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The BAG-1 protein appears to inhibit cell death by
binding to Bcl-2, the Raf-1 protein kinase, and certain
growth factor receptors, but the mechanism of inhibi-
tion remains enigmatic. BAG-1 also interacts with
several steroid hormone receptors which require the
molecular chaperones Hsc70 and Hsp90 for activation.
Here we show that BAG-1 is a regulator of the Hsc70
chaperone. BAG-1 binds to the ATPase domain of
Hsc70 and, in cooperation with Hsp40, stimulates
Hsc70's steady-state ATP hydrolysis activity ~40-fold.
Similar to the action of the GrpE protein on bacterial
Hsp70, BAG-1 accelerates the release of ADP from
Hsc70. Thus, BAG-1 regulates the Hsc70 ATPase in a
manner contrary to the Hsc70-interacting protein Hip,
which stabilizes the ADP-bound state. Intriguingly,
BAG-1 and Hip compete in binding to the ATPase
domain of Hsc70. Our results reveal an unexpected
diversity in the regulation of Hsc70 and raise the
possibility that the observed anti-apoptotic function of
BAG-1 may be exerted through a modulation of the
chaperone activity of Hsc70 on specific protein folding
and maturation pathways.
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Introduction

Molecular chaperones of the Hsp70 family play a key
role in the folding, translocation and degradation of
proteins in the eukaryotic cell due to their capacity to
bind and stabilize non-native protein conformations (Craig
et al, 1994; Hartl, 1996; Rdiger et al, 1997). Substrate

binding involves the recognition of extended hydrophobic

domain of DnaK triggers the release of ADP and hence
accelerates substrate dissociation upon ATP rebinding.
Homologues of the DnaJ protein have been identified in
various compartments of the eukaryotic cell where they
regulate distinct members of the Hsp70 family in a DnaJ-
like manner (Hartl, 1996). The presence of structural
homologues of GrpE, however, appears to be limited to
compartments of prokaryotic origin only, i.e. mitochondria
and chloroplasts (Stuadt al, 1994). We have recently
identified the rat Hip protein as a chaperone cofactor of
the cytosolic and nuclear heat shock cognate Hsc70
(Hohfeld et al, 1995). The functional characterization of
Hip indicated a mechanism for the regulation of Hsp70
family members in the eukaryotic cell that is distinct from
the GrpE-mediated dissociation of chaperone/substrate
complexes observed in prokaryotes (Ziegelho#eral,
1996; Frydman and Hdeld, 1997). Hip interacts with
the ATPase domain of Hsc70 after an initial activation of
Hsc70's ATPase activity by the eukaryotic DnaJ homo-
logue Hsp40. In contrast to GrpE, Hip appears to stabilize
the ADP-bound form of Hsc70 and may thus prolong the
interaction of Hsc70 with a polypeptide substraté (ifédd

et al, 1995).

The mouse BAG-1 protein was initially identified as a
binding partner of Bcl-2, a key inhibitor of apoptotic
cell death (Takayamat al, 1995; Reed, 1997). BAG-1
enhances the cell death-inhibiting activity of Bcl-2. In
addition, overexpression of BAG-1 prolongs the survival
of fibroblast cells challenged by apoptotic stimuli, thus
identifying BAG-1 as an anti-apoptotic molecule on its
own (Takayamaet al, 1995). An involvement of BAG-1
in the regulation of apoptosis is supported further by the
interaction of BAG-1 with hepatocyte and platelet-derived
growth factor receptors in a manner enhancing their anti-
apoptotic functions (Bardellet al., 1996). Furthermore,
BAG-1 interacts with and activates the Raf-1 protein
kinase (Wanget al, 1996). Hence, BAG-1 binds to
multiple signalling molecules and supports their activation
through an as yet unknown mechanism. A human homo-
logue of the BAG-1 protein was recently isolated as a

peptide segments by the carboxy-terminal peptide-binding binding partner of several steroid hormone receptors
domain of the chaperone and is regulated by cycles of (Zeiner and Gehring, 1995). Steroid hormone receptors as
ATP binding and hydrolysis mediated by Hsp70’s amino- well as the Raf-1 kinase are known to require an association
terminal ATPase domain. The ATP-bound form of Hsp70 with molecular chaperones for their activation (Stancato
binds and releases peptides rapidly, whereas the ADP-etal, 1993; Bohen and Yamamoto, 1994; Schneieteal,,
bound form binds and releases them slowly (Palleros 1996; Frydman and Hdeld, 1997; van der Stratest al,

et al, 1991; Schmicet al, 1994; Szabeet al,, 1994). In

1997). This prompted us to consider that BAG-1 may

bacteria, cycling of the Hsp70 homologue DnaK between exert its cellular activity by participating in molecular
different nucleotide states is regulated by the chaperonechaperone pathways.

cofactors DnaJ and GrpE (Georgopoules al., 1994;

McCarty et al, 1995; Hartl, 1996). DnaJ stimulates the
DnaK ATPase activity, and transfer of DnaK into the ADP-
bound state stabilizes its interaction with the polypeptide
substrate. In contrast, binding of GrpE to the ATPase

© Oxford University Press

Here, we identify BAG-1 as a component of the Hsc70
chaperone system. Following Hsp40-mediated stimulation
of Hsc70’'s ATP hydrolysis activity, BAG-1 stimulates the
release of ADP from Hsc70. Hence, BAG-1 fulfils a
GrpE-like function in the eukaryotic cell. BAG-1 binds
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Fig. 1. Purified recombinant Hsc70, Hip, Hsp40, the ATPase domain Fig. 2. BAG-1 interacts with the ATPase domain of Hsc70.
of Hsc70, and BAG-1 were analysed by SDS—-PAGEig2of each (A) A purified fusion protein of BAG-1 and maltose binding protein
protein was loaded and visualized by Coomassie staining. (MBP-BAG) was incubated with Sepharose beads (—ATPase domain)

and ATPase domain—SepharoseAT Pase domain), respectively, in the

. . . presence of 0.1 mM ADP. After collecting the flow-through fraction
to the ATPase domain of Hsc70 in a manner preventing (f.t.), beads were washed (wash) and subsequently eluted with buffer

an interaction of the chaperone with the regulatory cofactor containing 1 mM ATP (ATP) or 250 mM NaCl (salt) and with

Hip. The existence of competing cofactors that conversely SDS-PAGE sample buffer (SDSB) 10 pg each of the ATPase

affect the stability of the ADP state of the chaperone domain (1) and of unmodified BAG-1, purified after expression in
fr ; ; insect cells (2), or a mixture of both proteins (3), preincubated for

revefals a Vers.a““ty in the regulation of Hsc70 not 30 min at 4°C in the absence of nucleotide, were subjected to blue

previously anticipated. native electrophoresis. At a 1.5-fold molar excess of BAG-1, the

ATPase domain and ~60% of BAG-1 were shifted into a slower-
migrating ATPase domain/BAG-1 complex.

Results
Purification of human BAG-1 and of components ATPase domain interaction was analysed by affinity
of the mammalian Hsc70 chaperone system chromatography on the bovine Hsc70 ATPase domain

To investigate a potential cooperation of BAG-1 with immobilized on Sepharose beads. When the MBP-BAG
components of the Hsc70 chaperone system, Hsc70, thefusion protein was incubated with the affinity resin in the
Hsc70-interacting protein Hip, Hsp40 and the ATPase presence of ADP, the fusion protein was quantitatively
domain of Hsc70 (amino-acids 1-386) were purified after retained, while MBP itself did not bind to the ATPase
recombinant expression (Figure 1). For expression of domain (Figure 2A). Under these conditions the Hsc70-
BAG-1, the humanbag-1 cDNA was amplified by the interacting protein Hip also efficiently interacted with the
polymerase chain reaction using cDNA of neuronal SY5Y immobilized ATPase domain (Figure 2A). However, Hip
cells as template. [Although the human BAG-1 homologue was partially eluted from the affinity resin by addition of
was initially termed RAP46 (Zeiner and Gehring, 1995), ATP, and interaction was completely disrupted in the
we will refer to it as BAG-1 throughout this study.] For presence of increased salt concentrations (250 mM NacCl).
initial interaction assays a fusion protein comprising the In contrast, interaction of BAG-1 with the ATPase domain
bacterial maltose binding protein (MBP) and full-length was salt-resistant and apparently independent of the
human BAG-1 was constructed, expresse&atherichia nucleotide state of the domain (Figure 2A). Complex
coli, and purified (MBP—-BAG) (data not shown). However, formation between BAG-1 and Hsc70’'s ATPase domain
for functional studies an unmodified form of human was also analysed by blue native gel electrophoresis.

BAG-1 was expressed ifspodoptera frugiperdgSf9) Incubation of a 1.5-fold molar excess of baculovirus-
cells following infection with a recombinant baculovirus derived BAG-1 with the purified ATPase domain before
and was purified to homogeneity (Figure 1). native gel electrophoresis led to the formation of a BAG-1/

ATPase domain complex that migrated with reduced
BAG-1 interacts with the ATPase domain of Hsc70 mobility in the gel (Figure 2B). The same result was

Hsc70 binds to a multitude of polypeptide substrates obtained with full-length Hsc70 (data not shown). BAG-1
through its carboxy-terminal peptide binding domain is thus a novel Hsc70 partner protein, interacting with the
(Rudiger et al,, 1997). To eliminate the possibility that chaperone through Hsc70’s ATPase domain.

BAG-1 is recognized as a substrate, we used the amino-

terminal ATPase domain of Hsc70 in interaction assays BAG-1 stimulates the steady-state rate of ATP
(Rudiger et al, 1997). ATPase domain binding is a hydrolysis by Hsc70 in an Hsp40-dependent

hallmark of the Hsp70-regulating factors GrpE from manner

bacteria and the eukaryotic Hip protein (Buchbergfeal., Partner proteins of Hsp70 family members play key roles
1994; Hahfeld et al, 1995; Harrisoret al, 1997). BAG-1/ in the regulation of the ATPase activity of the chaperone,
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Fig. 3. BAG-1 stimulates the ATPase activity of Hsc70 in the presence
of Hsp40. A) Hsc70 (3uM) was incubated at 30°C with BAG-1

(6 uM) and Hsp40 (3uM) as indicated, and the amount of hydrolysed
ATP was determined. Bars represent averaged values from four
independent experimentB) Increasing concentrations of BAG-1

were incubated with M Hsc70 and 1.51M Hsp40, and Hsc70
ATP-hydrolytic activity was assayed. Values were averaged from six
samples taken during the linear course of the reaction in two
independent experimentsC) Increasing concentrations of Hsp40 were
incubated with 3uM Hsc70 in the absence (-BAG-1) and presence of
6 pM BAG-1 (+BAG-1), respectively, and Hsc70 ATPase activity was
determined.

thus modulating the intrinsic peptide binding affinity of
Hsp70 (Hartl, 1996; Rdiger et al, 1997). Incited by the
observed interaction of BAG-1 with the ATPase domain

BAG-1-mediated regulation of Hsc70

tion experiments (Figure 3C). In the absence of BAG-1,

stimulation of the ATPase activity by Hsp40 reached a

plateau at substoichiometric Hsp40 concentrations (at a
ratio of Hsc70 to Hsp40 of 6:1). When BAG-1 was present

at a 2-fold molar excess over Hsc70, however, a higher
plateau was reached at higher Hsp40 levels (Figure 3C).
Apparently, BAG-1 accelerates a step in the Hsc70 reaction
cycle that becomes otherwise rate-limiting at substoichio-
metric concentrations of Hsp40.

BAG-1 accelerates the recycling of Hsc70 by

promoting the release of ADP from the chaperone

The observed Hsp40-dependent stimulation of Hsc70’s
steady-state ATPase activity by BAG-1 was reminiscent of
the regulatory function exerted by GrpE in the prokaryotic
Hsp70 reaction cycle. We therefore investigated whether
BAG-1, similar to bacterial GrpE, accelerates recycling
of Hsc70 to the ATP-bound conformation. For this purpose
the nucleotide-bound state of Hsc70 under steady-state
conditions was analysed. In the absence of Hsp40, Hsc70
was predominantly in the ATP-bound state due to the low
intrinsic rate of ATP hydrolysis (Figure 4A). The ATP/
ADP ratio was largely unaffected by addition of BAG-1,
suggesting that the cofactor does not stimulate the ATP
hydrolysis step in the Hsc70 reaction cycle. In the presence
of Hsp40, the ADP-bound state of Hsc70 became popu-
lated, consistent with the hydrolysis-stimulating activity
of Hsp40. Further addition of BAG-1 allowed Hsc70 to
return efficiently to the ATP-bound form (Figure 4A).
Apparently, BAG-1 promotes the recycling of Hsc70
in the presence of Hsp40. Single turnover experiments
revealed a stimulation of the release of bound ADP as the
molecular cause for the Hsc70-recycling activity of BAG-1
(Figure 4B). BAG-1 thus fulfils a GrpE-like function in
the eukaryotic cell, acting as an ADP/ATP exchange factor
in the Hsc70 reaction cycle.

BAG-1 regulates Hsc70 in a manner contrary to

Hip

We have previously characterized the Hip protein as a
factor which participates in the regulation of Hsc70
(Hohfeld et al, 1995; Irmer and Hbofeld, 1997). In
contrast to BAG-1, Hip appears to stabilize the ADP-
bound state of Hsc70. To provide a comparative analysis
of BAG-1 and Hip function in the regulation of Hsc70, we
investigated the effect of Hip, purified after recombinant
expression in insect cells, on the Hsc70 ATPase. When
increasing amounts of Hip were added to Hsc70 co-
incubated with Hsp40, Hip partially inhibited the steady-

of Hsc70, we tested whether BAG-1 can modulate Hsc70’s state ATPase activity of Hsc70 (Figure 5A). Hip-mediated

ATPase activity. Hsc70 displays only a very low basal
rate of ATP hydrolysis that can be stimulated ~7-fold by
the eukaryotic DnaJ homologue Hsp40 (Figure 3A).
BAG-1 did not significantly alter the basal rate of ATP

hydrolysis by Hsc70. Yet, addition of BAG-1 to Hsc70

co-incubated with Hsp40 led to an ~ 40-fold increase of
the steady-state ATPase activity (Figure 3A). BAG-1
exerted its ATPase-stimulating activity at stoichiometric
concentrations with respect to Hsc70, with maximal stimu-
lation at a 2-fold molar excess of BAG-1 (Figure 3B).

Cooperation of Hsp40 and BAG-1 in the stimulation of
Hsc70’s ATPase activity was established further by titra-

inhibition of the ATPase activity was most pronounced at
substoichiometric Hsp40 concentrations, reaching ~50%
inhibition at a 10:1 molar ratio of Hsc70 to Hsp40 in the
presence of three to four molecules of the Hip oligomer
(Figure 5A). In contrast to BAG-1, the Hip protein
apparently slows down the ATPase cycle of Hsc70 in
conjunction with Hsp40. Analysis of the nucleotide state
of Hsc70 in single turnover experiments revealed a stabil-
ization of Hsc70’s ADP-bound state by the Hip protein
(Figure 5B). BAG-1 and Hip thus conversely affect the
stability of the ADP-bound state of the chaperone protein
(Figure 6).
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Fig. 4. BAG-1 promotes the recycling of Hsc70 by accelerating the
release of bound ADPA( Hsc70-bound nucleotide under steady-state
conditions was analysed after incubation ofil Hsc70 in the

presence of 20QM [a-32P]ATP for 10 min at 30°C. When indicated,

1 pM BAG-1 and 0.5uM Hsp40 were added. Free nucleotide was
removed by size-exclusion chromatography at 4°C, and bound
nucleotide determined by autoradiography after thin-layer
chromatography of eluted protein fractions. BAG-1 and Hsp40 alone
did not bind nucleotide. Given values were averaged from two
independent experimentsB) Hsc70-22P-nucleotide complexes were
formed by incubation of 1M Hsc70 with 200uM [a-32P]ATP for

10 min at 30°C. Complexes were isolated by size-exclusion
chromatography at 4°C and incubated further at room temperature
with 100 uM non-labelled ATP in the presence of 1uM Hsp40 and

3 uM BAG-1 as indicated. At different time points complexes were
re-isolated at 4°C on gel filtration spin columns. Bound nucleotide was
analysed by thin-layer chromatography. For quantification of the
amount of bound ADP, see Figure 6.

BAG-1 and Hip compete in binding to the ATPase
domain of Hsc70
BAG-1 and Hip both modulate Hsc70's ATPase activity
through an association with the ATPase domain of the
chaperone (Figure 2). We therefore investigated whether
both proteins compete in binding to the ATPase domain.
Hip was incubated with the immobilized ATPase domain
under conditions that resulted in quantitative binding of
the chaperone cofactor (Figure 7A). Accordingly, Hip was
not detectable in the supernatant fraction after removal of
the affinity resin by centrifugation. The presence of
increasing amounts of BAG-1 during incubation interfered
with the binding of Hip to the immobilized ATPase
domain, and Hip was found in the supernatant fraction
(Figure 7A). Notably, BAG-1 and Hip do not interact
directly (Figure 7B). It thus appears that BAG-1 binds to
the ATPase domain of Hsc70 in a manner excluding Hip/
ATPase domain interaction.

Competition of BAG-1 and Hip in binding to the

>

@
o

[#+]

1.5 uM Hsp40

g
N

ik
o

0.3 uM Hsp40

ATPase activity (pmol/min/ug)

05
0 I I | I I | 1
0 1 2 3 4 5 6
Hip (uM)
B % o o
& S
O o R
€ - FF
1l 1l 2I 3I 5I 1' 2I 3I 5I
ADP| * & *# B e N
aTP| #

Fig. 5. Hip partially inhibits the steady-state ATPase activity of Hsc70
by stabilizing the ADP-bound state of the chaperore. Kisc70

(3 M) was incubated at 30°C with 1.5)) and 0.3uM Hsp40 @),
respectively, in the presence of increasing amounts of Hip oligomer,
and the steady-state rate of ATP hydrolysis was determined. Values
were averaged from six samples taken during the linear course of the
reaction. B) The effect of Hip on the release of ADP from Hsc70 was
analysed as described in the legend of Figure 4B, except for the
addition of 3uM Hip oligomer when indicated. For quantification, see
Figure 6.
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Fig. 6. BAG-1 and Hip conversely affect the stability of the

ADP bound state of Hsc70. Kinetics of ADP release from Hsc70 were
determined in single turnover experiments as described in Figures 4B
and 5B. Hsc70%?P-nucleotide complexes were incubated with [1NB
Hsp40 O), 1.5puM Hsp40 and 3uM BAG-1 (+BAG-1, A), or

1.5 uM Hsp40 and 3uM Hip oligomer (+Hip, W). Data were

quantified using a phosphorimager system and corrected for the
amount of re-isolated Hsc70. The amount of total nucleotide bound to
Hsc70 after initial size-exclusion chromatography was set to 100%.

ATPase domain was also revealed when the steady-statevalues were averaged from two independent experiments.

6212



BAG-1-mediated regulation of Hsc70

BAG-1 ~
‘cy/*? sepd
S hi DL «= = | MBP-BAG
Hip| -
P - == | Hip

. Hip
Hsp40 7 '@.}}g‘*\/
il T
Ghesy Hip
i
ADP ATP

Hsc70 + + + + + + + + +
Hspdd - + + + + + + + +
BAG-1 - - - + 4+ + + + +
Hip (uM) - - 9.0 - 06153.06.09.0

Fig. 7. (A) BAG-1 competes with Hip in binding to the ATPase

domain of Hsc70. Hip was incubated with ATPase domain—-Sepharose,
equilibrated in ADP, in the absence of BAG-1 and in the presence of a
1.6- and 8-fold molar excess of BAG-1, respectively. Unbound Hip
was detected in the supernatant fraction by immunoblotting after

Fig. 8. Model of Hsc70 reaction cycles in the presence of Hsp40, Hip
and BAG-1. A) The ATP-bound form of Hsc70 is characterized by
removal of the ATPase domain—-Sepharose by centrifugation. rapid association and dissociation of an unfolded polypeptide substrate
(B) BAG-1 does not interact with the Hip protein. MBP-BAG was (V) or a folding intermediate (I). Upon Hsp40-stimulated conversion
immobilized on amylose beads and incubated with an equal amount of of bound ATP to ADP, the interaction of Hsc70 with the substrate is
purified Hip at 4°C for 1 h. Beads were separated by centrifugation, stabilized. In the presence of Hsp40 alone, subsequent ADP/ATP
and the supernatant (S) and pellet fractions (P) were analysed by exchange occurs spontaneously, resulting in the release of the
SDS—-PAGE followed by Coomassie blue staining. Hip was detected polypeptide substrateBj Following conversion to the ADP-bound
exclusively in the supernatant fractiolC)(Competition between form, the Hip protein can bind efficiently to Hsc70. Binding of Hip
BAG-1 and Hip counteracts the ATPase-stimulating activity of BAG-1. slows down the release of ADP, which in turn may prolong

The ATPase activity of Hsc70 (@M) was determined in the presence Hsc70/substrate interactiorC) In contrast, BAG-1 accelerates ADP

of 1.5 uM Hsp40, 3uM BAG-1 and different concentrations of Hip as  release, and thus stimulates the recycling of Hsc70.

indicated.

ATPase activity of Hsc70 was measured in the presencepolypeptides to Hsc70 (Frydmaet al, 1994; Minami

of both cofactors (Figure 7C). In a reaction mixture etal, 1996). However, ADP release occurs at a significant
containing Hsc70, Hsp40 and BAG-1, increasing Hip rate when Hsc70 cooperates with Hsp40 (Figure 6). In
concentrations counteracted the stimulation of the Hsc70the presence of Hsp40 alone, Hsc70 can apparently return
ATPase by BAG-1. Thus, BAG-1 and Hip do not seem to the ATP-bound state, which results in the release of a
to cooperate during a single Hsc70 reaction cycle. polypeptide substrate. A minimal Hsc70 reaction cycle
may thus involve only Hsp40 or another eukaryotic
DnaJ homologue (Figure 8A). This is consistent with the

Discussion observation that Hsc70, in conjunction with Hsp40 alone,

In this study, we identify the anti-apoptotic BAG-1 protein
as a GrpE-like cofactor of Hsc70. Modulation of the ATP-

is able to promote the refolding of denatured proteins
in vitro (Freemanet al, 1995; Freeman and Morimoto,

binding and hydrolysis properties of the chaperone protein 1996; Minamiet al., 1996).

by regulatory cofactors is crucial for the binding and

The ADP-bound form of Hsc70, generated during

release of non-native polypeptide substrates (Hartl, 1996; interaction with Hsp40, can be stabilized by the Hip
Frydman and Hbfeld, 1997; Rdiger et al, 1997). protein (Hdnfeld et al, 1995). Hip recognizes the ADP-

Efficient interaction of Hsc70 with a polypeptide substrate bound conformation of the ATPase domain of Hsc70
depends on the conversion of bound ATP to ADP (Figure (Irmer and Hdfeld, 1997), and slows down the release

8). Only the ADP-bound form confers stable substrate
binding (Pallero%t al,, 1991; Sadis and Hightower, 1992;
Minami et al, 1996). Due to the low intrinsic ATPase
activity of Hsc70, stimulation of ATP hydrolysis by the

of ADP from Hsc70 (Figure 5 and 6). In this way,
Hip may prolong the time window during which Hsc70
interacts stably with a polypeptide substrate (Figure 8B).
Notably, Hip does not completely arrest cycling of Hsc70

DnaJ homologue Hsp40 is necessary to generate efficientlyat the ADP-bound state. In the presence of Hip and Hsp40,
the ADP-bound form of the chaperone protein (Figure the steady-state rate of ATP hydrolysis was reduced by
8A). Hence, Hsp40 facilitates the binding of non-native only ~50% (Figure 5A). Apparently, ADP release and
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ATP rebinding can still occur spontaneously to a certain protein sorting (Hochstrasser, 1996). The putative ubiquitin
extent when Hip and Hsp40 cooperate with Hsc70 (Figure attachment site in BAG-1 may thus provide the means for a

8B). Down-regulation of the Hsc70 ATPase activity by
Hip may be important for the efficient interaction of Hsc70
with other chaperone systems in the eukaryotic cytosol
(Frydman and Hbfeld, 1997). Intriguingly, the human
homologue of Hip, p48, has been found to associate with

regulated turnover of the chaperone cofactor. Alternatively,
covalent modification of BAG-1 by ubiquitin or a ubiqui-
tin-like molecule may serve as a degradation-independent
targeting signal.

Our data demonstrate that eukaryotic Hsc70 can be

the progesterone receptor as part of an Hsc70/Hsp90conversely regulated by two competing co-factors, BAG-1

chaperone complex (Smitt al,, 1995; Prapapanicét al.,
1996). Steroid hormone receptors require a sequential

and Hip. A similar versatility has not been observed in
the regulation of the bacterial Hsp70 homologue DnaK

interaction with Hsc70 and the Hsp90 chaperone system to(Georgopoulo®t al, 1994; Ruligeret al, 1997) and may

reach the high-affinity conformation for hormone binding
(Bohen and Yamamoto, 1994; Smig¢h al, 1995). Thus,
Hip-mediated regulation of Hsc70 may be of particular
importance for the cooperation of Hsc70 with Hsp90
(Ziegelhofferet al,, 1996; Frydman and Hdeld, 1997).

In contrast to Hip, the BAG-1 protein promotes the
dissociation of ADP from Hsc70 (Figures 6 and 8C).
In conjunction with Hsp40, BAG-1 thus dramatically
stimulates the steady-state ATPase activity of the
chaperone protein (Figure 3). ATPase-stimulating activity

thus represent an evolutionary adaptation to allow Hsc70
to fulfil its expanded spectrum of functions in the
eukaryotic cell. Notably, BAG-1 comprises only ~0.005%
of total cellular protein in human Hela cells (data not
shown), and is thus ~10-fold less abundant than Hip
(Hohfeld et al,, 1995; Prapapanicht al., 1996). BAG-1-
mediated regulation of Hsc70 may therefore be restricted
to certain pathways of protein biogenesis or be selective
for specific substrates. In this context, the observed inter-
action of BAG-1 with the cell death inhibitor Bcl-2 and

has also been reported for non-native proteins and peptidescertain signalling molecules is intriguing (Takayasetal.,

that are recognized by Hsc70 as substrates (Ftnal,
1991; Palleroset al, 1991; Sadis and Hightower, 1992).
However, in contrast to substrate-mediated stimulation,
induction of Hsc70's ATPase activity by BAG-1 was
extremely efficient and was dependent on an initial activ-
ation of the ATP hydrolysis step by Hsp40 (Figure 3).
The regulatory function of BAG-1 in the Hsc70 reaction
cycle resembles the function of bacterial GrpE which
stimulates the steady-state ATPase activity of DnaK in
conjunction with DnaJ through an acceleration of ADP
release (Szabet al., 1994; McCartyet al,, 1995). Similar

to GrpE and Hip, BAG-1 binds to the ATPase domain of
an Hsp70 family member (Buchberget al, 1994;
Hohfeld et al, 1995; Harrisoret al, 1997). In fact, Hip
and BAG-1 compete in binding to Hsc70’s ATPase domain.
It thus appears unlikely that Hip and BAG-1 interact
successively with Hsc70 during one reaction cycle. Rather,
association of Hip with the ADP-bound form of Hsc70
prevents an interaction of BAG-1 with the chaperone
protein. Only after release of Hip upon ATP rebinding
could BAG-1 associate with Hsc70 to destabilize the
ADP-bound state in a subsequent round of ATP hydrolysis.
We would therefore like to propose that BAG-1-mediated

1995; Zeiner and Gehring, 1995; Bardedi al, 1996;
Wang et al, 1996). Although it is possible that these
interactions and the described anti-apoptotic activity of
BAG-1 are unrelated to its Hsc70-regulating function, a
cooperation of Hsc70 and BAG-1 during the maturation
and activation of Bcl-2 and certain signalling molecules
appears conceivable. The GrpE-like activity of BAG-1
may stimulate the release of BAG-1 binding partners from
Hsc70 which may then be recognized by BAG-1 and
accompanied during later stages of their maturation. Future
studies are required to verify such a pathway and to
determine whether the GrpE-like function of BAG-1 is
responsible for the anti-apoptotic activity of the Hsc70
chaperone cofactor.

Materials and methods

Protein expression and purification

For construction of MBP-BAGpag-1 cDNA was amplified by PCR
using random-primed cDNA of human neuronal SY5Y cells as template.
PCR primers contained restriction sites for subcloning of ilag-1
gene into vector pMAL-c2 (New England Biolabs). The pMAiag-1
construct was introduced intescherichia coliTG1 cells, and expression
and affinity purification was performed according to the protocol of the

regulation represents an alternative way to modulate Hsc70manufacturer (New England Biolabs). To obtain non-tagged BAG-1

chaperone activity in the eukaryotic cell, which does not
involve the Hip protein (Figure 8).

Despite the GrpE-like activity of BAG-1, its primary
structure does not display regions of significant similarity
to bacterial GrpE or the mitochondrial GrpE homologue
Mgelp. Notably, the previously identified members of the
GrpE family exhibit only a low degree of sequence identity
at the amino acid level (21% between rat mitochondrial
and bacterial GrpE) (Naylogt al, 1996). It thus appears
that functional similarity does not require a strict conserv-
ation of the primary structure of these chaperone cofactors.
Aremarkable structural feature of the BAG-1 protein is the
presence of a ubiquitin-like domain including a conserved
lysine residue which, in the case of ubiquitin, serves as
an acceptor site for the attachment of other ubiquitin
molecules (Takayamet al,, 1995). Ubiquitin conjugation
has been shown to be involved in protein degradation and
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protein, the PCR-amplifiedag-1 cDNA was subcloned into vector
pVL1392 (PharMingen) for expression in Sf9 insect cells after infection
with recombinant baculovirus. In a similar manner, expression of rat
Hip was induced in Sf9 cells infected with baculovirus carrying the
plasmid pVL1393kip which encodes full-length Hip. Sf9 cells were
infected and maintained as described by the manufacturer (PharMingen).
After growth of infected cells for ~60 h, BAG-1 and Hip, respectively,
were purified by chromatography on DEAE-Sepharose (Pharmacia), Bio-
Gel HT hydroxyapatite (Bio-Rad) and Source 30Q material (Pharmacia).
Before final concentration and dialysis, the Hip preparation was passed
over an ATP-agarose column (Sigma) at 500 mM KCI to remove
associated Hsc70. Hsc70 was purified from Sf9 cells infected with a
recombinant baculovirus carrying the plasmid pVL138870 The
plasmid contains a PCR-amplified cDNA fragment encoding full-length
rat Hsc70 (Sorger and Pelham, 1987). Following infection of Sf9 cells
and growth for ~60 h, cells were lysed using a French pressure cell, and
Hsc70 protein was purified as described (Schlossmaml, 1984).
Human Hsp40 was expressed from the plasmid pET—Hsp4B.doli
BL21 (DE3) cells and purified as described by Minaetial. (1996).
BL21 (DE3) cells were also used to express the ATPase domain of
bovine Hsc70 from a corresponding pET plasmid, and subsequent



BAG-1-mediated regulation of Hsc70

purification of the ATPase domain was performed according to Willbanks  recognition of a non-native protein and protein refoldig/BO J,

et al. (1994). Protein concentrations were determined using Bradford 15, 2969-2979.

assay reagent (Bio-Rad) with boviyeglobulin as the standard. Molar Freeman,B.C., Myers,M.P., Schumacher,R. and Morimoto,R.l. (1995)
concentrations of Hip were calculated for a pentameric complex Identification of a regulatory motif in Hsp70 that affects ATPase
(J.Hthfeld, unpublished data), and Hsp40 concentrations are given activity, substrate binding and interaction with HDJEMBO J, 14,

considering the dimeric structure of the DnaJ homologue. 2281-2292.

Frydman,J. and Hdeld,J. (1997) Chaperones get in touch: the Hip-Hop
Hsc70 ATPase domain interaction assays connection.Trends Biochem. S¢i22, 87-92.
Interaction of MBP—BAG and Hip with the immobilized ATPase domain  Frydman,J., Nimmesgern,E., Ohtsuka,K. and Hartl,F.U. (1994) Folding
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respectively. Incubation was performed @ h at 4°Cbefore removal Hartl.F.-U. (1996) Molecular chaperones in protein foldiNature 38
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turnover experlmen@s was mve;ugated as described (M.'MI" . of the eukaryotic co-chaperone Hip. Biol. Chem.272, 2230-2235.
.1996)’ except for using micro-spin GS0 co_Iumns (P_harmaua) to rapidly Liberek,K., Marszalek,J., Ang,D., Georgopoulos,C. and Zylicz,M. (1991)
Irse?gfe Hsc70-nucleotide complexes during the time course of ADP Escherichia coliDnaJ and GrpE heat shock proteins jointly stimulate
' ATPase activity of DnaKProc. Natl Acad. Sci. USA8, 2874-2878.
. . . 3 McCarty,J.S., Buchberger,A., Reinstein,J. and Bukau,B. (1995) The role
Analysis of Hip/BAG-1 interaction o of ATP in the functional cycle of the DnaK chaperone systéniMol.
10 pg of MBP—BAG was incubated with 40l amylose resin in 20Qul Biol., 249, 126-137

20 mM MOPS-KOH, pH 7.2, 50 mM KCI, 2 mM Mggl 1 mM Mi A - :
R : inami,Y., Hohfeld,J., Ohtsuka,K. and Hartl,F.-U. (1996) Regulation of

B-r_nerca_ptoethanol (buffer A) at 4.C.: for 3 h. The resin was v_vashed the heat-shock protein 70 reaction cycle by the mammalian DnaJ
twice with 1 ml buffer A before addition of 200l buffer A containing homolog, Hsp40J. Biol. Chem, 271 19617-19624
10 ug Hip protein. After incubation at 4°C for 1 h, the reaction mixture Navior D ? H%o énraad N.J mand Hai PB (1996) Isolation  and
was centrifuged at 5009 for 2 min. The supernatant fraction was TCA- ylor,D.J., 1009 N - J,7.B. -
precipitated for SDS—PAGE analysis, whereas the amylose resin was F:hdara%tlerlsatlcl)n ofda CDN;]A enco?mg rat rfmtot;:_ho_ndrlal GIpE, astress-

h : ith buffer A bef - £ SDS- | ffer inducible nucleotide-exchange factor of ubiquitous appearance in
washed twice with buffer A before addition of SDS-sample buffer. mammalian organds=EBS Lett, 396, 181-188.

Palleros,D.R., Welch,W.J. and Fink,A.L. (1991) Interaction of hsp70
with unfolded proteins: effects of temperature and nucleotides on the
ACknOWIedgements kinetics of binding.Proc. Natl Acad. Sci. USA8, 5719-5723.
We thank Helle Ulrich for critical reading of the manuscript and Kathrin ~ Prapapanich,V., Chen,S., Nair,S.C., Rimerman,R.A. and Smith,D.F.
Jepsen for technical assistance. This work was supported by grants of (1996) Molecular cloning of human p48, a transient component of
the Deutsche Forschungsgemeinschaft to both authors. progesterone receptor complexes and an Hsp70-binding prtein.
Endocrinol, 10, 420-431.
Reed,J.C. (1997) Double identity for proteins of the Bcl-2 fanhlgture
References 387, 773-776.

. . . . Rudiger,S., Buchberger,A. and Bukau,B. (1997) Interaction of Hsp70
Bardelli,A., Longati,P., Albero,D., Goruppi,S., Schneider,C., Ponzetto,C. chaperones with substratésat. Struct. Biol, 4, 342-349.

and Comoglio,P.M. (1996) HGF receptor associates with the anti- Sadis,S. and HightowerL.E. (1992) Unfolded proteins stimulate

ggggt_oélzclzprotem BAG-1 and prevents cell deaBMBO J, 15, molecular chaperone Hsc70 ATPase by accelerating ADP/ATP
Bohen,S.P. and Yamamoto,K.R. (1994) Modulation of steroid receptor e?fchangeBlochemlstry3L 9407-9412. .
signal transduction by heat shock proteins. In Morimoto,R.I Sctigger,H., Cramer,W.A. and von Jagow,G. (1994) Analysis of
Tissieres,A. and Georgopoulos,C. (edBhe Bioloéy of Heat Shc;ck v molecular masses and oligomeric states of protein complexes by blue
iy . native electrophoresis and isolation of membrane protein complexes

Proteins and Molecular Chaperone8old Spring Harbor Laborator i . . . !
Press, Cold Spring Harbor, IEIY, pp. 313_3?34_9 y g;zlotv;g-gilmensmnal native electrophoresidnal. Biochem. 217,

Buchberger,A., Schder,H., Biitner,M., Valencia,A. and Bukau,B. )
(1994) A conserved loop in the ATPase domain of the Dnak chaperone Schlossman,D.M., Schmid,S.L., BraellW.A. and Rothman,J.E. (1984)
is essential for stable binding of GrpBat. Struct. Biol, 1, 95-101. An enzyme that removes clathrin coats: purification of an uncoating
Craig,E.A., Baxter,B.K., Becker,J., Halladay,J. and Ziegelhoffer, T. (1994) _ ATPase.J. Cell Biol, 99, 723-733. ) o
Cytosolic hsp70s ofSaccharomyces cerevisiaa role in protein Schmid,D., Baici,A., Gehring,H. and Christen,P. (1994) Kinetics of
synthesis, protein translocation, proteolysis, and regulation. In _ Molecular chaperone actioBcience263 971-973. _
Morimoto,R.1., Tissieres,A. and Georgopoulos,C. (ed$)e Biology Schneider,C.,  Sepp-Lorenzino,L.,  Nimmesgern,E.,  Ouerfelli,O.,

of Heat Shock Proteins and Molecular Chaperané®ld Spring Danishefsky,S., Rosen,N. and Hartl,F.-U. (1996) Pharmacologic
Harbor Laboratory Press, Cold Spring Harbor, NY, pp. 31-52. shifting of a balance between protein refolding and degradation
Flynn,G.C., Pohl,J., Flocco,M.T. and Rothman,J.E. (1991) Peptide- mediated by Hsp9tProc. Natl Acad. Sci. USA3, 14536-14541.
binding specificity of the molecular chaperone BiRaturg 353 Smith,D.F., Whitesell,L., Nair,S.C., Chen,S., Prapapanich,V. and
726-730. Rimerman,R.A. (1995) Progesterone receptor structure and function

Freeman,B.C. and Morimoto,R.I. (1996) The human cytosolic molecular ~ altered by geldanamycin, an hsp90 binding agéfal. Cell. Biol,
chaperones hsp90, hsp70 (hsc70) and hdj-1 have distinct roles in the 15, 6804-6812.

6215



J.Hohfeld and S.Jentsch

Sorger,P.K. and Pelham,H.R.B. (1987) Cloning and expression of a gene
encoding hsc73, the major hsp70-like protein in unstressed rat cells.
EMBO J, 6, 993-998.

Stancato,L.F., Chow,Y.H., Hutchinson,K.A., Perdew,G.H., Jove,R. and
Pratt, W.B. (1993) Raf exists in a native heterocomplex with hsp90
and p50 that can be reconstituted in a cell-free sysfefiol. Chem,

268 21711-21716.

Stuart,R.A., Cyr,D.M., Craig,E.A. and Neupert,W. (1994) Mitochondrial
molecular chaperones: their role in protein translocatidrends
Biochem. Sc;j.19, 87-92.

Szabo,A., Langer,T., Schder,H., Flanagan,J., Bukau,B. and Hartl,F.-U.
(1994) The ATP hydrolysis-dependent reaction cycle ofbeherichia
coli Hsp70 system — DnakK, DnaJ, and Grg&oc. Natl Acad. Sci.
USA 91, 10345-10349.

Takayama,S., Sato,T., Krajewski,S., Kochel K., Irie,S., Millan,J.A. and
Reed,J.C. (1995) Cloning and functional analysis of BAG-1: a novel
Bcl-2-binding protein with anti-cell death activit€ell, 80, 279-284.

Van der Straten,A., Rommel,C., Dickson,B. and Hafen,E. (1997) The
heat shock protein 83 (Hsp83) is required for Raf-mediated signalling
in Drosophila EMBO J, 16, 1961-1969.

Wang,H.-G., Takayama,S., Rapp,U.R. and Reed,J.C. (1996) Bcl-2
interacting protein, BAG-1, binds to and activates the kinase Raf-1.
Proc. Natl Acad. Sci. USA3, 7063—-7068.

Willbanks,S., DelLuca-Flaherty,C. and McKay,D.B. (1994) Structural
basis of the 70-kilodalton heat shock cognate protein ATP hydrolytic
activity. J. Biol. Chem.269 12893-12898.

Zeiner,M. and Gehring,U. (1995) A protein that interacts with members
of the nuclear hormone receptor family: identification and cDNA
cloning. Proc. Natl Acad. Sci. USA2, 11465-11469.

Ziegelhoffer,T., Johnson,J.L. and Craig,E.A. (1996) Protein folding:
chaperones get HigCurr. Biol., 6, 272-275.

Received on July 9, 1997; revised on August 8, 1997

6216



