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with Hsp70 underscores the complexity of the Hsp70
‘chaperone machine’ that mediates early steps of
protein folding in cells.
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In the cell, nascent and completed polypeptides may
misfold and aggregate. A class of proteins called molecular
chaperones has evolved to facilitate the production of
native, functional forms of proteins. These chaperones
also aid in the translocation of proteins across biological
membranes. The ubiquitous heat-shock protein (Hsp) 70
class of chaperones has been the subject of intensive study
over the last decade. Hsp70s participate in the processes
of protein folding and translocation through their ability to
recognize non-native conformations of proteins. Hsp70s
bind preferentially to short, extended, peptide segments
containing hydrophobic amino acids that may become
exposed during translation, translocation or unfolding.

structure of intact Hsp70 remains elusive, indirect evidence supports the existence of a nucleotide-dependent
conformational switch. DnaJ serves to accelerate the
hydrolysis of DnaK-bound ATP, thereby driving the equilibrium towards the ADP-bound state, whereas GrpE
interacts with the ATPase domain of DnaK to accelerate
the rate of nucleotide exchange and facilitate the rebinding of ATP [5] (Fig. 1a). These two co-chaperones serve,
therefore, to efficiently interconvert DnaK between two
conformational states.
How do these cycles of peptide binding and release relate
to the ability of these proteins to modulate protein folding
in vitro? In studies of the refolding of rhodenase and
luciferase by DnaK and its cohorts, DnaJ bound to the
unfolded protein and prevented its aggregation but was
unable to restore the native conformation [6,7]. For refolding to occur, interaction with DnaK was required, a process
facilitated by DnaJ. The DnaK–unfolded-protein complex
Figure 1

To understand the diverse roles of Hsp70, we must also
understand the interaction of Hsp70 with the co-chaperones that are essential for its function. Results from
diverse experimental systems support the notion that
Hsp70 is in fact the ‘core’ of a multisubunit chaperone
complex. Recent papers from the laboratories of FranzUlrich Hartl [1] and David Smith [2] add a new component to the eukaryotic Hsp70 protein-folding machine.
The observations reported by these two groups have
important implications for our understanding of Hsp70
function in the eukaryotic cytosol.
The DnaK–DnaJ–GrpE model of Hsp70 function

Studies of the Hsp70 of Escherichia coli, DnaK, and its
cohort proteins, DnaJ and GrpE, have provided a paradigm for the function of the Hsp70 chaperone (reviewed
in [3]). Like all other Hsp70 proteins that have been
studied, DnaK consists of two major domains: a 44 kDa
amino-terminal ATPase domain followed by a smaller
peptide-binding domain. Although the peptide-binding
domain is defined as such for empirical reasons, its most
likely ligand in vivo is an unfolded polypeptide chain. The
ligand-binding properties of the peptide-binding domain
reflect the occupancy of the ATPase domain by either
ADP, which promotes stable peptide binding, or ATP,
which results in unstable binding [4]. Although the crystal

Models for the ATPase reaction cycle of DnaK (a) and cytosolic
Hsp70 ATPase (b). In (a), DnaJ stimulates the hydrolysis of bound ATP
to ADP, and G rpE stimulates the dissociation of the relatively stable
DnaK–ADP complex. In (b), Hsp40 (DnaJ homolog) stimulates ATP
hydrolysis, and Hip binds to the resulting Hsp70—ADP complex,
forming a relatively stable Hip– Hsp70–ADP complex.
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must, in turn, dissociate to allow the completion of folding,
either through the assistance of the GroE–Hsp60 complex,
as in the case of rhodenase, or in the absence of additional
proteins, as is observed with luciferase. GrpE acts at this
dissociation step, facilitating the release of bound ADP
and, consequently, the unfolded polypeptide from DnaK.
Is there a distinct set of co-chaperones for cytosolic Hsp70?

The apparent simplicity of the DnaK–DnaJ–GrpE system
is very appealing and, given the high degree of conservation among Hsp70 proteins across phylogenetic groups,
might be expected to extend to the Hsp70 chaperone
complexes of eukaryotes as well. In keeping with the
endosymbiont hypothesis, a very similar set of proteins
does indeed exist in mitochondria [8,9]. The eukaryotic
cytosol appears to be another matter, however. Although
cytosolic DnaJ homologs have been identified in species
as diverse as yeast and human (reviewed in [10]), no
cytosolic GrpE homologs have been identified, despite
the efforts of several laboratories over recent years.
The biochemical properties of cytosolic Hsp70s may
provide an explanation for the apparent absence of cytosolic GrpE homologs. For example, although the intrinsic
ATPase activities of many Hsp70s are very similar, the
ability of the yeast DnaJ homolog, Ydj1p, to stimulate the
ATPase activity of its corresponding Hsp70 partner is significantly greater than that reported for the DnaK–DnaJ
system [11], in which GrpE is also required for maximal
stimulation of the steady-state ATPase activity. Furthermore, polypeptide substrates decrease the stability of
nucleotide binding to eukaryotic Hsp70 [12,13], an effect
not observed with DnaK. These results suggest that there
are significant differences in the nucleotide-binding properties of DnaK and eukaryotic Hsp70. More compellingly
perhaps, studies of the Hsp70-dependent refolding of
luciferase have shown that eukaryotic Hsp70 requires only
an appropriate DnaJ homolog for folding activity [14,15].
Our understanding of the differences between prokaryotic
and eukaryotic Hsp70 chaperones moves a step forward
with the recent results of the Hartl and Smith laboratories
[1,2]. In a search for Hsp70-interacting proteins using the
yeast two-hybrid system, Hartl and colleagues identified a
previously unknown gene that encodes a protein, dubbed
Hip, able to interact with the amino-terminus of rat Hsc70
[1]. Independently, Smith and colleagues [2] cloned the
gene for human p48, a Hsp70-binding protein that interacts transiently with steroid-hormone receptor complexes.
The human and rat proteins are 90 % identical, strongly
suggesting that they are functional homologs.
As reported by Hartl and colleagues [1], the tetrameric Hip
protein can suppress the aggregation of unfolded rhodenase in vitro. Thus, much like DnaJ, Hip by itself functions
as a molecular chaperone. In addition to the expected
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interaction with Hsp70, Hip also bound to bovine liver
Hsp40 (a DnaJ homolog) and Hsp90. The identification of
Hsp40 in the Hip–Hsp70 complex prompted examination
of the effects of Hip on luciferase refolding. Under conditions where relatively little reactivation of luciferase was
observed in the presence of purified bovine Hsc70 and
recombinant Hsp40, the addition of Hip increased the
yield of active luciferase about five-fold, resulting in the
recovery of more than half of the initial activity.
The effect of Hip on the efficiency of luciferase reactivation is intriguing, especially in light of the biochemical differences observed between DnaK and cytosolic Hsp70.
From studies examining the nucleotide dependence of the
Hip–Hsp70 interaction, it appears that Hip binds preferentially to the ADP-bound form of Hsp70. In the presence of
1 mM ADP, the formation of the Hip–Hsp70 complex
required no additional factors. In the presence of 1 mM
ATP, however, the Hip–Hsp70 complex was recovered
efficiently only in the presence of Hsp40. The effect of
Hip on the stability of Hsp70–nucleotide complexes was
assessed by separating bound from free nucleotide and
determining the ADP:ATP ratio in the complex. Although
the presence of Hip appeared not to affect the rate of ATP
hydrolysis by Hsp70, it did result in a higher proportion of
ADP in the Hsp70–nucleotide complex. Given the
demonstrated ability of Hsp40 to stimulate the ATPase
activity of Hsp70, interaction with Hsp40 would serve to
convert Hsp70 to its ADP-bound state, which would, in
turn, be stabilized by the binding of Hip (Fig. 1b).
The Hsp70–Hip–hormone connection

How can these studies of purified chaperone components
in vitro be compared to what is known about the complex
interactions of chaperones in vivo? The identification of
Hip as a component of a hormone receptor complex provides a context for understanding the Hip–Hsp70 interaction in an in vivo system. In the absence of hormone,
steroid hormone receptors form large multi-protein complexes that are inactive, but able to bind and respond to
hormone. Among the components of the complex are the
heat shock proteins Hsp70 and Hsp90 (reviewed in [16]).
Upon hormone binding, the complex disassembles, leading
to the activation of the steroid hormone receptors as transcription factors. The interaction of Hsp90 and other associated proteins is essential for hormone binding and receptor
activation, suggesting they function to maintain the receptor in the proper hormone-binding conformation [17].
The inactive progesterone receptor complex can be reconstituted in vitro by incubation of progesterone receptor in
rabbit reticulocyte lysate in the presence of ATP [18].
In the paper by Smith and colleagues [2], p48 (Hip) is
identified as a component of progesterone receptors assembled in rabbit reticulocyte lysate. Co-immunoprecipitation
studies support the direct interaction between Hip and
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Figure 2
Model for the sequential interaction of the
progesterone receptor (PR) with chaperones,
leading to the formation of active receptor that
can bind hormone. See text for further details.

Hsp70. In agreement with Hartl and colleagues [1], the coprecipitation of Hsp70 with Hip was enhanced by the
presence of ADP.
Hip and Hsp70 bind early in the assembly of progesterone
receptor complexes, along with Hsp90 and p60, the
homolog of yeast Sti1 (which has been shown to interact
with Hsp70 and Hsp90 in yeast [19]). This interaction of
the progesterone receptor with Hsp70, Hip, p60 and
Hsp90 is transient, however, and does not convey the
ability to bind progesterone. The form of the progesterone
receptor complex that binds hormone lacks Hip and p60
and contains the additional factors p23 and immunophilins
(Fig. 2). The formation of this mature form of the progesterone receptor is dependent upon ATP hydrolysis.
Notably, when ATP levels in rabbit reticulocyte lysate are
limiting, the predominant form of the progesterone receptor is bound to Hsp70, Hip, p60 and Hsp90. These results
are consistent with the increased interaction of Hip with
Hsp70 in the presence of ADP, and could represent the
stabilization of the ADP-bound form of Hsp70 in a
complex with the progesterone receptor.
What do these recent observations tell us about the mechanism of Hsp70 action in the eukaryotic cytosol? First,

they support the view that cytosolic Hsp70 forms a
dynamic complex with numerous co-chaperones. Clearly,
Hip/p48 and DnaJ homologs [17,20] are co-chaperones
that interact directly with cytosolic Hsp70 to modulate its
activity. Other components of this dynamic complex
include Hsp90 and p60/Sti1. The fact that Hip has some
limited sequence similarity to p60/Sti1 raises interesting
questions about the evolutionary origins of these uniquely
cytosolic co-chaperones. Second, these observations
further demonstrate that cytosolic Hsp70 has a different
requirement for co-chaperones than does its bacterial
equivalent, DnaK. Although the comparative analysis of
the biochemistry of these Hsp70s is far from complete, the
apparent stability of the ADP form of DnaK compared to
the ADP form of cytosolic Hsp70 provides a plausible
explanation for the requirement for a nucleotide release
factor — GrpE — in the DnaK reaction cycle. Hip may be
required, as Hartl and colleagues [1] suggest, to compensate for the relative instability of the ADP form of cytosolic Hsp70. In both systems, co-chaperones function to
maintain a delicate balance between the different conformational states of Hsp70. The continued study of these
diverse Hsp70 systems will undoubtedly lead to a better
understanding of the rules governing chaperone function
in the cell.

Dispatch

References

1. Hohfeld J, Minami Y, Hartl F-U: Hip, a novel co-chaperone involved
in the eukaryotic Hsc70 / Hsp40 reaction cycle.. C ell 1995,
83:589–598.
2. Prapapanich V, C hen S, Nair S, Rimerman RA, Smith DF: Molecular
cloning of human p48, a transient component of progesterone
receptor complexes and an Hsp70-binding protein. Mol Endocrinol
1996, in press.
3. G eorgopoulos C , Liberek K, Zylicz M, Ang D: Properties of the heat
shock proteins of Escherichia coli and the autoregulation of the
heat shock response. In The Biology of H eat Shock Proteins and
Molecular C haperones . Edited by Morimoto R, Tissières A and
G eorgopoulos C . New York: C old Spring Harbor Laboratory Press;
1994:209–249.
4. Schmid D, Baici A, G ehring H, C hristen P: Kinetics of molecular
chaperone action. Science 1994, 263:971-973.
5. Liberek K, Marszalek J, Ang D, G eorgopoulos C : Escherichia coli
DnaJ and GrpE heat shock proteins jointly stimulate ATPase
activity of DnaK. Proc Natl Acad Sci U S A 1991, 88:2874–2878.
6. Langer T, Lu C , Echols H, Flanagan J, Hayer MK, Hartl F-U:
Successive action of DnaK, DnaJ, and GroEL along the pathway of
chaperone-mediated protein folding. Nature 1992, 356:683—689.
7. Szabo A, Langer T, Schroeder H, Flanagan J, Bukau B, Hartl F-U: The
ATP hydrolysis-dependent reaction cycle of the Escherichia coli
Hsp70 system — DnaK, DnaJ and GrpE. Proc Natl Acad Sci 1994,
91:10245–10349.
8. Rowley N, Prip-Buus C , W estermann B, Brown C , Schwarz E, Barrell
B, Neupert W : Mdj1p, a novel chaperone of the DnaJ family, is
involved in mitochondrial biogenesis and protein folding. C ell
1994, 77:249–259.
9. Laloraya S, G ambill B D, Craig EA: A role for a eukaryotic GrpErelated protein, Mge1p, in protein translocation. Proc Natl Acad Sci
U S A 1994, 91:6481–6485.
10 Cyr DM, Langer T, Douglas M G : DnaJ-like proteins: molecular
chaperones and specific regulators of Hsp70. Trends Biochem Sci
1994, 19:176–181.
11. Cyr D, Lu X, Douglas M: Regulation of Hsp70 function by a
eukaryotic DnaJ homolog. J Biol C hem 1992, 267:20927–20931.
12. Sadis S, Hightower LE: Unfolded proteins stimulate molecular
chaperone Hsc70 ATPase by accelerating ADP / ATP exchange.
Biochemistry 1992, 31:9406–9412.
13. Ziegelhoffer T, Lopez-Buesa P, Craig EA: The dissociation of ATP
from Hsp70 of Saccharomyces cerevisiae is stimulated by both
Ydj1p and peptide substrates. J Biol C hem 1995,
270:10412–10419.
14 Freeman B, Myers M, Schumacher R, Morimoto R: Identification of a
regulatory Motif in Hsp70 that Affects ATPasae activity, substrate
binding and interaction with HDJ-1. EM B O J 1995, 14:2281–2292.
15. Levy E, Mc C arty J, Bukau B, C hirico W : Conserved ATPase and
luciferase refolding activities between bacteria and yeast Hsp70
chaperones and modulators. F E B S Lett 1995, 368:435–440.
16. Smith DF, Toft D O : Steroid receptors and their associated
proteins. Mol Endocrinol 1993, 7:4–11.
17. Bohen SP, Kralli A, Yamamoto KR: Hold ‘em and fold ‘em:
chaperones and signal transduction. Science 1995,
268:1303–1304.
18 Smith DF, Stensgard B A, W elch WJ, Toft D O : Assembly of
progesterone receptor with heat shock proteins and receptor
activation are ATP mediated events. J Biol C hem 1992,
267:1350–1356.
19 C hang H- CJ, Lindquist S: Conservation of Hsp90 macromolecular
complexes in Saccharomyces cerevisiae. J Biol C hem 1994,
269:24 983–24 988.
20. Ungewickell E, Ungewickell H, Holstein S E H, Lindner R, Prasad K,
Barouch W , Martin B, G reene LE, Eisenberg E: Role of auxilin in
uncoating clathrin-coated vesicles. Nature 1995, 378:632—635.

The February 1996 issue of

C urrent O pinion in
Structural Biology
included the following reviews, edited by
Ken A. Dill and Alan R. Fersht, on Folding
and binding:
Sequence space, folding and protein design
Matthew H.J. C ordes, Alan R. Davidson and Robert T.
Sauer
Alternative conformations of amyloidogenic proteins
govern their behavior
Jeffery W . Kelly
Mechanisms and uses of hydrogen exchange
S. W alter Englander, Tobin R. Sosnick, Joan J. Englander
and Leland Mayne
Structural analysis of non-native states of proteins by
NMR methods
David R. Shortle
Collapse and cooperativity in protein folding
Andrew D. Miranker and C hristopher M. Dobson
Molecular chaperones in protein folding and
translocation
Anthony R. C larke

the same issue also included the following
reviews, edited by Robert T. Sauer and
Stephen C. Harrison, on Protein–nucleic
acid interactions:
RNA–protein complexes

Kiyoshi Nagai
Homeodomain interactions
Cynthia W olberger
The TATA box binding protein
Stephen K. Burley
Retroviral integrases and their cousins
Phoebe Rice, Robert Craigie and David R. Davies
Recent developments in DNA topoisomerase II
structure and mechanism
James M. B erger and James C . W ang
The Rel family of eukaryotic transcription factors
Milan C hytil and G regory L. Verdine

275

