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ABSTRACT: Tau aggregate-bearing lesions are pathological markers and potential mediators of tauopathic neurodegenerative
diseases, including Alzheimer’s disease. The molecular chaperone DJ-1 colocalizes with tau pathology in these disorders, but it has
been unclear what functional link exists between them. In this study, we examined the consequences of tau/DJ-1 interaction as
isolated proteins in vitro. When added to full-length 2N4R tau under aggregation-promoting conditions, DJ-1 inhibited both the rate
and extent of filament formation in a concentration-dependent manner. Inhibitory activity was low affinity, did not require ATP, and
was not affected by substituting oxidation incompetent missense mutation C106A for wild-type DJ-1. In contrast, missense
mutations previously linked to familial Parkinson’s disease and loss of α-synuclein chaperone activity, M26I and E64D, displayed
diminished tau chaperone activity relative to wild-type DJ-1. Although DJ-1 directly bound the isolated microtubule-binding repeat
region of tau protein, exposure of preformed tau seeds to DJ-1 did not diminish seeding activity in a biosensor cell model. These data
reveal DJ-1 to be a holdase chaperone capable of engaging tau as a client in addition to α-synuclein. Our findings support a role for
DJ-1 as part of an endogenous defense against the aggregation of these intrinsically disordered proteins.

■ INTRODUCTION
Tauopathies are a group of progressive neurodegenerative
diseases associated with cognitive decline, with Alzheimer’s
disease (AD) being the most common form (reviewed1). They
are defined pathologically by the appearance of lesions
containing tau, an intracellular microtubule-associated protein
that normally functions as an intrinsically disordered monomer
but, in disease, converts into nonfunctional aggregated
forms.2,3 In model systems, aggregation follows nucleation−
elongation kinetics,4 characterized by the initial formation of
an unstable nucleus, followed by energetically favorable
aggregate extension through addition of monomers to the
ends of growing polymers.5,6 Mature tau aggregates have prion-
like properties in biological model systems where they can
“seed” misfolding and aggregation of normal tau monomers in
naiv̈e cell populations (reviewed7). Because tau aggregate
formation can be toxic,8 identification of proteostasis factors

capable of resisting de novo nucleation or seeded conversion of
tau into aggregates is a priority in the field.

Molecular chaperones constitute one of the cell’s natural
defenses against protein aggregation. They protect against
inappropriate interactions (e.g., misfolding and aggregation)
within crowded intracellular compartments through transient
interactions with their client proteins.9 The human molecular
“chaperome” contains hundreds of members, including
elements of the ATP-dependent Hsp70 and Hsp90 families
and their associated co-chaperones.10 Tau protein interacts
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with members of these canonical families in model systems,11

but the identities of pathophysiologically relevant chaperones
have not been fully established.

Candidate tau chaperones are not limited to consensus
members of the human chaperome. DJ-1, a primarily cytosolic
39-kDa homodimer encoded by the PARK7 gene, is a
noncanonical molecular chaperone structurally homologous
to the DJ-1/PfpI/ThiJ protein superfamily, which includes
bacterial chaperone Hsp31 and diverse enzymes possessing
hydrolase or other enzymatic activities.12−14 The former
activity is mediated by surface residues acting independently
of ATP hydrolysis15 and is capable of modulating the
aggregation and toxicity of proteins associated with neuro-
degeneration, including α-synuclein and huntingtin.16,17 In
contrast, the latter activity depends on a conserved catalytic
triad involving a nucleophilic Cys residue.12,13 Although
human DJ-1 lacks a canonical catalytic triad18 and expresses
only weak hydrolase activity,19,20 its Cys residue at position
106 remains highly reactive, with oxidation to sulfinic and
sulfonic acid forms affecting DJ-1 subcellular localization and
biological activity in model systems (reviewed21).

Consistent with a protective role for DJ-1 in neuro-
degenerative disease, certain PARK7 mutations cause autoso-
mal recessive forms of early-onset Parkinson’s disease (PD)
(reviewed22). One class of mutant, exemplified by M26I,
perturbs DJ-1 folding by replacing residues buried in the
hydrophobic core region.23,24 A second class, exemplified by
E64D, involves conservative substitution of surface residues
but otherwise leaves DJ-1 folding unperturbed.24 In cellular
models, these mutants weaken the ability of DJ-1 to interact
with clients such as α-synuclein, with M26I also weakening
inhibition of α-synuclein oligomerization.17

Although DJ-1 is most closely linked with synucleinopathy,
several lines of evidence indicate it may also interact with tau
protein. First, DJ-1 colocalizes with tau lesions in Alzheimer’s
and other tauopathic neurodegenerative diseases,25−27 suggest-
ing a direct molecular interaction. Second, DJ-1 protein
becomes oxidatively damaged in the brains of patients with AD
as it does in idiopathic PD,28 suggesting they share a common
mechanism of DJ-1 activation. Finally, a DJ-1 mutation linked
to familial PD (L172Q, a core region missense mutation)
accumulates filamentous tau aggregates in addition to Lewy
body pathology.29 These data position DJ-1 as a candidate
modulator of tau in addition to α-synuclein aggregation.

Tau and α-synuclein-bearing lesions frequently appear as
copathologies in neurodegenerative diseases.30 For example,
tau pathology has been observed in both sporadic and familial
forms of PD (reviewed31), whereas α-synuclein pathology is
found in most AD cases, where it occasionally colocalizes with
tau in the same cell.32 Such neuropathological comorbidities
correlate with worsening severity of clinical presentation and
appear even in early-onset disease.33,34 Commonalities in
molecular chaperone interactions may contribute to the
pathogenic synergy between tau and α-synuclein.

Here, we investigate the ability of human DJ-1 to chaperone
2N4R tau protein aggregation and seeding in vitro. In addition,
we assess the chaperone activities of M26I and E64D as
representative core and surface missense mutations, respec-
tively, and C106A, an oxidation incompetent form of DJ-1. We
show that DJ-1 can inhibit aggregation by acting on
aggregation steps involving tau monomers, that its activity is
not dependent on oxidation of C106, and that its tau
chaperone activity can be compromised by disease-causing

mutations. The results reveal that DJ-1 can chaperone tau
protein under aggregation-promoting conditions.

■ EXPERIMENTAL PROCEDURES
Protein Preparation. Full-length human tau (2N4R

isoform; UniProt Accession ID P10636-8) and its deletion
mutant A2_P251del L376_L441del (Δ4R construct) were
expressed in BL21CodonPlus (DE3)-RP Escherichia coli cells
(Agilent) and purified, as described previously.35 Human DJ-1
(UniProt Accession ID Q99497) encoded by plasmid DJ-1
TEV site pET15b was a gift from Mark Wilson (Addgene
plasmid #60687; http://n2t.net/addgene:60687; RRID:Addg-
ene_60687). This vector drives expression of DJ-1 fused to a
poly-His sequence via a TEV-cleavable linker. DJ-1 missense
mutants M26I, C106A, and E64D were created from DJ-1
pET15b by site-directed mutagenesis using the QuikChange
Lightning Kit (Agilent). Recombinant DJ-1 fusion proteins
were prepared from E. coli by French pressure cell lysis (10 000
psi) and immobilized metal affinity chromatography (IMAC).
Poly-His tags were removed by diluting DJ-1 fusion proteins to
2 mg/mL in Lysis buffer (500 mM NaCl, 20 mM Tris, pH 8.0)
containing phenylmethylsulfonyl fluoride (PMSF) and in-
cubating overnight with TEV protease (prepared and used as
described36) within dialysis tubing (32-mm diameter dialysis;
VWR #25225-248). Cleaved poly-His tags and undigested DJ-
1 fusion proteins were then removed from the preparations by
IMAC, whereas DJ-1 proteins were collected from flow-
through fractions concentrated by centrifugal ultrafiltration
(10k molecular weight cutoff; Millipore #UFC901024) and
polished by size exclusion chromatography (Sephacryl S-100
operated in 10 mM HEPES-HCl, 100 mM NaCl, 0.1 mM
EGTA, pH 7.4). Protein purity was ascertained by SDS-PAGE,
and concentration was determined using the bicinchoninic acid
(BCA) method.37

NMR Spectroscopy. Recombinant His-tagged Δ4R tau
was labeled in M9 minimal medium containing 15N-NH4Cl as
described previously38 and then purified as described above
and thrombin-treated (1 U/mg tau, 4 °C overnight) to yield
nontagged 15N-Δ4R tau. For NMR binding studies, samples
contained 50 μM 15N-labeled Δ4R Tau in NMR buffer (50
mM sodium phosphate pH 6.8, 10 mM NaCl, 10% (v/v)
D2O) and, when present, unlabeled DJ-1 (1:1 stoichiometry).
After a 2 h incubation at room temperature, two-dimensional
1H−15N heteronuclear single quantum coherence (HSQC)
spectra were acquired (300 K) on a Bruker Advance III HD
800 MHz spectrometer equipped with a 5 mm triple-resonance
inverse cryoprobe and Z-Gradients. Spectra were acquired
using 16 scans per increment with spectral widths of 12 820
and 2270 Hz in the 1H and 15N dimensions, respectively. Data
were processed and analyzed with TopSpin (Bruker Corp.)
based on deposited assignments39 for K18 tau (BioMagRes-
Bank accession number 19253). Signal intensity ratios (I/I0)
were calculated from these data as described previously.11,40

Mass Spectrometry. Proteins were buffer-exchanged twice
sequentially into 100 mM ammonium acetate (pH 6.8) using
Micro Bio-Spin P6 columns with a 6 kDa size cutoff and
adjusted to 1 μM final concentration. Native mass spectrom-
etry experiments were performed on a Thermo Scientific Q
Exactive UHMR Hybrid Quadrupole-Orbitrap Mass Spec-
trometer previously modified with a surface-induced dissoci-
ation cell replacing the transfer multipole prior to the C-trap.41

Proteins were transferred from the solution to the gas phase by
nanoelectrospray ionization (nESI) from in-house pulled
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borosilicate capillaries (via a Sutter Instruments P-97 micro-
pipette tip puller, Novato, CA). Approximately 5 μL of the
sample was loaded into the nESI emitter, and ∼1 kV was
applied to the solution to generate ions. Mass spectra were
acquired as an average of ∼60 scans using the following
settings: resolution, 12k; trap gas, 4; in-source trapping, up to
60 V to desolvate complexes for accurate mass measurements;
capillary temperature, 250 °C. Deconvolution of charge state
distributions was performed with Unidec.42 Predicted average
masses were calculated from the expected sequences using
ProtParam (https://web.expasy.org/protparam/).
Tau Aggregation. To aggregate tau monomers, recombi-

nant human 2N4R tau preparations (1.5 μM) were incubated
(24 h at 37 °C without agitation) in Assembly Buffer (10 mM
HEPES, 100 mM NaCl pH 7.4, 5 mM dithiothreitol) in the
presence or absence of DJ-1 proteins (0−4.5 μM) and
aggregation inducers Geranine G (100 μM, TCI America43) or
octadecyl sulfate (ODS, 50 μM, Lancaster44). Aggregation
products were then analyzed by TEM, laser light scattering, or
sedimentation assays described below.

To disaggregate tau, 2N4R tau filaments prepared as
described above in the absence of DJ-1 were divided into
two separate microfuge tubes, diluted 6% by the addition of
either water or DJ-1 (4.5 μM final DJ-1 concentration), and
then incubated at 37 °C without agitation. Aliquots were
removed from each sample after 0, 2, 4, and 6 h incubation and
subjected to TEM assay as described below.
Laser Light Scattering. Aggregate reactions (120 μL)

were transferred to quartz cuvettes (3 × 3 mm) and
illuminated with a diode-pumped solid-state laser (λ = 635
nm; Optotronics). Scattered light was captured at an angle of
90° to the incident lighting using a CMOS digital camera
(DMK 22BUC03; Imaging Source) operated at an aperture of
f/22 and an exposure time of 35 ms. Captured images were
imported into ImageJ software,45,46 and the intensity of
scattered light (Is (90°)) was estimated from the average
value of a 10 × 10 pixel region of interest. The scattering
intensity captured at zero exposure time (dark current) was
subtracted from all measurements as described previously.47

Measurements were collected from biological replicates (n =
3).
Transmission Electron Microscopy (TEM). Aliquots of

aggregation reactions (50 μL) were adsorbed onto 300-mesh
formvar/carbon-coated grids (Electron Microscopy Services),
stained with 2% (w/v) uranyl acetate, and imaged on the FEI
Tecnai G2 Spirit TEM as described previously.43 At least three
images were captured at random from each experimental
condition at 15−35k-fold magnification using a MacroFire
camera (Optronics). Aggregate lengths were measured and
calibrated with scale bars using ImageJ. Total fibril length per
grid was calculated as the sum of the lengths of all fibrils in a
single image. Measurements were collected from technical
replicates (n = 4−6 images).
Sedimentation. Aggregate reactions (100 μL) were

centrifuged (100 000g for 1 h at 4 °C). The resulting
supernatant fraction was carefully removed, whereas the pellet
was resuspended in an equal volume of Assembly Buffer. All
samples were then boiled for 5 min in SDS sample buffer, and
then equal volumes of supernatant and pellet samples were
subjected to SDS-PAGE (4−20% acrylamide; BioRad TGX)
with Coomassie Blue staining (Precision Plus Protein Stand-
ards, BioRad). The resulting proportion of soluble tau in the
supernatant versus insoluble tau in the pellet was quantified by

densitometry using the ImageJ gel analyzer tool.45 Band
densities were normalized as a fraction of the sum of the
supernatant and pellet for each reaction. Measurements were
made from biological replicates (n = 3).
Cell Seeding Assays. DS9 seeds were prepared from DS9

HEK293 cells.48 After cell breakage in PBS containing 0.05%
Triton X-100 and 1 x Halt protease/phosphatase inhibitor
cocktail (Thermo #78440), lysates were centrifuged sequen-
tially at 500g (5 min) and 1000g (5 min) at 4 °C and then
divided into 5−10 μL aliquots. Synthetic 2N4R tau seeds were
obtained from aggregates prepared, as described above. These
were centrifuged at 100 000g for 1 h to yield a pellet fraction
that was resuspended in Assembly Buffer and then divided into
aliquots without additional shearing or sonication. Both DS9
and 2N4R tau preparations were quantified for protein content
by BCA assay and then stored at −80 °C for one-time use.

Seeding activity was quantified in biosensor cells (Tau RD
P301S FRET Biosensor; ATCC CRL-3275)49 maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS, 1% penicillin−streptomycin, and 2 mM L-alanyl-L-
glutamine in a humidified atmosphere (37 °C and 5% CO2).
Cells were plated in 12-well plates at a density of 1 × 105 cells
and grown for 24 h to 60% confluency. Tau seeds incubated
with recombinant DJ-1, M26I, or control BSA for 16 h at 37
°C were transfected into these cells with Lipofectamine 3000
for 24 h.

Biosensor cell seeding was detected using flow cytometry
(BD LSR Fortessa Cell Analyzer) as described previously.49 In
brief, cells were harvested with trypsin neutralized with media
containing 10% FBS, washed, and resuspended in PBS
containing 1% BSA. To detect CFP and FRET, cells were
excited with 405 nm laser light and fluorescence-detected on
450/40 and 525/50 nm band-pass filters, respectively. FRET
signals were quantified using the gating strategy described
previously.50 FRET positivity, defined as the percentage of cells
gated in the FRET channel, was used for all analyses. Three
biological replicates were performed per condition, with each
replicate capturing 30 000−50 000 events. Data were analyzed
and compensated using Kaluza analysis software version 2.1
(Beckman Coulter).
Data Analysis. Tau aggregation lag time, minimal

concentration (Kmin), and protomer dissociation rate constant
(ke−) were estimated as described previously.43 Briefly,
aggregation lag times (defined as the time when the tangent
to the point of maximum aggregation rate intersects the
abscissa of the sigmoidal curve)51 were obtained from time
series by nonlinear regression with a three-parameter
Gompertz growth function.52 Minimal concentrations required
to support aggregation were estimated by extrapolating the tau
concentration dependence of total filament length to the
abscissa intercept. Protomer dissociation rate constant (ke−)
was obtained from the exponential decay of filament length as
a function of time.

Inhibition of tau aggregation (y) as a function of DJ-1
concentration (x) was quantified with the hyperbola

=
×
+

y
y x

xIC
max

50 (1)

where ymax represents the maximum inhibition at plateau and
IC50 is the concentration of DJ-1 at half-maximal inhibition.
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Biosensor cell FRET positivity data (y) as a function of seed
protein amount (x) were fitted by the four-parameter logistic
function

= +
+ ( )

y y
y

1 x
nmin

max

EC50 (2)

where ymin and ymax represent the minimum and plateau FRET
positivity in the absence and presence of seeds, respectively, n
is the Hill coefficient, and EC50 is the concentration of seeds at
50% of plateau FRET positivity.

All measured parameters are reported ± S.D., whereas those
estimated through parametric fitting are reported ± standard
error of the estimate (SEE). Differences among assay groups

Figure 1. Recombinant DJ-1 is primarily a dimer in solution. (A−D) nMS charge state distributions in the 1000−6000 m/z range and (E−H)
deconvolved masses for (A, E) wild-type DJ-1 (WT) and mutants (B, F) M26I, (C, G) E64D and (D, H) C106A, where red triangles and purple
circles symbolize dimers and monomers, respectively. These data indicate that all recombinant DJ-1 preparations shared primarily a dimeric
quaternary structure.

Figure 2. DJ-1 suppresses tau aggregation. 2N4R tau protein (1.5 μM) was incubated under aggregation conditions for 24 h in the absence and
presence of purified recombinant DJ-1 and then assayed for fibrillation. (A) Laser light scattering assay, where each bar represents the normalized
light scattering intensity (Is (90°)) ± S.D. (n = 3). Light scattering intensity changed biphasically in the presence of DJ-1, reaching a minimum at
1:3 and 1:1 DJ-1:tau ratios (*p < 0.05 compared to the tau-only condition; ANOVA with Dunnett’s post-hoc test). (B−E) Representative TEM
assay, where each panel is a representative micrograph collected at the stated condition. (B) In the absence of DJ-1, tau aggregated to form
filaments. (C−E) Although increasing DJ-1 concentrations depressed tau fibrillation monotonically, the highest DJ-1:tau ratios also generated large
amorphous aggregates (arrowheads).
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were analyzed by one-way ANOVA and Dunnett’s post-hoc
multiple comparison test using GraphPad Prism software,
whereas pairwise comparisons were analyzed by t-test. For all
data, the null hypothesis was rejected at p < 0.05.

■ RESULTS
Recombinant DJ-1 Proteins are Dimers in Solution.

Human DJ-1 and mutants M26I, E64D, and C106A were
expressed as His-tagged fusion proteins in E. coli. After
purification by immobilized metal affinity chromatography, His
tags were removed using Tobacco Etch Virus (TEV) protease
and gel filtration chromatography to yield preparations
consisting of 189 amino acid subunits containing N-terminal
Ser instead of Met. Because DJ-1 chaperone function depends
in part on the maintenance of dimeric quaternary structure,17

the composition of all recombinant DJ-1 preparations was
interrogated using native mass spectrometry (nMS). Two
charge state distributions were identified, ranging from 13+ to
10+ for the first and 7+ to 4+ for the second (Figure 1A−D).

Mass spectra deconvolution revealed that the first
distribution contained major proteoforms corresponding to
the predicted molecular weights for protein dimers (Figure
1E−H). In contrast, the second distribution corresponded to a
minor component consisting of dissociated protein monomers
(Figure 1E−H). The absolute levels of monomer in each
preparation depend in part on the relative gas-phase stability of
dimers and their sensitivity to the in-source collisional
activation applied to all samples for accurate mass measure-
ment. Nonetheless, the relative intensity of deconvolved nMS
data reveal that the dominant oligomeric state of all
recombinant DJ-1 and mutant preparations after heterologous
expression and TEV cleavage is the dimer, with no evidence for
higher molecular weight species.
DJ-1 Modulates Tau Aggregation In Vitro. To

investigate the ability of DJ-1 to chaperone tau protein
aggregation, recombinant full-length human 2N4R tau was
incubated in the absence and presence of the DJ-1 preparations
described above and aggregation inducer Geranine G. These
conditions were employed because they support aggregation of
tau at physiological low micromolar tau concentrations53 under
near-physiological conditions of pH, reducing conditions, and
ionic strength.5,54,55 Moreover, aggregation under these
conditions approximates a homogeneous nucleation scheme
characterized by the initial formation of an unstable dimeric

nucleus followed by filament elongation through monomer
addition.5 As reported previously, 2N4R tau alone formed
filamentous aggregates that were observable by transmission
electron microscopy (TEM) and laser light scattering methods
(Figure 2A,B). Introduction of DJ-1 at substoichiometric DJ-1
concentrations (i.e., 1:3 DJ-1:tau ratio) depressed both light
scattering intensity (Figure 2A) and total filament lengths
(Figure 2C). As DJ-1 rose to stoichiometric levels (i.e., 1:1 DJ-
1:tau), the light scattering signal remained depressed (Figure
2A), whereas filament length observed by TEM decreased
further and was accompanied by the appearance of globular co-
aggregates (Figure 2D). At suprastoichiometric DJ-1 levels
(3:1 DJ-1:tau), light scattering intensity rebounded toward
control levels (Figure 2A), whereas filament lengths decreased
still further, and the globular co-aggregates became more
pronounced (Figure 2E).

These data show that DJ-1 can depress tau aggregation in a
concentration-dependent manner. They also suggest that DJ-1
and tau form large nonfilamentous complexes that confound
light scattering methods.

To test this hypothesis, products of aggregation reactions
were separated into soluble and pellet fractions by ultra-
centrifugation and detected by SDS-PAGE (Figure 3A). In the
absence of Geranine G inducer, both DJ-1 and 2N4R tau
distributed almost exclusively into the soluble fraction (Figure
3B,C). However, incubation of tau alone with Geranine G
shifted it primarily into the insoluble fraction (Figure 3B,C),
consistent with its aggregation. In contrast, DJ-1 incubated
alone with Geranine G remained soluble. These data confirm
that Geranine G is an inducer of tau but not DJ-1 aggregation.
Nonetheless, when DJ-1 and tau were incubated together (3:1
ratio) in the presence of Geranine G inducer, a significant
portion of DJ-1 joined tau in the insoluble fraction (Figure
3B,C). This association did not appear to result from
nonspecific trapping within tau aggregates because ovalbumin
failed to partition into the pellet fraction when present as a
replacement for DJ-1 (Figure 3C). Taken together, TEM, light
scattering, and sedimentation data indicate that DJ-1 can
antagonize tau filament formation at stoichiometric concen-
trations while yielding nonfilamentous complexes composed of
tau and DJ-1. Because of its ability to resolve filamentous from
amorphous morphology, the TEM assay was used for all
subsequent experiments.

Figure 3. Sedimentation assay. (A) Representative SDS-PAGE of pellet (P) and supernatant (S) fractions from aggregation reactions performed in
the absence (−) and presence (+) of 2N4R tau, DJ-1, or ovalbumin (OA) and Geranine G inducer. M, Marker proteins calibrated in kDa. (B)
Proportion of 2N4R tau (green) and (C) either DJ-1 (red) or OA (blue) in pellet and supernatant fractions quantified by densitometric analysis
after SDS-PAGE (n.s., not significant; ****p < 0.0001, ANOVA with Dunnett’s post-hoc test).
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Disease-Associated DJ-1 Mutations Differentially
Affect Tau Chaperone Tau Activity. To quantify chaperone
activity toward 2N4R tau, wild-type DJ-1, disease-associated
mutants M26I and E64D, and oxidation incompetent mutant
C106A were tested in the TEM assay. Wild-type DJ-1
significantly depressed total filament length at all tested
concentrations in the range 0.5−4.5 μM (Figure 4A). The
concentration dependence appeared saturable without evi-
dence of cooperativity, indicating the absence of tight binding
kinetics despite the analytes being present at stoichiometric
concentrations.56 Fitting these data with a one-site saturation
binding isotherm yielded an estimate of affinity (IC50) of 0.66
± 0.06 μM with 87.2 ± 2.4% aggregation inhibition predicted
at saturation (Figure 4B). These data show that DJ-1 is an
effective 2N4R tau chaperone at stoichiometric DJ-1:tau ratios,
but like members of the classical chaperome, its interaction is
low affinity (reviewed57). To test whether chaperone activity
was inducer-specific, an identical titration was performed with
ODS, a tau aggregation inducer that functions in micellar
form44 (Figure 4A). Fitting the resulting data with a one-site
saturation binding isotherm yielded an IC50 of 0.97 ± 0.35 μM
with 84.4 ± 10.2% aggregation inhibition at saturation (Figure
4B). These data show that wild-type DJ-1 can antagonize
2N4R tau fibrillation driven by structurally diverse anionic
inducers.

A similar inhibitory profile was observed for DJ-1 mutant
C106A in the presence of Geranine G inducer (IC50 = 0.50 ±
0.02 μM; Figure 4A,B), indicating that oxidation of the DJ-1
redox sensor was not required for chaperone activity on tau
protein. In contrast, mutant M26I was active only at the
highest tested concentration, whereas E64D was inactive at all
tested concentrations. These data indicate that two represen-
tative mutants associated with autosomal recessive PD have
weakened chaperone activity against 2N4R tau protein.
DJ-1 Antagonizes Nucleation and Elongation Phases

of Tau Aggregation. Chaperone proteins differentially
interfere with nucleation and/or elongation steps of tau
aggregation.11 To characterize the mechanism of DJ-1
chaperone activity, the effects of wild-type DJ-1 on the time-
dependent evolution of 2N4R total filament length were
investigated using TEM. In both the presence and absence of
stoichiometric concentrations of DJ-1, Geranine G-induced
2N4R tau fibrillation displayed sigmoidal kinetics comprising
initial lag, exponential growth, and final plateau phases (Figure
5A). However, the presence of DJ-1 lengthened the lag phase
nearly 2-fold, indicating a slowing of the rate-limiting step of
nucleation-dependent aggregation (Figure 5B). DJ-1 also
depressed total aggregate levels at the plateau, indicating a
decrease in tau supersaturation (Figure 5A). Consistent with
this observation, the minimal concentration of tau protein

Figure 4. DJ-1 mutants vary with respect to tau chaperone activity. 2N4R tau protein (1.5 μM) was incubated under aggregation conditions for 24
h in the absence or presence of purified recombinant wild-type (WT) DJ-1 or mutants M26I, E64D, and C106A at varying molar ratios and then
assayed for fibrillation using TEM. (A) WT DJ-1 tested with Geranine G (GG) and ODS inducers, where each bar represents aggregation as a
normalized percentage of total filament length/field in the absence of DJ-1 ± S.D. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 compared
to the tau-only condition; ANOVA with Dunnett’s post-hoc test). (B) Replot of Panel (A) data, where data points represent the mean percent
inhibition of aggregation relative to the tau-only condition ± S.D. and the solid lines represent the best fit of the data points to eq 1. (C) DJ-1
mutants M26I, E64D, and C106A tested with Geranine G inducer, with ANOVA performed as described in Panel (A). (D) Replot of Panel (C)
data, with nonlinear regression performed as described for Panel (B).
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required to support filament formation increased significantly
in the presence of DJ-1 (Figure 5C,D). To determine whether
this effect could destabilize filaments, 2N4R tau was aggregated
to plateau and then incubated for an additional 6 h in the
absence and presence of DJ-1. In the absence of DJ-1, total
filament length was stable, reflecting minimal changes in
equilibrium between tau monomers and filament ends under
these conditions. In contrast, the presence of DJ-1 induced the

time-dependent disaggregation of the filament population with
first-order kinetics as predicted for endwise depolymeriza-
tion58,59 (Figure 5E). The dissociation rate constant (ke−)
calculated from these data was 1.2 × 10−3 s−1 (Figure 5F).
Together, these data reveal that stoichiometric levels of DJ-1
both slow the rate and lower the extent of tau fibrillation while
shifting the equilibrium at filament ends to destabilize mature
aggregates.

Figure 5. DJ-1 modulates tau aggregation kinetics. 2N4R tau protein was incubated under aggregation conditions (24 h at 37 °C) in the absence
(solid circles) or presence (hollow circles) of purified recombinant wild-type DJ-1 (1:1 DJ-1:tau ratio) and then assayed for filament formation as a
function of time using TEM. (A) Aggregation time series (1.5 μM tau, absence and presence of 1:1 DJ-1:tau), where each data point represents
total filament lengths/field calculated from electron microscopy images ± S.D. (n = 4−6) and the solid lines represent the best fit of data to a three-
parameter Gompertz growth function. Values for lag time were estimated from these plots. (B) Replot of lag times determined from time series,
where each bar represents the lag time ± propagated SEE. The presence of stoichiometric DJ-1:tau ratios increased lag time relative to tau-only
control (***p < 0.001, t-test). (C) Minimal concentration measurement in the absence and presence (1:1 DJ-1:tau ratio), where each data point
represents total filament length/field at aggregation plateau as a function of bulk tau concentration (mean ± S.D. of triplicate determinations) and
the solid lines represent linear regression analysis. The abscissa intercept was obtained by extrapolation (dotted lines) and taken as the minimal
concentration (Kmin). (D) Data replots, where each bar represents the Kmin ± propagated S.E.E. The presence of DJ-1 increased Kmin relative to tau-
only control (*p < 0.05). (E) Disaggregation rate measurement. Tau filaments taken at the aggregation plateau were incubated in the presence or
absence of 1:1 DJ-1:tau ratio and then assayed for total length as a function of time by TEM. Each data point represents the total filament length
per field ± S.D. (n = 3), whereas the solid line represents the best fit of data points by a simple exponential decay function. The first-order decay
constant kapp was estimated from each regression and used in conjunction with filament length and number at time t = 0 to calculate dissociation
rate constant ke−. (F) Replot of data, where each bar represents estimated ke−. The addition of DJ-1 induced filament disaggregation (**p < 0.01).
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DJ-1 Interacts with the MTBR of Tau Monomer. Tau
aggregation in vivo60 and in recombinant systems61,62 is
mediated by its microtubule-binding region (MTBR). In
2N4R tau, this region is composed of four imperfect repeats
that harbor the PHF6* and PHF6 hexapeptide motifs
implicated in aggregate nucleation63,64 (Figure 6A). Certain

members of the canonical chaperome family interact with this
region.11,40 To test for direct interaction between tau and DJ-1,
the MTBR of 2N4R (termed Δ4R tau) was labeled with 15N,
incubated in the absence and presence of DJ-1, and then
subjected to two-dimensional 1H−15N heteronuclear single
quantum coherence (HSQC) NMR spectroscopy. The NMR

Figure 6. DJ-1 interacts with the tau microtubule-binding repeat region. (A) Schematic diagram of 2N4R tau comprising N-terminal alternatively
spliced (N1 and N2), proline-rich (PRR), and microtubule-binding (MTBR) regions. The MTBR (highlighted in yellow) is composed of four
imperfect repeats (R1−R4) containing two hexapeptides implicated in tau aggregate nucleation (PHF6* and PHF6). Tau truncation mutant Δ4R
tau consists only of the MTBR defined on the basis of sequence alignment.67 (B) Superposition of 2D 1H−15N HSQC spectra of Δtau (50 μM) in
the absence (black) and presence (red) of equimolar concentrations of DJ-1. (C) Binding profile on Δ4R probed by NMR spectroscopy after
addition of DJ-1 into 1H−15N Δ4R at 1:1 molar ratio. Changes in NMR signal intensity ratios (I/I0) are plotted against tau residue number. The
red dotted lines represent the residues associated with the PHF6* and PHF6 nucleation motifs.

Figure 7. DJ-1 does not alter the seeding potential of tau seeds. Seeds prepared from DS9 cells and recombinant 2N4R tau protein aggregates were
transfected into biosensor cells and monitored for FRET positivity using flow cytometry. Representative scatter plots in the absence (A) and
presence (B) of DS9 seeds showing that the appearance of signals in the FRET-positive gate (solid lines) was seed-dependent. (C) Quantification
of compensated FRET positivity rate (%) as a function of seed dose, where each point represents singlicate determination and the solid line
represents best fit by a four-parameter logistic function (eq 2). EC50 values for DS9 and 2N4R tau seeds were 0.16 ± 0.02 and 1.2 ± 0.6 μg,
respectively. (D, E) Seeding of biosensor cells by DS9 (0.16 μg) or 2N4R tau (1.2 μg) after preincubation with 0, 0.8 or 2.4 μM wild-type DJ-1
(WT), M26I mutant, or BSA control protein. Each bar represents the average (n = 3) FRET % positivity ± S.D. (*p < 0.05 compared to the seed-
only condition; ANOVA with Dunnett’s post-hoc test).
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approach has been used to map sites of interaction between
chaperones and labeled tau proteins through the detection of
changes in resonance position or intensity.40 In the absence of
DJ-1, HSQC spectra of Δ4R tau revealed a small chemical shift
dispersion with amide 1H frequencies clustering narrowly
within the 8.6−7.6 ppm region (Figure 6B), a characteristic
feature of intrinsically disordered proteins.65 This spectrum
was consistent with previous reports of 4-repeat MTBR
remaining in an intrinsically disordered and monomeric state
in the absence of aggregation inducers.66 The presence of DJ-1
at stoichiometric concentration did not change the pattern
(Figure 6B) but did depress signal intensity ratios throughout
the MTBR, including sequences overlapping the PHF6* and
PHF6 nucleation motifs (Figure 6C). These results show that
DJ-1 can interact directly with tau sequences comprising the
aggregation-prone MTBR when presented in an intrinsically
disordered form.
DJ-1 Does Not Directly Modulate Tau Seed Activity.

In addition to interacting with tau monomers, certain canonical
chaperones interact with tau seeds to depress their ability to
induce aggregation within naiv̈e cell populations.11 To
investigate whether DJ-1 shared this activity, tau seeds were
incubated in the presence of bovine serum albumin (BSA)
control or DJ-1 and then tested for seeding activity in Tau RD
P301S FRET biosensor cells.49 Two sources of seeds were
examined: products of 2N4R tau aggregation induced by
Geranine G and 2N4R244−372 proteoforms derived from
HEK293 cell line DS9 (a.k.a. Clone 948). The former source
was used because it was composed of full-length tau, whereas
the latter was included because of its ability to reproducibly
seed and propagate aggregates with strain-like properties.48

Seeding activity was detected using a flow cytometry assay50

with compensation for overlapping emission spectra performed
by a positive FRET gate constructed from seeded and
nonseeded biosensor cells (Figure 7A) and validated with
single-color YFP-tau and CFP-tau control cells (data not
shown). As a result, seeding was quantified as the percentage of
singlet/CFP+ cells exhibiting a positive FRET signal (Figure
7B). Both seed preparations generated concentration-depend-
ent FRET signals when transfected into biosensor cells, with
DS9 being more potent (EC50 = 0.16 μg lysate) and efficacious
(41% cell positivity at plateau) than synthetic 2N4R
conformers (EC50 = 1.2 μg tau; 13.8% cell positivity at
plateau) (Figure 7C). However, the seeding efficiencies of DS9
(Figure 7D) and 2N4R (Figure 7E) were not altered by
preincubation with either DJ-1 or M26I mutant when tested at
their respective EC50s. These data indicate that direct exposure
of tau seeds to exogenous DJ-1 did not alter their seeding
potential in this model system.

■ DISCUSSION
This study reveals that DJ-1 exhibits chaperone activity toward
full-length 2N4R human tau protein. We find that the
interaction resembles the “holdase” activity of canonical
chaperones68,69 in favoring the intrinsically disordered
monomeric state of tau as a client and being ATP independent.
It also is low affinity, consistent with the reported failure to
detect soluble DJ-1/tau complexes by co-immunoprecipita-
tion.70 Although we find that the tau MTBR can mediate DJ-
1/tau interaction, it cannot be excluded that sequences outside
this region also contribute to the binding of full-length tau
isoforms.

DJ-1 interaction with full-length tau at stoichiometric ratios
extends aggregation lag time (which for nucleation-dependent
aggregation varies inversely with nucleation rates)51 and
elevates minimal concentrations required to support entry
into the aggregation pathway. The altered equilibrium at
filament ends also destabilizes mature aggregates, leading to
first-order disaggregation kinetics resembling those reported
upon dilution of tau aggregates below the minimal
concentration5 or exposure to aggregation inhibitors that
sequester tau monomers.59 In these cases, first-order kinetics
result from passive endwise dissociation of tau from the
filament ends. In contrast, incubation of preformed tau seeds
composed of full-length tau or its MTBR with DJ-1 did not
modulate their seeding efficiencies. These data indicate that
DJ-1 lacks the disaggregase activity displayed by certain ATP-
dependent chaperones in this model system.11 Nonetheless,
prion-like seeding also requires protein monomers as substrate,
and the partial sequestration of tau protein by DJ-1 is likely to
depress the rate of prion-like templating similar to other
monomer-dependent interactions. Overall, the holdase activity
of wild-type DJ-1 dimer can protect full-length tau protein
from interactions that drive aggregation.

Although not upregulated in AD as part of an adaptive
response to stress like certain canonical chaperones, DJ-1 is
regulated post-translationally through oxidation of Cys
residues, including C106. Oxidation of C106 up to its sulfinic
acid form (i.e., C106-SO2H) has minimal effects on DJ-1
dimeric structure but enhances its ability to engage specific
clients such as α-synuclein.71 Oxidation also regulates DJ-1
subcellular distribution so that it can access binding partners
localized to organelles, including stress granules72 and
mitochondria (reviewed21). However, further C106 oxidation
to sulfonic acid form (i.e., C106-SO3H) owing to chronic
oxidative stress destabilizes dimeric DJ-1 structure and leads to
irreversible inactivation.73,74 Here, we found that oxidation
incompetent C106A mutant retains full tau chaperone activity,
indicating that oxidation is not required for interaction with
this specific client. These data predict that DJ-1 can protect
full-length tau protein against aggregation under basal
conditions in the absence of oxidative stress.

DJ-1 functions normally as a soluble homodimer, but a
fraction of it also forms supramolecular proteoforms that have
been reported as “inclusions” when observed within cells or
brain tissue and “high-molecular-weight” (HMW) complexes
when detected biochemically.70,75 Most HMW complexes
range from 200 to 500 kDa75,76 (although even larger species
have been reported)70 and consist of both homotypic and
heterotypic species. HMW complex formation can be induced
by the presence of clients such as α-synuclein,77 by osmotic or
oxidative stress,72,78 by phosphate ion,79 or, in the case of
bacterial homologue Hsp31, by zinc cation.80 Here, we found
that large complexes detectable by TEM, laser light scattering
spectroscopy, and sedimentation also could be induced by
incubation of DJ-1 in the presence of tau protein under near-
physiological buffer conditions and bulk tau concentrations.
These data suggest a potential source of the insoluble tau/DJ-1
complexes observed in tauopathic neurodegenerative disease
tissue, including AD and frontotemporal dementias.26,27

Although heterotypic HMW complexes have been proposed
to represent functional assemblies for certain constituent
proteins,76 their sequestration of DJ-1 reportedly renders them
nonfunctional with respect to chaperone activity.75 Disease-
causing DJ-1 mutants can raise complex-forming propensity
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still further resulting in DJ-1 inactivation. For example, M26I
maintains dimeric structure in solution, but exhibits decreased
secondary structure and thermodynamic stability,24 which in
turn fosters aggregation and loss of function.23,81 The surface
missense mutant E64D also greatly increases aggregation
propensity, as evidenced by inclusion formation in HEK293
cells.77 Here, we found that both M26I and E64D have
significantly lower tau chaperone activity than wild-type DJ-1.
These data show that two distinct classes of disease-associated
DJ-1 mutants modulate tau chaperone activity in parallel with
previous observations.

To date, only one homozygous PARK7 mutant linked to
familial PD (case 22 years of age) has been characterized
pathologically, revealing a phenotype resembling advanced-
stage sporadic PD with respect to α-synuclein-bearing Lewy
bodies but to only early-stage AD with respect to tau-bearing
neurofibrillary pathology.29 If DJ-1 functions toward chaperone
tau misfolding and aggregation in parallel with α-synuclein and
other clients, why does a core DJ-1 mutant generate primarily
Lewy body pathology over tauopathy? One possible con-
tributing factor is that tau protein normally associates with the
microtubule cytoskeleton rather than with DJ-1 in cytosol.
Release of tau from its high-affinity physiological binding
partner into cytosol and accumulation above the minimal
concentration required for aggregation require tau hyper-
phosphorylation.82,83 The stresses that cause tau to incorporate
up to 6−9 mol/mol phosphate84,85 are not fully understood,
but the process is age-dependent, with the onset of sporadic
AD typically being over 65 years of age86 and of
frontotemporal lobar degeneration tauopathy over 50 years
of age.87 In contrast, early-onset PD, including cases caused by
PARK7 mutants, appears between ages 20 and 40.88 Under
conditions of early-onset disease, release of tau into cytosol
may be the rate-limiting step for aggregation rather than loss of
DJ-1 chaperone activity. Indeed, complete knockout of DJ-1 in
mice reproduces neither the synucleinopathy nor neuro-
degeneration of PD,89,90 indicating that DJ-1 is not the
governing modulator of lesion formation under these
experimental conditions. Further work will be required to
identify disease stages when DJ-1-mediated effects on tau and
α-synuclein aggregation become rate-determining.

■ CONCLUSIONS
In summary, these data provide biochemical evidence that DJ-
1 molecular chaperone activity depresses tau aggregation
propensity and that its effectiveness is weakened by mutations
linked to familial disease. The findings suggest an opportunity
to control tau as well as α-synuclein aggregation and toxicity in
tauopathies through stabilizing or enhancing DJ-1 activity.
Such approaches are needed because comorbid cases may not
respond to therapies that target a single pathology. Under-
standing the mechanisms that contribute to comorbidity could
be important for providing a new approach to treating
neurodegenerative diseases.
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■ ABBREVIATIONS
AD, Alzheimer’s disease; BCA, bicinchoninic acid; IMAC,
immobilized metal affinity chromatography; MTBR, micro-
tubule-binding region; nMS, native mass spectroscopy; PD,
Parkinson’s disease; TEM, transmission electron microscopy;
TEV, Tobacco Etch Virus
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