts were prepared from PrtTAHsp104K218T cells PrtTAHsp104K218T cells. As anticipated, the induction of
and used to refold FFL as described for A. (D) Extracts were Hspl04K218T did not influence the refolding capacity of
prepared from PrtTAHsp104 cells and supplemented as indicatedihese lysates, (Figure 5C) but supplementation with recom-
‘Avl'lﬂ:e?ofl‘é\{lngzggy%rV'\;';ggoﬁgﬂCfggik:feée{i%%:ggregated FFL pinant Hsp1_04 restored refolding to levels obt_aingd us_ing
lysate from induced PrtTAHsp104 cells. Refolding in unin-
tributed to the slow reactivation of cytoplasmic FFL that we duced extracts of PrtTAHsp104 cells, while very limited,
observed. was substantially higher than in the equivalent extract from
Hsp104 and Human Chaperones Form a Hybrid Bichap- PrtTAHsp104K218T cells. This observation supports the idea
erone NetworkHaving established that Hsp104 provides that leaky expression of active Hsp104 could account for
thermoresistance and enhanced chaperone activity in vivo,the delayed refolding observed in intact uninduced Prt-
we examined whether Hsp104 functioned in conjunction with TAHsp104 cells. Unfortunately, refolding reactions in vitro
the endogenous chaperones of human cells to form a hybridcannot be sustained for the several hours required to mimic
“bichaperone network” or simply acted as an orphan mo- more closely the in vivo refolding experiment.
lecular chaperone. Total soluble protein extracts were To determine if the enhancement of Hsp104 function in
prepared from uninduced or tetracycline-induced PrtTAH- cell extracts of heat-shocked cells represented simply a
spl04 cells maintained at 3T or heat-shocked at 4% general increase in total Hsp70 (a combination of constitu-
and permitted to recover for 8 h. The chaperone capacity of tively expressed Hsc70 and heat-inducible Hsp70) or a
these lysates was measured by the refolding of chemically specific functional interaction between Hsp104 and heat-
denatured, aggregated FFL. In the absence of HsplO4inducible Hsp70, PrtTAHsp104 lysates were prepared from
induction, the yield of refolded FFL was low but was nonheat-shocked cells with or without induction of Hsp104
nonetheless enhanced in extracts from heat-shocked cellexpression. These extracts were supplemented with either
(Figure 5A). Even though the FFL used as a substrate in purified Hsc70 or Hsp70 in excess (V) and used in
these reactions was preaggregated, it has been previouslyefolding reactions. Either in the presence or absence of
shown that the size of aggregates prepared in this manneHsp104 induction, both proteins enhanced luciferase refold-
are heterogeneousll). Very low molecular weight ag-  ing in cell-free extracts, although Hsc70 was less effective
gregates within such a mixture can be remodeled by Hsp70/than Hsp70 (Figure 5D).
40 chaperone systems without the cooperation of an Hsp100 We recapitulated Hsp104-dependent refolding with puri-
disaggregasel(, 29). Thus, the increase in the yield of fied Hsp104 and human chaperones. All reactions contained
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FIGURE 6: Yeast Hsp104 functions with purified human molecular
chaperones in a hybrid bichaperone network. Refolding of aggre- B
gated FFL was measured in reactions containing purified human
molecular chaperones with or without purified yeast Hsp104. FFL
activity was determined after 90 min of refolding and expressed as

a percentage of input of native FFL activity. (A) Comparison of
refolding in reactions containing human Hsp70 with either human

Hdj1 or Hdj2. (B) Comparison of refolding by purified Hsp70 and

Hsc70.

1 uM of each protein (monomers). We first examined
refolding by recombinant human Hsp70 with either of two
alternative J-domain-containing cochaperones, Hdj2 or Hdj1l
(Figure 6A). Hsp70, Hdj1, or Hdj2 alone or in combination
with Hsp104 resulted in substantial refolding above the
spontaneous level measured in reactions lacking chaperones [ Ja-Hsp104

(data not shown). As anticipated for refolding of aggregated 2 4 6 8 10 12 14 16 18

substrate, Hsp70 with either cochaperone refolded only Fraction Number

limited amounts of FFL in the absence of Hsp104. Hsp104 Figure 7: Hspl04 is the only potent disaggregase present in cell-
by itself was also ineffective in refolding, but together with free lysates. Uninduced and induced PrtTAHsp104 cells were used
human Hep70 and either cochaperone, we observed dl RIEpat 0 T oo exchange chromatography, and each
subst_antlal ylt_eld of refol_ded_ FFL suggesting that these fraction was assaye%l for the abilitygto refold pre%ggre);ated FFL
proteins constitute a hybrid bichaperone network. HSp104- gjther alone ©) or in the presence of human Hsp70 and Hd#. (
dependent refolding with Hsp70 and Hdj1 was less effective An equal volume of each fraction was separated by SPSGE

than that observed with Hsp70 and Hdj2, while the limited and analyzed by Western blot with anti-Hsp104 antibody. (A)
but reproducible refolding by Hsp70 and Hdjl in the absence EXtract from PriTAHsp104 induced for 48 h. (B) Extract from
of Hsp104 was slightly better. Hsp70 could be replaced by uninduced PrtTAHsp104.

Hsc70 in Hsp104-dependent refolding reactions (Figure 6B). supplemented with Hsp70 and Hdj2 (Figure 7A). Western

Do Mammalian Cells Possess an Endogenous B|chaperoneb|0t analysis of the fractions indicated that refolding-active

Network?The two elements of a bichaperone network are a . . .
: ot : fractions contained Hsp104. Refolding could not be detected
disaggregase that acts on non-native aggregated proteins an(é fractions from cells that were not induced (Figure 7B).

an Hsp70/Hsp40 chaperone/cochaperone system that assist
in refolding proteins released from aggregates. Especially ISCUSSION

because the supplementation of lysates with Hsp70 resulte

in substantial refolding of aggregated luciferase (Figure 5D), In yeast, Hspl04 expression not only quantitatively
we wanted to determine whether Hsp104 provides a uniqueenhances survival and protein refolding, but also contributes
protein refolding capability when expressed in human cells a chaperone activity that is distinct from that of most
or whether these cells might contain an endogenous factorchaperones, the ability to resolubilize and refold proteins that
that could substitute for Hsp104 activity in the refolding of are already aggregated. The only Hsp100 family members
aggregated proteins. We prepared extracts from uninducedthat are present in mammalian genomes are a mitochondrial
or tetracycline-induced PrtTAHsp104 cells. The extracts were ClpX ortholog @0, 31) that functions in proteolysis with
fractionated by anion exchange chromatography, and eachhuman ClpP and Skd3, an unusual Hsp100 with a single
fraction was tested for its ability to refold previously AAA module and N-terminal ankyrin repeat32 33) that
aggregated FFL alone or with the addition of human Hsp70 may also associate with mitochondria but whose function is
and Hdj2. The extent of refolding was normalized to unknown. Thus, in the absence of an orthologous protein,
reactions containing just purified chaperones Hsp104, Hdj2 the expression of Hsp104 in mammalian cells provides an
and Hsp70. Robust refolding was detected only in the exciting opportunity to examine the relationship between the
fractions from cells expressing Hsp104 and only when chaperone capacity of cells and the ability to withstand stress.

Aogq (arbitrary units)

Luciferase Activity (% control)
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This study represents the first comprehensive analysis ofyeast nucleus and that, when mutated, prevents a-GFP
Hspl104 chaperone function in the alien environment of the Hsp104 fusion protein entering the nucleus (J. M. Tkach and
human cell and its consequences \Agisasurvival following J. R. Glover, unpublished observation).
heat shock. In animal cells, the nuclear matrix is potentially a critical

In addition to its roles in protein disaggregation and target of thermal stress (for review, see46f, and in models
thermotolerance, the low level of Hspl04 expressed in of polyglutamine expansion disease, aggregates frequently
unstressed cells is critical for the mitotic stability of yeast take the form of nuclear inclusions. Because the Hsp104
prions [PSI] (34), [URE3 (35), and PIN'] (36). The hexamer is far too large~600 kDa) to enter the nucleus
observation that Hspl104 influences the stability of self- without the intervention of nuclear transport factors, estab-
seeding aggregates has generated an interest in testing thiishing that Hsp104 indeed shuttles across the nuclear
effect of Hsp104 on the physical state of intracellular protein envelope of mammalian cells is an important finding that
aggregates associated with human diseage §9). Immu- suggests the interaction between Hsp104 and nucleocyto-
nostaining of inclusions in patient tissues or in animal tissue plasmic trafficking factors is conserved between yeast and
culture models of polygutamine-repeat diseases as an exhuman cells. In contrast to Hsp70, which enhances the
ample contain substantial amounts of molecular chaperonesyeactivation of thermally inactivated FFL primarily in the
including members of the Hsp70 and Hsp40 families, as well cytoplasm 25), Hsp104 contributes to the chaperone capacity
as ubiquitin and proteasome componeu3—{43). Despite of both the cytoplasm and nucleoplasm.
the indications that the components of inclusions are The dual role of molecular chaperones as mediators of
recognized as “misfolded” by the protein folding and cellular repair in response to stress and as suppressors of
degradation machineries, animal cells apparently lack the apoptosis is an intriguing phenomenon. In addition to its role
capacity to efficiently disperse them. The expectation that in the prevention of irreversible protein aggregation, Hsp70
Hspl04 might be an exceptionally potent agent in the binds to apoptosis inducing factor-1 (AlIF-1) blocking AlF-
clearance of inclusions of misfolded proteins in human cells induced chromatin condensatiof7}. Hsp70 also binds to
or contribute in a more general way to stress tolerance reliesapoptosis protease activating factor (Apaf-1), hindering the
on assumptions that we have investigated herein. recruitment of procaspase-9 to the apoptosoa& 49), a

The ability to form a hybrid bichaperone network with high molecular weight aggregate of Apaf-1 and cytochrome
the resident chaperones is of critical relevance to the functionc released from mitochondria. Hsp70 also interferes with the
of Hsp104 as a disaggregase in a foreign milieu. In particular, apoptotic pathway at a stage before the release of cytochrome
the function of bichaperone networks is subject to the specific ¢ from mitochondria 21); overexpression of Hsp70 attenu-
functional interaction between the Hsp100 component and ates the phosphorylation/activation state of INK by prevent-
the Hsp70 system required for refolding aggregated sub-ing heat inactivation of a JNK phosphatag4,(50) and by
strates. Hsp104 functions with purifieeiSAlencoded cy- binding directly to JNK and preventing its phosphorylation
tosolic Hsp70 and a DnaJ-like cochaperone Ydj1 but does by the mitogen-activated protein kinase SEK5L)(
not refold protein withE. coli DnaK, DnaJ, and GrpEL(Q). In heat-stressed mammalian cells, it is possible that the
Hsp78, a mitochondrial paralog of Hsp104, can function with presence of misfolded proteins results in a reallocation of
yeast mitochondrial homologues of DnaK, DnaJ, and GrpE Hsp70 to fulfill its function in protein folding while
(Ssc1/Mdj1/Mgel) but not with cytosolic Ssal and Sisl, a simultaneously permitting the derepression of apoptotic
Hsp40-like cytosolic cochaperon&?). We have established, signaling. The duration and severity of the stress, coupled
using both purified human molecular chaperones and proteinwith the ability of the cell to mount a sufficient defensive
extracts from transgenic cells that Hsp104 is capable of response, could determine whether the balance is tipped
cooperating with human Hsp70 or Hsc70 and either Hdj1 toward recovery or self-annihilation. The role of Hsp70 in
or Hdj2 to refold aggregated non-native protein. Although regulating the apoptotic response is probably not limited to
Hsp70 was consistently more active than Hsc70 in refolding scenarios involving physical or chemical stress. In recent
reactions, this effect was also evident in cell extracts of analyses of the impact of polyglutamine expansion on the
uninduced cells. Thus, the difference in refolding activity is cellular stress responsg2 53), polyglutamine aggregation
not specifically dependent on the differential ability of each was associated with reduced or delayed Hsp70 expression
chaperone to functionally interact with Hsp104. and prolonged activation of JNK associated with inactivation

Components of the yeast Hsp104/Hsp70/Hsp40 bichap-of JNK phosphatase. Thus, in models of polyglutamine
erone network likely enter nuclei where they enhance expansion disease, reduction of cellular toxicity by Hsp70
restoration of nuclear structure and function following heat overexpression may have as much to do with the increased
shock. In yeast, electron dense aggregates formed in theavailability of Hsp70 to attenuate apoptotic signaling as with
nucleoplasm during heat shock are dispersed during recoventhe action of Hsp70 in the management of misfolded proteins.
in an Hsp104-dependent fashidid), and at least one nuclear In fact, at least one study concludes that the protection
activity, pre-mRNA splicing, is sensitive to heat inactivation provided by Hsp70 in a model of polyglutamine expansion
and is restored more rapidly in wild-type yeast thahsp104 disease is more closely associated with inhibition of pro-
deletion strains 44, 45). Although evidence obtained by caspase cleavage than with suppression of aggreg&#pn (
immunoelectron microscopy indicates that Hsp104 is presentThese studies underscore an important caveat with respect
in the yeast nucleu6) and has a role in repair of nuclear to the interpretation of cytoprotection conferred by Hsp70.
damage, little is known about the nuclear trafficking of = The work described herein establishes that a similar caveat
Hspl04 in yeast. As a first step toward addressing this issue,may apply to the expression of Hspl04. Hspl04 also
we have recently identified a 17 amino acid segment of inhibited proapoptotic signaling in human cells but in a
Hspl04 that is capable of directing a fusion protein into the manner that was distinct from that of Hsp70 overexpression.
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Because JNK activation was unperturbed by Hsp104 expres-antibody, to Antoine Caron (Biotechnology Research Insti-

sion, we can conclude that Hsp104 does not substitute fortute, Montreal) for help in constructing PEER cell lines, and

Hsp70 in preventing the heat inactivation of INK phosphataseto Rachel Long for assistance in plasmid construction, protein
(21, 50) or preventing phosphorylation of JNK by SEK-1 purification, and tissue culture. J. R. G. was supported by a
(52). Instead, it is possible that accelerated repair of CIHR scholarship, and S. H. was supported by a University
misfolded proteins in the presence of Hsp104 may permit of Toronto Open scholarship.
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