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The microtubule-associated protein tau forms insoluble,
amyloid-type aggregates in various dementias, most notably
Alzheimer’s disease. Cellular chaperone proteins play impor-
tant roles in maintaining protein solubility and preventing
aggregation in the crowded cellular environment. Although tau
is known to interact with numerous chaperones, it remains
unclear how these chaperones function mechanistically to pre-
vent tau aggregation and how chaperones from different classes
compare in terms of mechanism. Here, we focused on the small
heat shock protein HspB1 (also known as Hsp27) and the con-
stitutive chaperone Hsc70 (also known as HspA8) and report
how each chaperone interacts with tau to prevent its fibril
formation. Using fluorescence and NMR spectroscopy, we
show that the two chaperones inhibit tau fibril formation by
distinct mechanisms. HspB1 delayed tau fibril formation by
weakly interacting with early species in the aggregation
process, whereas Hsc70 was highly efficient at preventing
tau fibril elongation, possibly by capping the ends of tau
fibrils. Both chaperones recognized aggregation-prone
motifs within the microtubule-binding repeat region of tau.
However, HspB1 binding remained transient in both aggre-
gation-promoting and non-aggregating conditions, whereas
Hsc70 binding was significantly tighter under aggregation-
promoting conditions. These differences highlight the fact
that chaperones from different families play distinct but com-
plementary roles in the prevention of pathological protein
aggregation.

Tau is an intrinsically disordered microtubule-associated
protein involved in numerous neurodegenerative diseases col-
lectively termed tauopathies. Tau is highly expressed in neu-
rons and plays roles in microtubule stability, axonal transport,
and neurite outgrowth (1–3). Tauopathies are characterized by

the deposition of tau in insoluble amyloid-type fibrillar aggre-
gates (4), and based on disease-associated tau mutations, this
aggregation appears to play a causative role in at least some of
these neurodegenerative diseases (5). Although the mechanism
of tau toxicity is subject to some debate, increasing evidence
suggests that a prefibrillar oligomeric state of tau is the pri-
mary toxic species responsible for neurodegeneration (6, 7),
similar to models proposed for many other amyloid-forming
proteins. According to this model, tau dissociates from
microtubules and forms oligomers with the potential to dis-
rupt cellular membranes and impair synaptic and mitochon-
drial function before ultimately forming relatively inert
amyloid fibrils in what may or may not be a protective mech-
anism to remove toxic oligomers (6 –8). How cells control
the relative populations of tau monomers, oligomers, and
fibrils, and protect against associated toxicity, remains
poorly understood.

Fibril formation is primarily driven by the microtubule-bind-
ing repeat region of tau, which consists of three or four 31–32-
residue pseudorepeats (Fig. 1) involved in microtubule binding
(9, 10). The tau gene is alternatively spliced, with the ratio of
three-repeat to four-repeat isoforms varying based on normal
aging (4) or in disease states (11). Two six-residue motifs at
the start of the second and third repeats, 275VQIINK280 and
306VQIVYK311 (also called PHF6* and PHF6), are believed to be
the primary drivers of aggregation (9, 12, 13). A recent cryo-
electron microscopy study of AD patient-derived fibrils
revealed that residues 306 –378 form a highly structured core in
two distinct fibril morphologies from a single patient’s brain
(14). These core residues consist of the third and fourth repeats
as well as 10 additional C-terminal residues. Whether such
morphologies are common among all AD patients or whether
alternate fibril morphologies exist in AD or in other tauopathies
remains an open question.

Whereas the precise mechanism of tau fibril formation is
unclear, it appears that tau monomers oligomerize and form
elongation-competent species, which then elongate to form
mature fibrils, with the formation of elongation-competent
species the rate-determining step (15–17). Each stage of the
fibril formation process is probably targeted by multiple cellu-
lar players, and a better understanding of how the cell works to
counteract this process could inform future pharmacological
strategies.

The cellular chaperone network is responsible for maintain-
ing protein solubility, promoting proper folding, and prevent-
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ing aberrant aggregation. Age-linked protein aggregation diseases,
including Alzheimer’s disease (AD)3 and other tauopathies, may
represent an eventual saturation of the chaperone machinery’s
ability to prevent aggregation (18). Individuals carrying disease-
associated mutations in the tau gene that enhance aggregation
propensity only develop symptoms later in life (19), suggesting
that neuronal cells have the machinery to maintain aggrega-
tion-prone tau in a soluble form for years. Interactions between
tau and a number of chaperones have been documented, indi-
cating that multiple players within the chaperone network are
involved in this process (20 –25). However, the mechanisms by
which these chaperones interact with tau and their effects on
tau fibril formation remain unclear. A better biochemical and
mechanistic understanding of how chaperone proteins interact
with tau will provide insight into the cellular defense mecha-
nism against tauopathies. This work focuses on the chaperones
HspB1 and Hsc70, which both interact with tau in ways that are
probably relevant to disease pathology (discussed below).
These chaperones belong to distinct families, and their juxta-
position provides an example of how different components of
the chaperone network may complement each other in the pre-
vention of pathological tau fibril formation.

HspB1 is a member of the small heat shock proteins (sHSPs),
a family of ATP-independent chaperones that act as “holdases”
to prevent protein aggregation but lack enzymatic activity (26).
Like many members of the sHSP family, HspB1 forms large,
polydisperse, highly dynamic oligomers ranging in size from
dimers to 30-mers (27), governed by a network of interactions
between the �-crystallin domain (ACD), N-terminal region
(NTR), and C-terminal region (CTR) (28, 29). Due in part to
experimental limitations in dealing with dynamic, polydisperse
systems, little is known about how HspB1 recognizes clients
and functions as a holdase. HspB1 co-localizes with tau fibrils in
tauopathy brains and is pulled down by phosphorylated tau (30,
31), suggesting an important interaction between HspB1 and
tau in disease states. A tauopathy mouse model exhibits deficits
in long-term potentiation that are rescued by HspB1 overex-
pression (24). This indicates that HspB1 can alter the physio-
logical outcome of aberrant tau aggregation, but the underlying
mechanism remains unclear.

Hsc70 is a constitutively expressed member of the Hsp70
family of chaperones, which are “refoldases” that use the energy
of ATP hydrolysis to help misfolded proteins refold to their
native states. It contains an N-terminal nucleotide binding
domain and a C-terminal substrate binding domain and inter-
acts with Hsp40 family co-chaperones and nucleotide exchange
factors to accomplish protein refolding and ATP hydrolysis
(32). However, ATP-independent activity has also been re-
ported in Hsp70-family chaperones (33–35). Hsc70 binds to the
two aggregation-prone motifs in tau and has been proposed as a
pharmacological target (22, 23, 36). Its overexpression leads to

an increase in the concentration of tau in cell culture models,
whereas an Hsc70 inhibitor causes a decrease in tau concentra-
tion in cell cultures and rescues long-term potentiation deficits
in tauopathy model mouse brain slices (22, 36). Hsc70 may also
play roles in enhancing tau’s association with microtubules
(23) and in modulating the extracellular release of tau (37).
Although it is unclear how Hsc70 affects tau fibril formation, it
has been shown to block the formation of fibrils by another
amyloid-prone protein, �-synuclein, and even disaggregate
preformed �-synuclein fibrils when combined with co-chaper-
ones from the Hsp40 and Hsp110 families (33, 38). Its paralog,
Hsp70, has been shown to inhibit tau fibril formation by inter-
acting with tau oligomers (21, 39). It remains to be determined
whether these activities are generally applicable to interactions
between members of the Hsp70 family and amyloid-prone pro-
teins and which, if any, apply to the interaction between Hsc70
and tau.

Here we compare the effects of Hsc70 and HspB1 on tau
self-assembly to explore how different components of the cel-
lular chaperone network interact with tau and impact fibril for-
mation. Using fluorescence spectroscopy, EM, and time-depen-
dent NMR spectroscopy, we study how each chaperone alters
the kinetics of tau aggregation and how this is achieved mech-
anistically. We also compare the binding and recognition of tau
by each chaperone under stable and aggregation-promoting
conditions using NMR and fluorescence correlation spectros-
copy (FCS). These experiments reveal that Hsc70 and HspB1
have profoundly different mechanisms of inhibition, suggesting
that they have evolved complementary functions within the
context of the larger chaperone network. This would enable
the cell to avoid redundancy while targeting distinct stages of
the tau fibril formation process with different chaperones.

Results

Hsc70 and HspB1 inhibit tau fibril formation in distinct ways

We focus primarily on a tau construct containing the four
microtubule-binding repeats (tau4RD, also referred to in the
literature as K18). This sequence, consisting of residues 244 –
372, forms the core of tau fibrils (13) and contains the two
6-residue motifs that are highly aggregation-prone in isolation
and in the context of full-length protein (9). Tau4RD aggregates
more readily in vitro than full-length tau and is more amenable
to study by NMR spectroscopy. As with other amyloidogenic
proteins, environmental factors such as temperature, ionic
strength, shaking, the amount and nature of aggregation-in-
ducers such as heparin, and even the type of reaction vessel can
dramatically affect tau4RD aggregation. We therefore explicitly
note these experimental parameters where relevant.

We also used selected constructs (Fig. 1, middle) to tune the
activity and oligomeric state of HspB1 to explore the effects
of well-known modifications on its activity and to enable a
broader range of spectroscopic techniques. Wild-type HspB1
forms large and polydisperse oligomers, driven by at least three
types of interactions: ACD-ACD, ACD-CTR, and NTR-NTR
(Fig. S1a) (28, 29). Mutation of three serine residues in the NTR
(Ser-15, Ser-78, and Ser-82) to aspartate mimics stress-induced
phosphorylation and alters NTR-NTR interactions, yielding a

3 The abbreviations used are: AD, Alzheimer’s disease; ACD, �-crystallin
domain; NTR, N-terminal region; CTR, C-terminal region; ThT, thioflavin T;
tau4RD, 4-repeat domain of tau; tau2N4R, full-length tau; FCS, fluorescence
correlation spectroscopy; sHSP, small heat shock protein; HSQC, heteronu-
clear single quantum coherence; A488, Alexa Fluor 488; TEV, tobacco etch
virus; IPTG, isopropyl 1-thio-�-D-galactopyranoside; SEC, size-exclusion chro-
matography; TROSY, transverse relaxation optimized spectroscopy.
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construct termed HspB1D3 that forms much smaller oligomers
than HspB1WT (27, 40). Further mutation of the IXI motif in
the CTR to GXG, residues 179ITIPV183 in HspB1 to GTGPG,
disfavors interactions between the ACD and the CTR, similar to
the effects of high temperature (41, 42). We combined the
D3 and GXG mutations to generate a construct, denoted
HspB1dimer, that forms a well-defined, monodisperse �45-
kDa dimer (Fig. S1, b and c) and retains the local secondary
structure of the ACD (Fig. S1d). Crucially, HspB1dimer dis-
plays much lower background thioflavin T (ThT) fluorescence
than either HspB1D3 or HspB1WT (Fig. S1e). ThT is a popular
reporter of amyloid formation but is neither perfectly specific
nor selective for amyloid structure (43). Indeed, ThT fluoresces
strongly in the presence of (presumably non-amyloid) HspB1
oligomers but not dimers. HspB1dimer therefore enables
mechanistic experiments based on ThT fluorescence that are
impossible with HspB1WT or HspB1D3.

In a ThT-monitored assay, tau4RD shows the sigmoidal fluo-
rescence kinetics expected of unseeded amyloid formation,
with an initial lag phase leading into a rapid elongation phase
followed by an asymptotic approach to a plateau. HspB1dimer
caused a delay in the onset of tau4RD aggregation and in the
transition midpoint (t50) in a dose-dependent manner without
substantially altering the magnitude of the final ThT fluores-
cence signal (Fig. 2a). Hsc70 was a much more potent, substoi-
chiometric inhibitor of this process, measurably decreasing the

final plateau intensity in a dose-dependent manner even when
present at a molar ratio as low as 1:100 (Fig. 2b). However, in
contrast to HspB1dimer, Hsc70 does not substantially alter the
t50 of the tau aggregation reactions.

Hsc70’s activity toward tau4RD appears to be nucleotide-inde-
pendent. In the presence of 1 mM ATP, Hsc70 had a similar effect
on tau4RD aggregation, decreasing the plateau intensity without
substantially altering the t50 (Fig. S2a). Although it is somewhat
less potent under these conditions, it retains substoichiometric
activity and presumably acts through a similar mechanism.

We verified the ability of HspB1 and Hsc70 to inhibit the
aggregation of the longest full-length tau isoform, tau2N4R, to
confirm that the chaperone activities we observe are generaliz-
able to interactions with cellular tau. The tau4RD construct
lacks six residues (positions 373–378) that were recently shown
to form part of the ordered core of AD patient– derived fibrils
(14), potentially raising questions about the relevance of this
well-studied construct. As with tau4RD, we found that HspB1
predominantly affects the lag phase of tau2N4R aggregation,
whereas Hsc70 predominantly affects the plateau (Fig. S2, b and
c). This indicates that the interactions of these chaperones with
tau4RD and tau2N4R are mechanistically similar and that chaper-
one/tau4RD studies can shed light on chaperone interactions with
full-length tau isoforms. We focus on the widely studied tau4RD
construct for the remainder of our studies, as the slower aggrega-

Figure 1. Domain organization of tau, HspB1, and Hsc70. Top, full-length tau2N4R is natively unstructured and consists of four domains. The tau4RD
construct used in this work contains residues 244 –372, which include the four microtubule-binding repeats. The sequences 275VQIINK280 and 306VQIVYK311 at
the beginning of the second and third repeats drive tau fibril formation. Shaded areas, regions that can be alternatively spliced. Middle, HspB1 contains
three domains. The core ACD has a �-sandwich fold and forms a stable dimer. The CTR is intrinsically disordered and contains an IXI motif that interacts
with the ACD in the context of large oligomers. The NTR is partially disordered and involved in oligomerization, and it contains three serine residues that
are phosphorylated in response to cellular stress. The “D3” and “dimer” constructs, described under “Results,” affect the oligomerization state of HspB1.
Bottom, Hsc70 contains two domains: an N-terminal nucleotide binding domain with ATPase activity and a C-terminal substrate binding domain that
interacts with client proteins.
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tion kinetics and larger molecular weight of tau2N4R make mech-
anistic and spectroscopic studies challenging.

Negative stain EM of the end products of these reactions (Fig.
2c) shows that tau4RD forms long fibrils in the absence of chap-
erone or in the presence of HspB1dimer. This indicates that
HspB1dimer only delays fibril formation rather than prevent-
ing it. In contrast, Hsc70-containing reactions yield increasing
amounts of small oligomeric species (as compared with long
fibrils), indicating that Hsc70 holds much of the tau4RD in an
oligomeric state and can prevent elongation of these species
into mature fibrils. This confirms that the reduction in ThT
fluorescence in reactions containing Hsc70 does indeed corre-
spond to a decrease in the amount of fibrillar material, as
opposed to morphological differences that could alter ThT fluo-
rescence. Together, these results demonstrate that, although
both chaperones have inhibitory effects on tau aggregation,
they are very different in mechanism and outcome.

HspB1 and Hsc70 have distinct mechanisms of inhibition

To better understand the mechanisms by which each chap-
erone alters tau4RD aggregation, we used one-dimensional
NMR spectroscopy to study the interactions of HspB1 and
Hsc70 with prefibrillar, ThT-negative species. Large, slowly
tumbling species have a weaker signal than smaller species, so
the intensity of an NMR spectrum is dependent upon the olig-
omeric state of protein in solution. We expect monomeric
tau4RD to have a strong signal, small oligomers to have a weak
signal, and large oligomeric and fibrillar tau4RD to be essen-
tially invisible. A high intensity resonance in the methyl region
at 0.77 ppm provides a good read-out for the intensity of the
protein signal that is well-separated from buffer components or
heparin (Fig. S3a). We used 13C-labeled tau4RD and unlabeled
chaperones and collected 13C-edited spectra to observe tau4RD
specifically (Fig. S3, b and c). Loss of peak intensity over time

Figure 2. Effects of Hsc70 and HspB1 on tau4RD fibril formation. a, ThT fluorescence traces over the course of a representative fibril formation reaction.
Tau4RD (3.5 �M) fibrillizes over the course of 10 h following the addition of the aggregation inducer heparin (6 �M, average molecular mass 3 kDa) and follows
expected unseeded amyloid formation kinetics. HspB1dimer delays the onset of tau4RD fibril formation in a dose-dependent manner but does not alter the
final ThT fluorescence signal. Each trace is the average of 6 wells in a 96-well plate. For clarity, error bands (S.E.) are shown only for the highest and lowest
chaperone concentrations. b, Hsc70 is a highly potent substoichiometric inhibitor and decreases the extent of fibril formation in a dose-dependent manner. c,
representative negative stain electron micrographs of end products of ThT fibril formation reactions. Tau4RD forms long fibrils in the absence of chaperone and
is still able to form long, fully developed fibrils in the presence of HspB1dimer. It forms smaller oligomeric species in the presence of Hsc70, indicating that
Hsc70 holds much of the protein in a non-fibrillar state.

Chaperone effects on tau fibril formation

2690 J. Biol. Chem. (2018) 293(8) 2687–2700

http://www.jbc.org/cgi/content/full/M117.803411/DC1
http://www.jbc.org/cgi/content/full/M117.803411/DC1


reports on the disappearance of soluble, monomeric tau4RD
and on binding to heparin and chaperones. We normalized all
data relative to the intensity of the first spectrum after the addi-
tion of heparin, which is slightly lower than that of free tau4RD.
Under these conditions, tau4RD again displayed sigmoidal
aggregation kinetics, with a final intensity �20% of the first
heparin-bound spectrum (Fig. 3, a and b). Note that these
experiments used a different sample concentration and reac-
tion vessel than the ThT experiments and are not shaken, mak-
ing direct comparison between the two types of experiments
impossible. However, an evaluation of the effects of HspB1 and
Hsc70 is still informative.

HspB1dimer slowed the intensity loss of tau4RD in a dose-
dependent manner (Fig. 3a). In the presence of 1 molar eq of
HspB1dimer, �70% of the original intensity of tau4RD was lost
after 18 h, and in the presence of 4 molar eq, only about one-
third of the intensity was lost. Notably, in unedited spectra,
which contain signal from both tau4RD and HspB1dimer, this

intensity loss was more gradual than in the 13C-edited spectra
that contain signal from only tau4RD (Fig. S3d). This means
that HspB1dimer is losing signal intensity at a slower rate than
tau4RD, remaining predominantly soluble, whereas tau4RD
forms large, NMR-invisible species.

Hsc70 is much more potent and has distinct effects (Fig. 3b);
in the presence of just 1 �M Hsc70 (1⁄50 molar eq), tau4RD inten-
sity decreases by only �50%, confirming the highly effective
substoichiometric nature of its inhibition. In the presence of 1
molar eq of Hsc70, the tau4RD intensity dropped quickly in the
1–2 h following the addition of heparin and then plateaued at
�70% of the initial intensity. We believe that this drop in inten-
sity is due to binding by Hsc70 rather than fibril formation, as
the formation of a larger complex with Hsc70 would also result
in a loss of NMR signal intensity for tau4RD. Indeed, when the
product of this reaction was pelleted and the supernatant and
pellet fractions were analyzed by SDS-PAGE, nearly all of
the protein remained in the supernatant, indicating that it

Figure 3. Mechanisms of chaperone inhibition. a, intensity from 1D NMR spectra monitoring the disappearance of small, soluble tau4RD species during
aggregation. In the absence of chaperone (gray circles), 50 �M tau4RD loses some intensity following the addition of 120 �M heparin (drop between first and
second data points) and then loses intensity in a sigmoidal manner as it becomes incorporated in NMR-invisible fibrils. HspB1dimer slows this intensity loss in
a dose-dependent manner (blue squares and triangles). b, Hsc70 is inhibitory even at a 1:50 molar ratio, making it a highly potent substoichiometric inhibitor.
At a 1:1 ratio, it causes a rapid decrease in intensity, probably due to enhanced binding in the presence of heparin, followed by a plateau. c, SDS-PAGE analysis
of end products of 1D NMR experiments. End products were centrifuged, and total end products (T), supernatant (S), and pellet (P) were run on a gel. In the
absence of chaperone and in the presence of 1 molar eq of HspB1dimer, most of the tau4RD ends up in the insoluble fraction. In the presence of 1 molar eq of
Hsc70, almost all of the tau4RD remains soluble. This indicates that the rapid intensity loss in the presence of Hsc70 is due to binding rather than aggregation.
d, ThT fluorescence traces over the course of a tau4RD fibril formation reaction. HspB1dimer (1 molar eq) was added to 3.5 �M tau4RD either at the beginning
of the reaction (dark blue) or 0.5, 1, or 2.5 h after the reaction had been initiated by the addition of 6 �M heparin (lighter blues). HspB1dimer was still effective
at delaying aggregation when added during the lag phase of the reaction but was no longer effective when added during the elongation phase of the reaction.
Adding buffer instead of chaperone at any time point did not alter aggregation kinetics (gray curves). Curves are averages of six replicates. For clarity, error
bands (S.E.) are shown only for the 0 h experiments. e, Hsc70 (0.05 molar eq) was added to 3.5 �M tau4RD either at the beginning of the reaction (dark red) or
0.5, 1, or 2.5 h after the reaction had been started by the addition of 6 �M heparin (lighter reds). The addition of Hsc70 during the lag phase did not alter its effect
on the aggregation kinetics, and addition during the elongation phase prevented any further increase in ThT fluorescence. Adding buffer instead of chaperone
at any time point did not alter aggregation kinetics (gray curves). Curves are averages of four or six replicates.
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remained soluble over the course of the 18-h experiment (Fig.
3c). This is in contrast to reactions containing tau4RD or
tau4RD � HspB1dimer, in which most of the tau4RD is in the
pellet. Additionally, unedited 1D spectra lose intensity more
quickly than 13C-edited spectra, indicating that Hsc70 is losing
intensity at an even higher proportion than tau4RD during this
process, probably due to binding. Therefore, we conclude that
Hsc70 binds aggregation-prone tau4RD early in the aggrega-
tion reaction and is able to maintain its solubility over the
course of 18 h. By contrast, HspB1 does not form a tight com-
plex with tau4RD during aggregation but instead interacts with
it transiently and is less effective at maintaining its solubility
than Hsc70.

To better understand the mechanisms of inhibition, we
added each chaperone to tau fibril formation reactions at vary-
ing time points after initiating fibril formation with heparin.
HspB1dimer was able to delay fibril formation when it was
added at the beginning of a reaction or during the lag phase but
had no effect on fibril formation when it was added after the
start of the elongation phase (Fig. 3d). This indicates that
HspB1 acts early in the fibril formation process and interacts
with prefibrillar species. By contrast, Hsc70 is an effective
inhibitor regardless of when it is added during the course of a
fibril formation reaction. It has the same effect on fibril forma-
tion when it is added at the beginning of a reaction or during the
lag phase. When added during the elongation phase, it blocks
any subsequent increase in ThT fluorescence and thus halts
further fibril formation (Fig. 3e). Taken together with the 1D
NMR results, this reveals important differences in how the two
chaperones function mechanistically. HspB1 acts early to delay
aggregation but is ineffective at blocking elongation of pre-ex-
isting fibrils, whereas Hsc70 is effective during all stages of the
aggregation process, forming a tight initial complex with aggre-
gation-prone tau and blocking elongation of existing tau fibrils.

HspB1 and Hsc70 both recognize aggregation-prone regions
of tau4RD, but with differences in affinity

2D NMR spectroscopy was used to obtain a better structural
understanding of tau-chaperone interactions. Despite initial
challenges due to the poor chemical shift dispersion of the
disordered tau spectrum, recent advances have enabled the
complete backbone resonance assignment of the tau4RD and
tau2N4R spectra (10, 44 – 47). Previously published assign-
ments (47) were transferred to our 15N HSQC spectrum of
tau4RD, using HNCACB and CBCA(CO)NH spectra for refer-
ence and to resolve ambiguities. Our spectrum was highly sim-
ilar to that previously published, with a few exceptions in the
histidine- and lysine-rich regions at the end of each microtu-
bule-binding repeat. These peaks shifted with slight changes in
pH or with EDTA (data not shown), suggesting that these peaks
are highly sensitive to pH and to the presence of metals in water
and that the observed discrepancies are probably due to small
differences in buffer conditions.

The binding sites of each chaperone were mapped onto
the sequence of tau4RD by recording spectra of 15N-labeled
tau4RD in the presence of unlabeled chaperone proteins.
HspB1dimer causes significant broadening in peaks corre-
sponding to the 306VQIVYK311 motif, and it causes less pro-

nounced broadening in 275VQIINK280 peaks (Fig. 4a). Hsc70
causes significant broadening in peaks corresponding to both
aggregation-prone motifs (Fig. 4b), the same regions affected in
full-length tau (22). This indicates that the two chaperones rec-
ognize similar regions in tau under non-aggregation-promot-
ing conditions. Notably, the region of tau4RD recognized by
HspB1dimer contains the sequence VXI, which is similar to the
well-known IXI recognition motif for sHSP binding. Valine can
be tolerated in place of isoleucine in such sequences (41), so we
predict that HspB1 binds this region of tau in the �4 –�8 groove
of the ACD.

Figure 4. Chaperone binding sites. a, 15N HSQC TROSY of 15N-labeled
tau4RD alone (black) and in the presence of 2 molar eq of HspB1dimer (blue).
b, 15N HSQC TROSY of 15N-labeled tau4RD alone (black) and in the presence of
2 molar eq of Hsc70 (red). c, peak broadening from a and b, quantified by
dividing the intensity of a peak in the bound spectrum (I) by the intensity of
the same peak in the unbound spectrum (I0). Broadening due to HspB1dimer
maps primarily to the aggregation-prone motif in the third repeat of tau4RD
(306VQIVYK311), whereas broadening due to Hsc70 maps to the aggregation-
prone motifs at the start of both the second and third repeats of tau4RD
(275VQIINK280 and 306VQIVYK311).
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Because a variety of factors can affect NMR peak width, we
turned to FCS as an orthogonal, direct probe of binding affinity.
FCS can measure changes in hydrodynamic radius (Rh) of a
fluorescently labeled protein in the presence of binding part-
ners. We used site-directed mutagenesis to selectively label
tau4RD with Alexa Fluor 488 (A488) at residue 2 and measured
Rh of the resulting tau4RD�A488 construct in the presence of
increasing concentrations of chaperones (Fig. 5). HspB1dimer
had a minor effect on tau4RD�A488 Rh, increasing it only by
�25% when present at 500 �M. This subtle change in Rh
increased without saturation over HspB1dimer concentrations.
The small apparent change in Rh and lack of a plateau could be
due to a relatively compact HspB1dimer–tau4RD complex
and/or one or more weak binding modes. It is worth noting that
HspB1dimer contains two putative binding sites, one within
each protomer, and NMR results suggest that it can bind to two
distinct sites in tau4RD with different affinity (Fig. 4b). These
factors make it impossible to definitively determine a KD for the
HspB1dimer–tau4RD interaction by FCS. By contrast, Hsc70
caused a saturable �1.7-fold increase in Rh, suggesting the for-
mation of an Hsc70 –tau4RD�A488 complex with an apparent
KD of 99 � 28 �M.

Hsc70 binding is enhanced under aggregation-promoting
conditions

Because the interactions between these chaperones and tau
are most relevant under aggregation-promoting conditions, we
used NMR to explore how the aggregation inducer heparin
modulates tau-chaperone interactions. Heparin caused peaks
in the tau4RD 15N HSQC spectrum to shift dramatically, most
notably those in the region corresponding to the aggregation-
prone motif 275VQIINK280 (Fig. 6, a and b), in agreement with
previous reports (10, 48). Under the conditions used here, bind-
ing was nearly saturated, and the peaks represent a heparin-
bound state of tau (Fig. S4a). When HspB1dimer was added
along with heparin, the peaks still shifted as they do in the pres-
ence of heparin alone and still broadened as they do in the
presence of HspB1dimer alone. However, these effects were
purely additive; there did not appear to be any additional
change beyond what we saw when adding HspB1dimer or hep-

arin to tau4RD separately (Fig. 6c). By contrast, when Hsc70
was added in the presence of heparin, significantly more broad-
ening was observed than in the heparin-free Hsc70-bound
spectrum (Fig. 6 (d and e) and Fig. S4b). This is presumably due
to the formation of a three-component complex in which
Hsc70 has enhanced affinity for heparin-bound tau. The differ-
ence between HspB1dimer and Hsc70 is well illustrated by
the peaks corresponding to 306VQIVYK311. These peaks were
broadened to a similar degree by either chaperone in the
absence of heparin, but in the presence of heparin, they were
significantly broader with Hsc70 than with HspB1dimer
(Fig. 6e). These observations suggest that Hsc70 binds more
tightly to aggregation-prone heparin-bound tau4RD, whereas
HspB1dimer displays no such selectivity. This agrees well with
1D NMR results, which show that Hsc70 causes a rapid loss of
intensity from the tau4RD spectrum following the addition of
heparin, whereas HspB1dimer does not detectably affect the
earliest time points relative to the tau4RD alone curve (Fig. 3, a
and b). Hsc70’s preference for aggregation-prone states may
explain why it is so much more potent an aggregation inhibitor
than HspB1dimer.

HspB1WT and HspB1D3 behave similarly to HspB1dimer

Finally, we studied the interactions of tau4RD with HspB1WT
and HspB1D3. Whereas HspB1dimer is more experimentally
tractable due to its defined, monodisperse dimeric state,
HspB1WT and HspB1D3 are more physiologically relevant and
can still be studied using a subset of the techniques available to
us. By 1D NMR, HspB1D3 and HspB1WT inhibited tau4RD
aggregation similarly to HspB1dimer (Fig. 7 (a and b) and Fig.
S3), transiently interacting with tau4RD and slowing the loss of
monomer signal in a dose-dependent manner. Interestingly, it
seems that HspB1dimer is less effective than WT or D3 at an
equimolar ratio (50 �M chaperone) but more effective in 4-fold
excess (200 �M chaperone). The oligomeric states of HspB1D3
and WT probably vary over this concentration range, a phe-
nomenon that alters their chaperone activity in complicated
ways (27, 40).

HspB1WT did not significantly perturb the 15N HSQC spec-
trum of tau4RD, even in 4-fold excess, indicating that its bind-
ing is very weak and difficult to detect. HspB1D3 caused
some broadening in the spectrum of tau4RD, particularly in
peaks corresponding to 306VQIVYK311, but less strongly than
HspB1dimer, suggesting intermediate affinity (Fig. 7, c–f).
Changes in binding affinity between HspB1WT, HspB1D3, and
HspB1dimer could be due to differences in the oligomeric state
of these constructs, structural changes due to the D3 mutations
that enhance affinity for tau4RD, and/or increased availability
of the HspB1 �4-�8 groove due to the GXG mutations. Notably,
these differences in affinity do not appear to correlate with inhi-
bition of tau4RD fibril formation in 1D NMR experiments, and
additional work is needed to elucidate how inhibition of tau
fibril formation relates to HspB1 structure and oligomeric state.
Nevertheless, it is clear that HspB1 interacts with tau in a way
that is similar across constructs and mechanistically distinct
from the interactions between Hsc70 and tau.

Figure 5. Chaperone binding affinities. FCS-derived changes in hydrody-
namic radius of tau4RD�A488, measured in the presence of increasing con-
centrations of Hsc70 (solid circles) or HspB1dimer (empty circles). The Hsc70
data are well fit by a one-site binding model with KD � 99 � 28 �M, whereas
HspB1dimer does not appear to saturate up to a chaperone concentration of
750 �M. Error bars, S.E.
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Discussion

Molecular chaperones play important roles in maintaining
protein solubility and preventing pathological aggregation. The
several families of molecular chaperones, each with multiple
isoforms, comprise an intricate functional network in the cell.
The disparate mechanisms by which individual chaperones
function are not fully understood. We have characterized the
interactions between the amyloid-prone protein tau and two
molecular chaperones from different families: HspB1, a ubiqui-
tously expressed sHSP, and Hsc70, a constitutively expressed
member of the Hsp70 family. This work shows that the two
chaperones interact with distinct tau species and have pro-
foundly different effects on the kinetics of tau aggregation, sug-
gesting that they play complementary roles within the context
of the cellular chaperone network.

HspB1 binds tau fairly weakly, and this binding is not
enhanced under aggregation-promoting conditions. Rather,
HspB1 interacts transiently with early species of tau in a man-
ner that delays but does not prevent fibril formation (Fig. 8).
Such transient interactions have been observed in many sHSP/
client pairings and may be a common mechanism of sHSP “hol-
dase” activity (49, 50). Little is known about how HspB1 inter-
acts with client proteins structurally, in large part due to
experimental limitations in dealing with dynamic, polydisperse
systems. The client binding sites of HspB1 have not been
mapped to the residue level, to our knowledge, although studies
indicate an important role of the NTR in binding at least some
clients (51). Two binding sites have been mapped on another
ubiquitously expressed human sHSP, HspB5: one in the NTR

and one in the ACD (52). We hypothesize that HspB1 binds the
VXI motif in tau in the �4 –�8 groove of the ACD, in accord
with previous work on HspB5/client binding (41, 52) and
HspB1 ACD-CTR interactions (29). We find no correlation
between the oligomeric state of HspB1 and its chaperone activ-
ity toward tau. Whereas the oligomeric state does correlate
with binding affinity in this work, it is unclear which factors
cause this; the D3 and GXG mutations could alter affinity or
chaperone activity independently of their effects on oligomer
size.

Hsc70 also has fairly low affinity for tau under non-aggregat-
ing conditions, with a KD around 100 �M. However, this binding
is enhanced in the presence of the aggregation inducer heparin,
enabling Hsc70 to form a tight complex with aggregation-prone
tau. It is a highly potent inhibitor and is effective even when
present at a 1:50 molar ratio, and it can arrest fibril formation
when it is added to an aggregation reaction at any time point.
Hsc70 is fully capable of binding monomeric tau4RD, but its
substoichiometric potency in fibril formation reactions and
ability to block elongation even late in a reaction suggest that it
can also interact with larger oligomeric or fibrillar species. Our
data are consistent with a model wherein Hsc70 caps the ends
of fibrils and elongation-competent oligomers and prevents
elongation of these species (Fig. 8). Notably, Hsp70 also has
been shown to interact with tau oligomers (39), suggesting
that this may be a common mode of action for members of
the Hsp70 family. Hsp70 family chaperones have also been
reported to display similarly ATP-independent, substoichio-
metric inhibition of �-synuclein amyloid formation, again by

Figure 6. Effects of heparin on chaperone binding. a, 15N HSQC TROSY of 15N-labeled tau4RD alone (black) and in the presence of 2.4 molar eq of heparin
(gray). b, chemical-shift perturbations (CSP) of each peak in A plotted as a function of residue number. The highest chemical-shift perturbations map to the
aggregation-prone motif at the start of the second repeat of tau4RD, 275VQIINK280. c, 15N HSQC TROSY of 15N-labeled tau4RD alone (black), in the presence of
2.4 molar eq of heparin (gray), in the presence of 2 molar eq of HspB1dimer (blue), and in the presence of both 2.4 eq of heparin and 2 eq of HspB1dimer (yellow).
HspB1dimer binding is largely unchanged by the presence of heparin. d, 15N HSQC TROSY of 15N-labeled tau4RD alone (black), in the presence of 2.4 molar eq
of heparin (gray), in the presence of 2 molar eq of Hsc70 (red), and in the presence of both 2.4 eq of heparin and 2 eq of Hsc70 (yellow). Hsc70 binding is
enhanced by the presence of heparin, as indicated by the enhanced broadening in the yellow spectrum relative to the red. e, comparison of residues Val-309,
Tyr-310, and Lys-311 in the HspB1dimer-bound and Hsc70-bound spectra in the presence of heparin. Although HspB1dimer and Hsc70 cause a similar amount
of broadening in these peaks in the absence of heparin, in the presence of heparin, Hsc70 causes significantly more broadening in these peaks than
HspB1dimer, indicating that heparin enhances Hsc70 binding in a way that it does not for HspB1dimer.
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interacting with both monomeric and fibrillar states (33, 35). It
should be noted that our experiments studied the activity of
Hsc70 in the absence of co-chaperones from the Hsp40 family
or nucleotide-exchange factors. How these co-chaperones
engage with Hsc70 and tau remains to be seen. Another open
question is whether Hsc70’s activity would be beneficial to the
cell by preventing fibril formation or detrimental by causing the
accumulation of toxic oligomeric species.

Recent cryo-EM structures of AD patient-derived tau fibrils
have provided valuable new insight into at least two tau fibril
morphologies found in vivo (14). Additionally, proteolysis

assays indicate that patient-derived fibrils from different
tauopathies have distinct morphologies (53). An understand-
ing of the diversity of tau fibril morphologies thus remains an
important open question. Notably, the Fitzpatrick et al. (14)
cryo-EM structures indicate that residues 373–378 form part of
the fibril core in both morphologies, but these residues are
absent from the tau4RD construct used in this paper and many
others. It is unclear whether or how these residues affect the
aggregation mechanism, as compared with canonical aggrega-
tion drivers, such as 306VQIVYK311 (9). We therefore compared
chaperone effects on fibril formation by tau4RD and full-length
tau2N4R.

HspB1 and Hsc70 have similar effects on the fibril formation
kinetics of tau4RD and tau2N4R, indicating that they interact
with the full-length protein in a manner similar to the shorter
construct that lacks residues 373–378. NMR studies of Hsc70
binding to tau2N4R show that Hsc70 causes slight broadening
in peaks corresponding to residues 375–380 of tau2N4R,
although this broadening is not as strong as that of the
275VQIINK280 and 306VQIVYK311 motifs (22, 23). Because we
found similar Hsc70 chaperone activity against tau4RD, which
does not contain these residues, and tau2N4R, which does, we
believe that this interaction does not significantly alter Hsc70’s
mechanism of action. Because no structural studies involving
full-length tau and HspB1 have been conducted, it remains to
be seen whether HspB1 interacts with regions of full-length

Figure 7. Effects of HspB1WT and HspB1D3 on tau4RD. a, intensity from 1D NMR spectra monitoring the disappearance of small, soluble tau4RD species
during aggregation in the presence of HspB1WT. HspB1WT (green squares and triangles) slows this intensity loss in a manner similar to HspB1dimer (Fig. 3a). b,
intensity from 1D NMR spectra monitoring tau4RD aggregation in the presence of HspB1D3 (teal squares and triangles). HspB1D3 slows intensity loss in a
manner similar to HspB1dimer and WT. c, 15N HSQC TROSY of 15N-labeled tau4RD alone (black) and in the presence of 4 molar eq of HspB1WT (green). There is
very little significant broadening in the spectrum with HspB1WT, suggesting that binding is very weak. d, 15N HSQC TROSY of 15N-labeled tau4RD alone (black)
and in the presence of 4 molar eq of HspB1D3 (teal). There is slight broadening in peaks corresponding to 306VQIVYK311, indicating some binding. e, 15N HSQC
TROSY of 15N-labeled tau4RD alone (black) and in the presence of 4 molar eq of HspB1dimer (blue). Peak broadening is much more substantial, indicating that
HspB1WT and D3 both bind more weakly than HspB1dimer. f, quantification of tau 4RD peak intensity loss due to HspB1WT, HspB1D3, and HspB1dimer
binding.

Figure 8. Model of chaperone effects on tau aggregation. HspB1 and
Hsc70 interact with different species along the tau amyloid formation path-
way. HspB1 interacts with early species and delays the formation of tau olig-
omers and fibrils (1D NMR and ThT results). Hsc70 has enhanced affinity for
aggregation-prone, heparin-bound tau (1D and 2D NMR results); can hold tau
in an oligomeric state (EM results); and can prevent fibril elongation (ThT
results).
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tau in addition to those observed here using the tau4RD
construct. HspB1dimer was a somewhat more potent inhib-
itor of tau2N4R fibril formation than of tau4RD fibril forma-
tion. Whether this is due to slower aggregation kinetics of
tau2N4R, altered binding of HspB1 to tau2N4R, or a differ-
ent factor is unknown.

The disparate effects of HspB1 and Hsc70 on tau fibril for-
mation point to interesting ways different members of the cel-
lular chaperone network complement each other in the preven-
tion of protein aggregation. The sHSPs have been described as
“first responders” to cell stress events (54), a descriptor that fits
the activity of HspB1 described here well. It is easy to imagine a
scenario in which HspB1 interacts with tau during early stages
of fibril formation, delaying the formation of toxic oligomers,
and Hsc70 interacts with oligomers and later species in the
fibril formation process. HspB1 is phosphorylated and up-reg-
ulated in response to stress, whereas Hsc70 is constitutively
expressed. The load of aggregation-prone proteins increases
during stress events, and enhanced activity of HspB1 during
these events could relieve some of the pressure on Hsc70 by
delaying their aggregation until Hsc70 is better able to handle
the increased workload. Few studies have examined the inter-
actions between human Hsc70 and HspB1, although recent
work suggests that the two proteins may be physically linked
through interactions with the nucleotide-exchange factor
BAG3 (55). There is evidence that Escherichia coli sHSPs work
with the E. coli Hsp70 homolog, DnaK, in preventing protein
aggregation (56, 57). Additional work is needed to elucidate
how HspB1 and Hsc70 function in the context of the full human
chaperone network and how this relates to pathological protein
aggregation in diseases such as tauopathies. However, our work
points to distinct but complementary roles that Hsc70 and
HspB1 could play in the prevention of tau fibril formation by
engaging distinct species along the amyloid formation pathway.

Experimental procedures

Protein expression and purification

Plasmids containing the tau4RD or tau2N4R genes, each
with a His-tag and TEV cleavage site, were gifts from the
Rhoades laboratory at the University of Pennsylvania. A
pMCSG7 vector containing His-tagged Hsc70 (HSPA8) with a
TEV cleavage site was a gift from the Southworth laboratory at
the University of Michigan. Untagged HspB1 constructs were
expressed in pET23a (WT) and pET151D (D3 and dimer) vec-
tors. All recombinant proteins were expressed and purified
from E. coli strain BL-21 (DE3). Unlabeled tau4RD, tau2N4R,
and HspB1 were expressed in 1-liter cultures in Luria-Bertani
medium, and unlabeled Hsc70 was expressed in Terrific Broth.
Isotopically labeled tau4RD was expressed in 1 liter of MOPS
minimal medium supplemented with [13C]glucose, [15N]am-
monium chloride, or both. All were incubated at 37 °C until
reaching an optical density of 0.6. Tau4RD and tau2N4R
expression was induced with 0.4 mM IPTG and grown over-
night at 16 °C. HspB1 expression was induced with 1 mM IPTG
and grown at 22 °C, and Hsc70 expression was induced with 0.2
mM IPTG and grown at 28 °C.

Hsc70 was purified from a cell pellet derived from 1 liter of
culture, resuspended in 30 ml of 50 mM Tris buffer, pH 8.0, with
500 mM NaCl and 10 mM imidazole. Phenylmethylsulfonyl fluo-
ride, 1� Halt protease inhibitor mixture (Thermo Scientific),
DNase, and RNase were added, and sample was lysed using a
French press and then pelleted by centrifugation at 4100 rpm
for 1 h. Supernatant was filtered with a 0.45-�m syringe filter
and then passed over a 5-ml Ni2� affinity column (GE Health-
care). His-tagged Hsc70 was eluted with buffer containing 250
mM imidazole and then dialyzed overnight back into buffer
containing 10 mM imidazole in the presence of �1 �M TEV
protease (expressed from Addgene plasmid 8830, a gift from
David Waugh) to cleave the His tag. Dialyzed sample was run
over a Ni2� column to separate cleaved protein from uncleaved
protein, cleaved His tag, and TEV protease. The flow-through
was concentrated with a 10,000 molecular weight cutoff Ami-
con concentrator and then buffer-exchanged into 25 mM Tris
buffer, pH 8.0, with 1 mM EDTA. Sample was loaded onto a
5-ml HiTrap Q HP column (GE Healthcare) and eluted in a
25-ml gradient to buffer containing 500 mM NaCl. Purity was
assessed by SDS-PAGE, and pooled fractions were concen-
trated to 2–3 ml. Sample was passed over a Superdex 200
10/300 GL column (GE Healthcare) in 500-�l batches. Frac-
tions were analyzed by SDS-PAGE, pooled based on purity,
concentrated, flash-frozen in liquid nitrogen, and stored at
�80 °C. Tau4RD and tau2N4R constructs were purified as
described previously (16) in a protocol that is very similar to
that for Hsc70 but omits the anion-exchange chromatography
step. HspB1 was purified as described previously (58).

Analytical SEC

All samples were prepared in pH 7.5 buffer containing 50 mM

sodium phosphate, 100 mM sodium chloride, and 0.5 mM EDTA
and allowed to equilibrate at room temperature for at least 3 h.
For SEC, 100-�l samples of 50 �M HspB1 were run over a
Superose 6 10/300 mm column (GE Healthcare) equilibrated in
identical buffer as the samples, at room temperature. For SEC-
multi-angle static light scattering, 25-�l samples of 100 �M

HspB1 were equilibrated at room temperature for at least 3 h
before being placed in a 4 °C autosampler. Samples were run
over a Superose 6 Increase 3.2/300-mm column at room tem-
perature, equilibrated in identical buffer. Chromatograms were
collected on a GE AKTA Pure system coupled to a Wyatt
miniDAWN TREOS and Optilab T-rEX differential refractive
index detector. Molar mass was calculated from the Raleigh
ratio based on multiangle (static) light scattering and protein
concentration from the change in refractive index (dn/dc �
0.185). Analysis was performed using Wyatt ASTRA VI soft-
ware, and curves were calibrated with apoferritin.

Circular dichroism

CD spectra of HspB1 and its mutants were collected on a
Jasco J-1500 CD spectrometer. Samples contained 10 �M pro-
tein in 25 mM sodium phosphate buffer with 50 mM sodium
chloride and 0.25 mM EDTA at pH 7.5. Samples were equili-
brated at room temperature for at least 3 h before measurement
and measured in a 0.1-cm cuvette. Measurements were taken
at 20 °C from 260 to 190 nm in continuous scanning mode
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with a scanning rate of 50 nm/min, data integration time of
2 s, and bandwidth of 1 nm. Data presented are an average of
three scans, and data are truncated at a wavelength resulting
in a high-tension value at or above the recommended 800-V
cutoff.

ThT fluorescence spectra

Samples were prepared containing 5 or 20 �M HspB1 in 50
mM sodium phosphate buffer (pH 7.5) containing 100 mM

sodium chloride and 0.5 mM EDTA. ThT was added to a con-
centration of 75 �M, and samples were covered in foil and incu-
bated at room temperature for 3 h. Samples were incubated at
37 °C immediately before fluorescence measurements, which
were also recorded at 37 °C. Using a Horiba Fluorolog 3 fluo-
rimeter, samples were excited at 440 nm (1.2-nm slit width),
and emission spectra from 450 to 550 nm (5-nm slit width) were
collected.

ThT kinetic assays

Tau4RD, ThT, and chaperone were added to wells in a
96-well black flat-bottom non-binding plate (Corning) in buffer
containing 30 mM sodium phosphate, 20 mM sodium chloride, 5
mM dithiothreitol, and 0.5 mM EDTA at pH 7.4. Immediately
before beginning the reads, 100 �l of heparin (MP Biomedicals,
average molecular mass 3 kDa) solution was added to each well,
bringing the total volume to 200 �l and the concentrations to
3.5 �M tau4RD, 6 �M heparin, and 75 �M ThT. Experiments
done in the presence of ATP also included 1 mM ATP, 1 mM

MgCl2, and 1 mM KCl. Solutions containing heparin and
tau4RD � ThT were filtered with a 0.22-�m syringe filter
immediately before the addition to the plate. Solutions contain-
ing chaperone were centrifuged at 21,100 � g for 10 min prior
to addition. The plate was covered with clear polyolefin sealing
tape (Thermo Scientific) to prevent evaporation and placed in a
Biotek Synergy HTX multimode plate reader. Samples were
held at 37 °C, and fluorescence was measured every 2.5 min
using 440- and 485-nm filters for excitation and emission,
respectively. Immediately before each fluorescence read, the
plate was shaken linearly at 1096 cpm for 1 min. Delayed addi-
tion experiments were programmed to pause at appropriate
time points to enable the addition of 10 �l of chaperone solution or
buffer to the appropriate wells. All other conditions were the same.
Experiments with full-length tau were conducted under similar
conditions, except that they used 5 �M tau2N4R, were shaken con-
tinuously, and were read at 10-min intervals.

Electron microscopy

300-Mesh carbon-coated copper grids (Electron Microscopy
Services) were glow-discharged and spotted with 3 �l of the end
products of tau4RD ThT assays. Samples adsorbed for 60 s
and then were blotted by filter paper, rinsed with filtered
milliQ water and blotted twice, and floated on a drop of
NanoW stain (NanoProbes) for 60 s. Stain was blotted with
filter paper, and grids were allowed to dry on filter paper and
then stored in a container at room temperature. Grids were
visualized on a Morgagni electron microscope with a 100-kV
beam.

1D NMR assays

50 �M samples of 13C-labeled tau4RD were prepared with or
without chaperone in pH 7.4 buffer containing 25 mM sodium
phosphate, 10 mM sodium chloride, 5 mM dithiothreitol, 0.5 mM

EDTA, and 10% D2O. Initial unedited 1D watergate and 13C-
edited spectra were collected on a 500-MHz Bruker magnet at
37 °C. 13C-Edited 1D spectra are the first slice of a 13C HSQC.
The sample was then removed, heparin was added to a final
concentration of 120 �M, and a series of alternating unedited
and 13C-edited spectra were collected over the course of 18 h.
At the end of the experiment, sample was removed from the
NMR tube, and a 100-�l aliquot was centrifuged at 21,100 � g
for 60 min. Supernatant was removed, and 100 �l of buffer was
added to wash the pellet. Sample was centrifuged at 21,100 � g
for 15 min, supernatant was removed, and pellet was resus-
pended in 100 �l of buffer. Samples from the total reaction,
the supernatant, and the pellet were analyzed by SDS-PAGE.
NMR spectra were processed using NMR pipe. For each
spectrum, the intensity of a peak in the methyl region at 0.77
ppm in the unedited and 0.89 ppm in the edited spectra was
measured. The intensity of this peak was normalized to the
intensity of the same peak in the first spectrum following
heparin addition, and relative intensities were plotted as a
function of time.

Fluorescence correlation spectroscopy

A construct of tau4RD with both native cysteines mutated to
serine and an additional cysteine incorporated as the second
residue was created using the Phusion site-directed mutagene-
sis kit (Thermo Scientific). Alexa Fluor 488 C5 maleimide (Life
Technologies) was conjugated to this cysteine residue by incu-
bating 100 �M purified protein with �3-fold excess dye at room
temperature for 2 h. Labeled protein was separated from unla-
beled protein and free dye on a BDS Hypersil C18 column run
with a water/acetonitrile gradient in the presence of 0.05% TFA
on a Dionex Ultimate 3000 HPLC. Fractions containing labeled
protein were collected, and solvent was evaporated. Dried
labeled protein was stored at �20 °C and resuspended in buffer
before use. Aliquots of resuspended protein were flash-frozen
in liquid nitrogen and stored at �80 °C until immediately
before use. 50-�l samples containing chaperone protein and 2
mg/ml BSA were prepared in pH 7.4 buffer containing 25 mM

sodium phosphate, 100 mM sodium chloride, 2 mM dithiothre-
itol, and 0.5 mM EDTA. For Hsc70 binding experiments, 1 �l of
labeled tau4RD was added to the sample 5 min before recording
FCS measurements. For HspB1dimer binding experiments,
tau4RD was added, and samples were incubated at room tem-
perature for 3–5 h before FCS measurements. The diffusion of
each sample was measured on a Zeiss Axio Observer D1 con-
focal microscope equipped with a Picoquant PDL 828 Sepia II
pulsed laser driver, HydraHarp 400 detection electronics, and a
Picoquant �-SPAD single photon counting module. Laser exci-
tation was at 485 nm, and emitted light was collected through a
488-nm dichroic mirror and 535/70 emission filter. Seven con-
secutive 1-min measurements were recorded, and autocorrela-
tion curves for each measurement were calculated using Sym-
phoTime 64 software. Each curve was fit using GraphPad Prism
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to the following equation for free diffusion, where N is the aver-
age number of particles in the focal volume, �D is the diffusion
time of each particle, and s (the ratio of the radial to axial
dimension of the focal volume) is fixed to 0.2 based on calibra-
tion measurements.

G	�
 �
1

N�1 �
�

�D
� �1 �

S2�

�D

(Eq. 1)

Each curve was normalized to the value of N determined by
this fitting, and the seven curves for each condition were aver-
aged. Because Rh � �D, all diffusion times were normalized to
that of free tau4RD, and the relative -fold change was fit to the
following one-site model,

Rh
norm � 1 �

�Rh,

norm�hsp�

KD � �hsp�
(Eq. 2)

where Rh
norm is the normalized Rh at a given chaperone concen-

tration, �Rh,∞
norm is the maximal -fold change in Rh, [hsp] is the

concentration of chaperone, and KD is the dissociation
constant.

2D NMR spectroscopy

NMR samples contained 100 or 200 �M labeled tau4RD pro-
tein in pH 7.4 buffer containing 25 mM sodium phosphate, 100
mM sodium chloride, 2 mM DTT, and 0.5 mM EDTA. Spectra
were collected at 10 °C on a Bruker Avance III 800-MHz mag-
net equipped with a triple-resonance, z-gradient cryoprobe.
HNCACB and CBCA(CO)NH spectra were used to transfer
published assignments (47) to the 15N TROSY HSQC spectrum
of tau4RD. Data were processed using NMRpipe and analyzed
with NMRViewJ. Peak broadening was quantified by dividing
the intensity of each peak in the bound spectrum by the inten-
sity of the corresponding peak in the unbound spectrum.
Chemical shift perturbations were quantified with the follow-
ing equation, where �HN is the amide proton chemical shift
difference and �N is the 15N backbone amide chemical shift
difference.

CSP � �	�HN
2 � 	�N/5
2 (Eq. 3)
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