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Abstract. Hsp70 proteins are central components of the
cellular network of molecular chaperones and folding
catalysts. They assist a large variety of protein folding
processes in the cell by transient association of their
substrate binding domain with short hydrophobic peptide
segments within their substrate proteins. The substrate
binding and release cycle is driven by the switching of
Hsp70 between the low-affinity ATP bound state and the
high-affinity ADP bound state. Thus, ATP binding and

hydrolysis are essential in vitro and in vivo for the chap-
erone activity of Hsp70 proteins. This ATPase cycle is
controlled by co-chaperones of the family of J-domain
proteins, which target Hsp70s to their substrates, and by
nucleotide exchange factors, which determine the lifetime
of the Hsp70-substrate complex. Additional co-chaperones
fine-tune this chaperone cycle. For specific tasks the
Hsp70 cycle is coupled to the action of other chaperones,
such as Hsp90 and Hsp100.
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Introduction

70-kDa heat shock proteins (Hsp70s) assist a wide range
of folding processes, including the folding and assembly
of newly synthesized proteins, refolding of misfolded and
aggregated proteins, membrane translocation of organellar
and secretory proteins, and control of the activity of reg-
ulatory proteins [1-7]. Hsp70s have thus housekeeping
functions in the cell in which they are built-in compo-
nents of folding and signal transduction pathways, and
quality control functions in which they proofread the
structure of proteins and repair misfolded conformers.
All of these activities appear to be based on the property
of Hsp70 to interact with hydrophobic peptide segments
of proteins in an ATP-controlled fashion. The broad spec-
trum of cellular functions of Hsp70 proteins is achieved
through (i) the amplification and diversification of Zsp70
genes in evolution, which has generated specialized
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Hsp70 chaperones, (ii) co-chaperones which are selec-
tively recruited by Hsp70 chaperones to fulfill specific
cellular functions and (iii) cooperation of Hsp70s with
other chaperone systems to broaden their activity spec-
trum. Hsp70 proteins with their co-chaperones and co-
operating chaperones thus constitute a complex network
of folding machines.

Protein folding processes assisted by Hsp70

The role of Hsp70s in the folding of non-native proteins
can be divided into three related activities: prevention of
aggregation, promotion of folding to the native state, and
solubilization and refolding of aggregated proteins. In the
cellular milieu, Hsp70s exert these activities in the quality
control of misfolded proteins and the co- and posttransla-
tional folding of newly synthesized proteins. Mechanisti-
cally related but less understood is the role of Hsp70s in
the disassembly of protein complexes such as clathrin
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coats, viral capsids and the nucleoprotein complex, which
initiates the replication of bacteriophage A DNA. A more
complex folding situation exists for the Hsp70-dependent
control of regulatory proteins since several steps in the
folding and activation process of these substrates are
assisted by multiple chaperones.

Hsp70 proteins together with their co-chaperones of the
J-domain protein (JDP) family prevent the aggregation of
non-native proteins through association with hydrophobic
patches of substrate molecules, which shields them from
intermolecular interactions (‘holder’ activity). Some
JDPs such as Escherichia coli Dnal and Saccharomyces
cerevisiae Ydjl can prevent aggregation by themselves
through ATP-independent transient and rapid association
with the substrates. Only members of the Hsp70 family
with general chaperone functions have such general
holder activity.

Hsp70 chaperone systems assist non-native folding inter-
mediates to fold to the native state (‘folder’ activity). The
mechanism by which Hsp70-chaperones assist the folding
of non-native substrates is still unclear. Hsp70-dependent
protein folding in vitro occurs typically on the time scale
of minutes or longer. Substrates cycle between chaperone-
bound and free states until the ensemble of molecules has
reached the native state. There are at least two alternative
modes of action. In the first mechanism Hsp70s play a
rather passive role. Through repetitive substrate binding
and release cycles they keep the free concentration of the
substrate sufficiently low to prevent aggregation, while
allowing free molecules to fold to the native state (‘kinetic
partitioning”’). In the second mechanism, the binding and
release cycles induce local unfolding in the substrate, e.g.
the untangling of a misfolded S-sheet, which helps to
overcome kinetic barriers for folding to the native state
(‘local unfolding’) [8—11]. The energy of ATP may be
used to induce such conformational changes or alterna-
tively to drive the ATPase cycle in the right direction.
Protein aggregates can be solubilized by some Hsp70
homologs in cooperation with chaperones of the Hsp100
family (Hsp104/ClpB) and subsequently refolded into the
native state [12—14]. In case of the E. coli Hsp70 and
Hsp100 homologs, DnaK and ClpB, the requirement for
CIpB is alleviated below a threshold size of the aggre-
gates [15]. Small aggregates (2- to 3-mers) of glucose-6-
phosphate dehydrogenase were efficiently solubilized
and subsequently refolded by the DnaK system alone.
Larger aggregates (up to 10-mers) could be solubilized
only partially by the DnaK system, which then was nec-
essary in a high molar excess. In the presence of ClpB
these larger aggregates were disaggregated more effi-
ciently even at stoichiometric concentrations of DnaK.
Based on the dependence of the DnaK:substrate stoi-
chiometry optimal for disaggregation on the aggregate
size, Goloubinoff and co-workers proposed the ‘Brownian
power stroke’ model for disaggregation. This model
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assumes that the relatively small Hsp70 molecule retains,
when it is bound to the large protein aggregate, a higher
thermal mobility as compared to the aggregate. This
difference in thermal mobility creates a force that leads to
the solubilization of the aggregated protein [16].

An increasing number of regulatory proteins of eukaryotes
are known to be controlled in their biological activity
through transient association with Hsp70. These proteins
include nuclear receptors (steroid hormone receptors),
kinases (Raf, elF2a-kinase, CyclinB1/Cdkl) and tran-
scription factors (HSE, c-Myc, pRb). Several features
emerge that are common to many of these chaperone-
substrate complexes. First, formation of active complexes
depends on the interaction with Hsp70 already during the
de novo synthesis of the substrate. Second, the association
of the chaperone is sensitive to substrate-specific ligands
(e.g. steroid, heme) or substrate phosphorylation. Third,
the complexes involve not only the Hsp70 system but also
the Hsp90 system, co-chaperones such as Cdc37 and p23,
and additional proteins including immunophilins [17].
Through such interactions Hsp70 chaperones are involved
in signal transduction, cell cycle regulation, differentia-
tion and programmed cell death. It is therefore not
surprising that Hsp70 chaperones are important factors in
developmental and pathological processes such as onco-
genesis, neurodegenerative and autoimmune diseases,
viral infections and aging [18-24].

Hsp70 in cellular physiology and pathophysiology

Two Hsp70 functions are especially interesting, de novo
folding of nascent polypeptides and interaction with signal
transduction proteins, and therefore some aspects of these
functions shall be discussed below in more detail. Hsp70
chaperones were estimated to assist the de novo folding
of 10-20% of all bacterial proteins whereby the depen-
dence on Hsp70 for efficient folding correlated with the
size of the protein [1, 2]. Since the average protein size
in eukaryotic cells is increased (52 kDa in humans) as
compared to bacteria (35 kDa in E. coli) [25], it is to be
expected that an even larger percentage of eukaryotic
proteins will be in need of Hsp70 during de novo folding.
This reliance on Hsp70 chaperones increases even more
under stress conditions. Interestingly, mutated proteins
[for example mutant p53, cystis fibrosis transmembrane
regulator (CFTR) wvariant AF508, mutant superoxid
dismutase (SOD) 1] seem to require more attention by the
Hsp70 chaperones than the corresponding wild-type
protein [26-29]. As a consequence of this interaction the
function of the mutant protein can be preserved. Thereby
Hsp70 functions as a capacitor, buffering destabilizing
mutations [30], a function demonstrated earlier for Hsp90
[31, 32]. Such mutations are only uncovered when the
overall need for Hsp70 action exceeds the chaperone
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capacity of the Hsp70 proteins, for example during stress
conditions [30], at certain stages in development or during
aging, when the magnitude of stress-induced increase in
Hsp70 levels declines [33, 34]. Alternatively, the mutant
protein can be targeted by Hsp70 and its co-chaperones to
degradation as shown e.g. for CFTRAF508 and some of
the SOD1 mutant proteins [35, 36]. Deleterious mutant
proteins may then only accumulate when Hsp70 proteins
are overwhelmed by other, stress-denatured proteins.
Both mechanisms may contribute to pathological
processes such as oncogenesis (mutant p53) and neu-
rodegenerative diseases, including amyotrophic, lateral
sclerosis (SOD1 mutations), Parkinsonism (a-synuclein
mutations), Huntington’s chorea (huntingtin with poly-
glutamin expansions) and spinocerebellar ataxias (proteins
with polyglutamin expansions).

De novo folding is not necessarily accelerated by Hsp70
chaperones. In some cases folding is delayed for differ-
ent reasons. First, folding of certain proteins can only pro-
ceed productively after synthesis of the polypeptide is
completed as shown, e.g. for the reovirus lollipop-
shaped protein sigma 1 [37]. Second, proteins destined
for posttranslational insertion into organellar mem-
branes are prevented from aggregation and transported
to the translocation pore [38]. Third, in the case of the
caspase-activated DNase (CAD), the active protein is
dangerous for the cell and therefore can only complete
folding in the presence of its specific inhibitor (ICAD).
Hsp70 binds CAD cotranslationally and mediates folding
only to an intermediate state. Folding is completed after
addition of ICAD, which is assembled into a complex with
CAD in an Hsp70-dependent manner [39]. Similar fold-
ing pathways may exist also for other potentially danger-
ous proteins.

As mentioned above Hsp70 interacts with key regulators
of many signal transduction pathways controlling cell
homeostasis, proliferation, differentiation and cell death.
The interaction of Hsp70 with these regulatory proteins
continues in activation cycles that also involve Hsp90 and
a number of co-chaperones. The regulatory proteins,
called clients, are thereby kept in an inactive state from
which they are rapidly activated by the appropriate signals.
Hsp70 and Hsp90 thus repress regulators in the absence
of the upstream signal and guarantee full activation after
the signal transduction pathway is switched on [6]. Hsp70
can be titrated away from these clients by other misfolded
proteins that may arise from internal or external stresses.
Consequently, through Hsp70 disturbances of the cellular
system induced by environmental, developmental or
pathological processes act on these signal transduction
pathways.

In this way stress response and apoptosis are linked to
each other. Hsp70 inhibits apoptosis acting on the caspase-
dependent pathway at several steps both upstream and
downstream of caspase activation and on the caspase-
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independent pathway. Overproduction of Hsp70 leads to
increased resistance against apoptosis-inducing agents
such as tumor necrosis factor-a (TNFa), staurosporin
and doxorubicin, while downregulation of Hsp70 levels
by antisense technology leads to increased sensitivity
towards these agents [18, 40]. This observation relates to
many pathological processes, such as oncogenesis, neu-
rodegeneration and senescence. In many tumor cells
increased Hsp70 levels are observed and correlate with
increased malignancy and resistance to therapy. Down-
regulation of the Hsp70 levels in cancer cells induce
differentiation and cell death [41]. Neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s corea and spinocerebellar ataxias are char-
acterized by excessive apoptosis. In several different
model systems overexpression of Hsp70 or one of its
co-chaperones could overcome the neurodegenerative
symptoms induced by expression of a disease-related
gene (huntingtin, a-synuclein or ataxin) [20, 42]. Senes-
cence in cell culture as well as aging in vivo is correlated
with a continuous decline in the ability to mount a stress
response [34, 43]. Age-related symptoms and diseases
reflect this decreased ability to cope with cellular stresses.
Interestingly, centenarians seem to be an exception to
the rule, as they show a significant induction of Hsp70
production after heat shock challenge [44].

Mechanism of action

Hsp70 homologs consist of an N-terminal ATPase domain
of 45 kDa and a C-terminal substrate binding domain of
ca. 25 kDa which is further subdivided into a S-sandwich
subdomain of 15 kDa and a C-terminal a-helical subdo-
main (fig. 1). Sequence alignment of Hsp70 protein
sequences reveals a number of differences that may trans-
late into functional differences, some of which will be
described below. The ATPase cycle of Hsp70 consists of
an alternation between the ATP state with low affinity and
fast exchange rates for substrates, and the ADP state with
high affinity and low exchange rates for substrates
(fig. 2). The molecular mechanism of the ATPase and
substrate binding/release cycles has been analyzed in
detail only for a few Hsp70 homologs, including DnaK
and HscA (Hsc66) of E. coli, DnaK of Thermus
thermophilus, Ssal of S. cerevisiae, Hsc70 of bovine, and
BiP of hamster and S. cerevisiae. These proteins show
differences in their cycles, which have implications for
their chaperone activities as outlined below.

ATPase domain and ATPase cycle

The ATPase domain consists of two large globular sub-
domains (I and II), each further divided into two small
subdomains (A and B; fig. la). The subdomains are
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a ATPase domain substrate binding domain ¢

Figure 1. Structural aspects of Hsp70 chaperones and their interaction with co-chaperones and substrates. (¢) ATPase domain of bovine Hsc70.
Secondary structure representation of the ATPase domain of bovine Hsc70 in complex with ADP, inorganic phosphate and two potassium ions.
To emphasized the flexibility and shearing motion of the ATPase domain an overlay of the x-ray structure (cyan; PDB entry code 1BUP; [90])
and a model derived by NMR using the method of residual dipolar coupling (dark blue; [46]) is shown. The two structures were aligned in the
program WeblabViewer (Accelrys, San Diego) using tethers in subdomain IA only. (b) Compex of the ATPase domain of DnaK with a dimer
of GrpE X-ray structure of the complex of the DnaK ATPase domain (blue) and the GrpE dimer (orange and yellow; PDB entry code 1DKG;
[60]). In ball-and-stick and transparent surface representation are indicated the interacting residues. The ATPase domain is rotated by about
90° as compared to the representation shown in (@) as indicated at the bottom of panel (). (¢) Compex of the ATPase domain of Hsc70 with
the Bag-domain fragment of Bag-1. X-ray structure of the complex of the human Hsc70 ATPase domain (green) and a fragment of Bag-1
(magenta; PDB entry code 1HX1; [61]). The interacting residues and the potential salt bridge (K56-E268) are indicated. The ATPase domain
is rotated by about 90° as compared to the representation shown in («) as indicated at the bottom of panel (@). (d) Model of the structure of the
substrate binding domain. Ribbon representation of the structure of the substrate binding domain of E. coli DnaK (PDB entry code 1DKX;
[74]) with bound peptide substrate (as stick model). Indicated are residues that contact the substrate in space-filling representation and residues
that form the so-called latch of H-bonds and a salt bridge in ball-and-stick representation. (e) Interaction of E. coli DnaK with a peptide sub-
strate. X-ray structure of the -sheet domain of E. coli DnaK (PDB entry code 1DKX; [74]) in ribbon representation in complex with the pep-
tide NRLLLTG in stick representation. Orientation as indicated in the inset with a-helices cut away along the dashed line and rotated by 90°.
H-bonds to the backbone of the substrate are indicated as dotted lines. ( /') Interaction of E. coli HscA with a peptide substrate. X-ray struc-
ture of the S-sheet domain of E. coli HscA (PDB entry code 1U00; [78] in ribbon representation in complex with the peptide ELPPVKIHC in
stick representation. Orientation as indicated in the inset of panel (e) with a-helices cut away along the dashed line and rotated by 90°. H-bonds
to the backbone of the substrate are indicated as dotted lines. Note the inverse orientation as compared to the peptide in (e).
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Figure 2. Model of the chaperone cycle of DnaK. In black is shown

the basic cycle as elucidated for the DnaK system in E. coli. In gray

are shown modifications found in the eukaryotic cytosol and
endoplasmic reticulum

separated by a deep cleft at the bottom of which the
nucleotide binds in complex with one Mg?" and two K*
ions contacting all four subdomains (IA, 1B, IIA, 1IB)
[45]. The X-ray structures of the bovine Hsc70 ATPase
domain complexed with several adenosine nucleotides
(ADP, AMPPNP, ATP to mutant proteins) revealed that
the adenosine nucleotide is positioned in the active site by
interactions with two - and y-phosphate-binding loops
and a hydrophobic adenosine binding pocket [45]. More
recent nuclear magnetic resonance (NMR) investigations
demonstrate a high flexibility of the ATPase domain with
a shearing and tilting motion of the different subdomains
towards each other, leading to an opening and closing of
the nucleotide binding cleft (fig. 1a) [46]. A continuous
opening and closing of the nucleotide binding cleft was
proposed earlier to depend on the nucleotide present in
the nucleotide binding site with the opening frequency
being largest in the nucleotide-free state and decreasing
in the order nucleotide-free > ADP > ADP+inorganic
phosphate > ATP [47]. These observations explain the
different dissociation rates for the different nucleotides
and the influence of inorganic phosphate on these disso-
ciation rates (see below).

Genetic and biochemical evidence clearly demonstrates
that ATP hydrolysis is essential for the chaperone activity of
all Hsp70 proteins tested so far. ATP hydrolysis is the rate-
limiting step in the ATPase cycle of most Hsp70 proteins in-
vestigated except E. coli HscA and T. thermophilus DnaK.
The rates of hydrolysis are very low in the ground state,
ranging between 310 to 1.6-102 s7!, respectively [48].
The hydrolysis of ATP triggers the closing of the substrate
binding cavity and the locking-in of associated substrates.
In a thermodynamically coupled process, substrates stim-
ulate the hydrolysis of ATP by typically 2—10-fold. This
stimulation by substrates is too low to drive the functional
cycle of Hsp70 chaperones. Instead, the activity of
co-chaperones of the family of JDPs is required for pro-
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ductive tight coupling of ATP hydrolysis with substrate
association [49-51]. J-domain co-chaperones are a het-
erogeneous class of multidomain proteins which share a
conserved stretch of approx. 70 residues often located at
the N-terminus (fig. 3b). This so-called J-domain is
essential for the interaction of JDPs with their Hsp70
partner proteins. The mechanism of JDPs is best under-
stood for the E. coli member, Dnal.

E. coli Dnal and protein substrates synergistically stimu-
late the rate of ATP hydrolysis by >1000-fold [49, 51, 52].
The action of Dnal requires both binding of protein
substrates to the central hydrophobic pocket of DnaK’s
substrate binding cavity and structural coupling between
DnaK’s ATPase and substrate binding domains, which
transmits the substrate binding event to the catalytic center
[51]. Furthermore, Dnal’s coupling activity requires the
ability to interact with DnaK through its J-domain
[49, 53] and with substrates through its C-terminal
substrate binding domain. Dnal interacts with substrates
in a rapid and transient fashion [54].

On the basis of the available data a model for the action
of Dnal has been proposed [49, 55]. Accordingly, Dnal
starts the functional cycle of the DnaK system by rapid
and transient association with the substrate. The substrate
can then be transferred onto DnaK in a two-step process
involving the transient interaction of the J-domain with
DnaK-ATP and the association of the substrate with the
open substrate binding cavity of DnaK. Through an inter-
domain communication, the association of substrates and
interaction with the J-domain lowers the activation energy
for the hydrolysis of ATP by DnaK.

The synergistic stimulation of ATP hydrolysis by sub-
strates and JDPs has also been observed in other Hsp70
systems, including the action of auxilin and clathrin on
Hsc70, of Sec63 and substrates on BiP and of HscB and
IscU on HscA [50, 56-58]. Thus, the coupling activity
of DnalJ proteins appears to be a mechanism that is
conserved at least in some Hsp70 chaperones.

The next step in the ATPase cycle, the release of ADP and
P,, allows the subsequent rapid binding of ATP and,
consequently, the release of bound substrates and
re-establishment of the starting point of the chaperone
cycle. Under physiological conditions, i.e. high cytoplas-
mic ATP concentrations, nucleotide dissociation is rate
limiting for substrate release. Nucleotide dissociation is
thus a crucial step in the cycle, and it is therefore not
surprising that this step is highly regulated and subject to
strong evolutionary variation.

The dissociation of bound nucleotides requires an opening
of the nucleotide binding cleft. Such movement has been
observed for E. coli DnaK and bovine Hsc70 when their
respective nucleotide exchange factors, GrpE and Bag-1,
are bound. In the absence of such factors, the equilibrium
between the closed and the opened states is probably the
determining factor for the intrinsic rates of nucleotide



CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 675
a b J-domain ¢  E337
JGF zZn C HPD-motif ™ |
D35

Type |

Type!! I ]
Type i (I ]

NS IRSEEX Ub  Bag . B0t
Bag-1M

| Bag-1s

:ﬁj Bag-2

V) —
T i Bag-4

[ ————— 5ag-5

] | i - Bag-6

Ub

C-terminal
A2 domain &

cocrystallized
peptide

P110Y /e
Zn-binding domain u;‘%’zn(n

=I5 b

Zn(ll)

Figure 3. DnaJ and Bag-1 protein families. (¢) Domain structure of the 3 Dnal subfamilies. The different domains are marked in the
following way: J, J-domain; G/F, Gly-Phe rich region; Zn, Zn?>* binding domain, C, C-terminal domain of homology. (b) Secondary structure
representation of the J domain. NMR structure of the J-domain of E. coli Dnal (PDB entry code 1XBL; [127], marked is the conserved
HPD motif as ball-and-stick model. (¢) Secondary structure representation of the Zn-binding and the C-terminal domain of S. cerevisiae
Type I JDP Ydjl. X-ray structure of a fragment of yeast Ydj1 in complex with a peptide (red) (PDB entry code INLT; [128]. (d) Domain
structure of the Bag family of proteins. Domains indicated: NLS, nuclear localization sequence; TRSEEX, Thr-Arg-Ser-Glu-Glu-Xaa
repeat motif; Ub, ubiquitin-like domain; Bag, Bag homology region; WW, Trp-Trp-domain.

dissociation. For DnaK, the ADP dissociation rates are
very low, being 0.004-0.035 s7! and 0.0004-0.0014 s! in
the presence and absence of P,, respectively [48, 59].
Although the ADP dissociation rate is 2—60-fold faster
than the rate of hydrolysis in the unstimulated cycle, it
nevertheless becomes rate limiting when the hydrolysis
of ATP is stimulated by Dnal and substrates. For bovine
Hsc70, the dissociation rates for ADP+P; are about
20-fold higher than those of DnaK [48,59]. Even more
dramatic differences exist for HscA, which has dissocia-
tion rates for ADP+P; that are 700-fold higher than those
of DnaK [59].

What is the structural basis for these strong kinetic
differences between Hsp70 homologs in nucleotide
dissociation? Although the modeled ATPase domain
structures of DnaK, HscA and Hsc70 are almost com-
pletely superimposable, they show subtle differences
which allow classification of the entire Hsp70 family into
three subfamilies with E. coli DnaK, E. coli HscA and
human Hsc70 as prototypes [59]. First, variations exist in
an exposed loop in subdomain IIB near the nucleotide
binding cleft. DnaK subfamily members share a partic-
ularly long loop (A276-R302 in E. coli DnaK) with

subfamily-specific sequence. Members of the Hsc70
subfamily share a loop with subfamily-specific sequence
whose tip is 4 residues shorter, while members of the
HscA subfamily share a loop that is 10 residues shorter
and less conserved in sequence. Second, variations exist
in the interface of the nucleotide binding cleft. DnaK pro-
teins contain a hydrophobic patch (L257-V59 of DnaK)
at the top of the cleft and two putative salt bridges (E264-
R56, upper; E267-K55, lower) that are mainly responsi-
ble for the polarity of the interface. In contrast, Hsc70
proteins lack a DnaK-like hydrophobic patch and the
upper salt bridge, while HscA proteins lack all three
elements.

The loop and the salt bridges constitute a device that allows
rapid association of ATP and slow dissociation of ATP and
ADP+P,. The salt bridges together with the hydrophobic
contact probably function in a mouse-trap-like fashion to
allow tight closure of the nucleotide binding cleft. The
role of the loop is less obvious. Given the considerable
size of its exposed part, it has been speculated that it may
reach over to subdomain IB of the ATPase domain of
DnakK, thereby acting as a latch [59]. The large variability
within the Hsp70 family in nucleotide exchange rates is



676 M. P. Mayer and B. Bukau

likely to contribute to the functional diversification of
Hsp70 chaperone systems.

The differences between Hsp70 homologs in nucleotide
dissociation go along with differences in the regulation of
this step. DnaK homologs that have the described trap to
prevent nucleotide dissociation require the nucleotide
exchange factor, GrpE, for chaperone activities in vivo
and in vitro. HscA homologs which lack this device and
have high nucleotide dissociation rates neither interact
with GrpE nor appear to have their own exchange factor
[59]. Mammalian Hsc70 homologs that have intermedi-
ate dissociation rates possess chaperone activity without
exchange factor. However, they can interact with a nu-
cleotide exchange factor, Bag-1, perhaps to fulfill special
chaperone activities. The two known nucleotide exchange
factors for Hsp70 proteins, GrpE and Bag-1, have entirely
different structures and mechanisms, although they gen-
erate the same conformational open state of their target
chaperone [60—62]. These proteins may therefore have
been generated by convergent functional evolution.
GrpE has a molecular weight of 22 kDa and forms a stable
dimer in solution. The X-ray structure of GrpE in complex
with the ATPase domain of DnaK was solved to 2.8 A res-
olution [60]. The N-terminus of the truncated GrpE
monomer constitutes an a-helix with the length of 100 A.
The N-terminal helix is connected over a rather unstruc-
tured loop to two additional short a-helices and a small
P-sheet domain composed of six short S-strands. In addi-
tion to the N-terminal helix, the dimer interface is formed
by the two short helices of each monomer which together
build up a four-helix bundle. In the crystal structure GrpE
forms an asymmetric and bent dimer whereby only one
GrpE monomer (orange in fig. 1b) contacts the ATPase
domain of DnaK through five major contact sites.

GrpE binds to the ADP bound and nucleotide-free states
of DnaK with high affinity (K, = 1 nM). Addition of ATP
leads to the dissociation of the complex. As described
above, the superposition of the structure of the nucleotide-
free ATPase domain of DnaK in complex with GrpE with
the structure of the ADP and P, bound ATPase domain of
Hsc70 [45] shows that subdomain IIB in DnaK is rotated
outwards by 14°, thereby opening up the nucleotide bind-
ing cleft. This rotation displaces residues Ser274, Lys270
and Glu267 of DnaK by 2-3 A. The corresponding amino
acids in Hsc70 are involved in the coordination of the
adenine and the ribose rings of the bound ADP. Further-
more, residues which constitute the hydrophobic patch
and the upper salt bridge (E264-R56) interact with GrpE
[60] (fig. 1b).

The mechanism by which GrpE accelerates the nucleotide
release thus seems to rely on an active opening of the
nucleotide binding cleft. GrpE furthermore stabilizes the
open conformation of the nucleotide binding pocket,
which facilitates the rapid binding of ATP to the
nucleotide-free state of DnaK [47,59]. In the presence of
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ATP GrpE thereby regulates the lifetime of the DnaK-
substrate complex [63].

Bag proteins form a heterogeneous family of multido-
main proteins that share the Bag domain frequently located
at their C-termini [64]. This domain is essential and
sufficient for stimulation of nucleotide exchange by the
mammalian homologs Hsc70 and Hsp70. The nucleotide
exchange activity of Bag proteins was first described for
the Bag-1 homolog by Hohfeld and co-workers [65].
Recent kinetic measurements using fluorescent labeled
nucleotides showed that Bag-1 stimulates dissociation of
ADP from Hsc70 and Hsp70 by up to 100-fold in the
absence of inorganic phosphate and by 600-fold in its
presence [47]. Interestingly, Bag-1 does not stimulate the
dissociation of ATP and is strongly affected by P;, which
increased the apparent K, by approx. 17-fold. This is in
contrast to the interaction of GrpE with DnaK, which also
stimulates ATP dissociation and is not affected by P,.
These observations suggest that the mechanisms by
which GrpE and Bag-1 stimulate nucleotide release are
different and that Bag-1 plays a more passive role than
GrpE. Bag-1 may only bind and stabilize the open confor-
mation of the ATPase domain of Hsc70 during the intrin-
sic fluctuations between the open and closed states.

The mammalian Bag domains form a three-helix bundle
[61, 62, 66]. It associates as a monomer with the subdo-
mains IB and IIB of the Hsc70 ATPase, through electrosta-
tic interactions involving the conserved residues Glu212,
Asp222, Arg237 and GIn245 in Bag-1 (fig. 1c). Both
exchange factors, GrpE and Bag-1, cause the same 14°
outwards rotation of subdomain IIB through a hinge.

In addition to GrpE and the Bag proteins other proteins
have recently been found to act as nucleotide exchange
factors for Hsp70 proteins. The yeast protein Sls1/Sill, its
mammalian homolog Bap and surprisingly the yeast
Hsp70-related Hsp170 Lhsl function as specific exchange
factors for the endoplasmatic reticulum resident Hsp70
protein Bip [67-70]. Nucleotide exchange function for
BiP seems to be essential since double deletion of Lhsl
and Sls1/Sill is lethal [71]. The yeast Fesl and its mam-
malian homolog HspBP1 are nucleotide exchange factors
for the cytosolic Hsc70 [72, 73]. In the mammalian
cytosol, therefore, several exchange factors coexist,
including Bag proteins with currently six distinct family
members, one of which exists in four variants, and
HspBP1. The physiological role of this diversity is not yet
elucidated (see below).

Substrate binding

The substrate binding domain shows high sequence con-
servation within the Hsp70 family, although differences
of unclear functional relevance exist. Most structural
information on this domain exists for E. coli DnaK. The
X-ray structure of the substrate binding domain was
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solved in complex with a heptameric peptide substrate at
2.0 A resolution (fig. 1d, e) [74]. The peptide binding
moiety (residues 389-607) forms a sandwich of 2 four-
stranded S-sheets with four upwards protruding loops
(two inner and two outer loops) and two helices A and B
which are packed against the inner loops (L, , and L, 5). The
substrate binding cavity is formed by the B-sheets 1 and 2
and the loops, L, , and L, ,. Helix B constitutes a lid which
closes the cavity through a salt bridge and two hydrogen
bonds to the outer loops L, , and Ls 4. ATP binding to DnaK
must at least open this lid to allow substrate release. The
distal part of helix B, together with helices C, D, and E,
forms a hydrophobic core of unknown function.

The substrate peptide which has been co-crystallized
with the substrate binding domain of DnaK is contacted
over a stretch of five residues by two types of interactions
[74]. Hydrogen bonds between the backbone of the cavity
forming loops (L,, and L,,) and the backbone of the
substrate mediate the recognition of the extended peptide
conformation. van der Waals interactions of hydrophobic
side chains lining the substrate binding cavity with the
substrate side chains explain DnaK’s preference for
hydrophobic peptide segments. The central substrate
residue, referred to as position 0, reaches down into a
deep hydrophobic pocket of the substrate binding cavity
which accommodates large hydrophobic amino acids,
especially Leu [74]. This central substrate residue is
completely buried from solvent. The adjacent residues of
the bound substrate at positions —1 and +1 are only
partially buried from solvent. They point upwards and
contact Met404 and Ala429, which form a hydrophobic
arch bridging over the substrate peptide backbone. The
surface potential of the substrate binding domain
surrounding the cavity is mainly negative which explains
the contribution of positive charges in peptides to the
affinity for DnaK.

The architectural constraints imposed by the substrate
binding cavity agree well with the experimentally deter-
mined binding motif of DnaK [75]. By providing essen-
tial backbone contacts, the cavity allows DnaK to recog-
nize only peptides composed of L-amino acids but not
peptides composed of D-amino acids [76]. Furthermore,
DnaK has different affinities for peptides with identical
amino acid composition but authentic or inverse sequence
[76]. This implies that a peptide exhibiting lower affinity
for DnaK in the authentic sequence than a peptide in the
inversed sequence cannot simply ‘turn around’ and bind
to DnaK with the N-terminus on the other side. DnaK-
peptide interactions therefore require a specific direction
of the backbone (fig. 1e). Although the evolutionary
conservation of the binding cavity suggests that this
feature is conserved within the Hsp70 family, one
Hsp70, HscA, was shown recently to bind a specific
substrate peptide in the reverse orientation (fig. 1f) [77,
78].
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Three structural elements of the cavity are of prime im-
portance for substrate binding, the a-helical lid, the arch
enclosing the substrate peptide and the central hydropho-
bic pocket. Removal of the a-helical lid by truncation of
the C-terminus starting at a hinge point within helix B
decreases the affinity of DnaK for peptide and protein
substrates by 3—7-fold, primarily by increasing the disso-
ciation rates [79-82].

Disturbing the arch by alteration of Met404 to Ala or
Ala429 to Trp also decreases the affinity of DnaK for
substrates by 2—4-fold in the ADP state with the major
effects on the dissociation rates [79]. Alterations in the
arch in addition confer changes in the specificity of
DnaK for some peptide substrates [83]. This finding is
interesting with regard to the fact that the arch-forming
residues are the only substrate-contacting residues of the
cavity that are subject of considerable evolutionary vari-
ation. It is therefore possible that the functional special-
ization of Hsp70 chaperones involves adaptive variation
of the arch and the substrate specificity.

The main contribution to the binding affinity for sub-
strates, however, comes from the central hydrophobic
pocket. Introducing a steric hindrance in this pocket by al-
teration of Val436 to Phe increased the dissociation equi-
librium constants of DnaK by 20- and 40-fold for protein
and peptide substrates, respectively [79]. Interestingly,
this decrease in affinity was solely caused by generally de-
creased association rates, while the dissociation rates in
ADP and ATP states were identical to wild-type DnaK.
Substrates may therefore bind to the mutant protein in a
very similar way to wild-type DnaK, suggesting that the
hydrophobic pocket has a considerable degree of flexibil-
ity and that substrates bind in an induced fit-like manner.
Such a high degree of flexibility of the hydrophobic
pocket was also suggested by the NMR structure of a
DnaK substrate binding domain fragment [80, 84].
Nevertheless, despite the structural flexibility of the
pocket, introducing a bulky side chain into the hydropho-
bic pocket is fatal for the chaperone activity in vitro and
in vivo. Even high concentrations of the DnaK-V436F
mutant could not refold chemically denatured luciferase
or rescue a AdnaK-strain for growth at 40 °C [79].

The coupling mechanism: nucleotide-controlled
opening and closing of the substrate binding cavity
All available structures of the substrate binding domain
are believed to represent the high-affinity state of the
Hsp70 chaperones. Since the architectural constraints of
the binding cavity do not permit the dissociation of sub-
strates through a lateral sliding mechanism, an opening of
the lid, the arch and the cavity must occur to allow sub-
strate release.

Association and dissociation of peptide and protein sub-
strates is observed in the ADP state of Hsp70 chaperones
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[54, 56, 85-87]. This demonstrates that transitory open-
ing of the substrate binding cavity also occurs, albeit
slowly, in the absence of ATP. Christen and co-workers in-
vestigated the association of several related peptides to
DnaK-ADP and found similar association rates for all
peptides [88]. They concluded that substrate association
to DnaK-ADP is limited by the opening rate of the sub-
strate binding cavity. This opening rate in the ADP status
of DnaK is limited by the lid and the arch as revealed by
DnaK mutant analysis [79]. Both structural elements act
independently in the control of substrate binding since
the combination of lid truncation and arch alterations had
only additive effects.

In the ATP state, the association of fluorescent peptide
substrates to DnaK-ATP occurs at a rate of 10°>-10° M!s!
[79, 87, 88], and of a fluorescent peptide to Hsc70-ATP at
a slower rate (700 M! s71) [89]. Although these associa-
tion rates are orders of magnitude higher than those in
the ADP state, they are far from diffusion controlled
(10°M1tsh.

The mechanism of the nucleotide controlled opening and
closing of the substrate binding domain is still a matter of
debate. Based on crystallographic evidence Hendrickson
and co-workers suggested that ATP binding may induce
an upwards movement of helix B starting at a hinge point
(residues 536-538 of DnaK) located above the cavity
[74]. This movement would disrupt the interactions of
helix B with the outer loops and consequently destabilize
the outer loops and open up the substrate binding cavity.
However, recent structural and biochemical data indicate
a more complicated mechanism. Deletion of the helical
lid at the proposed hinge point increases the dissociation
rates for bound substrates by only approx. 5-fold compared
with the 400- to 2500-fold increase in the dissociation
rate induced by ATP in case of wild-type DnaK [79, 87].
Furthermore, lidless mutant proteins of DnaK, BiP and
Hsc70 have retained substantial activity as chaperones in
vivo and in vitro and still respond to ATP binding with a
release of bound substrates [56,79]. Even the isolated
P-sheet domain lacking all helices A-E is not in an open
conformation [80].

There is little known about the coupling mechanism that
brings together all events which control the frequency of
opening and closing of the substrate binding pocket: the
Dnal and substrate stimulated ATP hydrolysis, which
stabilizes the closed state and the ATP induced stabiliza-
tion of the open state. For discussion of the coupling
mechanism, two aspects can be distinguished, the me-
chanics and the energetics of coupling. The mechanics of
coupling considers the contact sites between the ATPase
and substrate binding domains which mediate the
nucleotide-dependent interdomain communication. The
energetics of coupling considers the necessary energy
transmissions. Binding of ATP frees energy which is
necessary to surmount the activation barrier from the
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closed to the open conformation of the substrate binding
domain, while binding of substrate and Dnal deliver the
energy to overcome the activation barrier for ATP hydrol-
ysis. Several mutational alterations have been identified
that affect the coupling mechanism. Some of them are
clearly involved in ATP binding (Thr13 to Ser, Ala, or Val
in Hsc70) or lower the activation barrier for the transition
to the open substrate binding domain conformation
(Glu543 to Lys in Hsc70) [90]. Other residues were found
in sites where such an obvious effect on the energetics of
coupling could not easily be implicated. These residues
may therefore be necessary for the transmission of the
signals.

The strongest coupling defects were detected in DnaK
mutant proteins with alterations in the highly conserved
segment, referred to as linker, which connects the ATPase
domain with the substrate binding domain. The exchanges
VLLL(389-392) to AAAA and LL(390,391) to DD
completely abolish the interdomain communication in
the sense that ATP fails to release bound substrates and
substrate with Dnal fail to stimulate ATP hydrolysis [51].
Interestingly, this linker was found in two different
positions in the crystal structure of the substrate binding
domain, in an extended position and in a position bound
to a hydrophobic depression formed by the S-sheet domain
proximal to helix A. The existence of these two structural
variants led Hendrickson and co-workers to suggest that
the linker may undergo an ATP-dependent movement in
and out of this depression as part of a process that allows
the ATPase domain to dock onto the substrate binding
domain.

The targeting activity of co-chaperones

Since Hsp70s perform many different tasks within the
same cellular compartment, regulation of the access to
substrates seems to be essential. Many co-chaperones
therefore act to target Hsp70 partner proteins to specific
substrates or to mediate the targeted release of Hsp70
bound cargo. This regulatory activity relies on the ability
of these co-chaperones to connect Hsp70 proteins with
their target proteins, including substrates and other
chaperones, through physical association with both, the
chaperone and the targets.

J-domain proteins

The activity of JDPs to mediate the ATP hydrolysis-
dependent locking of substrates into the binding cavity of
Hsp70 proteins is essential for almost all chaperone
activities of Hsp70 proteins [55, 91]. Cells usually encode
a broad spectrum of JDPs which differ in their domain
composition and cellular functions [92, 93]. Six JDPs
exist in E. coli, 20 in Saccharomyces cerevisiae, 33 in
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Caenorhabditis elegans, 34 in Drosophila melanogaster
and presumably 44 in human cells. The number of Hsp70
homologs in these organisms is smaller than the number
of JDPs, e.g. 3 in E. coli and around 10 in the other
organisms.

The members of the JDP family have been subdivided
according to their domain composition (fig. 3a) [94].
Class I proteins share all 4 domains characteristic for the
prototype for all JDP E. coli Dnal. Dnal is composed of
the N-terminal J-domain, followed by a glycine and
phenylalanine-rich region (G/F-region), a Zn-binding
domain and a C-terminal domain (fig. 3c). Class II
proteins lack the Zn-binding domain. Class III proteins
share with DnalJ only the J-domain. While the J-domain is
always at the N-terminus of the mature protein in the first
two classes, it may be at any place within the sequence of
class III proteins. The class III family is the most diverse
and contains proteins with additional distinct motifs or
domains, e.g. transmembrane helices (E. coli DjlA, yeast
Sec63, human DjC9/hSec63, yeast Mdj2), tetratricopep-
tide repeats (TPRs; mouse DjC2/Zrfl/Midal, human
DjC3/hp58 and DjC7/hTpr2), and cysteine-rich regions
which are polypalmitoylated (cysteine string proteins).
The question of how JDPs interact with substrates and
mediate their transfer onto Hsp70 partner proteins is not
answered for any of the three classes of JDPs. Some JDPs
have broad substrate specificity, such as E. coli DnaJ and
yeast Ydj-1, while others have more restricted substrate
spectra. In particular the JDPs of class III seem either to
bind a restricted number of substrates, such as clathrin-
specific auxilin or kinesin light chain, or they may not
bind substrates themselves but rather be positioned in
close proximity to substrates, e.g. Sec63 at the transloca-
tion pore of the endoplasmic reticulum and Pam18/Tim14
at the translocase of the inner mitochondrial membrane.
Stable substrate binding, however, does not seem to be an
absolutely essential function of the JDPs. Point and dele-
tion mutant proteins of Dnal, which do not stably interact
with substrates, can support in vitro refolding of a dena-
tured model protein and the DNA replication of bacterio-
phage A [53, 95]. In vivo such mutants are able to
complement the temperature sensitivity phenotype of a
AdnaJAcbpA strain and allow bacterophage A plating on
this strain [53, 96]. Nevertheless, direct interaction with
the substrates increases the efficacy of the JDPs since in
the in vitro and in vivo assays significantly higher
concentrations of the defective Dnal variants were
necessary as compared with the wild-type proteins.

Bag proteins

The family of Bag proteins is composed in humans of the
homologs Bag-1, Bag-2, Bag-3 (CAIR/BIS), Bag-4
(SODD), Bag-5 and Bag-6 (BAT3/Scythe) [64]. All
homologs per definition contain one Bag domain except
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Bag-5, which stows five putative Bag domains. Except
for Bag-5, a direct physical interaction with Hsp70 was
shown for all members of the Bag domain protein family,
and the Bag domain was responsible for this action
[97-99]. The Bag proteins were therefore proposed to
serve as targeting factors for the Hsp70 chaperone [64].
Outside the Bag domain the members of this family show
a high degree of diversity in their domain composition,
including known protein-protein interaction motifs such
as the WW-domain, the PXXP-motif and the ubiquitin-
like domain (fig. 3d). Therefore, Bag proteins differ from
GrpE proteins by their ability to associate with ligands
other than Hsp70 proteins. It is proposed that Bag proteins
use this ability to connect the nucleotide dissociation-
dependent delivery of Hsp70 bound cargo with cellular
processes [47, 100], albeit the nucleotide exchange func-
tion of the Bag domain was so far only demonstrated for
the Bag domain of Bag-1. The Bag domains of Bag-3,
Bag-4 and Bag-5 are shorter by three to four turns of each
of the helices which compose the three-helix bundle, but
all of the Hsp70 interacting residues seems to be present
in these shortened domains, and it is likely that they
interact with both subdomains of the ATPase domain of
Hsp70 in a similar way to the Bag domain of Bag-1 [66,
101].

The cellular processes in which the Bag-domain proteins
are involved seem to be highly diverse since Bag homologs
have been implicated in signal transduction processes
related to cellular stress responses, including apoptosis,
proliferation and development; in transcriptional regula-
tion; and in degradation through the proteasome [64,
102]. Several of the Bag-domain proteins seem to be
involved in tumor growth and apoptosis [103].

Whatever the functions of Bag proteins are in the above
cellular processes, it is clear from the work of several
laboratories that Bag proteins are not strictly essential for
the chaperone activity of Hsp70 proteins in folding of
non-native proteins [47]. This is in sharp contrast to the
essential role for GrpE in the chaperone cycle of DnaK.
The Bag domain rather seems to serve as a targeting
domain to ensure a proper localization of Hsp70 chaper-
one action.

The biochemically and cell biologically best investigated
member of the family is Bag-1. Bag-1 is produced in the
cell as four translation initiation variants, Bag-1L (50
kDa), Bag-1M (46 kDa), Bag-1p33 (33 kDa) and Bag-1S
(29 kDa) [64, 104, 105]. Bag-1M is identical to Rap46, a
protein found in the cytosol of higher eukaryotes. The
N-terminal segment which exists only in Bag-1L is rich
in basic amino acids that have been implicated in DNA
binding. Bag-1L is indeed found mainly in the nucleus
[104]. The second region, present in Bag-1L and Bag-1M,
contains a stretch of 6 TRSEEX repeats (threonine, argi-
nine, serine, glutamic acid, glutamic acid, any amino
acid; TRS is not identical in all repeats). Common to all
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four Bag-1 variants is an ubiquitin-like domain that was
proposed to mediate the interaction of Bag-1 with the
proteasome [106]. It is tempting to speculate that the pro-
teasome associated Bag-1M by accelerating Hsp70’s
nucleotide exchange dissociates substrates from a complex
with Hsp70 for degradation by the proteasome. Such a
role would directly link Hsp70 activity to proteolysis.
Alternatively, Bag-1 may act as an anti-targeting factor
that prevents Hsp70 from binding to substrates of the
proteasome since this may interfere with the degradation
process. A nucleotide exchange-independent function of
Bag-1 was proposed for its regulation of Raf-1 [107].
From the fact that the binding site of Raf-1 in Bag-1 over-
laps with the binding site of Hsp70, it was concluded that
Raf-1 and Hsp70 compete with each other for binding to
Bag-1 [107]. Mechanistically, however, this regulation of
the Raf-1/Erk pathway is not clear.

Hip, Hop and CHIP

Hip has been identified in a yeast two-hybrid screen as a
protein of 43 kDa which interacts with the ATPase domain
of human Hsc70 [108]. Hip was claimed to stabilize the
ADP state of Hsp70 and thereby to stimulate the chaperone
activity of Hsp70 by preventing premature substrate
release [65]. However, it is unclear how this may work,
considering that Hip was used in a 75-250-fold excess
(Hip-dimer) over the chaperone substrate. There are also
reports that Hip does not affect Hsc70- and DjB-1/Hdj-1-
mediated refolding activity [109]. Hip is currently con-
sidered to antagonize the substrate discharging function
of Bag-1 by competing with Bag-1 for binding to the
ATPase domain of Hsc70, thereby preventing Bag-1-
stimulated nucleotide release [110, 111]. Indications for
a Bag-independent function of Hip were found recently
[112]. Hip overexpression stimulated activation of the
glucocorticoid receptor but not of the mineralocorticoid
receptor, estrogen receptor or progesterone receptor in
the heterologous yeast system [113]. Interestingly, a TPR
deletion variant of Hip and a point mutant with consider-
ably reduced affinity to Hsp70 still had significant stim-
ulatory effect on glucocorticoid receptor activation, argu-
ing for an Hsp70-independent function of Hip in this
process in the yeast system [112].

The 60-kDa protein Hop (yeast Stil) has been identified
in a genetic screen for proteins involved in the regulation
of the heat shock response in yeast and was subsequently
found to be a component of the progesterone receptor
complex [114, 115]. Hop interacts with its three TPR
domains with the C-terminal EEVD motifs of Hsp70 and
Hsp90 proteins [116, 117]. In vitro reconstitution
experiments showed that Hop enhances the maturation rate
of the progesterone receptor [118]. The yeast Stil was
recently found to stimulate the ATPase activity of the
yeast Hsp70 Ssal [119], a function that could not be
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demonstrated for mammalian Hop [119]. However, in
mammals there are other TPR domain-containing
proteins, one of which contains in addition a J-domain
which stimulates the ATPase activity of Hsp70 [120].
The 35-kDa protein CHIP was discovered in a search for
TPR motif-containing co-chaperones of eukaryotic
Hsp70s [121]. CHIP like Hop forms a dimer in solution
and competes with Hop for binding to the C-terminus of
Hsc70 and Hsp90 [122]. It acts as E3-ubiquitin ligase
ubiquitinating Hsc70 substrates in vitro and in vivo and
promoted their degradation by the proteasome [35, 123,
124]. CHIP therefore shares with Bag-1 the potential to
connect the activity of Hsp70 chaperones with proteolysis.
More recently evidence was found for a degradation-in-
dependent function of CHIP [125, 126].

Perspectives

The Hsp70 protein family and their co-chaperones con-
stitute a complex network of folding machines which is
utilized by cells in many ways. Despite considerable
progress in the elucidation of the mechanistic basis of
these folding machines, important aspects remain to be
solved. With respect to the Hsp70 proteins it is still
unclear whether their activity to assist protein folding
relies on the ability to induce conformational changes in
the bound substrates, how the coupling mechanism
allows ATP to control substrate binding and to what
extent sequence variations within the family translate into
variations of the mechanism. With respect to the action of
co-chaperones we lack a molecular understanding of the
coupling function of JDPs and of how co-chaperones
target their Hsp70 partner proteins to substrates. Further-
more, it can be expected that more cellular processes will
be discovered that depend on the chaperone activity of
Hsp70 chaperones.
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