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Abstract

Tau is a microtubule-associated protein that accumulates in at least 15 different neurodegenerative
disorders, which are collectively referred to as tauopathies. In these diseases, tau is often
hyperphosphorylated and found in aggregates, including paired helical filaments, neurofibrillary
tangles and other abnormal oligomers. Tau aggregates are associated with neuron loss and
cognitive decline, which suggests that this protein can somehow evade normal quality control
allowing it to aberrantly accumulate and become proteotoxic. Consistent with this idea, recent
studies have shown that molecular chaperones, such as heat shock protein 70 and heat shock
protein 90, counteract tau accumulation and neurodegeneration in disease models. These
molecular chaperones are major components of the protein quality control systems and they are
specifically involved in the decision to retain or degrade many proteins, including tau and its
modified variants. Thus, one potential way to treat tauopathies might be to either accelerate
interactions of abnormal tau with these quality control factors or tip the balance of triage towards
tau degradation. In this review, we summarize recent findings and suggest models for therapeutic
intervention.

Tauopathies are a family of neurodegenerative disorders characterized by the appearance of
aggregates of the microtubule-associating protein, tau. These diseases include Alzheimer’s
disease (AD), the most common neurodegenerative disorder, as well as devastating diseases
such as frontotemporal dementia with parkinsonism linked to chromosome 17 and
progressive supranuclear palsy [1-5]. In these diseases, tau is found in aggregates termed
paired helical filaments [6,7], which assemble into the neurofibrillary tangles that were
originally described as “senile’ plaques in the neurons of AD patients [8].

Numerous observations have converged on a model in which tau aggregation is important
for clinical symptoms. For example, tau pathology closely correlates to neuron loss and

cognitive deficits [9,10]. Furthermore, the post-translationally modified forms of tau (e.g.,
hyperphosphorylated and/or proteolyzed) that are enriched in paired helical filaments and
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neurofibrillary tangles are also more prone to self-assemble in vitro [11]. Finally, fronto-
temporal dementia with parkinsonism linked to chromosome 17 is directly linked to point
mutations that make tau more aggregation-prone. Together, these observations have led to
the hypothesis that aggregation and abnormal accumulation of tau aggregates are significant
contributing factors in tauopathies.

Tau is a cytosolic protein that is abundantly expressed in neurons and found in at least 13
splice isoforms in the brain [12,13]. Its major cellular function is to stabilize microtubules
and this activity has been found to be essential for axonal transport [14]. Tau is a member of
a class of intrinsically disordered proteins, whose free structures are believed to be best
represented by an ensemble of possible orientations with weak preference for any specific
structural motif [15-18]. However, tau is likely to adopt local structure when bound to
microtubules. This interaction occurs through the microtubule-binding repeats of tau, with
the 3R and 4R splice isoforms having either three or four repeats, respectively. Consistent
with the importance of this domain, mutations in the microtubule-binding repeats have been
found to weaken tau binding, reducing microtubule stability and sometimes leading to
neuron loss [19,20].

Phosphorylation of tau by the kinases GSK3p, Cdk5 and MARK?2 is a major regulator of its
microtubule interactions [21-24]. GSK3p is a proline-directed serine/threonine kinase
involved in many signaling pathways, including signaling downstream of wnt, insulin and
many G-protein-coupled receptors [25]. CdK5 is another serine/threonine kinase involved in
multiple pathways, including NMDA receptor and growth factor signaling. Cdk5 exists in
two complexes in post-mitotic neurons, a prosurvival complex with p35 (Cdk5-p35) and an
apoptotic complex with p25 (Cdk5—p25), the latter of which has stronger kinase activity
[22,26,27]. Together, GSK3pB and Cdk5 are thought to be major kinases of tau in the brain
[28]. Importantly, MARK2-based phosphorylation of tau is accelerated by the priming
activity of either Cdk5 or GSK3p [29], suggesting that tau phosphorylation involves a series
of ordered kinase events. In general, phosphorylation of tau reduces its affinity for
microtubules [30], while dephosphorylation via enzymes such as PP2A and PP5 restores
binding [30,31]. This reversible cycle of association and dissociation is a normal cellular
process that facilitates axonal transport [30-33]. However, hyperphosphorylated forms of
tau are more prone to aggregate, which might decrease their solubility and remove them
from normal cycling [34]. Furthermore, proteolytic processing of tau, by caspases, calpains
and other enzymes, can significantly accelerate hyperphosphorylation and facilitate
aggregation [35]. Thus, tauopathies might be considered as involving an imbalance in the
normal processing of tau, which affects its microtubule binding, aggregation propensity,
phosphorylation status and, ultimately, its turnover.

Current therapies for tauopathies

There are no cures for any tauopathy. Neuroprotective agents, such as acetylcholin-esterase
inhibitors and NMDA antagonists, have been approved for use in the clinic, based on their
ability to slow the rate of cognitive decline in patients with moderate to severe AD
(reviewed in [36]). However, long-term strategies for tauopathies will likely need to focus
on impacting the underlying, disease-causing accumulation of modified and aggregated tau
(reviewed in [37,38]). For example, because of the importance of phosphorylation, there are
a number of kinase inhibitors being explored as therapeutics for tauopathies [39]. Whether
this strategy will be able to improve cognition without adverse effects on other cellular
processes remains to be determined. Nevertheless, some studies targeting kinases have
demonstrated promising early efficacy in patients (reviewed in [40]). In addition to kinase
inhibitors, compounds that directly block the aggregation of tau are also being explored as
potential therapeutics [41]. These efforts have produced early-stage molecules of multiple
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different chemical classes, including rhodanine-based inhibitors, phenylthiazolyl-hydrazides,
N-phenylamines, anthraquinones, benzothiazoles, phenothiazines and polyphenols [41].
However, recent studies suggest that intermediate, soluble oligomers of tau might best
correlate with disease, suggesting that any anti-aggregation strategy will have to selectively
reduce the levels of these structures [42-44].

Another possible way to treat tauopathies may be to manipulate the quality control pathways
that regulate tau turnover. This hypothesis is based on the idea that tauopathies result, in
part, from a failure of neurons to properly recognize and remove hyperphosphorylated and/
or aggregated tau. All proteins, including tau, are subject to extensive regulation by the
cellular quality control pathways, which carefully control the balance between protein
expression and turnover to maintain healthy protein homeostasis (or proteostasis).
Interestingly, tau clearance is known to be impaired in the aging brain [45], supporting the
idea that diminished quality control might be conducive to certain tauopathies, such as AD,
which are linked to aging. Based on this idea, one might imagine that pharmacologically
accelerating tau degradation could be a possible strategy to relieve tauopathies. Furthermore,
recent evidence suggests that tau is essential for the neurotoxicity of amyloid-B, providing a
possible link between these classic AD targets and suggesting that reductions in tau levels
might be important via multiple, beneficial mechanisms [46-48]. In this review, we will
discuss some recent advances in this direction and discuss the strengths and challenges of
this strategy. However, it is likely useful to first introduce the structure, function and
‘drugability’ of some of the key components of the quality control pathways: the molecular
chaperones.

The molecular chaperones heat shock protein 70 & heat shock protein 90

Molecular chaperones are abundant and highly conserved proteins that assume an important
role in protein quality control [49,50]. Several members of the chaperone family are
upregulated in response to stress and, thus, these factors have been termed heat shock
proteins (Hsps). The expression of Hsps is regulated by heat shock factor 1 (HSF1), which,
under stress conditions, becomes associated with heat shock elements to elevate the
transcription of Hsps and other proteins [51]. Each class of Hsp is named according to its
molecular weight; for example, Hsp27, Hsp70 and Hsp90. These proteins are thought to
serve individual functions, while collectively they monitor most aspects of protein synthesis,
folding, trafficking and assembly of multiprotein complexes (reviewed in [52]). Importantly,
the Hsps are also critical at the end of a protein’s life, as they facilitate turnover by the
proteasome system and the clearance of proteotoxic aggregates by autophagy [53]. Even
under normal conditions, as much as 30% of newly synthesized polypeptides are degraded
[54], suggesting that all proteins are in equilibrium between folding and degradation; a
balance that is maintained, in part, by the Hsp molecular chaperones.

Heat shock protein 70

Heat shock protein 70 is a major component in protein quality control and, as discussed
below, a key factor in tau turnover. There are multiple, highly conserved Hsp70s in humans
and members of this family of chaperones are abundant in all major organelles and the
cytosol. Each Hsp70 is composed of a nucleotide-binding domain (NBD) and a substrate-
binding domain (SBD) [55]. The NBD contains two lobes comprising a deep nucleotide-
binding cleft that binds ATP. The SBD can be further divided into p-sandwich and a-helical
lid subdomains, the latter of which contains a motif characterized by the amino acid EEVD
that binds to tetratricopeptide repeat (TPR) domains. The NBD hydrolyzes ATP, while the
SBD binds to hydrophobic regions of polypeptides via the p-sandwich subdomain [56]. It is
thought that Hsp70 promiscuously binds to many hydrophobic polypeptides [57,58],
including regions of tau adjacent to the microtubule-binding repeats [59]. A flexible linker
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connects the NBD and SBD and these domains appear to communicate via allostery. For
example, with ATP bound to the NBD, the SBD has a weaker binding affinity for substrate
polypeptides. The intrinsic ATPase activity of Hsp70 is very weak (~0.2 nmol/ug/min) [60]
and, under physiological conditions, it is regulated by co-chaperones, including J-proteins
and nucleotide exchange factors (NEFs). Briefly, J-proteins cause a conformational change
in Hsp70s that accelerates ATP hydrolysis [61], while NEFs facilitate ADP release [62].
Finally, TPR domain-containing proteins are co-chaperones that bind to the EEVD motif
and help dictate the fate of substrates bound to Hsp70. Thus, Hsp70s are part of a
multiprotein complex that utilizes coordinated ATPase activity and multiple co-chaperone
partners to shape interactions with misfolded substrates.

Heat shock protein 70 has been the subject of recent efforts to develop chemical inhibitors
[52,63] and a number of high throughput screening efforts have been reported [60,64-67].
Drug development on this emerging target is still in its early stages, with only a few potent
and/or selective inhibitors described [68]. Most of the currently available chemical probes
target the ATPase activity of Hsp70, through either competitive or noncompetitive allosteric
mechanisms (Figure 1). For example, VER-155008 is an ATP-competitive compound
developed by structure-guided design [69,70]. However, there is an indirect relationship
between ATP turnover and chaperone functions [71], suggesting that other aspects of Hsp70
function might also be worth exploring for drug discovery. For example, our groups have
identified compounds that operate at protein—protein interfaces to disrupt interactions with
co-chaperones, such as 116-9e [65,72,73], while other inhibitors target the SBD to block
binding to substrates, such as compound 7 [74,75]. As might be expected given the diverse
mechanisms of these compounds, known Hsp70 inhibitors represent a variety of chemical
classes, including dihydropyrimidines, adenosine analogs, polyamines and others (Figure 1)
[52,63]. Moreover, many of these inhibitors, including methylene blue and MKT-077, have
poorly understood mechanisms.

Heat shock protein 90

Heat shock protein 90 has three domains: a 25-kDa N-terminal domain connected by a
flexible, charged linker to the 40-kDa middle domain and 12-kDa C-terminal domain [76-
83]. These three domains contain an ATP-binding pocket, a substrate peptide-binding site,
and a TPR domain-binding EEVD motif, respectively. Recent structural studies have
suggested that Hsp90 functions as a homodimer in which the C-terminal domains of two
Hsp90 molecules are in contact at the bottom of the “V-shaped’ open conformer. As in the
case of Hsp70, co-chaperones of Hsp90, such as Ahal, cdc37 and TPR domain-containing
proteins, regulate its ATPase activity and control its conformational transitions (reviewed in
[84]). Hsp90 is thought to have a more restricted set of substrates than Hsp70, but these
clients include a number of important kinases and signaling proteins.

Owing to its client pool, Hsp90 has become an established anticancer target, with a number
of selective and potent inhibitors available [85,86]. Work on Hsp90 inhibitors benefited
from the early discovery of the natural product, geldanamycin, which competes with ATP
and induces destabilization of Hsp90-bound proteins [87]. Since this discovery, a number of
high-affinity analogs, such as 17-AAG, and alternative synthetic scaffolds, including
radicicol and PU-H71, have been reported (Figure 1) [85,88]. These compounds bind in
either the N-terminal ATP-binding site (e.g., 17-AAG, radicicol and PU-H71) [89] or C-
terminal dimerization domain (e.g., novobiocin and A4) [90,91], and they show great
promise as both anticancer compounds and research tools for understanding Hsp90 biology.
Several Hsp90 inhibitors are currently in clinical trials, all of which target the N-terminal
domain [92]. More recently, there has also been interest in developing compounds, such as
celastrol (Figure 1), that selectively disrupt association of co-chaperones with Hsp90 as an
alternative way to control chaperone activity [93-96].
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Heat shock protein 27

Heat shock protein 27 is a member of the conserved, small heat shock protein family. These
proteins are ATP-independent chaperones that undergo homo-oligomerization in response to
stress [97,98]. Small heat shock proteins have been imaged by electron microscopy and
these studies have revealed that some of these oligomers are ordered polyhedrons [99].
Furthermore, gel filtration and centrifugation studies have suggested that Hsp27 exists as an
ensemble of oligomers, which range in size from dimers to approximately 32 mers or
greater. Binding of susceptible substrates to the surface of these Hsp27 oligomers is thought
to limit stress-induced aggregation and, thus, this chaperone is considered a ‘holdase’. To
allow substrate release, Hsp27 oligomerization is reversible; a process that is regulated, at
least in part, by phosphorylation. Like Hsp90 and Hsp70, Hsp27 plays important prosurvival
roles; however, no drug-like molecules have been reported that target its activities or
protein—protein interactions.

The Hsp70-Hsp90 chaperone cycle

During protein quality control, Hsp70, Hsp90 and Hsp27 (and their co-chaperones) often
work in concert. If prolonged misfolding is detected, the chaperones shuttle the protein to a
degradation endpoint, such as the proteasome or autophagy. This general model arises, in
large part, from a series of seminal experiments on the Hsp70/Hsp90 chaperone system and
how it regulates the nuclear hormone receptors [100,101]. In this model, a J-protein (also
known as Hsp40) is thought to facilitate high-affinity substrate binding to Hsp70 by
coordinating substrate delivery and ATP turnover (Figure 2) [60]. The action of an NEF then
releases the substrate [49], which can either achieve its proper folding outcome, re-enter the
Hsp70-based ATPase cycle, or be fated for subsequent steps in quality control. In these
latter cases, an Hsp70-bound substrate can be transferred to Hsp90 via Hsp70/Hsp90
organizing protein (HOP) [102,103]. Alternatively, either Hsp70 or Hsp90 can recruit the
ubiquitin E3 ligase, C-terminal Hsp70 interacting protein (CHIP), to degrade the bound
substrate [104]. During this triage process, certain substrates are known to require additional
co-chaperones at distinct steps. For example, the co-chaperones cdc37, a peptidyl-prolyl cis-
trans isomerase (PPlase) family member, and p23 are all critical for the transfer of kinases
to Hsp90 and maturation of the active protein [76,105]. In addition, Hsp90’s hydrolysis of
ATP, which is stimulated by Ahal, facilitates polypeptide release [82,106] and transfer to
CHIP or other E3 ligases [107,108]. Thus, protein quality control is thought to involve a
series of “‘checkpoint’ steps that monitor substrate folding and enact triage decisions. These
steps are defined by ATP/ADP cycling, changes in tertiary and quaternary structure, and
fluctuation in the identity of associated co-chaperones.

Although both Hsp70 and Hsp90 can promote degradation of client proteins, it has recently
been shown that, functionally, the Hsp70 complex often dominates triage decisions
[85,107,109]. Thus, Hsp70 may function as a primary checkpoint prior to entering the
Hsp90-based complex for maturation. In this model, it may be helpful to simplify protein
quality control as occuring in three phases: J-protein-directed recruitment; primary folding
and triage in the Hsp70 complex; and secondary folding and function in the Hsp90 system
(Figure 2). In theory, any of these steps might contain suitable drug targets for tauopathies.

Tau regulation by molecular chaperones

Tau cycling on/off microtubules and its proteolytic turnover are assisted by molecular
chaperones and, thus, these proteins play an important role in its normal homeostasis
[110,111]. However, under potentially proteotoxic conditions, the post-translational
modifications or mutations that damage tau’s affinity for microtubules and favor its
aggregation are thought to generate a molecular ‘danger signal’ that specifically alerts the
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quality control system [112,113]. As discussed above, this system then “‘decides’ to retain or
degrade that substrate. In the case of abnormal tau, imbalances in this decision appear to
allow accumulation, proteotoxicity and neuron loss (Figure 3). Here, we will review the
evidence suggesting an essential ‘decision-making’ role for molecular chaperones in tau
quality control and tauopathies.

Tau & Hsp70

Hsp70 has been shown to both stabilize binding of tau to microtubules [114] and promote its
degradation in combination with CHIP [115,116]. In addition, recent work has demonstrated
that Hsc70, the constitutive cytosolic form of Hsp70s, also dynamically regulates the
association of tau with microtubules [112]. These activities arise via direct binding of
Hsp70s to the microtubule binding repeats [59]. This central role for Hsp70 family members
in regulating tau cycling and triage suggests possible ways of tipping the balance. In fact,
recent work from our group has shown that inhibition of the ATPase activity of Hsp70/
Hsc70 promotes proteasomal degradation of tau; whereas activation results in tau
accumulation [117]. Furthermore, one of these inhibitors was able to reduce phospho-tau
levels and improve cognition in a transgenic mouse model [44]. Interestingly, these effects
were observed without apparent toxicity, induction of HSF1 activity or adverse health
effects on the animals, providing preliminary evidence that targeting Hsp70 may be a
surprisingly viable pharmacological approach. However, many critical questions remain. For
example, what is the molecular mechanism(s) by which inhibition of Hsp70 leads to tau
degradation? How does Hsp70 selectively recognize abnormal tau from a pool of normal
cycling tau? Speculative models to account for these interesting observations are elaborated
upon in the last section of this review.

Tau & Hsp90

Hsp90 was also shown to increase association of tau with microtubules [114]; however, its
binding is not well characterized and it is not known whether this is a direct or indirect
process. For example, it has recently been shown that Hsp90 promotes tau’s phosphorylation
by its ability to stabilize GSK3p [118]. These data may suggest that Hsp90 allows
accumulation of pathogenic tau species. However, this issue is more complicated, as other
work has shown that chemical inhibition of Hsp90 by 17-AAG and other inhibitors reduces
cellular levels of two phospho-tau species, pS202/T205 and pS396/S404, both of which are
relevant to AD pathogenesis [119]. In response to the inhibitors, tau clearance occurs via
CHIP-mediated, proteasomal degradation [119-121]. In addition, other mutant forms of tau
have also been particularly susceptible to Hsp90 inhibition, while wild-type tau is not [122].
Interestingly, it was recently found that reducing the levels of Akt, another client of the
Hsp90/CHIP complex, facilitates tau degradation [123], suggesting a synchronized balance
between competing Hsp90 substrates that may be driven, in part, by their relative abundance
or susceptibility to Hsp90 binding.

Together, multiple studies suggest that Hsp90 regulates the stability of both phospho- and
mutant-tau. However, a greater effort needs to be made to elucidate the mechanisms driving
the apparent preservation of aggregation-prone isoforms. Potential mechanisms and research
avenues will be discussed in more detail later, but one interesting idea comes from studies
implicating Hsp90 as a driving force in evolution via its ability to preserve mutant proteins
[124]. If Hsp90 can buffer against mutations, whether deleterious or beneficial, then this
suggests that it might be adopting a similar role in tau pathogenesis. In other words, Hsp90
inhibition may be able to ‘de-evolve’ the chaperone system to clear proteotoxic tau species.
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Tau & small heat shock proteins

Hsp27 has emerged as a potential target for tau regulation based on early findings that it
preferentially binds to phosphorylated and hyperphosphorylated tau and promotes their
clearance [125,126]. However, astrocyte-derived Hsp27 has been shown to promote tau
accumulation and Hsp27 associates with tau tangles in a mouse model [127,128], suggesting
a more complex relationship. Recently, our group demonstrated that viral delivery of wild-
type Hsp27 into the brains of tau-transgenic mice reduced tau levels and rescued long-term
potentiation deficits. Conversely, delivery of a mock-phosphorylated mutant Hsp27 caused
increased tau levels [129]. This study suggests that Hsp27 may need to cycle between
phosphorylated and de-phosphorylated states to promote tau clearance, perhaps explaining
the apparent contradictions observed previously. Until more is known about the structure
and biology of Hsp27, and why certain multimeric states are necessary for its chaperoning
abilities, it will likely remain an elusive target.

Tau & Bcl2-associated anthanogenes

Proteins containing Bcl2-associated anthanogene (BAG) domains, such as BAG1 and
BAG2, have been found to function as NEFs for Hsp70s [62]. BAGL1 is upregulated in the
hippocampus of AD patients [130], where it associates with tau and increases tau levels in
cooperation with Hsp70 [131]. BAGL1 silencing decreases tau levels, consistent with a
critical role for this co-chaperone in protecting tau from degradation. However, another
related BAG family member, BAG2, interacts with Hsp70 and tau but, unlike BAG1, assists
clearance of phosphorylated tau [132]. Thus, it appears that different BAG family members
can have distinct and dramatic impacts on the fate of Hsp70-bound tau. Moreover, these
studies suggest that pharmacologically enhancing BAG2 or inhibiting BAG1 might be
expected to decrease tau levels. However, the best way to leverage this information is not
yet clear.

Tau & Hsp110

Recent work has defined Hsp110 as another NEF for Hsp70s [133,134]. This co-chaperone
is of interest in tauopathies because Hsp110 knockout mice show an age-dependent
accumulation of phosphorylated tau in the hippocampus [135]. As little is known about
direct binding of Hsp110 to tau or its specific effects on substrate selection by Hsp70s, it is
not yet clear how these findings might be translated to therapeutics.

Tau & FK506-binding protein 51 kDa

Recently, the co-chaperone FK506-binding protein 51 kDa (FKBP51) has been implicated
as a modulator of tau binding to microtubules. FKBP51 contains a PPlase domain as well as
a TPR domain; thus it can be recruited to the Hsp90 system where it catalyzes isomerization
of proline residues in chaperone-bound substrates. In relation to tau biology, FKBP51
enhances the association of Hsp90 with tau, co-localizes with tau in murine neurons, co-
immunoprecipitates with tau in AD tissue samples and increases with age in an AD mouse
model [136]. These interactions may be functionally important because silencing FKBP51
reduces tau and phosphorylated-tau levels [136]. In addition, the PPlase activity of FKBP51
was necessary for tau-related microtubule formation in a Xenopus oocyte model, suggesting
that this co-chaperone is not only interacting with tau but that its enzymatic activity is
important. Finally, the FKBP51-Hsp90 complex has been proposed to be responsible for the
interaction of tau with phosphatases, helping to restore binding to microtubules [137].
Together, these studies suggest that an Hsp90—-FKBP51 complex assists normal cycling of
tau via multiple mechanisms. Moreover, since high-affinity inhibitors of FKBPs (e.g.,
FK506) are well known, these findings suggest important avenues for therapeutic
intervention [138].
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Models for tau quality control & future opportunities for drug discovery

Together, these genetic and pharmacological studies suggest that targeting molecular
chaperones may be a way to reduce phosphorylated tau levels and treat tauopathies. In fact,
this idea has been shown for Hsp70 and Hsp90 inhibitors in model systems
[44,117,120,121]. However, there are many open questions about the best way to proceed on
the path to therapeutics. How do you develop drugs that reduce abnormal tau levels without
impacting global proteostasis? Is it possible to selectively induce a BAG2-Hsp70 or CHIP-
Hsp90 complex to accelerate tau degradation? In general, the field has a limited
understanding of how normal triage decisions are made by the Hsp70/Hsp90 chaperone
systems. How are substrates normally selected? What structural transitions lead to normal
substrate turnover? What features of a substrate are important for communicating its failed
folding to the chaperones? Here, we will briefly provide some plausible models that are
consistent with the available findings. These discussions, while admittedly oversimplified,
are intended to act as a framework for guiding future therapeutic efforts.

The role of ATP hydrolysis & substrate dwell time

From a medicinal chemist’s perspective, targeting the ATP-binding site of either Hsp70 or
Hsp90 has significant advantages, because the nucleotide-binding pockets are deep, well-
defined clefts (for a recent, in-depth review of this concept see [68]). Moreover, as
mentioned previously, inhibitors of the ATPase activities of either Hsp70 or Hsp90 have
been found to reduce tau levels, supporting the general promise of this approach
[44,117,120,121]. However, the mechanisms that correlate changes in nucleotide state with
substrate degradation are not clear. In general, it is thought that inhibition of ATP cycling
will lead to release of the substrate to the degradation pathways because of the allostery
between nucleotide state and substrate-binding affinity. However, what is the structure and
composition of the early degradation complex? How does it differ from the folding or
retention complex? We propose that if we better understood the molecular and structural
underpinnings of this triage decision, we might be able to develop therapeutic strategies that
best target abnormal tau for turnover.

One potential model linking ATPase inhibitors to changes in tau fate is based on the relative
partitioning of substrates onto the Hsp70/Hsp90 chaperones [139]. As discussed earlier, both
of these chaperones hydrolyze ATP and use this cycling to regulate their affinity for
substrates. Thus, substrate ‘dwell time’ in the chaperone-bound state will depend, in part, on
nucleotide turnover rate and the relative abundance of the ATP- and ADP-bound forms
[140]. It seems possible that folding-competent proteins, on average, might be more
transiently associated with the Hsp70-Hsp90 complex, while misfolded substrates could be
‘stalled” and have increased dwell time. In this model, accumulation of an Hsp70-substrate
complex (either via treatment with chemical inhibitors or because of intrinsic properties of
the substrate) might allow enough time for a degradation factor (e.g., CHIP) to bind and
facilitate polyubiquitination. This idea is supported by the findings that inhibitors of Hsp70’s
ATPase activity favor degradation of tau, while activators (which would presumably
promote ATP cycling) led to net retention [73,117]. Similarly, AdaSGC, which inhibits J-
protein-stimulated Hsp70 ATPase activity, promotes escape of AF508 cystic fibrosis
transmembrane regulator from ER-associated degradation [141]. For studies on Hsp90
inhibitors, this model also has some support. For example, Hsp90 inhibitors cause
degradation of tau and many cancer-related substrates [85]. Moreover, these compounds
were found to prolong binding of Hsp90 to a model substrate, which was sufficient to
promote its degradation [142]. Together, these studies suggest that degradation factors, such
as CHIP, might be particularly recruited to chaperones in a ‘stalled’ conformation that is
enforced by prolonged ATP/ADP binding or another, yet uncharacterized, structural signal.
This “‘degradation cue’ seems likely to be additionally impacted by other factors, including
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the context of the client, availability of co-chaperones and, possibly, the organelle
environment. The fact that Hsp70 inhibitors reduce tau levels without affecting other likely
Hsp70 substrates, such as a-synuclein or TDP-43, generally supports the idea that substrates
are actively involved in dictating their own fate [117]. Direct measurements of substrate
dwell times in cells will likely be required to clarify the impact of this variable on quality
control decisions.

Selecting abnormal tau for degradation

The context-sensitive activity of the chaperone systems naturally gives rise to a model in
which they can ‘sense’ molecular features of their substrates, such as aggregation
propensity. This model is consistent with the data that hyperphosphorylated tau appears to
be specifically selected for degradation by some chaperone machines, such as the Hsp90-
FKBP51 complex, without effects on normal tau [132,136]. How does this selectivity arise?
This question is important because any future therapy will likely need to reduce abnormal
tau levels with minimal impact on total tau or global proteostasis. One potential insight
comes from the observation that there are more than 40 distinct J-proteins in humans [143].
These co-chaperones are thought to be especially important for client selection and
recruitment into the early Hsp70 triage complex. Because mammals express over forty J-
proteins, dozens of NEFs, hundreds of TPRs and other co-chaperones, combinatorial
assembly will quickly permit a vast array of possible Hsp70/Hsp90 chaperone complexes.
Thus, in this hypothetical and speculative model, groups of related substrates (e.g.,
hyperphosphorylated tau isoforms) might be expected to depend on a dedicated set of
complexes. A major prediction of this model, then, is that targeting the ‘right’ chaperone
complex with small molecules might allow selective degradation of abnormal tau without
adverse effects on other targets. However, this model is likely too simple. In addition to the
composition of the targeted chaperone complex, cellular outcomes are likely to be
influenced by the relative substrate expression levels, age, cellular-folding capacity, current
flux through the degradation pathways and cell type [144].

Control over protein—protein interactions in the Hsp70/Hsp90 complexes

Because substrate fate is thought to be dependent on a series of “hand-offs’ between
dynamic, multiprotein chaperone complexes (as in Figure 2), another option for controlling
the fate of tau might be to specifically target key protein—protein interactions. Consistent
with this idea, data from our group and others have suggested that chemical modulators of
co-chaperone interactions ‘tip’ the equilibrium and alter tau levels [72,73,117]. This general
idea has been observed in other systems as well. For example, the Hsp90 inhibitor
geldanamycin mimics ADP binding, but also inhibits recruitment of p23, which is a
necessary step in client maturation [145]. Interestingly, p23 deletion causes hypersensitivity
to geldanamycin and its overexpression exhibits a protective effect [146], suggesting that
these chemical and co-chaperone factors are antagonistic. Together, these data suggest that
blocking recruitment of specific co-chaperones or facilitating the assembly of others might
directly impact client fate. In fact, this is believed to be what occurs during natural triage
steps [147]. For example, BAG-2 inhibits client ubiquitination by CHIP by interfering with
the interaction between CHIP and E2 ubiquitin-conjugating enzymes [148]. In another
example, McClellan et al. showed that von Hippel-Lindau tumor-suppressor protein
requires Hsp70 for its folding and degradation, whereas Hsp90 is only required for
degradation [149]. HOP was also required for degradation, indicating that transfer of von
Hippel-Lindau from the Hsp70 complex to Hsp90 is a necessary part of its degradation
pathway. To the medicinal chemist or chemical biologist, these studies suggest numerous
potential opportunities for achieving desired outcomes by manipulating protein contacts
within the chaperone system.
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Although there are significant challenges related to targeting protein—protein interactions,
significant advances have been achieved in the past decade [150,151]. Emerging
experimental methods, such as NMR-based fragment screening, are producing robust
compounds [152] and comprehensive cheminformatics analyses have started to elucidate the
features of good protein—protein interaction inhibitors [151]. As a result of these advances,
protein—protein interaction inhibitors are being identified with increasing frequency, even in
the Hsp70/Hsp90 systems [73,153]. For example, we found that dihydropyrimidine-based
molecules can either force the association of a prokaryotic Hsp70 with its J-protein partner
or, with a relatively modest change in chemical structure, related compounds could block
this contact [73]. Using high-throughput screening against the J-protein-stimulated ATPase
activity of an Hsp70, we also found polyphenols that selectively block J-stimulated activities
by interfering with J-protein recruitment to the Hsp70 complex [72]. We termed this
approach ‘gray box’ screening because it uses reconstituted, multichaperone complexes to
uncover chemical inhibitors that target context-specific allosteric sites [65]. Together, these
early studies suggest that the chaperone complexes might be amenable to chemical
prodding, perhaps altering the fate of substrates, such as tau, that pass through this quality
control system.

Induction of a stress response

Over the past decade, induction of Hsps has been shown to ameliorate proteotoxicity caused
by misfolded proteins [154-159]. Accordingly, pharmacological activation of the heat shock
response may be another viable strategy for the treatment of tauopathies. Towards that
eventual goal, several compounds that activate HSF1 have been reported (reviewed in
[160]). However, the mechanisms that link HSF1 induction to improved proteostasis are not
yet clear. In the case of HSF1 inducers, it seems plausible that the resulting conditions (e.g.,
elevated levels of Hsp70/90) influence the average dwell time of misfolded substrates on
chaperones, leading to improved capacity to degrade damaged proteins. In addition, high
concentrations of chaperones, including Hsp27, might protect misfolded proteins from
engaging in off-pathway, proteotoxic interactions. Because N-terminal Hsp90 inhibitors
often induce a stress response, this mechanism may be particularly important in the response
of abnormal tau to those compounds.

Future perspective

What does the future hold for molecular chaperones as therapeutic targets for tauopathies?
As emphasized throughout these discussions, we expect that more detailed insights into the
cellular and molecular mechanisms of protein quality control will allow us to safely promote
the turnover of abnormal tau. Based on our current knowledge, it seems likely that these
eventual therapies will include compounds targeting the ATP-binding clefts of Hsp70/90.
These compounds might prolong the dwell time of abnormal tau on the chaperones,
promoting their degradation. However, to achieve low toxicity, this list of possible drugs
may also include molecules that target other regions on Hsp70 and Hsp90, especially co-
chaperone binding surfaces that influence the selection of substrates. Finally, other
chaperones, such as small Hsps, remain underexplored as drug targets because they lack
obvious binding sites. Finding ways to target these factors, directly or via induction of a heat
shock response, may expand our ability to accelerate tau turnover and ameliorate
tauopathies.

Even with these expected advances in medicinal chemistry and compound discovery, a
number of other challenges await their clinical deployment. For example, conducting trials
in patients with aging-related neurodegenerative disorders is a daunting task. In the next
decade, we expect that trials in this area will become more sophisticated, favoring more
adaptive designs. Of equal importance, biomarkers that distinguish between different
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dementias, including tauopathies, will need to become better defined. Although these
problems are not specific to tauopathies, they will need to be solved to encourage investment
in this area.

Thus, in the next 10 years, we expect that new generations of chaperone inhibitors will
emerge. These compounds will target many different aspects of chaperone biology and their
discoveries will coincide with a deeper understanding of the mechanisms of protein quality
control. Together with improved clinical trial design and better biomarkers, we expect that
these advancements will significantly accelerate development of novel treatments for
tauopathies.
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Key Terms
Acetylcholinesterase These increase the level of acetylcholine, a
inhibitors neurotransmitter, by inhibiting the enzyme
NMDA antagonists These block the NMDA receptor and prevent binding of
glutamate, which, at a high level, could lead to cell death
Proteostasis Proteostasis, or protein homeostasis, is maintained by
numerous pathways that monitor protein synthesis, folding,
assembly into complexes and turnover
Heat shock protein Family of molecular chaperones that facilitate protein
folding and block protein aggregation
Proteasome Enzyme complex that degrades polypeptides
Tetratricopeptide repeat Structural motif that is involved in protein—protein
interactions
Ubiquitin E3 ligase Protein that transfers ubiquitin molecules from an E2
ubiquitin-conjugating enzyme to target proteins
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Figure 1. Hsp70, Hsp90 and the chemical structures of select inhibitors
Hsp: Heat shock protein.
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Figure 2. Model of heat shock protein 70-heat shock protein 90 cycling

Unfolded or misfolded substrates enter the chaperone cycle by engaging in interactions with
J-proteins, which recruit Hsp70 family chaperones. The ATPase cycle of Hsp70 can result in
substrate folding, triage through the proteasome or ‘hand-off’ to the Hsp90 system. The
ATPase cycle of Hsp90 refines folding and stabilizes the active form of many kinases and
transcription factors. In addition, the Hsp90 cycle makes triage decisions, through CHIP-
mediated ubiquitination and degradation.

CHIP: C-terminal Hsp70 interacting protein; HOP: Hsp70/Hsp90 organizing protein; Hsp:
Heat shock protein; NEF: Nucleotide exchange factor; PPlase: Peptidyl-prolyl cis-trans
isomerase.
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Figure 3. Overview of tau quality control by molecular chaperones

From the microtubule-bound pool, tau might be released in a form that is capable of re-
binding microtubule (termed “cycling tau’). Alternatively, hyperphosphorylated and
aggregation-prone tau might accumulate. Chaperones are involved in all stages of cycling
tau, in mediating phosphorylation and in making triage decisions.

BAG: Bcl2-associated anthanogene; CHIP: C-terminal Hsp70 interacting protein; FKBP51:
FK506-binding protein 51 kDa; Hsp: Heat shock protein.
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