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Abstract

Tau, a microtubule-associated protein with multiple phosphorylation sites, forms aggregates that
correlate with neurodegeneration in Alzheimer Disease and several other neurodegenerative
diseases, termed tauopathies. Hsc70 is a highly-expressed constitutive chaperone that can drive
conformational change in proteins, prevent the aggregation of its substrates, recognize misfolded
substrates, and facilitate their degradation. Here, we show that hsc70 binds to the microtubule-
binding domain of tau in vitro and in vivo, without an absolute requirement for tau
phosphorylation. Binding requires a carboxy-terminal region of hsc70 comprising its peptide-
binding and variable domains. We have identified two hsc70-binding sites on tau and hydrophobic
amino acids crucial for hsc70-binding. Interestingly, these hsc70-binding sites correspond to the -
structure elements that have been previously reported to facilitate tau aggregation. Thus, it is
possible that hsc70 binding might directly inhibit tau-tau interactions that precede tau
oligomerization and aggregation. Our results provide an important stimulus for research into how
the hsc70-tau interaction might affect tau fate in normal cells and in disease.
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Introduction

Tau aggregation into neurofibrillary tangles is a common denominator in neurodegenerative
tauopathies [reviewed in (Goedert and Jakes 2005)]. In the human central nervous system,
alternative splicing gives rise to six major tau isoforms, all of which are found in tangles.
These isoforms can have zero, one or two N-terminal inserts (ON, 1N, 2N), and either three
or four C-terminal “repeat” sequences (3R or 4R). These 30-32 amino acid (aa) C-terminal
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sequences, viz. R1, R2, R3 and R4 together constitute the tau microtubule-binding repeat
region (MTBR). While this region has long been implicated in tau aggregation, recent
advances have identified specific areas in R2—R4 that tend to adopt p-structure and might
facilitate tau aggregation (Giannetti et al. 2000; Li and Lee 2006; Mukrasch et al. 2005;
Santa-Maria et al. 2006; von Bergen et al. 2001; von Bergen et al. 2000).

In vivo, tau aggregation involves a complex interplay of phosphorylation, conformational
change and proteolytic cleavage, though the exact mechanisms are unclear.
Hyperphosphorylation (i.e., excessive phosphorylation at physiological sites and at
additional sites) is thought to dissociate tau from microtubules, causing tau accumulation in
the somatodendritic compartment and an increased risk of aggregation. It was previously
reported that tau hyperphosphorylation in cell cultures was mitigated by heat shock protein
(HSP) chaperones (Kirby et al. 1994; Wallace et al. 1993). Subsequently, associations
between tau and HSP chaperones from several classes, including hsp90 (Dickey et al. 2006;
Dou et al. 2003), hsp70 (Dou et al. 2003; Sahara et al. 2007), hsp27 (Shimura et al. 2004b),
and alphaB-crystallin (Bauer and Richter-Landsberg 2006; Richter-Landsberg and Bauer
2004) have been reported. Moreover, elevated HSP levels have been proposed to attenuate
tau aggregation [reviewed in (Smith et al. 2005)].

Heat Shock Protein 70 (HSP70) chaperones are an important part of the cellular protein
quality control and degradation systems [reviewed in (Brodsky and Chiosis 2006; Mayer
and Bukau 2005)]. The HSP70 family includes the heat shock cognate 70 protein hsc70
(also known as hsp73) and the heat shock (inducible) protein hsp70 (also known as hsp72).
Hsc70 and hsp70 share many similarities: both bind magnesium and ATP through their
highly conserved N-terminal ATPase domains and bind polypeptides through a substrate-
binding domain located just upstream of a variable/regulatory domain [reviewed in (Mayer
and Bukau 2005)]. Hsp70 has low expression in unstressed mammalian cell lines while
hsc70 is constitutively expressed in all mammalian cells. Mild stress elicits hsc70
upregulation in cells whereas relatively more severe stress induces hsp70. Hsc70 is enriched
in the nervous system early in postnatal development (D'Souza and Brown 1998; Morrison
et al. 2000) and has been calculated to comprise as much as 1% of soluble brain protein
(Schlossman et al. 1984). A cytoprotective role for hsc70 may be particularly relevant in
neurons where an attenuated hsp70 response has been correlated with high hsc70 expression
(Manzerra et al. 1997). Also, there is evidence that hsc70 may be upstream of hsp70
activation (Ahn et al. 2005).

In cells, hsc70 facilitates protein degradation through the proteasomal pathway (Bercovich
et al. 1997) and the lysosomal pathway (Chiang et al. 1989). Hsc70 has been implicated in
the ubiquitin-dependent degradation of tau (Shimura et al. 2004b), as well as the ubiquitin-
independent degradation of tau (Elliott et al. 2007). However, a direct association between
tau and hsc70 (or any HSP70 protein) has not been demonstrated. Here we describe our
identification of a tau-hsc70 interaction from an unbiased screen and demonstrate the direct
binding between tau and hsc70. Our work reveals that hsc70 binds tau at two sites which are
involved in tau aggregation and one of which is regulated by alternative splicing.

J Neurosci Res. Author manuscript; available in PMC 2014 December 19.
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Materials and Methods

Plasmids and constructs

The ON3R and ON4R human tau isoforms (thereafter 3R tau and 4R tau, respectively) were
cloned into pRc/CMV vector for eukaryotic expression (Invitrogen, Inc.) as previously
described (Hall et al. 1997). All tau deletion and substitution mutants were generated by
site-directed mutagenesis (Stratagene QuikChange kit). All mutations were verified by DNA
sequencing.

For expressing glutathione sepharose transferase (GST) fusion proteins in E. coli, a pET-
GST vector was constructed by inserting the GST sequence from pGEX-4T-1 (Pharmacia
Biotech, Inc.) into pET-17b (Novagen, Inc.). Wild-type bovine hsc70 cDNA (DelLuca-
Flaherty and McKay 1990; Newmyer and Schmid 2001) was inserted into the pET-GST
vector, resulting in full length hsc70 tagged at its amino terminus with GST. Truncations in
the GST-bovine hsc70 construct were made by inserting stop codons through site-directed
mutagenesis. Bovine hsc70 is identical to the human hsc70 aa sequence with the exception
of an extra GGMP repeat downstream of aa 614 in the variable domain, i.e., bovine hsc70 is
650 aa while human hsc70 is 646 aa.

His-tagged human 2N4R wt tau and its mutants #2—6 (Fig. 5) in pT7c vector constructs have
been previously described (Carmel et al. 1996). Bacterial expression pET constructs
encoding untagged 3R, 4R human wild-type tau, and truncation mutants #11 and #14 (Fig.
5) have been described previously (Bhaskar et al. 2005; Brandt and Lee 1993). The
truncation mutants #12 and #13 (Fig. 5) were constructed by replacing aa 274 and 336,
respectively, with stop codons using site directed mutagenesis. Mutants #8 and #9 (Fig. 5)
were synthesized according to Makarova et al. (Makarova et al. 2000), making internal
deletions of 93 bp and 96 bp, respectively, in ON4R tau.

Yeast two-hybrid assay

A Hela cell cDNA library was screened by the yeast two-hybrid system as described by
Gyuris et al. (Gyuris et al. 1993), using 3R tau as “bait”. cDNA libraries were constructed in
the pJG vector and tau was expressed by the pEG202 vector. Positive interactors were
identified by growing transformants on leucine-deficient medium. Confirmed positives were
sequenced, then subcloned into pRc/CMV with an HA tag.

Cell culture and transfections

Simian COS7 cells were grown in DMEM with 10% bovine serum (Hyclone or
Benchmark). COS7 cells were transfected using Lipofectamine Plus (Invitrogen) according
to the manufacturer’s protocol and harvested 48 hours after transfection. SH-SY5Y human
neuroblastoma cells were grown in RPMI as previously described (Lee et al. 1998). SH-
SY5Y cells were transfected with 3R wild-type or mutant human tau in pRcCMV vector,
using Lipofectamine 2000 (Invitrogen). Stably-transfected SH-SY5Y lines were selected by
200 pg/ml G418. Immunofluorescence and Western blots identified clonal SH-SY5Y lines
with robust tau expression. Cell lines with roughly equivalent expression of tau were used
for immunoprecipitation.

J Neurosci Res. Author manuscript; available in PMC 2014 December 19.
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Co-immunoprecipitation

Cells were harvested in lysis buffer containing 50mM Tris-HCI pH 7.5, 150 mM NaCl, 1%
Triton-X 100, 0.25% sodium deoxycholate, 1 mM sodium vanadate, 10 mM sodium
fluoride, 1 mM AEBSF, 2.16 mM leupeptin, 1.46 mM pepstatin, and 0.15 mM aprotinin.
Following centrifugation to remove insoluble debris, cell lysates were pre-cleared by 1 hr
incubation with non-specific 1gG (Jackson ImmunoResearch). Tau was immunoprecipitated
using rabbit polyclonal anti-tau antibody (Lee et al. 2004) or tau13 monoclonal antibody
(gift from Dr. Lester Binder). Immunoprecipitations used either Protein A Sepharose (GE
Healthcare) or Protein G Plus-Agarose (Calbiochem) and were resolved by SDS-PAGE.

To increase cellular levels of the inducible hsp70 prior to immunoprecipitation, SH-SY5Y
cells were subjected to thermal conditioning, such that cells received 2-3 “heat shock”
treatments, interspersed with 24 h recovery periods, over consecutive days. In each
treatment, cells were incubated in a 43°C water bath (“heat shocked”) for 40-60 min. On the
final day, cells were heat shocked for 60 min, allowed to recover 5 h, and harvested for
immunoprecipitation as above.

SDS-PAGE and Western Blotting

Proteins in denaturing SDS loading buffer were resolved on Tris-Glycine SDS-PAGE gels
containing 8, 9 or 10% acrylamide (National Diagnostics) and transferred to Immobilon-P
PVDF membranes (Millipore). PVDF blots were blocked using 2% gelatin (Bio-Rad) in Tris
buffered saline containing 0.05% (v/v) Tween-20 detergent (TBS-T). Following incubation
with primary antibodies, blots were incubated with HRP-conjugated secondary antibodies
(Jackson Immuno Research, eBioscience). Blots were developed with either Western
Lightning ECL reagent (Perkin EImer) or Amersham ECL Plus reagent (GE Healthcare).
The following primary antibodies were used: tau5, taul (gifts of Dr. Lester Binder), 5A6
(Developmental Studies Hybridoma Bank, University of lowa), anti-hsc70 SPA 815 at
1:10,000 (Assay Designs), anti-hsc70 sc-7298 at 1:4000 (Santa Cruz Biotechnology), anti-
hsc70 sc-1059 at 1:1000 (Santa Cruz Biotechnology), anti-hemagglutinin 3F10 at 1:1000
(Roche) and anti-GST at 1:1000 (GE Healthcare). For re-probing, if necessary, antibodies
were stripped from membranes by washing in TBS containing 100 mM B-mercaptoethanol,
0.01% SDS and 0.1% Tween-20 for 40 min at 50 °C.

Recombinant protein preparation

All recombinant proteins were prepared by expression in E.coli BL21(DE3)LysS cells
(Studier et al. 1990). Bacterial cultures were grown in M9ZB broth with selection antibiotics
and induced by 0.4 mM IPTG at ODggg ~ 0.8. After 30 minutes of induction, 200 ug/ml of
rifampicin was added and the culture incubated for another 2.5 hours at 37 °C before
harvesting. For GST-Hsc70 expression, IPTG-induction was performed at 30 °C.

Purification of untagged tau protein from E. coli has been described previously (Brandt and
Lee 1993). Briefly, bacteria were lysed in 30 mM Tris pH 8.0, 0.1% Triton X-100, 4 mM f3-
mercaptoethanol with protease inhibitors. After centrifugation, the bacterial lysate was

subjected to DE52 (Whatman) and phosphocellulose (Whatman) chromatography. Tau was
eluted from the phosphocellulose by 0.3 and 0.4 M KCI steps. His-tagged tau proteins were
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purified from bacteria by a Nickel-NTA Spin Kit (Qiagen) according to the manufacturer’s
protocol. Prior to surface plasmon resonance or GST-Hsc70 binding assays, tau was desalted
and buffer-exchanged using Micro Bio-Spin chromatography columns (Bio-Rad).

GST-Hsc70 protein was affinity-purified from bacterial lysates using Glutathione Sepharose
4B (GE Healthcare). GST-Hsc70 complexed beads were washed at least 3 times, including a
0.5 mM ATP wash, and stored at 4 °C until further use. Protein concentrations were
determined by the Bradford assay (Bradford 1976) using bovine serum albumin as a
standard.

Surface Plasmon Resonance

Surface plasmon resonance (SPR) experiments were performed with a BlAcore 3000
instrument (GE Healthcare). A carboxymethylated dextran-coated Pioneer B1 chip was
activated according to the manufacturer’s protocol. To the activated dextran matrix, we
coupled either purified nucleotide-free recombinant wild-type bovine hsc70 (Assay Designs)
(hsc70 flow cell) or no protein (control flow cell). Hsc70 immobilization was evident from a
1300 Response Units (R.U.) increase in SPR signal. Excess uncoupled carboxymethylated
dextran sites were blocked by subsequent ethanolamine injection. 3R and 4R tau analytes
were dissolved in 10 mM HEPES, pH 7.4, 150 mM sodium chloride, 3 mM EDTA, 0.005%
(v/v) Tween-20 and ImM DTT. Tau interaction with immobilized hsc70 was measured at
25°C by injecting 60 pl of different concentrations of tau (25nM, 250 nM, 500 nM, 750 nM,
1000 nM and 1250 nM) at a flow-rate of 40 pl/min. SPR data was obtained throughout the
association phase (90 sec) and the dissociation phase (at least 180 sec). Between analyte
injections, the flow cell surfaces were regenerated by two consecutive injections of 10mM
Glycine pH 2.2. The responses in the control flow cell were subtracted from those of the
hsc70 flow cell. Using BlAevaluation 3.0 software (GE Healthcare), sensorgrams were
globally fitted to a 1:1 Langmuir binding model. Quality of fit was assessed from residuals,
which show the difference between the calculated and the experimental curve at each time
point, and the chi square value, 2, which measures the closeness of fit. The ko, (association)
and Kkqff (dissociation) rate constants were calculated using the 1:1 Langmuir binding model.
The Kp (equilibrium dissociation constant) was calculated as Kqff / Kon-

In vitro binding assays

For GST-mediated sedimentation assays, GST-Hsc70 was pre-complexed to glutathione
sepharose. In addition, prior to incubation with tau, the GST-Hsc70 was “primed” by brief
incubation with 1 mM ATP in binding buffer (50 mM Tris pH 7.5, 150 mM sodium
chloride, 2 mM magnesium chloride, 2 mM B-mercaptoethanol and 0.1-0.2% Triton X-100),
followed by a wash in binding buffer without ATP. Priming was employed since ATP
binding is thought to switch the hsc70 substrate-binding pocket to an open conformation,
allowing it to be more receptive to substrates [reviewed in (Mayer and Bukau 2005)]. Also,
priming would dislodge any bacterial proteins or degradation products that might have
occupied the hsc70 substrate binding pocket during preparation or storage. Binding reactions
proceeded 60 min at 4 °C, using purified recombinant human tau (150-200 ng) and a molar
excess of GST-Hsc70 (8-12 ug) in binding buffer. GST-Hsc70 binding experiments were
repeated at least thrice with different preps of each protein.

J Neurosci Res. Author manuscript; available in PMC 2014 December 19.
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Results

Tau-hsc70 binding is direct and requires the hsc70 C-terminus

The yeast two-hybrid system was used to identify proteins that interact with tau. 5x10°
members of a HeLa cell cDNA library were screened using 3R tau and 30 clones were
identified. Restriction analysis of the 30 clones indicated that there were 9 unique cDNAs.
Following sequence analysis of the 9 clones, one clone, which accounted for 2 of the
original 30 isolates, was determined to be the heat shock cognate protein (hsc70).
Sequencing determined that the clone encoded a carboxy-terminal fragment of human hsc70
comprising aa 360-646, which contained the hsc70 substrate/peptide-binding domain (aa
385-544) and a variable domain extending to the end of the molecule (Chappell et al. 1987;
Hu and Wang 1996; Wang et al. 1993). Thus, the tau-binding hsc70 fragment excluded most
of the nucleotide-binding domain (aa 1-384) of hsc70.

To determine if tau and hsc70 interacted in mammalian cells, we expressed the hsc70
fragment (aa 360-646) and 3R tau in COS7 cells (Fig. 1). When we immunoprecipitated
(1Ped) tau from the co-transfected COS7 cell lysates, the HA-tagged Hsc70 carboxy-
terminal fragment (HA-Hsc70ct) co-immunoprecipitated (co-1Ped) with tau (Fig. 1, lane 2).
The HA tag did not bind tau or the anti-tau antibody, since a control HA-tagged 46 kDa
protein failed to co-IP with tau (Fig. 1, lane 1). The multiple band pattern of tau, ranging
~45-55 kDa is due to differential phosphorylation of tau (Medina et al. 1995). The HA-
Hsc70ct consistently co-1Ped with tau under a variety of detergent and salt conditions (data
not shown).

As hsc70 protein is abundant in cells and its sequence is very well conserved, we asked if
endogenous simian hsc70 in COS7 would bind transfected human tau. Endogenous hsc70
co-1Ped with 3R tau (Fig. 2A, lane 1). Hsc70 was not detected if tau was absent or if tau was
not IPed (Fig. 2A, lanes 2, 3). Similarly, we confirmed the binding of endogenous hsc70 to
4R tau (Fig. 2B, lane 1). We have noted that although tau can be expressed at high levels,
the associating hsc70 was a very small fraction of the large pool of cytosolic hsc70
(typically less than 0.5%).

To test for binding between purified preparations of tau and hsc70 and to assess real-time
binding kinetics we utilized surface plasmon resonance (SPR). When different
concentrations of recombinant 3R or 4R tau (analyte) were injected over immobilized
recombinant bovine hsc70 (ligand), the BIAcore sensorgrams provided evidence of specific
binding between tau and hsc70 (Fig. 3). The sensorgrams showed a good fitto a 1:1
Langmuir interaction model, as judged by the residuals being within 2 R.U. and the chi
square values being under 10 (Table I). Kinetic analysis suggested that the 4R tau-hsc70
association proceeded faster than the 3R tau-hsc70 association and that the 4R tau-hsc70
complexes dissociated more slowly. SPR data suggested that hsc70 affinity for 4R tau was
two-fold higher than affinity for 3R tau, with equilibrium dissociation constants of 0.31 and
0.16 uM, respectively. These data confirmed the yeast two-hybrid results in vitro and
indicated that phosphorylation of tau was not required for the interaction.

J Neurosci Res. Author manuscript; available in PMC 2014 December 19.
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To further investigate the hsc70 interaction with tau, we conducted in vitro sedimentation
assays using GST-Hsc70 and recombinant human tau. Hsc70 bound each of the human wild
type tau isoforms tested: 2N4R, 4R and 3R (Fig. 4, lanes 1, 4, 7). In addition, we tested the
smallest binding isoform (3R) for interaction with two fragments of hsc70. Consistent with
our previous results, GST-Hsc70(1-359), which lacked the hsc70 sequence identified in the
yeast two-hybrid screen, did not bind tau (Fig. 4, lane 10). GST-Hsc70(1-543), which
contained the ATPase and peptide-binding domains of hsc70, did not bind tau either,
suggesting that the variable domain, downstream of the hsc70 peptide-binding domain, was
required for tau binding (Fig. 4, lane 11). This finding is consistent with previous reports
implicating the variable domain in the retention of bound substrate (see Discussion).

Short hydrophobic amino acid sequences in the tau MTBR bind to hsc70

To map the binding site on tau, we tested a panel of tau mutants for binding to GST-Hsc70
(Fig. 5). For ease of reference, tau constructs analyzed for GST-Hsc70 binding are
numbered in Fig. 5 (extreme left). As indicated, the tau MTBR comprises sequences R1, R2,
R3 and R4; alternative splicing removes aa 275-305 (R2) to generate 3R tau isoforms. The
wild-type 2N4R, 4R and 3R tau proteins have been included for reference, as #1, #7, and
#10, respectively. Hsc70 binding of 3R tau (#10) and 4R tau (#7) had already shown that the
tau sequence encoded by exons 2 and 3 was not needed for binding. In fact, a large part of
tau, immediately upstream of the microtubule binding region (aa 50-244), was not needed
for hsc70 binding, as shown by #2. Further, the inability of #3 and #4 to bind hsc70 also
excluded the amino terminus of tau as a binding site and, by comparison with #2, suggested
that the microtubule binding repeats might be involved. The binding of #5 and #6, in light of
the results from #3 and #4, excluded the extreme carboxy terminus of tau from our analyses
and focused our attention on the tau repeats R1, R2 and R3. Additionally, the binding of #8
and #9 to hsc70 suggested that repeats R1 and R2 were sufficient for binding. The inability
of #11 to bind hsc70 was not surprising, in the light of previous results from #2. Importantly,
the inability of #12 to bind suggested that the binding site lay downstream of R1, while a
comparison of #12 and #5 allowed us to narrow down the binding site to aa 274-282, i.e. the
beginning of tau R2. However, this finding that aa 274-282 within R2 could endow tau with
hsc70-binding ability was complicated by the fact that #10 (3R isoform), which lacked R2
(aa 275-305), still bound hsc70. This suggested that there could be more than one hsc70
binding site in the tau microtubule binding domain. Comparing #12 and #13 indicated that
another hsc70 binding site was located within aa 306-335 of R3 (aa 305-335). This would
also explain why #14, lacking R2 but containing R3, bound hsc70. Though #3 and #4 had
indicated that the carboxy-terminal half of R4 lacked hsc70 binding activity, we could not
entirely exclude the possibility of R4 having additional hsc70 binding activity within 336—
355. Similarly, we had not excluded the possibility of hsc70 binding activity within 283—
304. Subsequently, our analysis showed that sites at the beginning of R2 and R3 account
entirely for tau’s binding to hsc70 (see below).

As indicated in Fig. 6A, each of R1, R2, R3 and R4 contains a canonical microtubule-
binding site (Butner and Kirschner 1991; Ennulat et al. 1989) located downstream of a 12—
14 mer sequence. The 12-14 mer sequences at the beginning of R2, R3 and R4 were initially
referred to as “inter-repeat” sequences, and those in R2 and R3 have been shown to
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influence microtubule binding (Goode et al. 2000; Goode and Feinstein 1994; Mukrasch et
al.). Our deletion analysis had resolved a hsc70 binding site to one such region at the
beginning of R2, aa 274-282 (Fig. 6A, underlined). At the same time, we had evidence of
another hsc70 binding site within R3, aa 306-335 (Fig. 6A, underlined). We noted that aa
306-311 displayed considerable homology to aa 275-280. Specifically, 275VQI1278
constituted a cluster of strongly hydrophobic residues (with the exception of Q) at the
beginning of R2, and 306V QIV309 had a similar characteristic and location in R3. It has
been shown that heat shock 70 proteins, including hsc70, can bind 5-7-mer sequences rich
in hydrophobic amino acids (Fourie et al. 1994; Rudiger et al. 1997; Takenaka et al. 1995).
We therefore hypothesized that a ®Qd® site, where & represented a strongly hydrophobic
amino acid, might mediate tau-hsc70 binding, as in the case of 275VQII1278 and
306VQIV309. Noticeably, no part of R1, which was incapable of hsc70 binding (Fig. 5,
#12), was homologous to 275VQI1278 or 306VQIV309, while the beginning of R4 had only
limited homology (337VEV339, marked by asterisks in Fig. 6A).

To test our hypothesis, we disrupted the hydrophobic clusters in 275VQI11278 and
306VQIV309 by site directed mutagenesis and tested the behavior of the tau mutants in
GST-Hsc70 binding assays. Per our hypothesis, since 3R tau lacks 275VQI11278, disruption
of the 306VVQIV309 site should be sufficient to affect hsc70 binding. We found that deletion
of 3081309 (AI308/AV309, Fig. 6B, lane 4) or deletion of 306V QI308 (data not shown)
reduced hsc70 binding to 3R tau. We found that 1308P and I308E point mutations also
reduced hsc70 binding to 3R tau (Fig. 6B, lanes 7, 10). We did not test any amino acids
downstream of Y310, since the Y310E 3R mutant retained its binding to hsc70 (Fig. 6B lane
13). Further, the inability of 3R tau to bind hsc70 following disruption of the 306VVQIV309
site in R3 indicated that 337VEV339 in R4 could not serve as an alternative binding site. We
next asked whether the disruption of the ®Q®® in R3 could be compensated by insertion of
a PQPP® motif into a different location. To test this possibility, we chose R4, since it already
had two valine residues in close proximity (337VEV339, Fig. 6A). We modified our 3R tau
AI308/AV309 mutant to create a VQIV site in R4, by replacing the E338 with (Ql). In
contrast to the AI308/AV309 mutant, this AI308/AV309 /E338(QI) mutant bound hsc70 (Fig.
6B lane 16), suggesting that the VQIV was sufficient for hsc70 binding. Turning to 4R tau,
since 4R tau contains two binding sites for hsc70, disruption of any one site alone should not
abolish hsc70 binding. Consistent with our hypothesis, hsc70 bound both the 4R AI277/
Al278 and the 4R AI308/AV309 mutants (Fig. 6C, lanes 4,7). However, when both Qo
sites were mutated (4R AI277/A1278/A1308/AV309), binding to hsc70 was clearly affected
(Fig. 6C, lane 10).

We investigated the effects of tau mutations, which decreased tau-hsc70 association in vitro,
on the properties of tau in mammalian cells. Using COS7 cells, we expressed human 3R and
4R tau proteins with mutations in the hsc70-binding sites and tested mutant tau
immunoprecipitates for the presence of hsc70. Endogenous hsc70 did not co-IP with 3R
1308P or AI308/AV309 (Fig. 7A, lanes 2, 3). Also, there was a clear reduction in the amount
of hsc70 associating with 4R AI277/A1278/A1308/AV309 mutant tau, as compared to 4R
wild-type tau (Fig. 7B, lane 2 versus lane 1); mutant tau proteins were expressed and IPed
similarly to wild-type (Fig.7A and 7B, panels on the right). As the mutations were located
close to the canonical microtubule-binding sites in the tau MTBR, we also determined the
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localization pattern of mutant tau in transiently transfected mouse NIH/3T3 fibroblasts using
indirect immunofluorescence: both 3R and 4R tau mutants showed co-localization with
microtubules, similar to wild-type tau (data not shown).

Hsp70 and hsc70 binding is mediated by the same site in tau

We also analyzed tau mutations affecting tau-hsc70 binding in neuronal cell lines. We
established human neuroblastoma SH-SY5Y cells lines with stable expression of 3R wild-
type or 3R AI308/AV309 tau. Tau immunoprecipitation confirmed the association of wild-
type tau with endogenous hsc70 and the lack of association between the tau mutant and
endogenous hsc70 (Fig. 8, lanes 1, 4). Lastly, as hsc70 and the inducible hsp70 show
similarities in their substrate-binding properties (Mayer and Bukau 2005), we investigated
the association between tau and hsp70. To facilitate detection of hsp70 in the SH-SY5Y
cells, thermal conditioning was used to elevate hsp70 levels, as described in Materials and
Methods. While hsp70 associated with wild-type tau in these neuronal cells, the association
was noticeably reduced by the Al1308/AV309 mutation (Fig. 8, lanes 13, 16). Similar results
were obtained using other pairs of clonal cell lines (data not shown). These results strongly
suggest that hsp70 and hsc70 utilize either common or overlapping sites for binding to tau.

Discussion

An association between tau and hsp70/hsc70 was first reported in PC12 cells (Wallace et al.
1993). Later, hsc70 was identified in a group of brain lysate proteins that associated
preferentially with phosphorylated tau (Shimura et al. 2004b). In the same study, in vitro
phosphorylation of tau by glycogen synthase kinase (GSK)-3p enhanced the subsequent
ubiquitination of tau, in the presence of hsc70, by the E3 ligase CHIP (carboxyl terminus of
Hsc70-interacting protein). Thus, the authors proposed that tau phosphorylation increased its
association with a hsc70-CHIP complex, which facilitated tau polyubiquitination and
degradation (Shimura et al. 2004b). Recently, an association between tau and hsc70 has also
been inferred from an hsc70-dependent interaction between BAG-1 and tau (Elliott et al.
2007). Our findings reveal a direct association between hsc70 and tau that does not require
phosphorylation and, as discussed below, suggest that hsc70/hsp70 interaction with tau may
impact on tau aggregation.

Our first indication that hsc70 could bind to tau stemmed from an unbiased screen for tau
interactors using the yeast two-hybrid assay. Upon verifying that endogenous hsc70 and tau
complexes existed in mammalian cells, we proceeded to characterize the interaction further.
Surface plasmon resonance data suggested a high-affinity direct interaction that did not
require an ATP-induced conformational change in hsc70. Though ATP-induced
conformational changes are generally considered an integral part of the hsc70-substrate
cycle in vivo, substrate binding can occur without ATP, as shown for hsc70-clathrin binding
(Prasad et al. 1994). SPR analysis yielded submicromolar Kp values for tau-hsc70 binding,
which compare favorably with other reported Kp values for HSP70-substrate binding (de
Crouy-Chanel et al. 1999; Rudiger et al. 1997). The SPR data demonstrated that compared
to 3R tau, 4R tau showed a two-fold higher affinity for hsc70. The difference in affinity is
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consistent with our subsequent identification of two hsc70-binding sites in 4R and one in
3R.

In mapping the hsc70 binding site on tau, we employed sedimentation assays using GST-
Hsc70 proteins (Ungewickell et al. 1997; Wang et al. 1993). However, the degree of tau
binding observed in the sedimentation assays did not correlate well with the submicromolar
Kp Yyielded by SPR analysis. The lower binding efficiency of the sedimentation assay might
be due to the higher detergent and lower temperature conditions employed relative to the
SPR conditions. Also, the hsc70 in the sedimentation assays carried an N-terminal GST tag
and N-terminal tagging has been shown to affect the substrate binding affinities of hsc70
(Boice and Hightower 1997). Nevertheless, the presence of the GST tag did not interfere
with our ability to map hsc70 interaction sites on tau.

The VQII and VQIV hsc70-binding motifs identified here agree with previous reports of
peptide recognition by hsc70. Hsc70 has been shown to preferentially bind short peptides
enriched in hydrophobic/basic or hydrophobic/aromatic amino acids (Fourie et al. 1994;
Takenaka et al. 1995), which are characteristics of the KVQIINKK and VQIVYK sequences
in the tau R2 and R3, respectively (Fig. 6A). While VQIVYK is present in all tau isoforms,
KVQIINKK is present only in 4R isoforms due to alternative splicing. The importance of
the isoleucine and valine in the interaction was proven by mutating or deleting the 1308/
V309, and by conversion of aa 337-339 (VEV) to VQIV. Previously, Rudiger et al. had
proposed that 2—4 consecutive hydrophobic amino acids might constitute DnaK binding sites
(Rudiger et al. 1997). Our data indicate that 1 or 2 consecutive hydrophobic amino acids can
critically affect hsc70 (or hsp70) binding. Presumably, the flanking residues may control
specificity. Our data also showed that formation of stable tau-hsc70 complexes requires both
the peptide-binding domain and the variable domain of hsc70. This is in agreement with the
general view that although the substrate-binding domain of hsc70 can independently interact
with peptides, part of the variable domain forms a cap or lid which is required to retain
larger polypeptides in the peptide-binding domain (Boice and Hightower 1997; Hu and
Wang 1996).

The sequences 275VQIINK280 (also known as PHF6*) and 306VQIVYK311 (also known
as PHF6) have previously been identified as polypeptide regions involved in tau aggregation
(Giannetti et al. 2000; Li and Lee 2006; Santa-Maria et al. 2006; von Bergen et al. 2001; von
Bergen et al. 2000). Our data suggest that both sequences contain hsc70-binding sites as
well. Interestingly, the Kp values for tau-hsc70 binding are about two orders of magnitude
lower than the recently reported SPR-derived Kp for tau-tau binding (46 uM) (Guo et al.
2006). Thus, if the hsc70-tau interaction is stronger than the tau-tau interaction, hsc70 might
competitively inhibit tau-tau binding. We hypothesize that hsc70 or hsp70 binding can
interfere with tau aggregation. Consistent with this hypothesis, Sahara and co-workers have
recently demonstrated that hsp70 decreases the heparin-induced in vitro aggregation of
recombinant human tau (Sahara et al. 2007). The loss of tau aggregation activity, though,
may not necessarily lead to a loss of hsc70 binding. For example, the Y310E mutation,
which suppressed tau fibrillization in previous reports (Scaramozzino et al. 2006; von
Bergen et al. 2000), did not decrease hsc70 binding with 3R tau.
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The location of the hsc70-binding site in the tau MTBR suggests that hsc70 cannot bind
microtubule-associated tau. This is supported by the finding that hsc70 does not fractionate
with tau-microtubule complexes (Elliott et al. 2007). The location of the hsc70-binding site
also suggests that hsc70 might compete with tubulin or microtubules for binding to tau. The
cellular level of hsc70 is reported to be 1% of total protein (Schlossman et al. 1984) while
tubulin is estimated to be 2-5% of total protein in cell cultures and even higher in neural
tissues (Hiller and Weber 1978). Therefore, both are present in excess over tau, which has
been estimated to be a modest 0.25% of cellular protein (Drubin et al. 1985). The
equilibrium Kp for tau-hsc70 binding was between 0.16 — 0.31 uM in our SPR experiments
whereas the reported Kp for tau-microtubule binding has ranged from 0.15 - 1.10 uM
(Goode et al. 2000; Goode and Feinstein 1994; Gustke et al. 1994). Thus, a close
competition between hsc70 and microtubules for tau may be possible, with tau
phosphorylation adding yet another layer of complexity.

Our data implicating 1308/\VV309 in tau’s binding to hsp70 similarly suggest that tau cannot
bind simultaneously to hsp70 and microtubules. However, unlike hsc70, which does not
associate directly with tubulin or microtubules (Gache et al. 2005), hsp70 binds
microtubules, presumably through its N-terminus (Sanchez et al. 1994). This would allow
hsp70 to simultaneously bind to tau through its C-terminal substrate-binding domain and to
microtubules through its N-terminus. Consequently, hsp70 induction might enhance the
partitioning of tau to microtubules, as previously observed (Dou et al. 2003).

Hsc70 and hsp70, in the role of molecular chaperones, bind numerous newly-synthesized
proteins (Beckmann et al. 1990; Frydman et al. 1994; Qian et al. 2006; Thulasiraman et al.
1999). Therefore, hsc70 may bind nascent or newly-synthesized tau, as previously
hypothesized (Kirby et al. 1994). Newly-synthesized tau would comprise a small fraction of
total cellular tau, which would be consistent with the very small fraction of cellular hsc70
that co-immunoprecipitated with tau from cultured cells.

Our findings imply that hsc70 and/or hsp70 can bind all tau isoforms in the nervous system.
Since hsc70 is ubiquitous and highly expressed in the cytosol, hsc70 would be in a position
to complement, though not necessarily imitate, other chaperones acting on tau (Dickey et al.
2006; Dou et al. 2003; Sahara et al. 2007; Shimura et al. 2004a). In summary, we have
provided evidence for a direct interaction between tau and hsc70. We have also shown that
tau binding by hsc70/hsp70 chaperones requires hydrophobic motifs implicated in tau
aggregation. This finding advances our understanding of the interaction between tau and
molecular chaperones and may contribute towards therapeutic strategies based on leveraging
well-developed intracellular chaperone systems to delay, prevent or even reverse tau
accumulation and aggregation in disease.
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Fig. 1. A carboxy-terminal fragment of hsc70 associates with tau
COST7 cells were transiently transfected with plasmid encoding human 3R tau, with or

without plasmids encoding either HA-tagged hsc70 carboxy-terminal fragment spanning aa
360-646 of human hsc70 (HA-Hsc70ct), or a control HA-tagged protein (HA-Control). Tau
was immunoprecipitated from cell lysates and the immunoprecipitates were analyzed by
Western blotting. Immunoblotting with anti-HA antibody showed HA-Hsc70ct (35 kDa) co-
immunoprecipitated with tau (lane 2). HA-Control (46 kDa, lane 4) was not
immunoprecipitated by the anti-tau antibody (lane 1). Lanes 7-12 show the same blot re-
probed for tau.
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Fig. 2. Wild type tau isoforms associate with endogenous hsc70 in vivo
A. Human 3R tau was expressed in COS7 cells by transient transfection and

immunoprecipitated from cell lysates. Co-immunoprecipitating endogenous hsc70 was
detected by immunoblotting (lane 1, arrowhead). Hsc70 was not detected if tau was absent
(lane 2) or if non-specific 1gG (lane 3) was used in immunoprecipitation. The ~98 kDa
species (marked by *) in the lysate lane is a background band.
B. Human 4R tau was expressed in COS7 cells by transient transfection. As above,
immunoprecipitation showed that endogenous hsc70 co-immunoprecipitated with the 4R
tau. Tau signal in the lysate (lane 6), upon longer exposure, displayed a multi-band tau

pattern similar to the tau immunoprecipitate (lane 4).
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Fig. 3. Tau and hsc70 show specific, high-affinity binding measured by surface plasmon

resonance (SPR)

A range of 3R or 4R tau analyte concentrations was injected over a test surface containing
immobilized bovine hsc70. The relative changes in SPR signal, as obtained by subtracting
the signal of a control dextran surface from that of the hsc70 test surface, are shown.
Analyte injection lasted 90 sec (association phase) and the dissociation phase, starting at
time = 90 sec, was monitored for at least 180 sec. Sensorgrams shown are from a single
representative experiment; however, multiple injections with a wider range of tau
concentrations were used calculate the values shown in Table |
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Fig. 4. Tau binding requires the carboxy-terminal variable domain of hsc70
Recombinant human tau isoforms 2N4R, ON4R (4R) and ON3R (3R) were tested for binding

to GST-Hsc70 using GST protein as a negative control (lanes 1-9). Protein complexes were
resolved by SDS-PAGE and tau binding was confirmed by immunoblotting. As controls, top
and bottom panels in lanes 7 and 8 show the GST proteins as detected by anti-GST. Lanes
10 and 11 test the association between 3R tau and two deletion mutants of GST-Hsc70 that
lack hsc70 carboxy-terminal sequence; the two truncated GST-Hsc70 proteins were detected
by anti-GST (lanes 10 and 11, top panel). Full length hsc70 bound all wild-type tau isoforms
tested (lanes 1, 4, 7) while two hsc70 deletion mutants lacking carboxy-terminal sequence
did not bind tau (lanes 10 and 11, middle panel). Some recombinant protein preps showed
some degradation, as in lanes 3 and 7. Input lanes depict the tau input: lane 3 = 10% (50 ng);
lane 6 = 0.5% (1 ng); lane 9 = 1% (2 ng).
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Fig. 5. The microtubule-binding domain of tau contains its hsc70-binding sites
A panel of recombinant tau proteins containing internal deletions and/or truncations was

tested for binding to GST-Hsc70. Bolded numbers at the extreme left are for ease of
reference in Results. Tau isoforms and deletions are listed under “Tau constructs”. Amino
acid numbering is per the 441 aa isoform (2N4R). Only constructs derived from 2N4R tau

had His tags. The + and — under “Binding” summarize the results of at least 3 binding

282

reactions. The deletions revealed two hsc70 binding sites, shown by two pairs of dashed

vertical lines. A binding site is located between amino acids 274-282, within R2, encoded
by exon 10. A second binding site lies between amino acids 306-335, within R3, encoded
by exon 11. Binding requires the presence of at least one site.
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Fig. 6. VQI(1/V) motifs in tau repeats R2 and R3 mediate hsc70 binding
A. Primary structure of the tau microtubule binding repeat domain, showing R1, R2, R3 and

R4 (boundaries do not necessarily correspond to the exon boundaries). Amino acids 275-
305, which are encoded by exon 10, are absent in three-repeat tau (3R tau). Therefore, in 3R
tau, K274 is followed by V306, and R2 is omitted. Bold underlining marks the two hsc70-
binding areas identified by previous deletion analysis (Fig. 5). The hydrophobic amino acids
clustered in VQI(I/V) are represented by bold font in R2 and R3. A less hydrophobic cluster
containing VEV in R4 is labeled with asterisks.

B. Disruption of hydrophobic residues within 306VVQIV309 impairs 3R tau-hsc70 binding.
Tau mutants were tested for binding to GST-Hsc70 or GST control. Upper panels show
GST-Hsc70 detected by a hsc70 antibody. Lower panels show sedimented tau and input tau.
Input lanes represent about 1% (~ 2 ng) of the total tau input, except lane 18 which shows
0.5% (~ 0.9 ng). Note that the 3R Y310E mutation, positioned immediately downstream of
306VQIV309, did not impair mutant tau-hsc70 binding (lane 13). GST-Hsc70 also bound
3R AI308/AV309/E338(Ql), a tau mutant in which the loss of 1308/\V309 in R3 was
compensated by the creation of a VQIV cluster in R4 (lane 16).

C. Coincident disruption of hydrophobic residues within both hsc70 binding sites impairs
4R tau-hsc70 binding. GST-Hsc70 bound 4R tau (lane 1) and also bound the 4R Al1277/
Al278 (lane 4) and AI308/AV309 (lane 7) tau mutants, in which only one of the two hsc70
binding sites had been disrupted. Hsc70 binding was severely impaired in the 4R AlI277/
AI278/A1308/AV309 mutant, which contained deletions in both hsc70 binding sites (lane
10). Input lanes show ~ 0.4% (0.8 ng) of the total tau input, except lane 9, which shows
~0.2% (0.4 ng).
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Fig. 7. VQI(1/V) motifs mediate tau association with hsc70 in COS cells
Human wild-type tau or tau with mutations that decreased tau-hsc70 binding in vitro were

transiently expressed in COS7 cells. Tau was immunoprecipitated and associating
endogenous hsc70 was analyzed by Western blotting.

A. Hsc70 co-immunoprecipitated with 3R wt (lane 1), but not with 3R mutant 1308P (lane 2)
or Al308/AV309 (lane 3). Lanes 10-12 show that wild type and mutant tau
immunoprecipitations were equivalent. Lanes 16-18 show comparable expression levels of
wild type and mutant tau proteins.

B. Hsc70 co-immunoprecipitated with 4R wt (lane 1) and, by comparison, weakly
immunoprecipitated with the 4R tau Al1277/A1278/A1308/AV309 mutant (lane 2). In this
particular experiment, the difference in tau levels (lane 7-8 and 11-12) showed that despite
higher levels of protein present the 4R mutant tau was less efficient in associating with
hsc70.
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Fig. 8. VQI(1/V) motif mediates tau association with hsc70 and hsp70 in neuronal cells
Transfected SH-SY5Y human neuroblastoma cell lines, stably expressing 3R wild-type or

AI308/AV309 (mutant) tau, were subjected to thermal conditioning to increase hsp70 protein
levels. Tau immunoprecipitates were analyzed by probing Western blots for hsc70 (lanes 1-
6), hsp70 (lanes 13-18) or tau (lanes 7-12). Hsp70 (arrow) migrated slightly faster than
hsc70 (arrowhead). Similar to hsc70, little or no hsp70 co-immunoprecipitated with the

mutant tau.
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