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Abstract

Heat shock proteins protect cells from various conditions of stress. Hsp70, the most ubiquitous and
highly conserved Hsp, helps proteins adopt native conformation or regain function after misfolding.
Various co-chaperones specify Hsp70 function and broaden its substrate range. We discuss Hsp70
structure and function, regulation by co-factors and influence on propagation of yeast prions.
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Introduction

The three-dimensional structure of protein is determined by amino acid sequence but the
crowded cytoplasmic environment presents obstacles to successful protein folding [1].
Although many proteins fold on their own, others require assistance of accessory proteins called
chaperones to reach their native state. Chaperones are a functionally related group of proteins
that assist protein folding under both physiological and stressful conditions [2].

An important subgroup of chaperones are the heat shock proteins (Hsps), which were originally
identified as proteins whose expression is induced by heat stress. When cells are exposed to
stress such as high temperature, starvation, inflammation, water deprivation, or nitrogen
deficiency, any of which can cause proteins to become partially unfolded, Hsps, primarily of
the Hsp70 family, bind partially exposed hydrophobic surfaces, to prevent non-productive
interactions that would lead to aggregation, and to promote protein refolding. Like many other
chaperones, the ability to bind somewhat non-specifically to hydrophobic peptides allows
Hsp70 to act on a broad range of substrates. As the predominant group of Hsps in all cell types
from bacteria and plants to humans, Hsp70s have very high structural homology and have
conserved functional properties across species. For example, Drosophila Hsp70 can
complement mammalian Hsp70 in protection from heat stress [3].

In addition to their protective role under stress conditions, Hsp70s are involved in essential
cellular processes where proteins are partially or completely unfolded such as translation,
translocation across membranes, presentation of substrates for degradation, assembly and
disassembly of macromolecular complexes or aggregates, and in gene induction and apoptosis
[4-T7]. Isoforms of Hsp70 (Hsc70) are therefore expressed constitutively at moderate to low
levels in all organisms. In eukaryotes, Hsp70 resides in or is associated with all subcellular
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compartments. It is also well established that Hsp70s play important roles in the propagation
of yeast prions [8-10].

Hsp40s are obligatory co-chaperone partners of Hsp70 that regulate Hsp70 activities and
functional specificity [11]. Some organisms also encode Hsp100 family members that function
in cooperation with Hsp70 and Hsp40 to resolubilize aggregated proteins [12-14]. The present
review summarizes our current knowledge about various aspects of Hsp70 proteins, its
regulation by different co-factors and role in prion propagation.

Eukaryotes contain multiple Hsp70 isoforms

Humans encode at least eight Hsp70 homologs, two of which are organelle specific whereas
the remaining six reside in the cytosol and nucleus. Similarly, S. cerevisiae contains two
organelle specific and six cytosolic Hsp70s. Yeast cytosolic Hsp70s are subdivided into two
classes Ssa (Ssal, Ssa2, Ssa3, and Ssa4) and Ssb (Ssb1 and Ssb2). Ssa and Ssb proteins are
approximately 60% identical to each other and possess some overlapping functions, although
they are not functionally identical [15]. Within the Ssa or Ssb subfamily, sequence similarity
is near 100% and therefore proteins within each subfamily were considered to have the same
functions but vary in expression so Hsp70 abundance could be adjusted to match the need for
chaperone activity. However, functional differences among Ssa proteins are being uncovered
[16-18], (Sharma and Masison unpublished). The constitutive Ssal and Ssa2 are 98% identical
whereas identity between Ssa3 and Ssa4 is around 88%. Any one of the Ssas can support cell
growth but the Ssbs cannot compensate for essential Ssa function, which exemplifies the
overlapping and distinct functions of cytosolic Hsp70s. Likewise, many prokaryotic organisms
also contain several Hsp70s. For example, E.coli K12 encodes three Hsp70s; DnaK, HscA and
HscC, and three Hsp70 proteins have been identified in the unicellular green alga
Chlamydomonas reinhardtii.

Mechanism of action

Hsp70-dependent folding of polypeptides occurs through repeated cycles of binding and
release of substrate at the expenditure of ATP. Much of our knowledge about Hsp70 action is
based upon studies on E. coli Hsp70 DnaK. However, since bacterial and mammalian Hsp70s
are 50% identical and have essentially superimposable structures and similar enzymatic
functions, Hsp70 chaperones across species are believed to work through similar mechanisms.
This notion is supported by biochemical and structural studies of Hsp70s from many different
organisms. Hsp70s consist of three structural domains: a 44kDa amino-terminal ATPase
domain (NBD) followed by an 18kD substrate binding domain (SBD) and a 10kD C-terminal
domain (CTD), which forms a lid-like structure over the substrate-binding pocket that helps
trap substrate in the SBD [19-21].

Hsp70 function requires coordinated action of all three domains (Figure 1). Substrate binding
occurs in a hydrophobic pocket in the SBD with an affinity and kinetics dependent upon the
nucleotide state of the NBD. The ATP-bound form of Hsp70 has low substrate binding affinity
and a fast exchange rate while the ADP-bound form exhibits higher affinity and slower
exchange rates. The major difference between the ATP and ADP-bound states is the location
of the CTD, which is positioned over the substrate binding pocket when ADP is bound and
thus reduces release of bound substrate [22]. Structural changes in the NBD upon ATP
hydrolysis induce the conformational changes in the SBD and CTD that lead to this substrate
trapping, pointing to a strong communication between the domains. Correspondingly, substrate
binding to the SBD alters SBD structure in a way that transmits a signal to the NBD that
stimulates ATP hydrolysis and thus increases its affinity of binding to Hsp70. Subsequently,
nucleotide exchange factors promote release of ADP, facilitating rebinding of ATP and thereby
restoring Hsp70 to the low affinity state allowing substrate release. Released substrate is then
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provided the opportunity to assume the native state or else undergoes a kinetic partitioning
between rebinding to Hsp70, binding to other chaperones and aggregation.

The intrinsic ability of Hsp70 to hydrolyze ATP and release ADP is low, which severely limits
the rate of the Hsp70 reaction cycle and provides key regulatory points for fine tuning of Hsp70
activity by various co-factors. A 2—6 fold activation is achieved by substrate binding to the
SBD. Further stimulation is achieved by transient interaction of Hsp70s with various co-factors
such as the Hsp40s and tetratricopeptide repeat (TPR) co-chaperones [23,24], and simultaneous
interaction with Hsp40 and substrate stimulate ATPase synergistically. In turn, NEFs can
enhance ATPase activity by accelerating return to the ATP-bound state [25,26]. In addition to
influencing the Hsp70 reaction cycle, these various cofactors provide functional variation and
specificity among different Hsp70 proteins [27].

Regulatory roles of Hsp70 co-factors

Nucleotide Exchange Factors

Hsp70s bind weakly to substrate when in the ATP-bound state and more strongly when in the
ADP state, so ADP-ATP exchange is an important step in regulating Hsp70's reaction cycle.
The slow intrinsic release of ADP by Hsp70 is enhanced by nucleotide exchange factors
(NEFs). By shifting the equilibrium toward the ATP-bound state, NEFs trigger substrate release
and restart the chaperone cycle. Well known NEFs are GrpE in E. coli, Fesl and Ssel in S.
cerevisiae [28], Bag-1 in higher eukaryotes, and the human Fesl ortholog HspBP1 [29].

GrpE and Bag-1 are the first protein candidates identified as nucleotide exchange factors for
E. coli DnaK and mammalian Hsc70, respectively[30,31]. GrpE acts in coordination with Dnal
to stimulate ATPase activity of DnaK by 5000-fold and control the ATP dependent substrate
release of DnaK [31-34]. Interaction of GrpE with DnaK reduces its affinity for ADP by 200-
fold and ADP similarly reduces DnaK affinity for GrpE by 200-fold [33]. Although GrpE and
Bag-1 facilitate release of ADP by a similar mechanism, they vary in both specificity and
nucleotide exchange ability. For example, although the ATPase domains of inducible Hsp70
and constitutive Hsc70 are nearly identical, GrpE and Bag-1 accelerate exchange exclusively
of their respective Hsp70 and Hsc70 binding partners, and GrpE activates release of both ATP
and ADP while Bag-1 catalyzes only ADP release [35]. Additionally, although GrpE augments
DnaK-Dnal mediated protein folding and assembly, Bag-1 can exert either positive or negative
effects on Hsp70 [35,36]. It appears that nucleotide exchange function of Bag-1 is not simply
ageneral regulator of Hsp70 during productive folding of protein substrates, but rather it assists
Hsp70 in substrate unloading on certain chaperone pathways.

Like most organisms, S. cerevisiae has multiple NEFs such as Snl1, Sls1, Sill, Lhsl, Fes1,
and Ssel [37-40]. The significance of possessing multiple NEFs is not completely understood
but different NEFs probably have specificity for interaction with different Hsp70s. For
example, although Lhs1 enhances Hsp70 function of the endoplasmic reticulum (ER) resident
Hsp70 Kar2 [40], Ssel stimulates yeast and mammalian cytosolic Hsp70s [41,42]. Some NEFs
also have partially overlapping functions. Nucleotide exchange activity of Lhs1 and Sil1 is
partially redundant but Lhs1 is more potent than Sil1 with Kar2 [40]. Ssel and Fesl also exhibit
functional redundancy in that overexpression of Fesl confers viability to the otherwise lethal
ssela sse24 double deletion, but Ssel is more potent with Ssa Hsp70s than Fesl [43].

Hsp40 co-chaperones

One important family of co-chaperones that plays a major role in regulating Hsp70 interaction
with client proteins is Hsp40. Hsp40s are crucial partners of all Hsp70s that not only regulate
Hsp70 activity but also broaden the scope of their functions [44]. Like Hsp70s, Hsp40s are
ubiquitous and represented by multiple isoforms. Humans, S. cerevisiae and E. coli contain
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41, 22 and 6 Hsp40 homologs respectively. The best characterized Hsp40 is E. coli DnaJ, and
the Hsp40 co-chaperone family, or “J proteins”, are defined by a conserved stretch of about
70 residues (the J domain) with similarity to the initial 73 amino acids of E. coli DnaJ [11,
45,46].

Hsp40 binds hydrophobic peptides with specificity that overlaps that of Hsp70 and can prevent
protein aggregation, defining it as a chaperone itself [47,48]. As a co-chaperone Hsp40 interacts
with Hsp70's NBD and CTD as well as with Hsp70 client proteins and thereby facilitates
transfer of substrate to the SBD of Hsp70 [49-51]. Hsp40 binding to Hsp70 stimulates ATP
hydrolysis up to 1000-fold and coordinates ATP hydrolysis with substrate binding [31,52].
The J-domain is the minimal region required for Hsp70 interaction and sequence variation
within this domain provides specificity to Hsp70—-Hsp40 interactions [53-55]. Though, some
Hsp70s interact with multiple J proteins, others show specificity to a single J protein [45,56].
For example, yeast Hsp70 Ssz1 and not Ssal/2, interacts with J-protein Zoul [57], and Ssal/2
interact with Hsp40s Sisl, Ydj1, Swa2, Hlj1 and Djp1 [58-60]. Selectivity of Hsp70-Hsp40
interactions enables Hsp70 to perform a variety of functions and localize to specific places in
the cell. For example, while Ssal/2 have general protein folding functions in the cytosol, Sisl
assists Ssal/2 on ribosomes in translation [59], Ydj1 recruits Ssal/2 to protein folding on ER
membranes [61] and Djp1 stimulates Ssal/2 to assist in peroxisome biogenesis [58]. Interaction
of Hsp40 with various substrates as well as its ability to stimulate the Hsp70 reaction cycle
allows Hsp70 to trap a wider range of substrates than it would be capable of binding on its own
[62].

analysis of Hsp70 function

Initial understanding of Hsp70 structure was deduced from crystal structures of the NBD and
SBD obtained separately [19,20]. Recent structures of intact bovine Hsc70 without the C-
terminal lid [63], and NMR structure of modified two-domain Thermos thermophilus DnaK
[64] and two-domain modified E. coli DnaK [65] have been solved, which provides deeper
insight into communication between the NBD and SBD of different Hsp70s, broadening our
understanding about Hsp70 action with its substrate.

The ATPase domain of Hsp70 consists of four subdomains arranged in two lobes, | and II.
Subdomain IA and IB strongly interact each other and make up lobe | (Figure 2A). Similarly
1A and 11B make the other lobe. The two lobes are connected at their bases through subdomains
IA and I1A, which have similar secondary structure and topology. Binding of ATP occurs at
the bottom of a cleft between subdomains IB and 11B [63, 66]. Superposition of bovine Hsc70
NBDs with and without ATP shows that IB and 1B shift toward each other when bound to
ATP [63].

The DnaK SBD forms a B-sandwich of two antiparallel B-sheets comprised of four B-strands
each, the first sheet consisting of 33, 86, B7, B8, and the second of 5, B4, p1, p2, with four
upward protruding loops [20]. The substrate binding cavity, formed by the B-sheet 1 and 2 and
loops L1 and L3 4, is primarily hydrophobic (Figure 2B). However, the surface potential
surrounding the cavity is mainly negative and therefore positive charges in substrate also
contribute to affinity with Hsp70. Peptides having an interior hydrophobic core flanked with
basic residues possess highest affinity binding to Hsp70 DnaK and the optimal substrate length
for ATPase stimulation is at least eight residues [67].

Comparison of substrate-bound and isolated SBDs shows an overall similar fold, but in the
apo form the side chains in loops L1  and L3 4 that contact either substrate or CTD lid protrude
to partially occupy the space that is taken by the substrate in the peptide-bound form of DnaK
[68]. Predominant differences were observed for strand 33, where it does not participate in 3-
sheet formation and occludes the substrate binding cleft in the apo form. For the CTD, only
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helix a-B is necessary for the primary peptide-SBD interactions. Furthermore, interaction
between SBD and CTD domains is not necessary for several functions of DnaK such as
interdomain communication. For example, DnaK(1-507), which lacks the C-terminal lid, binds
peptide with affinity only five fold lower than wild type DnaK and can support bacterophage
A propagation in vivo [68]. Also, addition of ATP to DnaK(1-507) lowers peptide binding
affinity by a magnitude similar to wild type DnaK, and peptide binding to DnaK(1-507)
stimulates ATPase activity. These studies indicate that allosteric interface is functional in both
directions even in truncated DnaK, arguing that the SBD itself controls a significant portion
of ATP induced allosteric signal.

The CTD lid is linked to the B-sandwich SBD through a network of hydrogen bonds and ionic
interactions between the lid and residues in loops L4 5 and L1 » of the SBD. The isolated CTD
of DnaK consists of 5 a-helices (aA-aE) and a flexible subdomain of approximately 30 amino
acids (Figure 2B). Ahough the a-helical lid is not neccesary for the interdomain communication
between NBD and SBD, it is important for the kinetics of peptide binding. Deletion of this
region of DnaK increases ATP-induced peptide release by approximately 100 fold [68].
Contribution of the lid domain to overall Hsp70 chaperone activity has been studied in detail
by sequentially deleting the disordered subdomain and the individual lid helices [69]. It was
observed that aB and oD play significant roles in peptide binding to SBD and the rate of ATP-
induced high to low-affinity conformational changes, respectively. The residues in oE helix
and disordered domain modulate the kinetics of ATP binding as their deletion in DnaK shifted
the biphasic nature of ATP binding to monophasic, presumably due to a decrease in
conformational heterogeneity upon deletion of the disordered tail. In eukaryotes the EEVD
motif present at the extreme C-terminus mediates Hsp70 interaction with Hsp40 and TPR-
containing co-chaperones [21, 70-72].

The exposed 10 amino acid linker of bovine Hsc70 that connects NBD to SBD lies at the
opposite end of the structure from the substrate channel and lid [63] (Figure 2A).
Communication between the NBD and SBD is mediated by a 12 amino acid SBD helix (helix
A) that rests in a grove between lobes 1A and 11A of NBD. Helix B forms part of the substrate
binding domain and may transmit conformational changes from the NBD to the substrate
binding pocket. These structural data indicate that conformational changes induced by ATP
binding are a necessary part of Hsp70 chaperonin function. The significance of surface involved
in the interaction was shown by mutational analysis of interdomain residues and the linker,
which indicates communication occurs through the interdomain surface and involves the
adjacent NBD-SBD linker [63]. The work supports an allosteric mechanism in which the linker
occupies and disrupts the interdomain surface upon binding of ATP to the NBD.

The bacterial NEF GrpE interacts primarily at the cleft between subdomain 1B and 11B, and
the loop inserted within p-strand 3 of DnaK is required for this binding [73] (Figure 2C).
Although eukaryotic Bag-1 is structurally unrelated to GrpE, it binds to the same subdomains
of mammalian Hsc70 [73,74]. However, although Hsc70 residues that make contact with Bag-1
are conserved in all eukayotic cytosolic Hsp70s, they are highly diverged from DnaK (Figure
2D). Binding of these NEFs induces an outward 14° rotation of subdomain 11B. Subdomain
I1B in the ADP-bound form contributes three side chains to the binding of adenine and ribose
sugar of nucleotide and these contacts are disrupted by the NEF-induced conformational
changes. Free Hsp70 in the absence of ATP can maintain this open conformation, indicating
that NEFs are not required for Hsp70 to remain “open”.

Structural studies of Hsp40—Hsp70 complexes are hindered by the transience and ATP
dependence of the interaction [75]. Much current knowledge of Hsp40—Hsp70 interaction is
from studies involving mutagenesis of Hsp40 or Hsp70 together with structural information
of fragments of different Hsp40s, with or without Hsp70s, and biochemical analysis of effects
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of the mutations on functional interaction [76-78]. A screen to restore functional association
of DnaJ mutant D35N with Hsp70 uncovered R167 as an important DnaK NBD residue for
interaction with DnaJ [76]. DnaK R167H is unable to interact with wild type DnaJ, and DnaJ
D35 requires interaction with R167 for proper ATP hydrolysis and conversion to a high
affininty substrate-binding conformation of DnakK.

In yeast, the peptide binding fragment of type Il Hsp40 Sis1 interacts with the extreme C-
terminal octapeptide G834PTVEEVDS4! of Ssal [72,79]. The interaction involves both charge-
charge as well as hydrophobic interactions. The presence of the glycine rich region preceding
the polypeptide binding region of Sis1 is thought to be important to provide flexibility to
transfer non-native polypeptides from Hsp40 to Hsp70. Conservation of residues important for
Sis1-Ssal interaction suggests the mechanism of interaction is similar for other type 1l Hsp40s
and their Hsp70 partners.

The J-domain of neuronal specific co-chaperone auxilin binds to the cleft between lobes IA
and 1A of mammalian Hsc70 near the NBD-SBD linker region [80] (Figure 2E). Various
residues in the linker are important for J domain stimulation of ATPase activity, indicating that
it is required not only for binding to J proteins but also to mediate the J signal to nucleotide in
the NBD. Indeed, in the J-domain bound form the Hsc70 linker was directed toward the
hydrophobic patch on NBD surface and interacts with residues Y371 and 1181.

Hsp70 functions

Because of its ability to bind hydrophobic stretches commonly present in polypeptides, Hsp70
performs a variety of functions in many different cellular processes. E. coli DnaK has also been
shown to possess cis-trans isomerase activity for non-prolyl bonds [81]. Hsp70 chaperones are
also implicated in a range of protein misfolding diseases and have received particular attention
inthe area of prion formation and propagation. The following sections discuss several examples
of these many important Hsp70 functions.

Protein folding and prevention of aggregation

Hsp70 is important for helping proteins adopt and maintain native conformations from the time
they are sythesized until they are eventually degraded. During translation, an elongating chain
is susceptible to aggregation because patches of hydrophobic residues remain exposed until all
the amino acids required for forming native contacts emerge from the ribosome. In prokaryotes,
Hsp70, in coordination with its co-factors, interacts with about 20-30% of proteins as they are
synthesized to help them attain their native conformations. The need for Hsp70 is even greater
for eukaryotes where more proteins are bigger than those of prokaryotes. Hsp70 binds
transiently to these structurally immature polypeptides and prevents them from aggregating or
adopting non-functional conformations. In addition, even upon folding, natively folded
proteins still remain prone to aggregation as they have a relatively small margin of stability
that can be affected by minor physicochemical intracellular conditions. Therefore, Hsp70s and
other chaperones continue their essential role of preventing aggregation beyond translation.

Different Hsp70 isoforms can act during different stages of a protein's life. For example,
although S. cerevisiae cytosolic Hsp70s Ssa and Ssb are highly identical, Ssb facilitates
elongation of nascent polypeptide chains by interacting with polypeptides at early stages of
synthesis while Ssa facilitates translocation by interacting with proteins at later stages after the
polypeptide chain adopts some aspect of secondary structure [15,82]. Therefore, by interacting
sequentially with the same substrate, Hsp70s of different subfamilies perform different
functions in the same pathway. Moreover, as discussed below, we found that nearly identical
members within the same Ssa subfamily have distinct functions with regard to yeast prion
propagation.
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Signal transduction and apoptosis

Hsp70 and its co-factors interact with various components of signaling pathways to facilitate
conformational changes required for their activation. Chaperones play a key role in either
presenting signalling proteins to or protecting them from the degradative machinery. Through
this balancing of folding and degradation, chaperones provide a means for extensive regulation
of signaling pathways. For example, Hsp70 in coordination with Hsp90 associates with certain
kinases and maintains steroid hormone receptors in a ligand-binding conformation. Similarly,
the constitutive Hsc73 interacts with retinoblastoma (pRB), which is a major regulatory
molecule at the cell cylce starting point, and protects it from degradation. When conjugated to
apeptide, Hsp70 can also act as an antigen carrier and induce cytokine production. For example,
p24-Hsp70 fusion protein elicits both humoral and cellular responses against p24 in mice.
Similarly tumor derived Hsp70 is able to produce Th1 cytokines such as IFN-y [83].

Another Hsp70-chaperoning substrate is p53, a transcription factor that regulates the cell cycle
and functions as tumor suppressor. Missense mutations in p53 that inactivate its tumor
suppressor function increase propensity for cancer. In combination with Hsp90 or CHIP, Hsp70
regulates p53 stability in a positive or negative way, respectively. Hsp70 in complex with CHIP
promotes degradation of unfolded p53 mutants, In a complex with Hsp90 it has little or no
effect on degradation of wild type or mutant p53 that adopt a folded conformation [84].
Therefore, by contributing to stabilization of some p53 mutants, Hsp70, in combination with
Hsp90 or CHIP, can influence tumorogenicity.

There also have been a number of studies suggesting an anti-apoptotic role of Hsp70. Hsp70
may affect apoptosis through its interaction with co-chaperone Bag-1, which is known to
interact with antiapoptotic protein bcl-2. Elevated Hsp70 protects cells from cytotoxicity
induced by apoptosis inducing agents; TNF, monocytes, radiation and chemotherapeutic agents
[85,86]. Hsp70 binds directly to apoptotic protease activating factor-1 (apaf-1), and prevents
the formation of functional apoptosome [87]. Hsp70 inhibition is, therefore, a promising
therapeutic approach for cancer treatment. Hsp70 inhibitors strongly increase the sensitivity
of cancer cells to chemotherapy in vitro. For example triptolide induces apoptosis in pancreatic
cancer cells by decreasing Hsp70 mRNA and protein levels [88].

Role of Hsp70 in protein degradation

Hsp70s help co-ordinate the ubiquitin-proteosome pathway to promote protein degradation,
although the role of Hsp70 in transfer of substrates to the proteosome is specific to substrates
such as actin, a-crystallin and glyceraldehyde-3-phosphate dehydrogenase [89]. Other
substrates such as BSA and lysozyme do not require Hsp70 for degradation. The degradation
acitivities of Hsp70 are primarily mediated by its co-factors such as CHIP, BAG domain
containing proteins and Hsj1 [90,91].

CHIP, which was originally identified in a screen of human TPR containing proteins, acts as
a ubiquitin ligase and ubiquitinates Hsp70 captured proteins and subsequently targets them to
19S subunit of the proteosome [84]. CHIP contains an Hsp70-binding domain and a U-box
required for ubiquitin ligase activity [92]. CHIP interaction inhibits Hsp70's ability to refold
proteins by interfering with the ATPase cycle [93]. Tau protein, whose aggregation in neuronal
cells leads to neurological disorders, is targeted by Hsp70-CHIP complex for degradation
[91]. Increased expression of Hsp70 leads to a decrease in Tau levels and a selective reduction
of detergent insoluble Tau. CHIP also promotes ubiquitination and degradation of immature
ER-localized cycstic fibrosis transmembrane membrane conductance regulator, CFTR [94].

Bag-1 contains both a BAG domain, required for Hsp70 interaction, and a ubiquitin-like
domain, and thereby provides a link for Hsp70 association to the proteolytic complex [90].
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However, there is no experimental evidence showing a direct role of Bag-1 in transfer of
substrate from Hsp70 to the proteosome. Instead it is believed that Bag-1 accepts substrate
proteins from Hsc/Hsp70 and transfers them to CHIP, which promotes their ubiquitination. In
contrast to its role in ubiquitination, Bag-1 also has been shown to inhibit proteosomal
degradation of Tau protein, possibly due to enhancement of refolding activity of Hsc70 [95].

BiP, an Hsp70 of the ER lumen, facilitates ER-associated degradation. One well known
substrate associated with BiP in this degradation pathway is BACE457, a pancreatic isoform
of human B-secretase [96]. BACE457, when misfolded, associates with BiP before being
retrotranslocated to the cytosol for proteosome mediated degradation. A possible role of BiP
in BACE457 retrotranslocation to is to keep it in a degradation competent state.

It should be noted that, although homologous, Hsp70s show substrate specificity in protein
degradation. For example, wild type yeast strains show normal CFTR degradation at 26° and
40°, but in ssal-45 temperature sensitive mutant cells only 60% of CFTR was degraded
irrespective of temperature. Mutants of Kar2, the yeast BiP, have no effect on CFTR
degradation indicating that yeast Ssa Hsp70, and not BiP, mediates CFTR degradation [97].

The role of yeast Ssb and Ssa proteins in cytosolic protein degradation has also been
investigated. Overproduction of Ssb1, but not Ssal, suppresses the temperature sensitive
growth of proteosome y7 and y13 mutants [98]. In addition, extra Ssb1 significantly improved
the turnover of short lived proteins in y7 mutant cells, indicating that Ssh1 promotes
proteosomal protein degradation.

Since Hsps interact transiently with a wide variety (10-20%) of cellular proteins, their capacity
to promote protein degradation is carefully controlled. The critical balance between protein
folding and degradation activity of Hsp70 is regulated mainly by Hsp70 co-factors. This control
is achieved primarily by competitive binding at the same sites on Hsp70 of co-chaperones that
stimulate protein folding with those that promote degradation. For example, Hsp70 interacting
protein Hip, which promotes folding capacity of Hsp70, competes with Bag-1 for binding to
the Hsp70 ATPase domain [99]. Similarly, Hop, an Hsp70-Hsp90 organizing protein that
facilitates transfer of client substrates from Hsp70 to Hsp90, competes with CHIP for binding
at the Hsp70 CTD [49,100]. Under normal conditions the intracellular concentration of Hip
and Hop is around 5-10 times more than Bag-1 and CHIP, so the folding pathway of Hsp70
should be favored. Therefore changes in abundance of different cofactors triggered by changes
in environmental conditions can in turn affect the balance of regulation. Regulation can occur
at even higher levels as illustrated by the Hsp70 NEF HspBP1, which by forming a ternary
complex with Hsp70 and CHIP can interfere with ubiquitin ligase activity of CHIP [101].

Role of Hsp70s in formation and propagation of yeast prions

Prions are infectious proteins that cause a number of mammalian neurodegenerative diseases
such as bovine spongiform encephalopathy, Creutzfeldt-Jacob disease in humans, scrapie in
sheep and chronic wasting disease in deer and elk. Prion diseases also share important cell
biological features with Alzheimer's and other diseases that involve accumulation of amyloid
forms of pathogenic protein. At present prion diseases are untreatable and ultimately fatal.

Prion formation occurs when the soluble form of a protein abnormally refolds into an alternative
structure comprised primarily of B-sheet. Solid-state NMR studies show that yeast prion
proteins form a parallel in-register B-sheet amyloid core [102,103]. This misfolded structure
self-perpetuates by acting as a nucleation center to convert soluble protein into the same altered
form [104] (Figure 3). Fibers grow by recruiting and converting the soluble form of the protein.
In yeast, iteraction of these growing fibers with cytosolic chaperones, in particular the
Hsp104/70/40 machinery, leads to their fragmenting into smaller fibers, increasing the number
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of nuclei, or seeds, onto which more of the soluble protein is further depleted. An increase in
number of seeds also increases the efficiency of transmission of fibers to daughter cells during
cell division.

The discovery that proteins in yeast can behave as prions has greatly improved our
understanding of prion biology [105]. Work by us and others clearly shows that Hsp70 strongly
influences propagation of the two most studied prions in Saccharomyces cerevisiae [PSI*] and
[UREZ3], which are infectious amyloid forms of Sup35 and Ure2 proteins, respectively [8,18,
106,107]. Sup35 is a translation-termination factor (eRF3) whose conversion to the prion state
reduces its activity, thus increasing read-through of nonsense codons [108]. Ure2 is a regulator
of nitrogen catabolite repression [109]. The presence of [URE3] similarly reduces activity of
Ure2, causing derepression of genes involved in nitrogen utilization.

In order to be maintained in a yeast population, these prions depend on normal functions of
chaperones, and altered function or abundance of Hsp70 considerably interferes with prion
propagation [8-10]. Hsp70 forms a part of a larger chaperone network, consisting of Hsp104,
Hsp40s and TPR-containing proteins, that directly impact prion propagation and its effects on
prions might be direct or through alterations of its cooperativity with other chaperones [110].
For example, an in vitro study of the effect of Ssal on Sup35 fibrillization shows that Ssal in
coordination with Ydj1 blocks Sup35 polymerization [111]. This inhibitory effect was seen
only in the presence of Ydj1, demonstrating a strong requirement of Ydj1 for this Ssal affect
on Sup35 fibrillization.

A specific role for Hsp70 in prion propagation is pointed to by various studies. We isolated a
dominant mutant of Ssal, Ssal-21, containing an L483W substitution in the SBD, that impairs
[PSI*] mitotic stability and weakens allosuppression caused by [PSI*] [8,107]. The prion-
weakening effect of Ssal-21 is even more pronounced when Ssal-21 is the only source of
cytosolic Ssal Hsp70. We further found that Ssal-21 weakens [URE3], and that the analogous
Ssa2-21 mutation weakens both [PSI*] and [UREZ3], pointing to a general role of Ssa Hsp70s
in prion propagation (Sharma and Masison unpublished). Ssal-21 has no effect on
thermotolerance or resolubilization of heat-aggregated luciferase in vivo, indicating it
functions well in these processes and that its effects on prions are independent of these Hsp104
activities. Yeast expressing Ssal-21 contain several fold fewer inheritable prion seeds and
larger than normal aggregates of prion polymers, suggesting that Ssal-21 causes the polymers
to more readily self-associate into large aggregates [8,18,106,107]. Thus, Ssal might normally
act to prevent such higher-order aggregation of individual polymers or to recover prion seeds
from such aggregates.

Although yeast cytosolic Ssa and Ssb subfamilies are highly homologous, these Hsp70s vary
with regard to their effect on prion formation and propagation. Overexpression of Ssa, but not
Ssh, increases de novo formation of [PSI*] [112]. In contrast, Ssh proteins inhibit [PSI*]
propagation. Moreover, while overexpression of Ssal reduces the curing effect of excess
Hsp104 by inhibiting the shift of soluble sup35 to the insoluble prion form [113], Ssb family
proteins enhanced the curing effect of Hsp104. It was recently found that Hsp70 physically
interacts with Sup35 and influences its ability to form prions [114]. Similar amounts of Ssh
were associated with Sup35 in both [psi~] and [PS1*] cells while the amount of Ssa associated
with Sup35 was less in [psi~] cells. In contrast, another study found that similar amounts of
Ssa and Ssb co-purify with Sup35 that is immunoprecipitated from [psi~] yeast cell lysates
[112]. The discrepancy might be due to use in the latter study of elevated expression of Sup35,
which could cause partial aggreagation of Sup35 that produces as Ssa substrate even in [psi~]
cells. On the whole the evidence suggests the Ssas have preference for binding the prion form
of Sup35 while Ssbs interact with both prion and properly folded forms. Understanding how
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these differences relate to the opposite effects Ssa and Ssb have on prions will require further
experiments.

The way Hsp70s affect yeast prions differs not only among members of different subfamilies
but also within those of the same subfamily. We showed that overexpression of Ssal, but not
Ssa2 antagonized [URE3], while neither affected [PSI*] [17]. Additionally, deleting Ssal
weakens [PSI*] but not [URE3] while deleting Ssa2 weakens [URE3] but not [PSI*]. Effects
of Ssa3p and Ssa4p, though somewhat different, paralleled those of Ssalp and Ssa2p,
respectively, suggesting that Ssa3 has Ssal-like activity while Ssa4 functions more like Ssa2
(Sharma and Masison unpublished). In addition to uncovering differences in how different
Hsp70 isoforms affect yeast prions, this work also suggests that certain subtle differences in
constitutive Hsp70 function that might be important for optimal fitness under ideal growth
conditions are also important in inducible isoforms under stress. The different effects of Ssal
and Ssa2 on prion propagation could reflect differences in affinity of Ssal and Ssa2 for the
different prion proteins as substrates, or that they interact differently with Hsp40s or other co-
factors that in turn determine the specificity. Because Ssal and Ssa2 SBDs differ by only a
single methyl group outside their binding pocket, we suspect the latter explanation to be more
likely. Alternatively, Ssal and Ssa2 might differentially regulate the activity or expression of
other stress response factors that in turn affect the prions.

Further support for a role of Ssa Hsp70 in [PSI*] propagation was obtained when a collection
of Ssal mutants were identified in a screen for [PSI*]-impairing effects [9,10]. Yeast strains
expressing these mutant proteins as the only Ssa grow normally, indicating that these mutants
perform well in all functions essential for cell growth. These results imply that Ssa Hsp70
interacts with the highly-ordered prion aggregates differently than with other cellular
aggregates or substrates. All of the mutations that impaired [PSI1*] were located in the NBD,
showing that regulation of substrate interactions is more important than specificity of substrate
binding per se. Similar conclusions were derived from another study where almost all of many
additional Ssal and Ssa2 mutations identified that impaired [PSI*] propagation were in the
NBD [115].

We and others also showed that co-factors that interact with Hsp70 and influence its reaction
cycle can strongly influence prion propagation. Conditions expected to promote conversion
to, or stabilize, Hsp70's closed ADP-bound form, such as overexpression of Hsp40s or TPR
co-chaperones, or depletion of NEFs Fesl or Ssel, impair [PSI*] propagation [10,47,60]. It is
proposed that prolonged binding of Hsp70 to abnormally folded Sup35 decreases its conversion
back into a prion state. Alternatively, excessive binding of Ssa Hsp70 to Sup35 aggregates
might inhibit the Hsp104 machinery in generating newer seeds. Therefore, proper Hsp70
activity, alone or in cooperation with other chaperones, seems necessary to prevent individual
polymers from aggregating or to regenerate prion seeds from aggregated polymers. By any
scenario, the considerable amount of available data establish Hsp70 as a key element
influencing prion propagation in yeast.

Protein misfolding is a major cause of a number of human diseases. By maintaining cellular
proteins in a folding competent state Hsp70 proteins, in coordination with other chaperones,
play important roles in cellular viability and therefore much current research is aimed at
understanding the molecular basis of Hsp70 action. A vast amount of structural, biochemical
and genetic studies carried out on Hsp70s have significantly broadened our understanding
about Hsp70 and related proteins. However various aspects of Hsp70 still remain to be
investigated. For example, although it is well established that various co-factors regulate Hsp70
action, the mechanistic details about the interaction of co-factors with Hsp70 is still limited.

Protein Pept Lett. Author manuscript; available in PMC 2009 September 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sharma and Masison

Page 11

As such, a primary area of current research is the role of co-factors in regulating Hsp70 action.
Structural information of intact Hsp70 is still lacking and several studies are underway to obtain
structural information of the complex of full length Hsp70 and co-factors. Deeper
understanding of Hsp70 action will provide us avenues to develop new drugs for treatment of
various diseases. Some of the compounds, such as 15-DSG (15-deoxyspergualin) and
NSC-630668-R/1, which stimulate ATPase activity of Hsc70 and inhibit Hsp40 stimulated
ATPase activity of yeast Hsp70 respectively, are currently under study. Understanding the
details of chaperone action has provided us mechanism to manipulate several biological
pathways that can be used in future as a therapeutic tool for the treatment of various diseases.
Yeast prions have proven to be a uniquely powerful genetic system for identifying and
characterizing alterations that affect protein chaperones in a way that considerably impairs
ability of amyloid to propagate in vivo without affecting their normal cellular functions. Such
mutations, and the insight they provide into chaperone function and cooperation, would be
missed by most other systems that identify mutations on the basis of phenotypic effects on
growth.

Abbreviations

Hsp, heat shcok protein; NBD, N-terminal domain; SBD, substrate-binding domain; CTD, C-
terminal domain; TPR, tetratricopeptide repeat; NEF, nucleotide exchange factor; ER,
endoplasmic reticulum.
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Figure 1.

Model representing ATPase cycle of Hsp70. Binding of ATP to the NBD of Hsp70 opens the
lid over the substrate-binding domain and allows substrate to bind. ATP hydrolysis, catalyzed
by various co-chaperones leads to the closing of lid and trapping substrate in the substrate
binding pocket. Further action of nucleotide exchange factors exchanges ADP with ATP that
releases the bound substrate and a new cycle begins.
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A) Bovine Hsc70 (1-554)

C) DnaK-GrpE

Figure 2.

Structural features of Hsp70 with and without various co-factors. A) Backbone representation
of bovine Hsc70 with NBD (green), SBD(cyan) and linker (red) (PDB code 1YUW). B)
Backbone representation of substrate binding domain and part of C-terminal domain (389—
591) of DnaK (PDB code 1DKY). Inner and outer loops of substrate binding domain are shown
in cyan and blue repectively. C) Structure of nucleotide exchange factor GrpE (cyan) bound
to ATPase domain (green) of DnaK (PDB code 1DKG). D) Structural representation of the
complex of Hsc70 ATPase domain (green) in complex with Bag domain fragment (Cyan) of
NEF Bag-1 (PDB code 1HX1). E) Strucutral presentation of auxillin J domain (cyan) bound
to bovine Hsc70 NBD (green) containing interdomain linker (blue) (PDB code 2QWO).
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