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Abstract
The microtubule associated protein tau (MAPT/tau) aberrantly accumulates in fifteen
neurodegenerative diseases, termed tauopathies. One way to treat tauopathies may be to accelerate
tau clearance, but the molecular mechanisms governing tau stability are not yet clear. We recently
identified chemical probes that markedly accelerate the clearance of tau in cellular and animal
models. In the current study, we used one of these probes in combination with
immunoprecipitation and mass spectrometry to identify 48 proteins whose association with tau
changes during the first 10 minutes after treatment. These proteins included known modifiers of
tau proteotoxicity, such as ILF-2 (NFAT), ILF-3, and ataxin-2. A striking observation from the
dataset was that tau binding to heat shock protein 70 (Hsp70) decreased while binding to Hsp90
significantly increased. Both chaperones have been linked to tau homeostasis, but their
mechanisms have not been established. Using peptide arrays and binding assays, we found that
Hsp70 and Hsp90 appeared to compete for binding to shared sites on tau. Further, the Hsp90-
bound complex proved to be important in initiating tau clearance in cells. These results suggest
that the relative levels of Hsp70 and Hsp90 may help determine whether tau is retained or
degraded. Consistent with this model, analysis of reported microarray expression data from
Alzheimer’s disease patients and age-matched controls showed that the levels of Hsp90 are
reduced in the diseased hippocampus. These studies suggest that Hsp70 and Hsp90 work together
to coordinate tau homeostasis.

INTRODUCTION
Tau is primarily expressed in neurons, where it plays a central role in stabilizing
microtubules within axons (1–3). Tau homeostasis is regulated by its expression,
phosphorylation, and turnover (4). In a series of tauopathies, including Alzheimer’s disease
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(AD), frontotemporal dementia (FTLD), progressive supranuclear palsy (PSP), and
corticobasal degeneration (CBD), tau homeostasis is disrupted, leading to
hyperphosphorylation and accumulation of intracellular aggregates (5–7). Genetic depletion
of tau restores cognitive defects in several mouse models (8–12), suggesting that reducing
tau levels may be an effective way to re-balance its homeostasis. Indeed, recent studies
using compounds that reduce tau levels by increasing proteosomal and/or autophagic
clearance (13) have shown that this strategy is able to partially recover cognitive defects in
cellular and mouse models (14, 15). Together, these findings have focused attention on
understanding which cellular pathways protect tau and which proteins are important for its
degradation.

Important regulators of tau homeostasis include the molecular chaperones, heat shock
protein 70 (Hsp70) and Hsp90. Hsp70 and its constitutively-expressed isoform, Hsc70, bind
directly to tau in a region near the microtubule-binding domains upon release from the
microtubule (16). Through these interactions, Hsp70s facilitate the rebinding of tau to
microtubules and they have also been implicated in blocking tau aggregation and promoting
its degradation (17–19). Similarly, Hsp90 and a number of other co-chaperones have been
implicated in regulating tau phosphorylation, aggregation, and degradation (16, 17, 20–22).
Thus, Hsp70 and Hsp90 appear to play roles during multiple processes involved in
establishing tau homeostasis. However, these studies have not yet revealed the molecular
mechanisms involved and it is unclear how these chaperones ultimately control tau stability.

Here, we have used a small molecule to acutely disrupt tau equilibrium and thereby promote
degradation. A key feature of this approach is that this small molecule reduces tau levels
rapidly (within ~ 15 minutes in HeLa cells), allowing identification of proteins that change
in their association with tau during the first few minutes of triage. Using mass spectrometry
and quantitative spectral analysis, we found that only 48 tau-associated proteins are released
or enriched on tau during the switch to a degradation fate. Interestingly, Hsp70 is released
during the early stages of tau degradation and is replaced by Hsp90. Knockdown analysis
revealed that Hsp90 is required for degradation, suggesting that the switch to Hsp90 is an
important step on the path to degradation. Further, we find that Hsp70 competes with Hsp90
for binding to tau, suggesting that the levels of Hsp70 and Hsp90, in some cases, may dictate
tau stability, a result supported by analysis of expression data from AD patients and age
matched controls. These studies suggest possible new strategies for the development of
therapeutics that target tau for clearance.

RESULTS AND DISCUSSION
Identification of proteins involved in tau homeostasis

Tau is an intrinsically disordered protein (23) that is thought to engage in protein-protein
interactions that govern its localization, activity, and stability. Thus, we reasoned that there
are likely tau-associated proteins that stabilize tau within the cell, while other complexes
may be critical for its clearance. We also reasoned that a better understanding of these tau-
binding factors might reveal potential new drug targets and provide insights into the
mechanisms of chaperone-mediated tau triage. Towards these goals, an important advance is
the recent discovery of molecules that acutely disrupt tau equilibrium and favor a rapid
change in tau stability. One such molecule, methylene blue (MB), has been shown to reduce
tau levels in a variety of cellular and animal models of tauopathies (13–15) and reduce
polyQ levels in polyglutamine-expansion disorders (24). To test whether this compound
could be used to explore changes in the tau-associated proteome, we first confirmed that MB
reduces total tau levels by ~80 % in HeLa (C3) cells stably expressing V5-4RON tau
(Supplemental Figure 1A). Loss of tau in this model is rapid and a new equilibrium is
reached within ~10 to 20 minutes (Supplemental Figure 1B). The speed of this switch is
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important because it allows insights into the acute changes that occur in the tau-associated
protein complexes, while avoiding complications originating from global cellular responses
to MB.

To identify proteins that change in their association with tau during the compound-initiated
switch to a degradation fate, we pre-treated with the proteasome inhibitor, bortezomib, for 4
hours then applied MB (50 μM) or a vehicle control. Bortezomib was used to trap
complexes destined for the proteasome, facilitating their subsequent identification by mass
spectrometry (Supplemental Figure 1C). Immunoprecipitations with a V5 antibody were
performed 10 minutes after MB or vehicle treatment and the precipitated material was
subject to analysis by LC-MS/MS to identify the tau-associated proteome (Figure 1A).
These experiments were performed in two independent, biological replicates and each
replicate was analyzed by mass spectrometry in triplicate. Similar levels of tau (MAPT)
were immunoprecipitated in each sample (Supplemental Figure 2) and a total of 504 proteins
were identified to co-immunoprecipitate, including tubulin, TDP-43, Hsp70, and Hsp90
(Supplemental Table 1).

Next, quantitative spectral counting was utilized to detect proteins that change in their
association with tau in response to MB. To be considered differentially associated with tau,
proteins with greater than a two-fold change in abundance and a Bayes factor greater than
ten were identified. While the vast majority of interacting proteins, including tubulin, did not
change their association with tau upon MB treatment, this criteria identified 48 differentially
associated proteins, 20 of which decreased their binding to tau and 28 that increased their
binding (Figure 1C, Supplemental Table 1). Interestingly, this list includes a number of
factors previously identified as modifiers of tau toxicity, such as ataxin-2, IL-2, and IL-3
(25, 26), suggesting that some of these factors might, in part, alter tau proteotoxicity by
influencing its turnover. This list also included a number of proteins involved in gene
regulation, such as the SWI-SNF components SMARCE1 (BAF57) and SMARCA4
(BRG1), and ribosome-associated proteins, such as RPS4X.

Hsp90 is an important factor in tau degradation
One of the most striking observations from the tau interactome analysis was that the
association with stress-inducible Hsp70 (HSPA1B) in response to MB was significantly
reduced, while binding to Hsp90 (HSP90AB1) was increased (Figure 1C). To confirm this
finding, the V5-immunoprecipitations were repeated on freshly treated HeLa(C3) cells and
western blots for Hsp70 and Hsp90 were performed. Consistent with the mass spectrometry
findings, Hsp70 decreased while Hsp90 increased its association with tau after MB
treatment (Figure 1D). This switch also occurred in the absence of a proteasome inhibitor
(Figure 1D). These results suggest that interplay between Hsp70 and Hsp90 may be
involved in targeting tau for clearance. Consistent with this idea, it had been previously
shown that over-expression of Hsp70 enhances MB-mediated clearance of tau (13).

To better understand the specific role of Hsp90 in this system, we examined how changes in
Hsp90 levels influence MB-initiated tau degradation. Hsp90 is best known for its ability to
stabilize many substrates, such as nuclear hormone receptors and kinases, protecting them
from degradation (27, 28). However, Hsp90 also promotes the degradation of other
substrates, such as von Hippal Lindau factor and high-density lipoprotein (29, 30). To
explore the role of Hsp90 within the tau system, we performed siRNA knock-down of
Hsp90. Consistent with previous reports (17, 20, 31, 32), partial knockdown of Hsp90 (by
~80%) did not significantly change the levels of total tau. However, it did suppress the
ability of MB to clear tau (Figure 2). This result supports a model in which Hsp90 is
involved in targeting tau for degradation, at least in response to MB. This result is in

Thompson et al. Page 3

ACS Chem Biol. Author manuscript; available in PMC 2013 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



agreement with a previous study using Hsp90 inhibitors, which suggested an active role for
Hsp90 in targeting tau for degradation (20).

Hsp90 competes with Hsp70 for binding to tau
Based on these results, we hypothesized that exchange of Hsp70 for Hsp90 on tau might
occur via competition for shared binding sites. At least two binding sites for Hsp70 have
been identified on tau (33), but the binding sites for Hsp90 have not yet been described. To
study this question, we developed peptide microarrays composed of 15-mer peptides
covering the longest isoform of tau, which is expressed in the peripheral nervous system tau
(4R2N). These tau peptides were assembled with 4 amino acid overlaps, for a total of 194
spots that were each present in triplicate on glass slides. Binding to Hsp70-His and Hsp90-
His to these peptide arrays was measured using fluorescent anti-His antibodies and the
negative controls were antibody alone and a nucleotide-binding domain (NBD) of Hsp70,
which does not bind substrates. As expected, the negative controls bound non-specifically to
only a few peptides, which were excluded from subsequent analyses (Figure 3A,
Supplemental Table 2). In contrast, Hsp70 and Hsp90 were bound to a number of tau-
derived peptides (Figure 3A). Restricting our analysis of potential binding sites to those
present in the longest tau isoform of the central nervous system (4R0N), we identified four
Hsp70 binding sites and two for Hsp90 (Figure 3B). Strikingly, both of the Hsp90 binding
sites were shared by Hsp70. Previous work has determined that deletion of residues Ile219,
Ile220 and Ile250, Val251 reduces Hsp70 binding to tau (33). Consistent with this result,
these residues were present in the third and fourth Hsp70 binding sites, as measured by
peptide microarray. These Hsp70 binding sites were further validated using a software
program (34) developed to predict binding sites for the prokaryotic Hsp70, DnaK. Using this
approach, sites 2, 3, and 4 were positively identified.

The peptide microarray findings indicate that Hsp90 binding sites are shared by Hsp70 and
suggest that these chaperones might compete for binding to tau. To test this model, we first
synthesized peptides (~7 to 15 amino acids) corresponding to the binding sites predicted by
the microarray. However, these peptides showed weak (>100 μM) binding, which was
difficult to accurately measure. Therefore, instead we aimed to validate this model by
studying the binding of Hsp70 and Hsp90 in the context of 4RON tau in an ELISA-like
platform. Immobilized Hsp70 bound tau with an affinity of 2.9 ± 0.2 μM and Hsp90 bound
with a slightly weaker affinity of 7.0 ± 1.0 μM (Figure 4A). As predicted by the array
results, Hsp70 competed for binding with Hsp90 (IC50 ~ 4 μM) (Figure 4B). Conversely,
Hsp90 was less effective at competing with Hsp70 (IC50 > 50 μM), perhaps because of the
two unique Hsp70 binding sites (Figure 4C). These same relationships were observed with
the major stress-inducible (Hsp70, Hsp90α) and the constitutively expressed (Hsc70,
Hsp90β) isoforms (Table 1). Based on these results, we concluded that the MB-initiated
increase in Hsp90 binding observed by mass spectrometry may be the result of exchange of
Hsp70 for Hsp90 on shared binding sites within tau.

Hsp90 is decreased in human brains with Alzheimer’s disease
These results suggest that tau degradation may be sensitive to the relative levels of Hsp70
and Hsp90. More specifically, reduced Hsp90 levels might favor net retention of tau,
perhaps unbalancing tau homeostasis. To explore this idea, we examined the GDS810
dataset, which collected microarray expression data from the hippocampal tissue of patients
with incipient, moderate, and severe AD and age matched controls (35). Similarly, we
queried the GSE5281 dataset that includes expression results from dissected,
histopathologically normal, hippocampal neurons of AD patients and age matched controls
(36, 37). Previous analyses of these datasets had already noted AD-related changes in
protein folding genes, such as chaperones. However, we wanted to specifically ask how the
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relative levels of Hsp70 and Hsp90 might change as a function of disease. Accordingly, we
analyzed both datasets (Supplemental Figure 3) and observed statistically significant
changes and trends that indicated an AD-associated decrease in Hsp90 (Figure 5). Although
the samples sizes are relatively low, we did not observe consistent changes in stress-
inducible Hsp70 levels (HSPA1B, HSPA2, HSPA6, HSPA14), but Hsc70 (HSPA8) was
decreased in both datasets (Table 2). Importantly for the current study, the ratio of stress-
inducible Hsp70s and Hsp90s was significantly changed in AD, suggesting that imbalance in
this chaperone ratio might contribute to the accumulation of tau. Interestingly, these finding
are consistent with an observation made in an AD mouse model in which Hsp90 protein
levels were found to be inversely correlated with tau levels (17). Taken together, a model
emerges in which Hsp90 levels and the Hsp70:Hsp90 ratio help determine tau stability.

Discussion
Tau homeostasis is important in neurodegenerative tauopathies and enhancing tau
degradation may be a promising therapeutic strategy (10, 13–16). Thus, it is important to
understand the pathways that stabilize tau and those that favor its turnover. Using a chemical
biology approach, we specifically studied the early changes in the tau-associated proteome
that occur during the acute switch to a degradation fate.

From the list of tau-associated proteins, a striking observation was the loss of Hsp70
(HSPA1B) binding, coupled with an increase in Hsp90 (HSP90AB1) binding. What role is
Hsp70 playing in this process? Previous findings suggest that Hsp70 is important in
stabilizing tau. For example, Hsc70 is required to recycle tau on microtubules, perhaps
restricting its availability to the degradation pathways (19). However, it is also clear that
Hsp70s are not exclusively devoted to stabilizing tau. For example, if this were the case,
then Hsp70 knockdown should reduce tau levels, phenocopying MB treatment. Instead, only
mild changes in tau levels are typically observed upon knockdown or over-expression of
Hsp70 (17). One possible way to account for these observations is that Hsp70 could play an
active role in “hand-off” of tau to the degradation pathway. This process might be initiated
by MB in these studies, because, while MB is certainly not a selective Hsp70 inhibitor (38,
39), over-expression of Hsp70 enhances compound-induced degradation of tau (13). Thus,
MB might cause a structural transition in Hsp70, linking the chaperone to the degradation
pathway. Such a mechanism could involve co-chaperones, such as Hop, which bridge the
Hsp70 and Hsp90 systems or, alternatively, acute release of tau from Hsp70 may generate a
type of tau structure that binds particularly well to Hsp90. In this model, the activity of
Hsp70 that is favored by chemical inhibitors might not produce the same phenotype as
knockdown or over-expression, which removes the entire protein. Rather, the transition
might require a chemical trigger, such as MB or other Hsp70 inhibitors, which alter Hsp70’s
nucleotide state, substrate affinity and/or conformation. (16, 40)

What role is Hsp90 playing in this process? Our observations point to a role of Hsp90 in the
degradation of tau (see Figure 2). Hsp90 is best known for its ability to stabilize ~200
“client” proteins, such as the glucocorticoid receptor (GR) (28). In those systems, Hsp90 is
normally found in the final, high affinity complex that protects the active protein fold (27,
41–43). Accordingly, inhibitors of Hsp90 relieve the protective effect and favor degradation
of the clients, usually through a process involving Hsp70. Thus, Hsp90 is typically
considered a protective chaperone, while Hsp70 is considered a triage chaperone. However,
there are clear examples of clients in the literature that do not follow this paradigm. For
example, Hsp90 promotes the degradation of the von Hippel-Lindau tumor-suppressor
protein and high-density lipoprotein (29, 30) and, in those systems, Hsp70 appears to play an
upstream role in folding. Our results suggest that tau might fall into this latter category, for
which Hsp90 assumes the task of promoting turnover. However, tau seems to be differ in
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some important ways. For example, Hsp90 inhibitors block the degradation of Von Hippel-
Lindau tumor-suppressor protein and high-density lipoprotein, whereas these same
compounds reduce mutant and phosphorylated tau in a pathway dependent on CHIP, but not
HSF-1 or Hsp70 (20). These findings point to a model in which Hsp90 stabilizes some
forms of tau, protecting them from clearance (20, 31, 44), while also participating in the
clearance of tau when Hsp90 or Hsp70 is inhibited. Clearly, the roles played by Hsp90 in tau
homeostasis are complex.

One compelling way to rationalize these observations is to invoke different “pools” of
Hsp90. Hsp90 engages in protein-protein interactions with many different co-chaperones
and recent work has elegantly shown that distinct Hsp90 complexes exist in the cytosol (45).
We can speculate that some of these Hsp90 complexes may be involved in stabilizing tau
while others, such as the ones apparently favored by MB treatment, might target it for
degradation. Indeed, some Hsp90 co-chaperones are known to promote tau stabilization,
such as cdc37 and FKBP51, while others accelerate degradation, such as FKBP52 and CHIP
(16). Further, the acetylation state of Hsp90 may also influence whether it targets tau for
degradation (46, 47). Unfortunately, there was no obvious change in co-chaperone levels in
the tau mass spectrometry studies (Supplemental Table 1), but these factors may not have
been abundant enough or they might bind weakly. Further work, perhaps using small
molecules that target individual Hsp90 complexes, will likely be required to better
understand this mechanism.

Some of the biggest unresolved issues in understanding the tau degradation are what
happens during the handoff of tau from Hsp70 to Hsp90 and what happens after formation
of the Hsp90-tau complex? One key observation could be that Hsp70 efficiently competes
with Hsp90 for binding tau, but not the inverse (see Figure 4 and Table 1). Thus, Hsp90-
mediated degradation might depend on a prior signal to release Hsp70 and, moreover, this
signal might induce a conformation of Hsp70 that actively recruits Hsp90. Despite these
speculations and open questions, the work here provides an unexpected insight into how
Hsp90 is involved in degrading tau in response to MB. Moreover, these findings suggest that
exchange of Hsp70 for Hsp90 is one key aspect of the mechanism. This model is supported
by patient expression data and results from mouse models (17), in which decreased Hsp90
transcript level is linked to tau accumulation and AD. Additional insights into this process
will likely accelerate drug discovery in tauopathies, perhaps by suggesting ways of using
Hsp70 and Hsp90 inhibitors to maximize the restoration of tau homeostasis. We suggest that
rapidly altering the fate of tau using chemical probes will be a particularly valuable strategy
towards that goal.

Finally, the list of tau-associated proteins sensitive to compound treatment (see Figure 1B)
included a number of factors, including ILF-2 (NFAT), ILF-3 and ataxin 2, that were
previously linked to tau proteotoxicity. While our work focused on the contributions of
Hsp70 and Hsp90 in regulating tau protein homeostasis, this list of tau-associated factors
may be enriched in other proteins that contribute to the regulation of tau homeostasis. For
example, although not the focus of this work, the results with ataxin-2 (ATXN2) and
ataxin-2-like protein (ATXN2L) were particularly striking, with ~16- and 8-fold reductions
in binding to tau during degradation, respectively. These observations are interesting
because ataxin-2 is linked to spinocerebellar ataxia type 2 (SCA2), a polyglutamine
expansion neurodegenerative disorder(48), so direct contacts between these disease-
associated proteins might be speculated to be important in their pathophysiology.
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METHODS
Reagents, cell lines, and general methods

Tetramethylthionine (methylene blue) was purchased from Sigma.. siRNA (Qiagen) was
transfected at 20 nM (20, 21). Antibodies utilized are as follows: V5 (Sigma, V8137), β-
actin (Anaspec, 54591), tau-WB/ELISA (Santa Cruz Biotech, sc5587), pTau (pS396/S404,
provided by Dr. Peter Davies Albert Einstein College of Medicine), Hsp70 (Assay Designs),
Hsp90 (Santa Cruz Biotech, sc7947), goat anti-rabbit HRP (Anaspec, 28177), and goat anti-
mouse HRP (Anaspec 28173). All cells were maintained according to ATCC guidelines.
Stably transfected HeLa (C3) cells overexpressing wild-type 4RON human tau were
previously generated by clonal selection with G418 (Invitrogen) (13). Absorbance
measurements were performed using a SpectraMax M5 multimode plate reader (Molecular
Devices).

Western blot analysis
Samples were separated under reducing and denaturing conditions using 10–20 % Tris-
Tricine gels (Invitrogen). After transfer to nitrocellulose membrane (Whatman), the
membranes were blocked with 5 % w/v milk in TBS-T (25 mM Tris–HCl, pH 7.4, 140 mM
NaCl, 0.1 % v/v Tween 20) for at least 3 hours. Protein levels were detected by incubating
the membrane overnight at 4 °C with primary antibodies diluted to 1:1,000, unless otherwise
noted, in TBS-T containing 2 % w/v bovine serum albumin (BSA, Sigma). Finally, the
membrane was incubated for 1 hr with the appropriate HRP-conjugated secondary antibody
diluted 1:10,000 in TBS-T with 5 % w/v BSA. Membranes were washed three times for 5
minutes with TBS-T at each step. Membranes were developed using Supersignal West Pico
chemiluminescence kit (Thermo Scientific). For the western blot analysis of
immunoprecipitated samples titers of 1:250 Hsp70 antibody and 1:500 Hsp90 antibody were
utilized.

Immunoprecipitation of V5-tau
HeLa cells stably transfected with V5-4RON tau (13) were grown to 90 % confluence and
subsequently treated with 5 μM Bortezimib for four hours, followed by a ten minute
treatment with either 50 μM MB or vehicle (DMSO) control (1 % v/v). Cells were lysed
with M-Per lysis buffer with protease and phosphatase inhibitor cocktails (19) and 5 mg of
lysate was immunoprecipitated by incubating with 75 μl of goat anti-V5 conjugated to
agarose beads (Bethyl Laboratories, S190-119) at 4 °C overnight in the dark. Beads were
subsequently washed with 100 μL of PBS (10mM Na2HPO4, 2 mM KH2PO4, pH 7.4, 137
mM NaCl, and 2.7 mM KCl) + 0.1 % v/v Tween 20, followed by washes with 100 μL and
then 200 μL of PBS. Finally proteins associated were eluted using 45 μL of 0.1 M glycine
(pH 2.7) and neutralized by adding 5 μL 1M Tris-HCl (pH 8.0). 25 μL of these samples
were separated on 10–20 % Tris-Tricine gel (Invitrogen) for western blot or mass
spectrometry analysis. Previous work utilizing this HeLa model has demonstrated that the
V5-4R0N tau is present in several phosphorylated forms including pS212/p231, pS262/
S456, and pS396/S404 (13, 21). Further, MB reduces both total tau and tau phosphorylated
at S396/S404 (13). Thus, the V5 immunoprecipitated samples likely include a number of tau
and phospho-tau variants, providing an overview of the changes in the tau-associated
proteome.

Mass spectrometry
Immunoprecipitations were performed on two independent biological samples and
separated, as described, using 10–20 % Tris-Tricine gels (Invitrogen). Each sample was
subjected to in-gel digestion with trypsin and proteins were identified by liquid
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chromatography-high resolution tandem MS (LTQ-Orbitrap XL, ThermoFisher) at the
University of Michigan’s Proteomics Resource facility, using standard protocol as
previously described (49). Mass spec analysis was performed in technical triplicates on each
sample, providing a total of six datasets per condition. ThermoFisher RAW files were
converted to mzXML format using msconvert (50) and were searched against the human
UniProt database (release version: 2010_09). This database fasta file contained 20286
protein entries concatenated with reverse (decoy) sequences and common contaminants.
Searches were performed using X!Tandem with the k-score plug-in (51, 52). Search results
were post-processed using PeptideProphet and ProteinProphet from the Trans-Proteomic
Pipeline (TPP) software suite (Supplemental Table 1).

Quantitative spectral analysis
Total spectral counts were obtained from each of the six datasets using Abacus (55). The
abacus parameters used were: maxIniProbTH = 0.97, minCombinedFilePw=0.5, all other
parameters were kept at their default values. Using these options, a protein-level false-
discovery rate (FDR) of 0.05 was achieved. At this threshold 504 proteins were identified to
co-immunoprecipitate with V5-tau across all six data sets. Differential protein expression
was assessed by label-free quantification using QSpec (56). From the QSpec results, a
protein was considered to be differentially associated with tau if it had a Bayes Factor
greater than ten and exhibited a fold change greater than two. Using this definition, 48 of the
504 co-immunoprecipitating proteins were found to be differentially associated upon MB
treatment (Figure 1C, Supplemental Table 1).

Protein purification
Human Hsp70 (HSPA1A), Hsc70 (HSPA8), and Hsp70 NBD (1–383) were purified as
previously described for DnaK using a His column, including cleavage of the His tag via
TEV protease as indicated, and a final purification on an ATP-agarose column (57, 58).
Human Hsp90-beta (HSP90AB1) and Hsp90-alpha (HSP90AA1) were purified as
previously described (59). N-terminal His-tagged Human 4RON tau was purified according
to the previously developed protocol (60).

Tau peptide microarray
The tau peptide microarray was designed using 15-mer peptides with 4 amino acid
overhangs, spanning the full sequence of PNS-tau (P10636–9). In addition full-length
proteins expected to bind Hsp70 and Hsp90 were printed as positive controls, including
human and mouse IgG and tau. Empty spots were used as negative controls. The arrays were
printed on single microscope slides in triplicate (JPT peptide technologies). Binding was
tested per manufactor’s protocol using 10 μM Hsp70-His, Hsp90-His, or Hsp70 nucleotide
binding domain (NBD) in binding buffer (25 mM HEPES pH 7.2, 150 mM NaCl, 20 mM
KCl, 5 mM MgCl2, and 0.5 mM DTT). Binding was detected using 1:1,000 titer of
Hilyte555 anti-His antibody (Anaspec) in TBS-T with 1 % w/v BSA (Sigma) and scanning
the arrays at a fluorescence emission of 532 nM using a GenePix 4100A Microarray Scanner
(Molecular Devices) and standard local background subtraction. Binding was defined as
peptides with fluorescence signals greater than 3 standard errors above the mean of the total
data set. Peptides that appear as positive in the Hsp70 NBD or antibody alone tests were
excluded as false positives.

ELISA-based tau binding
The procedure for chaperone binding to tau was adapted from a previous report (61).
Briefly, 0.1 mg mL−1 of either human Hsp70 or Hsp90 (30 μL) in immobilization buffer (50
mM MES, pH 5.5, and 0.5 mM DTT) was added to each well of 96-well plates (Thermo
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Fisher, clear, nonsterile, flat bottom) and these plates incubated for 6 hrs at 37 °C. The wells
were then washed with 100 μL of TBS-T (3×3 min, rocking). To these wells, 50 μL of
4RON tau solution (at indicated concentrations) in binding buffer (25 mM HEPES, pH 7.2,
150 mM NaCl, 20 mM KCl, 5 mM MgCl2, and 0.5 mM DTT) with 1 mM ATP was added
and the plates were incubated at room temperature with gentle rocking overnight.
Competition experiments were performed in the presence of 7.5 μM tau. Plates were
developed using the rabbit anti-tau primary antibody (Santa Cruz, sc5587) (1:2,000 dilution,
in TBS-T, 50 μL/well) and the goat anti-rabbit HRP conjugated secondary antibody
(Anaspec, 28177) (1:2,000 dilution in TBS-T, 50 μL/well). The TMB substrate kit (Cell
Signaling Technology) was used to detect binding. In each experiment, the signal from non-
specific binding of 4RON to empty control wells was used as a negative control, but this
signal was minimal. Binding curves were fit using hyperbolic fits with a non-zero intercept
in GraphPad Prism version 5.0 for Windows (GraphPad Software).

Analysis of Hsp70 and Hsp90 expression levels in AD samples
The GDS810 (35) and GSE5281 (36) gene expression microarray datasets were downloaded
from the NCBI Gene Expression Omnibus. Normalized data for relevant microarray probes
in all samples were extracted for the genes listed in Table 2. The sample GSM21206 was
excluded from the GDS810 dataset due to artifact rendering which made this sample
incomparable to the rest. Probe expression values were standardized as a z-score (z = (value
− mean)/(standard deviation)). Individual probe z-scores belonging to a given gene were
averaged within a single patient’s sample. Further, the average and variance of expression
for a given gene was compared across sample groups (control patients versus patients with
disease). Statistical significance (p-value <0.05) for gene expression changes between two
sample groups was determined with a Mann Whitney U test (see Supplemental Figure 3).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Proteomic analysis of the proteins associated with tau during the acute switch to a
degradation fate in response to methylene blue (MB) treatment
(A) Schematic of the experimental strategy for identifying tau-associated proteins which
alter tau stability. (B) Using spectral counting, 456 of co-immunoprecipitated proteins did
not change in their association with tau in response to MB treatment. However, 20 proteins
decreased their association with tau and 28 preferentially bound. (C) Western blots on
freshly immunoprecipitated samples confirmed that MB causes Hsp70 to be released from
tau, while Hsp90 binding increases.
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Figure 2. Methylene blue (MB)-initiated tau degradation is dependent on Hsp90
Hsp90 siRNA does not cause a significant change in total tau levels in untreated cells, but it
attenuates tau clearance in response to MB. Quantifications of band intensities from two
independent experiments were performed using Image J. (* Student’s two-tailed unpaired t-
test, p-value < 0.05).
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Figure 3. Hsp70 and Hsp90 bind discrete and partially overlapping sites on tau, as measured by
peptide microarrays
(A) Representative array results using Hsp70 nucleotide binding domain (NBD), Hsp90, and
Hsp70 (all 10 μM) are shown. Further, the fluorescence intensities at a wavelength of 532
nm, after background subtraction, for each array spot tested in triplicate are shown. Peptides
with intensities 3 standard errors of mean (SEM) above the mean for the total dataset are
colored in red. Peptides that bound either Hsp70 NBD or antibody alone are shown in gray.
One false-positive spot (array ID: 161) was removed for clarity. (B) Schematic of the Hsp70
and Hsp90 binding sites mapped onto 4R0N tau, highlighting the four microtubule-binding
repeats (R1–4).
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Figure 4. Hsp70 competes with Hsp90 for binding to tau
(A) Immobilized Hsp70 and Hsp90 bind to 4RON tau. (B) Soluble Hsp70 can inhibit
binding of tau to immobilized Hsp90 with an IC50 value of 4 μM. As a control, free Hsp90
also competes with this interaction. (C) Soluble Hsp90 only weakly competes with
immobilized Hsp70 for binding to tau with an IC50 value greater than 50 μM. As a control,
free Hsp70 inhibits binding with an IC50 of 8 μM. Similar values were seen using different
Hsp70 and Hsp90 isoforms (see Table 2). All of the experiments were performed in
triplicate. Results are shown as the average and standard error of the mean.
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Figure 5. Hsp90 levels are decreased in hippocampal samples from Alzheimer’s disease (AD)
patients
Analysis of the (A) GDS810 and (B) GSE5281 datasets reveals a decrease in the mRNA
levels of both isoforms of Hsp90 (HSPAA1and HSP90AB1) in AD samples. There were no
statistically significant changes in the levels of most the stress-inducible Hsp70s, such as
HSPAB1 (C and D), HSPA1B, HSPA2, HSPA4, or HSPA14 (Table 2 and Supplemental Fig
4). However, the levels of Hsc70 (HSPA8) were decreased in AD patient samples (C and
D).
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Table 1

Testing competition between Hsp70 and Hsp90 for binding to tau

Hsp70-tau binding Hsp90α-tau binding

Protein IC50 μM SEM IC50 μM SEM

Hsp70 (HSPA1B) 8 4 4 2

Hsc70 (HSPA8) 17 9 1.9 0.5

Hsp90α (HSP90AA1) >100 NA 4 2

Hsp90β (HSP90AB1) 59 42 3 1

buffer >100 NA >100 NA

Hsp70 NBD >100 NA NA NA

IC50 denotes the concentration which reaches 50% inhibition

SEM denotes the standard error of the mean
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