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Alzheimer’s disease and other tauopathies have recently been clustered with a group of nervous system disorders termed protein
misfolding diseases. The common element established between these disorders is their requirement for processing by the chaperone
complex. It is now clear that the individual components of the chaperone system, such as Hsp70 and Hsp90, exist in an intricate signaling
network that exerts pleiotropic effects on a host of substrates. Therefore, we have endeavored to identify new compounds that can
specifically regulate individual components of the chaperone family. Here, we hypothesized that chemical manipulation of Hsp70 ATPase
activity, a target that has not previously been pursued, could illuminate a new pathway toward chaperone-based therapies. Using a newly
developed high-throughput screening system, we identified inhibitors and activators of Hsp70 enzymatic activity. Inhibitors led to rapid
proteasome-dependent tau degradation in a cell-based model. Conversely, Hsp70 activators preserved tau levels in the same system.
Hsp70 inhibition did not result in general protein degradation, nor did it induce a heat shock response. We also found that inhibiting
Hsp70 ATPase activity after increasing its expression levels facilitated tau degradation at lower doses, suggesting that we can combine
genetic and pharmacologic manipulation of Hsp70 to control the fate of bound substrates. Disease relevance of this strategy was further
established when tau levels were rapidly and substantially reduced in brain tissue from tau transgenic mice. These findings reveal an
entirely novel path toward therapeutic intervention of tauopathies by inhibition of the previously untargeted ATPase activity of Hsp70.

Introduction
In Alzheimer’s disease (AD), the accumulation of amyloid
plaques composed of A� peptide is largely accepted as the patho-
genic initiator, leading to intracellular accumulation of the
microtubule-associated protein tau into tangles (Frautschy et al.,
1991; Oddo et al., 2003). However, cognitive dysfunction and
neuron loss, both in AD and transgenic mice that accumulate
amyloid-type pathology, are critically linked to tau (Braak and
Braak, 1991; Mukaetova-Ladinska et al., 2000; Roberson et al.,
2007). Moreover, tau pathology is found in �15 other neurode-
generative diseases, some of which are caused by mutations in the
tau gene itself (Hardy and Orr, 2006). Thus, developing strategies
to remove abnormal tau in symptomatic patients may be thera-
peutically beneficial; however, it is not yet clear which targets are
best suited to accomplish this task.

Molecular chaperones, such as heat shock proteins Hsp70 and
Hsp90, have been implicated in tau processing (Dou et al., 2003;
Petrucelli et al., 2004; Shimura et al., 2004a,b; Dickey et al., 2006a,b,
2008; Luo et al., 2007; Carrettiero et al., 2009). Both Hsp70 and
Hsp90 use ATP to regulate protein refolding (Slepenkov and Witt,
2002). The details of this mechanism and the effects of nucleotide
exchange on Hsp70 structure and function have been established
using mutagenesis, combined with structural and biophysical
studies (Mayer et al., 2000; Brehmer et al., 2001). Briefly, ATP
binding to the nucleotide-binding domain (NBD) of Hsp70 al-
losterically promotes a conformational change that initiates low-
affinity contact of a substrate/client with the substrate binding
domain (SBD). ATP hydrolysis to ADP then causes an adjacent
“lid” to close, facilitating high-affinity (�10-fold increase) sub-
strate binding. When ADP is exchanged for ATP by an accessory
nucleotide exchange factor (NEF), the lid opens, freeing the cli-
ent. Despite recent progress, the mechanisms responsible for sub-
strate fate decision making (i.e., degradation/release versus
refolding/retention) are not yet clear and it is not known how
Hsp70’s ATPase activity is able to couple substrate affinity to
folding outcomes.

In contrast to the extensive work on chemical inhibitors of
Hsp90 ATPase function (Neckers, 2002; Dickey et al., 2007; Luo
et al., 2007), chemical modulators of Hsp70 have proven more
elusive, in part because of its comparatively low intrinsic ATPase
activity (�0.2 �mol ATP/�mol/min) (Chang et al., 2008). Con-
sequently, less is known about Hsp70 and its roles. However,
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tors followed by Hsp70 inhibitors could
prove to be a highly effective drug regimen
for treating AD and other chronic diseases
of protein misfolding.

An interesting coincidence of these
data was our previous work identifying
MB from a cell-based screening assay as a
potent reducer of endogenous tau levels
(Dickey et al., 2006c) and the subsequent
discovery that MB was also capable of in-
hibiting Hsp70 ATPase function. Before
the latter discovery, we described MB as
an aggregation inhibitor, based on previ-
ous findings (Wischik et al., 1996). In fact,
its efficacy as an aggregation inhibitor was
what propelled AC, the demethylated an-
alog of MB (McKamey and Spitznagle,
1975), to clinical trials as the first tau-
based therapy to reach patients. In light of
the novel context that MB and AC inhibit
Hsp70 activity, their ability to reduce en-
dogenous tau levels has been revealed.
Thus the convergence of data from two
screens serendipitously led to the inde-
pendent validation for each.

These compounds may also help us to
better understand the role of chaperones
in regulating normal tau versus patholog-
ical tau. Previous work shows that Hsp70
actually functions to enhance the associa-
tion of tau with microtubules (Dou et al.,
2003). Here, Hsp70 activators appear to
preserve tau levels, while Hsp70 inhibitors
clear tau. This would coincide nicely with
a model where Hsp70 tries to protect tau
from degradation, but may actually be-
come too efficient at it, preserving even toxic tau species.

One final consideration when exploring the clinical potential
of this strategy is that Hsp70 is involved in the processing of
multiple substrates, especially those that are misfolded (Barral et
al., 2004; Bukau et al., 2006; Balch et al., 2008). We therefore
wanted to investigate the specificity of this approach. While we
only tested two additional substrates that also accumulate in neu-
rodegenerative diseases, �-synuclein in Parkinson’s disease, and
TARDBP (TDP-43) in ALS, neither of these proteins were af-
fected by drug treatment, suggesting a certain degree of selectivity
of Hsp70 for tau. Certainly other disease-associated proteins that
have a well established connection to Hsp70 may be affected by
these compounds, such as poly-glutamine expansion diseases
and prion diseases; however, the finding of some selectivity could
be invaluable to the clinical viability of this strategy for AD.

In conclusion, Hsp70 is a central component of the protein
folding and triage machinery, yet the mechanisms it employs to
enact cellular decisions and control the fate of substrates are not
yet clear. We have identified a battery of new chemical modula-
tors of Hsp70 and used these compounds to probe how the activ-
ity of the endogenous chaperone controls tau processing. Based
on these studies, we propose a model in which acute inhibition of
Hsp70 might be beneficial by triggering rapid, UPS-mediated
clearance of tau (Fig. 9). Moreover, we propose that the ATP-
hydrolysis-driven, profolding activities of the chaperone, as fa-
vored by the activator molecules, may be counterproductive
under some conditions. Together, these results clarify the roles of

endogenous Hsp70 in tau processing and suggest a previously
unanticipated avenue for therapeutic intervention.
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