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Abstract

Cells have evolved molecular chaperones that modulate phase separation and misfolding of amyloidogenic
proteins to prevent neurodegenerative diseases. Protein disulfide isomerase (PDI), mainly located at the
endoplasmic reticulum and also present in the cytosol, acts as both an enzyme and a molecular chaperone.
PDI is observed to be S-nitrosylated in the brain of Alzheimer’s disease patients, but the mechanism has
remained elusive. We herein report that both wild-type PDI and its quadruple cysteine mutant only having
chaperone activity, significantly inhibit pathological phosphorylation and abnormal aggregation of Tau in cells,
and significantly decrease the mitochondrial damage and Tau cytotoxicity resulting from Tau aberrant
aggregation, highlighting the chaperone property of PDI. More importantly, we show that wild-type PDI is
selectively recruited by liquid droplets of Tau, which significantly inhibits phase separation and stress granule
formation of Tau, whereas S-nitrosylation of PDI abrogates the recruitment and inhibition. These findings
demonstrate how phase separation of Tau is physiologically regulated by PDI and how S-nitrosylation of PDI,
a perturbation in this regulation, leads to disease.

© 2020 Elsevier Ltd. All rights reserved.
Introduction

Tau is an intrinsically disordered protein in
neurons, whose major physiological function is the
stabilization of neuronal microtubules through its
microtubule-binding region Tau244-372 [1e6]. Under
physiological conditions, Tau keeps a balance
between the microtubule-associated form and the
free form, but under pathological conditions, it
detaches from microtubules and aggregates into
intracellular inclusions, such as neurofibrillary tan-
gles (NFTs) in the brain of patients with Alzheimer’s
r Ltd. All rights reserved.
disease (AD) and related neurodegenerative dis-
eases [2e9].
Liquid-liquid phase separation by natively unstruc-

tured proteins, such as Tau, or by proteins with low-
complexity domains, such as fused in sarcoma
(FUS), is the first step of protein aggregation,
followed by a transition from liquid to solid phase,
which generates membraneless organelles like
stress granules and drives pathological fibril forma-
tion, which are critical events functionally linked to
neurodegenerative diseases [10e25]. Recently, Tau
has been reported to undergo liquid-liquid phase
separation and form stress granules [24e35]. There
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are several factors that affect the phase separation
of Tau. These factors include those of the Tau
protein itself, such as alternative splicing [26],
phosphorylation [24,26,27], acetylation [28e30],
and electrostatic interactions [24e28,31,32], and
environmental factors, such as crowding agents
[24e33] and polyanionic cofactors, including heparin
and RNA [24,26e32].
Cells have evolved molecular chaperones as

quality control proteins that modulate liquid-liquid
phase separation and aggregation of amyloidogenic
proteins to prevent neurodegenerative diseases
[20e23,36e43]. Recently, three groups have
reported in the same issue of Cell that Transportin
1, acting as a molecular chaperone, significantly
inhibits the phase separation, stress granule forma-
tion and fibrillization of FUS [21e23]. The Alberti
laboratory has demonstrated that Hsp70, a typical
chaperone, plays a crucial role in hindering the
formation of stress granules containing misfolded
SOD1 [20] and that the HspB8-BAG3-Hsp70 cha-
perone complex prevents defective ribosomal pro-
duct accumulation in stress granules [43]. Protein
disulfide isomerase (PDI), a multifunctional protein
mainly located at the endoplasmic reticulum (ER) of
cells, acts as both an enzyme that catalyzes the
formation, breakage, and rearrangement of protein
disulfide bonds by two catalytic domains a and a’ of
PDI, and a redox-regulated chaperone that interacts
with various substrates using a large hydrophobic
pocket embedded in domain b’ of PDI [44e49]. PDI
is known to be present in the cytosol, as well as other
locations [47,48,50e53]. Furthermore, a recent
study shows that PDI translocates into the cytosol
via an ER stress-induced protein reflux system [54].
PDI is found to be associated with numerous
neurodegenerative diseases, most notably Alzhei-
mer’s, and believed to eliminate the neurotoxicity
associated with ER stress and protein aggregation
[50e53]. PDI is observed to be aberrantly S-
nitrosylated in the brain of patients with AD or
Parkinson’s disease [50,52] and in spinal cords of
patients with amyotrophic lateral sclerosis [51], but
the mechanism behind this phenomenon has
remained elusive. It also remains unknown how
chaperones physiologically regulate Tau phase
separation and toxicity in neuronal cells and how
PDI modulates liquid-liquid de-mixing and stress
granule association of proteins.
Here, we show that PDI plays a crucial role in

preventing hyperphosphorylation and aggregation of
Tau and decreasing mitochondrial dysfunction and
Tau toxicity in cells. We demonstrate that PDI, which
directly interacts with Tau in cells, acts as a Tau
chaperone and suppresses liquid-liquid phase
separation and stress granule association of Tau,
but S-nitrosylation of PDI antagonizes this inhibitory
effect. These findings reveal the molecular basis for
a protective function of PDI in Tau phase separation
and cytotoxicity, which could be exploited to develop
therapeutic strategies against AD and other
tauopathies.
Results

PDI directly interacts with Tau in cells

PDI and Tau proteins are observed to colocalize in
NFTs in the hippocampus of AD brain [52,53].
However, it remains unclear where (in which
organelle) PDI interacts with Tau in cells. The
HEK-293T cell line was chosen because it is able
to express high levels of fusion proteins and is very
sensitive to the treatment of Tau oligomers or
sodium arsenite. Bimolecular fluorescence comple-
mentation (BiFC) assay [55e57] was used to detect
the scenario of Tau-PDI interaction in living HEK-
293T cells. Enhanced green fluorescence protein
(EGFP) was split into two nonfluorescent halves.
The following Tau-PDI constructs were used in our
BiFC assay, 2N4R Tau-EGFP1-172 fusion protein
(Fig. 1A) and signal peptide-HA-EGFP155-238-a-b-b’-
x-a’-c (PDI) fusion protein (Fig. 1B), that is, 2N4R
Tau was fused to the N-terminal fragment of EGFP
(EGFP1-172), and the C-terminus of EGFP (EGFP155-

238) was inserted between the signal peptide and the
amino acid coding sequence of PDI. HEK-293T cells
transiently expressing both full-length Tau-EGFP1-

172 and EGFP155-238-wild-type PDI or EGFP155-238-
dnPDI constructs were cultured for 1 day, then
stained with ER Staining Kit (red, Fig. 1C and G), and
visualized by confocal microscopy. Here, dominant-
negative PDI (dnPDI) is a quadruple cysteine mutant
C53A/C56A/C397A/C400A of PDI with both active
sites mutated [50,58]. This stain is possibly not
entirely ER specific. Specific interaction between
Tau and wild-type PDI (Fig. 1CeF) or dnPDI
(Fig. 1GeJ) in the ER and the cytosol of living
HEK-293T cells was detected by BiFC, and EGFP
(green fluorescence) was clearly observed for these
two specific interactions (Fig. 1D and H; Merge:
Fig. 1E and I, light yellow tinged orange). This
approach led to a surprising discovery that dnPDI, a
mutant of PDI only having chaperone activity [50,58],
also interacted with Tau in the ER and the cytosol of
living cells (Fig. 1H). The following controls were
used to validate the PDI-Tau interaction: HEK-293T
cells transiently expressing both EGFP1-172 and
EGFP155-238-PDI (Fig. S1IeL) or EGFP155-238-
dnPDI (Fig. S1AeD) or EGFP155-238 (Fig. S1MeP)
constructs or both full-length Tau-EGFP1-172 and
EGFP155-238 constructs (Fig. S1EeH). EGFP
(green) was not observed in these controls
(Fig. S1B, 1F, 1J and 1N), indicating that no
interactions between EGFP1-172 and EGFP155-238-
dnPDI, between Tau-EGFP1-172 and EGFP155-238,



Fig. 1. Both wild-type PDI and its quadruple cysteine mutant interact with Tau in living cells. Schemes of Tau-PDI
constructs used in BiFC assay: 2N4R Tau-EGFP1-172 fusion protein (A) and signal peptide-HA-EGFP155-238-a-b-b’-x-a’-c
(PDI) fusion protein (B). Specific interaction between Tau and wild-type PDI (CeF) or dnPDI (GeJ) in living cells was
detected by BiFC. HEK-293T cells transiently expressing both full-length human Tau-EGFP1-172 and signal peptide-HA-
EGFP155-238-PDI or signal peptide-HA-EGFP155-238-dnPDI constructs were cultured for 1 day, then stained with ER
Staining Kit (red, C and G), and visualized by confocal microscopy. EGFP (green fluorescence) was clearly observed in D
and H (Merge: E and I, light yellow tinged orange). The scale bar represents 10 mm.

2143Chaperone Modulates Tau Phase Separation and Toxicity
between EGFP1-172 and EGFP155-238-PDI, or
between EGFP1-172 and EGFP155-238 in living cells
were detected by BiFC. Because false positives are
possible with BiFC assay, we then used other
methods, such as coimmunoprecipitation (co-IP)
assay to confirm this putative interaction. Our co-IP
experiments visualized by the anti-Tau antibody
Tau-5 and anti-HA antibody revealed that both wild-
type PDI and dnPDI interact with Tau in HEK-293T
cells (Fig. S2). Collectively, these data demonstrate
that PDI and Tau are required for this putative
interaction, and that both wild-type PDI and its
quadruple cysteine mutant only having chaperone
activity directly interact with Tau in cells.

PDI significantly inhibits Tau phosphorylation
and aggregation in cells by acting as a chaper-
one

Because PDI directly interacts with Tau in cells, we
wondered whether PDI might modulate Tau phos-
phorylation and aggregation in cells by acting as a
chaperone. We, therefore, performed cell biological
experiments in which Congo red, an anionic dye that
is able to overcome the energy barrier for Tau
aggregation and penetrate the cell membrane
[59e61], was used as an agonist for Tau phosphor-
ylation and aggregation in cells.
Because Tau phosphorylation at Ser-396 in the C-

terminal region is one of the earliest events in AD
and related neurodegenerative diseases [62,63], we
first tested the hypothesis that PDI might act as a
chaperone to regulate Tau phosphorylation at Ser-
396 in cells. SH-SY5Y cells stably expressing full-
length Tau or its pathogenic mutation DK280 (Fig. 2
and S3), cultured for 2 days, then transiently
expressed HA-tagged wild-type PDI (Fig. 2FeJ
and S3FeJ) or HA-tagged dnPDI (Fig. 2KeO and
S3KeO) and incubated with 10 mM Congo red for 3
days, or directly incubated with 10 mM Congo red for
3 days (Fig. 2AeE and S3AeE), were immunos-
tained with the anti-pS396 antibody (green) and anti-
HA antibody (red), stained with 4’,6-diamidino-2-
phenylindole dihydrochloride (DAPI) (blue), and
observed by confocal microscopy. DK280 of full-
length Tau was chosen because it is able to cause
typical AD or frontotemporal dementia pathology
with corresponding NFTs [60,64e66]. Phosphoryla-
tion levels of full-length Tau and its pathogenic
mutation DK280 at Ser-396 (green fluorescence) in



Fig. 2. Both wild-type PDI and its quadruple cysteine mutant significantly inhibit pathological phosphorylation and
abnormal aggregation of Tau in cells. SH-SY5Y cells stably expressing full-length human Tau were cultured for 2 days.
These cells were then transiently expressed HA-tagged wild-type PDI (F-J; or P and R, þPDI) or HA-tagged dnPDI (KeO;
or P and R,þdnPDI) and incubated with 10 mMCongo red for 3 days, or directly incubated with 10 mMCongo red for 3 days
(A-E; or P and R, control); fixed, permeabilized, immunostained with the anti-pS396 antibody (green) and anti-HA antibody
(red), stained with DAPI (blue), and observed by confocal microscopy; or detected by Western blot. The scale bar
represents 10 mm (AeO). We have replaced images A-O with better-quality images. (P) The cell lysates from the above
cells were probed by the anti-pS396 antibody, anti-HA antibody, and anti-b-actin antibody, respectively. We have replaced
the image of the HA blot with an image from the same blot probed for S396 Tau and b-actin. (Q) The normalized amount of
pS396 Tau in SH-SY5Y cells expressing full-length Tau and PDI was determined as a ratio of the density of pS396 Tau
bands over the density of b-actin band in cell lysates. The normalized amount of pS396 Tau is expressed as the mean ±
S.D. (with error bars) of values obtained in 3 independent experiments. Tau þ PDI, p ¼ 0.00077; Tau þ dnPDI,
p ¼ 0.00085. (R) The sarkosyl-insoluble pellets from the above cells were probed using Tau-5, and the corresponding cell
lysates were probed using Tau-5, the anti-HA antibody, and anti-b-actin antibody, respectively. All blots also show the
position of the molecular-weight markers (P and R). (S) The normalized amount of insoluble Tau aggregates in SH-SY5Y
cells expressing full-length Tau and PDI was determined as a ratio of the density of insoluble Tau aggregate bands over
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Fig. 3. TEM images show that both wild-type PDI and its quadruple cysteine mutant protect against mitochondrial
damage in HEK-293T cells caused by aberrant aggregation of Tau and are induced by Tau oligomers. HEK-293T cells
stably expressing DK280 of full-length human Tau were cultured for 2 days. These cells were then transiently expressed
HA-tagged wild-type PDI (GeI) or HA-tagged dnPDI (JeL) and incubated with 5 mM Tau oligomers for 2 days, or directly
incubated with 5 mM Tau oligomers for 2 days (DeF). HEK-293T cells transfected with an empty vector and incubated with
HEPES buffer were used as a control (AeC). The enlarged regions BeC, EeF, HeI, and K-L, show twenty-five-fold
enlarged images from A, D, G, and J, respectively, and display the detailed structures of mitochondria in HEK-293T cells.
Nuclei are highlighted using black arrows (A, D, G, and J). The morphology of normal mitochondria in HEK-293T cells
incubated with HEPES buffer (B and C) or in HEK-293T cells expressing DK280 of full-length Tau and wild-type PDI (I) or
dnPDI (K and L) incubated with 5 mM Tau oligomers, which are highlighted by using blue arrows, was tubular or round. Tau
oligomer treatment caused severe mitochondrial impairment in HEK-293T cells expressing DK280 (E and F). Most of the
mitochondria in the cells (~70%) became swollen and vacuolized, which is highlighted by green arrows. In contrast, Tau
oligomer treatment did not cause severe mitochondrial impairment in HEK-293T cells expressingDK280 and wild-type PDI
(H and I) or dnPDI (K and L), and only a small number of mitochondria with swollen cristae or with disarranged cristae were
observed in the cells (highlighted by red arrows). Samples were negatively stained using 2% uranyl acetate and lead
citrate. The scale bars represent 5 mm for A, D, G, and J and 0.5 mm for BeC, EeF, HeI, and KeL.

2145Chaperone Modulates Tau Phase Separation and Toxicity
SH-SY5Y cells expressing both Tau and PDI were
significantly decreased by wild-type PDI and its
quadruple cysteine mutant dnPDI (red fluorescence)
(Fig. 2AeO and S3AeO). To gain a quantitative
that of the total Tau bands in cell lysates. The normalized amou
S.D. (with error bars) of values obtained in 3 independent
p ¼ 0.000011. Statistical analyses were performed using th
significant differences. The following notation is used througho
full-length Tau (a control, Q and S).
understanding of how PDI might modulate Tau
phosphorylation in cells, we used Western blotting
to probe cell lysates from the above cells for
phosphorylated Tau, PDI, and b-actin using the
nts of insoluble Tau aggregates are expressed as mean ±
experiments. Tau þ PDI, p ¼ 0.00011; Tau þ dnPDI,
e Student t-test. Values of p < 0.05 indicate statistically
ut: *, p < 0.05; **, p < 0.01; and ***, p < 0.001 relative to



2146 Chaperone Modulates Tau Phase Separation and Toxicity
anti-pS396 antibody, anti-HA antibody, and anti-b-
actin antibody, respectively (Fig. 2P and S3P). The
normalized amount of pS396 Tau or pS396 DK280 in
SH-SY5Y cells stably expressing full-length Tau or
DK280 (Fig. 2Q and S3Q) and transiently expressing
PDI was determined as a ratio of the density of
pS396 Tau bands or pS396 DK280 bands over the
density of b-actin band in the cell lysates. SH-SY5Y
cells stably expressing full-length Tau (Fig. 2Q) or
DK280 (Fig. S3Q) were used as a control. The
densities of the pS396 Tau bands in the control cell
lysates were much higher than those of the pS396
Tau bands in the cell lysates from cells transfected
with wild-type PDI or dnPDI (Fig. 2P and S4A), and a
significantly lower amount of full-length Tau was
phosphorylated at Ser-396 in cells expressing PDI
than did in control cells (0.411 ± 0.019 for Tau þ PDI
versus 1.000 ± 0.059 for Tau alone, p ¼ 0.00077;
0.570 ± 0.080 for Tauþ dnPDI versus 1.000 ± 0.059
for Tau alone, p ¼ 0.00085) (Fig. 2Q). There was a
significant difference between PDI and dnPDI
(p ¼ 0.014) (Fig. 2Q). We found that PDI exhibited
a similar but weaker inhibitory effect on phosphor-
ylation of DK280 than that on phosphorylation of full-
length Tau (Fig. 2 and S3, P and Q). A significantly
lower amount of DK280 was phosphorylated at Ser-
396 in cells expressing PDI than did in control cells
(0.708 ± 0.010 for DK280 þ PDI versus 1.000 ±
0.006 for DK280 alone, p ¼ 0.00000093; 0.717 ±
0.052 for DK280 þ dnPDI versus 1.000 ± 0.006 for
DK280 alone, p ¼ 0.0051) (Fig. S3Q). Together,
these results demonstrate that both wild-type PDI
and its quadruple cysteine mutant only having
chaperone activity, significantly inhibit pathological
phosphorylation of Tau in cells, highlighting the
chaperone property of PDI.
To gain a quantitative understanding of how PDI

might modulate Tau aggregation in cells, and to
compare the amount of insoluble Tau aggregates in
PDI-expressing cells with those in control cells, we
used Western blotting to probe the sarkosyl-insolu-
ble pellets from the above cells for insoluble Tau
aggregates using Tau-5, and the corresponding cell
lysates for the total Tau, PDI, and b-actin using Tau-
5, the anti-HA antibody, and anti-b-actin antibody,
respectively (Fig. 2R and S3R). The normalized
amount of insoluble Tau aggregates in SH-SY5Y
cells stably expressing full-length Tau or DK280
(Fig. 2S and S3S) and transiently expressing PDI
was determined as a ratio of the density of insoluble
Tau aggregate bands after sample ultracentrifuga-
tion over that of the total Tau bands in cell lysates.
SH-SY5Y cells stably expressing full-length Tau
(Fig. 2S) or DK280 (Fig. S3S) were used as a
control. The densities of the insoluble Tau aggregate
bands in the control pellets were much higher than
those of the insoluble Tau aggregate bands in the
pellets from cells transfected with wild-type PDI or
dnPDI (Fig. 3R), and a significantly lower amount of
insoluble Tau aggregates was observed in cells
expressing PDI than did in control cells (0.324 ±
0.012 for Tau þ PDI versus 1.000 ± 0.010 for Tau
alone, p ¼ 0.00011; 0.305 ± 0.053 for Tau þ dnPDI
versus 1.000 ± 0.010 for Tau alone, p ¼ 0.000011)
(Fig. 3S). We found that PDI exhibited a similar but
weaker inhibitory effect on DK280 aggregation than
that on full-length Tau aggregation (Fig. 2 and S3, R
and S). A significantly lower amount of insoluble
DK280 aggregates was observed in cells expressing
PDI than did in control cells (0.499 ± 0.072 for
DK280þ PDI versus 1.000 ± 0.008 for DK280 alone,
p ¼ 0.0047; 0.318 ± 0.018 for DK280 þ dnPDI
versus 1.000 ± 0.008 for DK280 alone,
p ¼ 0.00000015) (Fig. S3S). Therefore, abnormal
aggregation of Tau was significantly inhibited by
both wild-type PDI and its quadruple cysteine mutant
only having chaperone activity. Together, these
results demonstrate that PDI significantly inhibits
Tau phosphorylation and aggregation in cells by
acting as a chaperone.

PDI protects against mitochondrial damage in
cells caused by Tau aggregation and induced by
Tau oligomers

To address the questions of the relationship
between Tau aggregation and mitochondrial
damage, we used transmission electron microscopy
(TEM) [67,68] to study the influences of expressed
Tau onmitochondrial damage and expressed PDI on
mitochondrial dynamics in HEK-293T cells incu-
bated with 5 mM wild-type full-length Tau oligomers
(Fig. 3). HEK-293T cells stably expressing DK280 of
full-length Tau were cultured for 2 days, then
transiently expressed HA-tagged wild-type PDI
(Fig. 3GeI) or HA-tagged dnPDI (Fig. 3JeL) and
incubated with 5 mM Tau oligomers for 2 days. HEK-
293T cells stably expressing DK280 and directly
incubated with 5 mM Tau oligomers for 2 days were
used as a negative control (Fig. 3DeF). HEK-293T
cells transfected with an empty vector and incubated
with HEPES buffer were used as a positive control
(Fig. 3AeC). The morphology of normal mitochon-
dria in cells incubated with HEPES buffer (Fig. 3B
and C) or in cells stably expressing DK280 and
transiently expressing wild-type PDI (Fig. 3I) or
dnPDI (Fig. 3K and L) incubated with 5 mM Tau
oligomers, highlighted by blue arrows, was tubular or
round. Tau oligomer treatment caused severe
mitochondrial impairment in cells expressing
DK280, most of the mitochondria in the cells
(~70%) became swollen and vacuolized, and the
mitochondrial cristae were broken, which is high-
lighted by green arrows (Fig. 3E and F). In contrast,
Tau oligomer treatment did not cause severe
mitochondrial impairment in cells stably expressing
DK280 and transiently expressing wild-type PDI
(Fig. 3H and I) or dnPDI (Fig. 3K and L), and only



2147Chaperone Modulates Tau Phase Separation and Toxicity
a small number of mitochondria with swollen cristae
or with disarranged cristae were observed in the
cells (highlighted by red arrows) (Fig. 3HeI and K-L).
Quantification of TEM images performed on three
biological replicates show that both wild-type PDI
and dnPDI protect against mitochondrial damage in
cells caused by aberrant aggregation of Tau and are
induced by Tau oligomers (Fig. S5). A significantly
lower number of normal mitochondria was observed
in cells expressing DK280 than did in control cells
(0.334 ± 0.044 for DK280 versus 0.854 ± 0.014 for
the control, p ¼ 0.000021) (Fig. S5). By contrast, a
significantly higher number of normal mitochondria
was observed in cells expressing both DK280 and
PDI than did in the control cells expressing DK280
alone (0.636 ± 0.014 for DK280 þ PDI versus
0.334 ± 0.044 for DK280 alone, p ¼ 0.00018;
0.640 ± 0.056 for DK280 þ dnPDI versus 0.334 ±
0.044 for DK280 alone, p ¼ 0.00025) (Fig. S5).
Collectively, these data demonstrate that Tau
Fig. 4. Both wild-type PDI and its quadruple cysteine mutan
aberrant aggregation. SH-SY5Y (AeC) and HEK-293T (DeF
were cultured for 2 days. These cells were then transiently ex
dnPDI (C and F) and incubated with 5 mM Tau oligomers for 2
days (A and D). SH-SY5Y (A) and HEK-293T (D) cells stably e
Tau oligomers were used as controls. The percentage of ap
quadrants distinguished by annexin V-FITC/PI staining repre
quadrant), late apoptotic cells (D2 quadrant) and operation-da
oligomers cause much more severe mitochondrial
impairment in the negative control cells than in cells
expressing wild-type PDI or dnPDI. Therefore, PDI
acts as a chaperone and protects against mitochon-
drial damage in cells caused by Tau aggregation and
induced by Tau oligomers.

PDI significantly decreases Tau cytotoxicity
resulting from Tau aberrant aggregation

To examine the role of Tau aggregation in
cytotoxicity, we used flow cytometry with annexin
V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) staining [59,60,69e71] to study the
influences of expressed Tau and PDI on toxicity in
living cells incubated with 5 mM Tau oligomers
(Fig. 4). SH-SY5Y (Fig. 4AeC) and HEK-293T
(Fig. 4DeF) cells stably expressing DK280 of full-
length Tau were cultured for 2 days, then transiently
expressed HA-tagged wild-type PDI (Fig. 4B and E)
t significantly decrease Tau cytotoxicity resulting from Tau
) cells stably expressing DK280 of full-length human Tau
pressed HA-tagged wild-type PDI (B and E) or HA-tagged
days, or directly incubated with 5 mM Tau oligomers for 2
xpressing DK280 of full-length Tau directly incubated with
optotic cells was determined by flow cytometry. The four
sent viable cells (D3 quadrant), early apoptotic cells (D4
maged cells (D1 quadrant).
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or HA-tagged dnPDI (Fig. 4C and F) and incubated
with 5 mM Tau oligomers for 2 days. SH-SY5Y and
HEK-293T cells stably expressing DK280 and
directly incubated with 5 mM Tau oligomers for 2
days were used as negative controls (Fig. 4A and D).
The percentage of early apoptotic cells among
negative control living cells treated with 5 mM Tau
oligomers for 2 days was 5.92% (Fig. 4A), which was
significantly higher than that in SH-SY5Y cells
treated with 5 mM Tau oligomers and expressing
both DK280 and wild-type PDI (Fig. 4B, 1.73%) or
dnPDI (Fig. 4C, 1.56%). We suspected that PDI
blocked the intrinsic ability of Tau oligomers to
induce apoptosis in cells. To test this hypothesis, we
Fig. 5. Liquid-liquid phase separation of Tau is modulated
(AeR) 100 mM DK280 of human Tau fragment Tau244-372 was
100 mM NaCl, 25 mM heparin and 12.5% Ficoll 70 (AeC and
100 mMwild-type PDI (DeF and MeO) or 100 mM SNO-PDI (Ge
for 30 min. (AeI) DK280 was labeled by TAMRA (red fluores
(Bright: purple; Merge: red) were observed by confocal microsc
stained with 100 mM ThT (cyan fluorescence), and liquid drople
microscopy, with excitation at 440 nm. The scale bars represen
different-size liquid droplets of 100 mM DK280 labeled with TA
wild-type PDI (red)/100 mM SNO-PDI (blue). All protein phase s
results were reproducible.
used one different cell type. The percentage of early
apoptotic cells among negative control living cells
treated with 5 mM Tau oligomers for 2 days was
12.54% (Fig. 4D), which was also significantly higher
than that in HEK-293T cells treated with 5 mM Tau
oligomers and expressing both DK280 and wild-type
PDI (Fig. 4E, 1.18%) or dnPDI (Fig. 4F, 3.44%).
Interestingly, when treated with Tau oligomers,
DK280-expressing cells, cells expressing both
DK280 and wild-type PDI, and cells expressing
both DK280 and dnPDI all showed similar rates of
late apoptosis (Fig. 4AeC for SH-SY5Y cells, 1.20%,
1.05%, and 0.97% respectively; Fig. 4DeF for HEK-
293T cells, 3.37%, 1.68%, and 2.38% respectively).
by PDI and S-nitrosylation of this molecular chaperone.
incubated with 10 mM HEPES buffer (pH 7.4) containing
JeL) or incubated with the same buffer further containing
I and PeR) on ice to induce liquid-liquid phase separation
cence), and liquid droplets of 100 mM DK280 in HEPES
opy, with excitation at 546 nm. (JeR) DK280 in liquids was
ts of DK280 (Merge: cyan) were observed by DIC confocal
t 4 mm. Histograms showing the distribution of the counts of
MRA (S) or stained by ThT (T) in HEPES (black)/100 mM
eparation experiments were repeated three times, and the
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Collectively, these data demonstrate that Tau
oligomers cause much more severe early apoptosis
in the negative control cells than in cells expressing
wild-type PDI or dnPDI. Therefore, PDI acts as a
chaperone and significantly decreases cytotoxicity
caused by Tau aggregation and induced by Tau
oligomers.
Fig. 6. Characterization of S-nitrosylated PDI by mass sp
(50 mg) was treated with S-nitrosocysteine at a molar ratio of 1:1
allow S-nitrosylation to occur. 20 mM S-methyl methanethiosul
excess MMTS was removed by ice-cold acetone precipitatio
modification sites of PDI were reduced by 20 mM ascorbate a
labeling kit (Thermo Scientific). 20 mM DTT was added to
iodoacetamide. The sample was then digested by trypsin (0.
acidified by the addition of trifluoroacetic acid after digestion. W
frozen and lyophilized peptides using a vacuum concentrator. I
TMT resin and then analyzed with nano-LC-MS/MS. An
K309EECPAVR316 digested by trypsin (A and B). Analysis of
IodoTMT6plex (þ329.23 Da) (A and B), demonstrating S-nitros
(D) representations of the structure of oxidized wild-type huma
domains a (the left bottom) and a’ (the right bottom), domain b
domain b’ (the right top) (PDB entry 4EL1) [46]. Human PDI has
Cys-343) are present as free cysteines (C). Two disulfide bon
between Cys-397 and Cys-400. (C and D) Cys-312 is a reactiv
343 is deeply buried inside this enzyme.
Liquid-liquid phase separation of Tau is modu-
lated by PDI and S-nitrosylation of this molecu-
lar chaperone

Crowding agents can be used to mimic the cellular
crowding environment where liquid-liquid phase
separation of Tau occurs [24]. For mimicking the
ectrometry. To produce SNO-PDI, purified wild-type PDI
00 (A) or 500 mMS-nitrosoglutathione (B) for 1 h at 25 �C to
fonate (MMTS) was added to block free cysteine thiols, and
n followed by centrifugation at 2000 g for 10 min. SNO
nd labeled with iodoTMT-127 according to the iodoTMT™
quench the reaction, and the sample was treated with
4 mg trypsin per 1 mg of protein) at 37 �C overnight and
e cleaned up peptides using 50 mg C18 SPE columns, and
odoTMT reagent-labeled peptides were enriched with anti-
MS2 analysis of IodoTMT6plex-labeled parent peptide
the y-ions indicates irreversible labeling of SNO-Cys with
ylation of Cys-312 in wild-type PDI. Ribbon (C) and surface
n PDI (green) (residues 18e479) containing two catalytic
(the left top), and a large hydrophobic pocket embedded in
six cysteine residues (orange), two of which (Cys-312 and
ds (orange) are formed between Cys-53 and Cys-56, and
e Cys residue half exposed on the surface, whereas Cys-
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Tau phase separation in vivo, polyanionic cofactors,
such as heparin, have been used to induce the Tau
phase separation in vitro [24]. In this article, we used
confocal microscopy to study the influences of
crowding environment, and heparin on the formation
of Tau phase-separated droplets. 100 mM DK280 of
Tau244-372, the microtubule binding region of Tau,
labeled by 5(6)-carboxy-tetramethylrhodamine N-
succinimidyl ester (TAMRA, red fluorescence), was
incubated with 10 mM HEPES buffer (pH 7.4)
containing 100 mM NaCl, 25 mM heparin, and
12.5% Ficoll 70 on ice to induce liquid-liquid phase
separation for 30 min. DK280 formed liquid droplets
(Bright: purple; Merge: red) in HEPES buffer contain-
ing both a crowding agent and heparin (Figs. 5AeC,
S6A, S6D, and S7AeC). Because Ficoll 70 is a
copolymer of two short building blocks sucrose and
epichlorohydrin [72], sucrose was used as a control
for this crowding agent. 100 mM DK280 was
incubated with 10 mM HEPES buffer (pH 7.4)
containing 100 mM NaCl, 25 mM heparin, and
12.5% sucrose or incubated with HEPES containing
100 mM NaCl, 12.5% Ficoll 70, and no heparin, on
ice for 30 min as controls. DK280 did not form liquid
droplets in HEPES buffer in the absence of a
crowding agent or heparin (Fig. S6B, C, E, and F).
We conclude that crowding environment and heparin
are important for liquid-liquid phase separation of
Tau.
In neurodegenerative diseases, pathological fibrils

could arise from liquid droplets [16,24,73]. To
understand why PDI suppresses Tau aggregation
and toxicity in cells (this work) and how aberrantly S-
nitrosylated PDI contributes to the pathogenesis of
AD and related neurodegenerative diseases
[48,50e53,74,75], we first tested the hypothesis
that liquid-liquid phase separation of Tau, which
initiates Tau aggregation [24,26], might be modu-
lated by PDI and S-nitrosylation of this chaperone.
100 mM DK280 of Tau244-372 was incubated with
10 mM HEPES buffer (pH 7.4) containing 100 mM
NaCl, 25 mM heparin, and 12.5% Ficoll 70 (Figs. 5
and S7, AeC and JeL) or incubated with the same
buffer further containing 100 mM oxidized wild-type
PDI (Figs. 5 and S7, DeF and MeO) or 100 mM S-
nitrosylated PDI (SNO-PDI) (Figs. 5 and S7, GeI
and PeR) on ice to induce liquid-liquid phase
separation for 30 min. SNO-PDI was produced by
the reaction of oxidized wild-type PDI with the
physiological NO donor S-nitrosocysteine [50] and
characterized by nano-LC-MS/MS. Analysis of the y-
ions in Fig. 6A and B indicated irreversible labeling of
SNO-Cys-312 of oxidized wild-type PDI with
IodoTMT6plex (þ329.23 Da). Cartoon and surface
structures of oxidized wild-type PDI (PDB entry
4EL1) [46] show this enzyme has six cysteine
residues, two of which (Cys-312 and Cys-343) are
present as free cysteines and located in domain b’
(Fig. 6C and D). Two disulfide bonds (orange) are
formed between Cys-53 and Cys-56 in the catalytic
domain a, and between Cys-397 and Cys-400 in the
catalytic domain a’ (Fig. 6C). Cys-312, the most
solvent-exposed Cys in PDI, is a reactive Cys
residue half exposed on the surface, whereas Cys-
343 is deeply buried inside this enzyme (Fig. 6C and
D). Together, these results demonstrate that Cys-
312 of PDI is S-nitrosylated when treated with S-
nitrosocysteine or S-nitrosoglutathione (Fig. 6). No
other damage was observed during S-nitrosylation
of PDI (Fig. 6). Thus, our results would be compatible
with the idea that the protein in vivo is modified in low
abundance. DK280 was labeled with TAMRA (red),
and liquid droplets of DK280 in HEPES (Bright:
purple; Merge: red) were observed by confocal
microscopy with excitation at 546 nm (Figs. 5 and
S7, AeI). DK280 in liquids was also stained with
thioflavin T (ThT, cyan), a fluorescent dye that
specifically binds to b-sheet structures of liquids
[24,26,31] or fibrils [2,59,60,69], and liquid droplets
of DK280 (Merge: cyan) were observed by differ-
ential interference contrast (DIC) confocal micro-
scopy with excitation at 440 nm (Figs. 5 and S7,
JeR). DK280 formed abundant liquid droplets with
diameters of 2e4 mm and b-sheet-rich structures in
HEPES buffer containing Ficoll 70, heparin, and no
PDI (Figs. 5 and S7, AeC and JeL). However,
DK280 produced only a small number of liquid
droplets with less b-sheet structures and smaller
sizes (~1 mm) in HEPES buffer containing Ficoll 70,
heparin, and wild-type PDI (Figs. 5 and S7, DeF and
MeO). Either the number or the ThT fluorescence
intensity of DK280 phase-separated droplets in the
presence of wild-type PDI was much less than that in
the absence of PDI (Figs. 5 and S7, AeF and JeO).
Interestingly, DK280 also formed abundant liquid
droplets with sizes of 2e4 mm and cross-b rich
structures in HEPES buffer containing Ficoll 70,
heparin, and SNO-PDI (Figs. 5 and S7, GeI and
PeR). Quantification of images of liquid droplets of
DK280 labeled with TAMRA or stained by ThT
shows that SNO-PDI protects against a sharp
decrease in the counts of liquid droplets with sizes
ranging from 1 to 2 mm to >4 mm caused by wild-type
PDI (Figs. 5 and S7, S and T). Together, these
results demonstrate that PDI, which directly interacts
with Tau in cells, acts as a Tau chaperone and
suppresses the formation of Tau phase-separated
droplets, but S-nitrosylation of PDI antagonizes this
inhibitory effect. Therefore, liquid-liquid phase
separation of Tau is modulated by PDI and S-
nitrosylation of this molecular chaperone.

Liquid droplets of Tau selectively recruit wild-
type PDI, but S-nitrosylation of this molecular
chaperone abrogates the recruitment

To understand how liquid-liquid phase separation
of Tau is modulated by PDI and its S-nitrosylation,



Fig. 7. Liquid droplets of Tau selectively recruit wild-type PDI, but S-nitrosylation of this molecular chaperone abrogates
the recruitment. (AeT) 100 mM DK280 of Tau244-372 was incubated with 10 mM HEPES buffer (pH 7.4) containing 100 mM
NaCl, 25 mM heparin and 12.5% Ficoll 70 (AeD) or incubated with the same buffer further containing 100 mMwild-type PDI
(EeH) or 100 mM SNO-PDI (IeL) or 100 mM Hsp70 (MeP) or 100 mM BSA (QeT) on ice to induce liquid-liquid phase
separation for 30 min. DK280 was labeled by TAMRA (red fluorescence). (AeD) DK280 in liquids was stained with 100 mM
ThT (cyan fluorescence), and liquid droplets of DK280 (red; Merge: pink) were observed by DIC confocal microscopy, with
excitation at 546 nm and 440 nm, respectively. (EeH) Wild-type PDI was labeled by ATTO 647 (green fluorescence), and
liquid droplets of DK280 (red; Merge: light yellow) were observed by DIC confocal microscopy, with excitation at 546 nm
and 647 nm, respectively. (IeL) SNO-PDI was labeled by FITC (green fluorescence), and liquid droplets of DK280 (red;
Merge: dark pink) were observed by DIC confocal microscopy, with excitation at 546 nm and 488 nm, respectively. (MeP)
Hsp70, a typical molecular chaperone, and positive control, were also labeled by FITC, and liquid droplets of DK280
(Merge: light yellow tinged orange) were observed by DIC confocal microscopy. (QeT) BSA, a negative control, was also
labeled by FITC, and liquid droplets of DK280 (Merge: dark red) were observed by DIC confocal microscopy. (UeX) Wild-
type PDI was labeled by ATTO 647, and neither phase separation nor ThT staining for 100 mM wild-type PDI in HEPES
was observed by DIC confocal microscopy, with excitation at 647 nm and 440 nm, respectively. 100 mMwild-type PDI was
incubated with 10 mM HEPES buffer (pH 7.4) containing 100 mM NaCl, 25 mM heparin, and 12.5% Ficoll 70 on ice for
30 min as controls. The scale bars represent 2 mm. All protein phase separation experiments were repeated three times,
and the results were reproducible.
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we next tested the hypothesis that liquid droplets of
Tau might selectively recruit PDI and S-nitrosylation
of this chaperone might modulate the recruitment.
100 mM DK280 of Tau244-372 was incubated with
10 mM HEPES buffer (pH 7.4) containing 100 mM
NaCl, 25 mM heparin, and 12.5% Ficoll 70 (Figs. 7,
S8, and S9, AeD) or incubated with the same buffer
further containing 100 mM wild-type PDI (Figs. 7, S8,
and S9, EeH) or 100 mM SNO-PDI (Figs. 7, S8, and
S9, IeL) or 100 mM Hsp70 (Figs. 7, S8, and S9,
MeP) or 100 mM bovine serum albumin (BSA)
(Figs. 7, S8, and S9, QeT) on ice to induce liquid-
liquid phase separation for 30 min. DK280 was
labeled by TAMRA (red), DK280 in liquids was
stained with ThT (cyan), and liquid droplets of DK280
(red; Merge: pink) were observed DIC confocal
microscopy with excitation at 546 nm and 440 nm,
respectively (Figs. 7, S8, and S9, AeD). Once again,
DK280 formed liquid droplets with diameters of
2e4 mm and b-sheet-rich structures in HEPES buffer
containing Ficoll 70, heparin, and no PDI (Figs. 7,
S8, and S9, AeD). DK280 and wild-type PDI were
labeled with TAMRA and ATTO 647 (green fluores-
cence), respectively, and liquid droplets of DK280
(red; Merge: light yellow) were observed DIC
confocal microscopy with excitation at 546 nm and
647 nm, respectively (Figs. 7, S8, and S9, EeH).
DK280 and SNO-PDI were labeled with TAMRA and
FITC (green fluorescence), respectively, and liquid
droplets of DK280 (red; Merge: dark pink) were
observed DIC confocal microscopy with excitation at
546 nm and 488 nm, respectively (Figs. 7, S8, and
S9, IeL). DIC and fluorescence images show that
wild-type PDI was recruited and concentrated into
liquid droplets of DK280 with smaller sizes (~1 mm)
(Figs. 7, S8, and S9, EeH). However, SNO-PDI was
excluded from liquid droplets of DK280 with dia-
meters of 2e4 mm. Instead, SNO-PDI was evenly
distributed in the dilute phase (Figs. 7, S8, and S9,
IeL). Hsp70, a typical chaperone, was used as a
positive control. DK280 and Hsp70 were labeled with
TAMRA and FITC (green), respectively, and liquid
droplets of DK280 (red; Merge: light yellow tinged
orange) were observed DIC confocal microscopy
with excitation at 546 nm and 488 nm, respectively
(Figs. 7, S8, and S9, MeP). Similar to wild-type PDI,
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Hsp70 was also recruited and concentrated into
liquid droplets of DK280 with smaller sizes (Figs. 7,
S8, and S9, MeP). BSA was used as a negative
control. DK280 and BSA were labeled with TAMRA
and FITC (green), respectively, and liquid droplets of
DK280 (red; Merge: dark red) were observed DIC
confocal microscopy with excitation at 546 nm and
488 nm, respectively (Figs. 7, S8, and S9, QeT).
Similar to SNO-PDI, BSA was also excluded from
liquid droplets of DK280 with diameters of 2e4 mm.
Fig. 8. Dynamics of Tau phase-separated droplets is modula
(AeO) Time course of FRAP after internal photobleaching of liq
10 mM HEPES buffer (pH 7.4) containing 100 mM NaCl, 25 mM
the same buffer further containing 100 mM wild-type PDI (F-J
photobleaching is marked by a black square. Prebleaching rep
time 0 indicates that for photobleaching (B, G, and L). The
corresponding recovery image (CeE, HeJ, and MeO). DK280
phase separation for 30 min and hydrogel formation for 10 day
both liquid droplets (red, AeO) and hydrogels (purple, PeR, th
The scale bars represent 2 mm for AeO and 500 mm for Pe
bleached region over time (open circle) were normalized again
lines show the best single exponential fit for the fluorescence
incubated with HEPES (P) or incubated with wild-type PDI (Q)
(1.64± 0.05)� 10�2 s�1 or (5.67± 0.05)� 10�2 s�1 or (6.04±
10% or 0% or 12%. The inset in PeQ shows that wild-type PDI
S-nitrosylation of PDI abrogates the inhibition. All FRAP expe
reproducible.
Instead, BSA was evenly distributed in the dilute
phase (Figs. 7, S8, and S9, QeT). Therefore, the
specific interaction between Tau and wild-type PDI
was once again observed. Furthermore, control
experiments showed that wild-type PDI did not
form liquid droplets in HEPES buffer containing
Ficoll 70 and heparin and could not be stained by
ThT (Figs. 7, S8, and S9, UeX). Wild-type PDI was
labeled with ATTO 647 (green fluorescence) and
stained with ThT (cyan), neither phase separation
ted by PDI and S-nitrosylation of this molecular chaperone.
uid droplets of 100 mM DK280 of Tau244-372 incubated with
heparin and 12.5% Ficoll 70 (A-E and P) or incubated with
and Q) or 100 mM SNO-PDI (KeO and R). The internal
resents the time before photobleaching (A, F, and K) and
fluorescence recovery time is indicated on top of the
was incubated with HEPES on ice to induce liquid-liquid
s. DK280 was labeled by TAMRA (red fluorescence), and
e inset) of DK280 were observed by confocal microscopy.
R, the inset. (PeR) Fluorescence intensity changes in a
st the first time point before photobleaching. The solid red
intensity-time curves. FRAP of liquid droplets of DK280
or SNO-PDI (R) revealed a fluorescence recovery rate of
0.06)� 10�3 s�1 with an immobile Taumolecule fraction of
remarkably reduced the number of hydrogels of DK280, but
riments were repeated three times, and the results were
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nor ThT staining for 100 mM wild-type PDI in HEPES
was observed by DIC confocal microscopy with
excitation at 647 nm and 440 nm, respectively.
Instead, wild-type PDI was evenly distributed in the
dilute phase (Figs. 7, S8, and S9, UeX). Together,
these results demonstrate that liquid droplets of Tau
selectively recruit wild-type PDI, but S-nitrosylation
of this molecular chaperone abrogates the
recruitment.

Dynamics of Tau phase-separated droplets is
modulated by PDI and S-nitrosylation of this
molecular chaperone

We have shown that wild-type PDI is selectively
recruited by liquid droplets of Tau and significantly
inhibits Tau phase separation, but S-nitrosylation of
PDI antagonizes the recruitment and inhibition.
Recently, fluorescence recovery after photobleach-
ing (FRAP) of a fraction of Tau droplets has been
used to evaluate the mobility and dynamics of Tau
molecules in the droplets [24,25,30,32,34]. We then
analyzed the dynamics of Tau molecules within the
liquid droplets of 100 mM DK280 of Tau244-372
incubated with 10 mM HEPES buffer (pH 7.4)
containing 100 mM NaCl, 25 mM heparin, and
12.5% Ficoll 70 (Figs. 8 and S10, AeE and P) or
incubated with the same buffer further containing
100 mM wild-type PDI (Figs. 8 and S10, FeJ and Q)
or 100 mM SNO-PDI (Figs. 8 and S10, KeO and R)
by FRAPmeasurements. DK280 was incubated with
HEPES on ice to induce liquid-liquid phase separa-
tion for 30 min and hydrogel formation for 10 days
(Figs. 8 and S10). DK280 was labeled with TAMRA
(red), and both liquid droplets (red, Figs. 8 and S10,
AeO) and hydrogels (purple, Fig. 8PeR, the inset) of
DK280 were observed by confocal microscopy.
Fluorescence intensity changes in a bleached region
over time (open circle) were plotted, and the solid red
lines show the best single exponential fit for the
fluorescence intensity-time curves (Figs. 8 and S10,
PeR). After photobleaching of DK280 droplets
formed in HEPES buffer containing Ficoll 70,
heparin, and no PDI, a two-third recovery of the
Tau fluorescence was observed when the fluores-
cence recovery time was 120 s, and a relatively slow
recovery rate of (1.64 ± 0.05) � 10�2 s�1 or (5.37 ±
0.62) � 10�3 s�1 with about 10% of immobile Tau
molecule fraction in the droplets was also observed
(Figs. 8 and S10, AeE and P). After photobleaching
of DK280 droplets formed in HEPES buffer contain-
ing Ficoll 70, heparin, and wild-type PDI, however, a
complete recovery of the Tau fluorescence was
observed when the fluorescence recovery time was
60 s, and a recovery rate of (5.67 ± 0.05)� 10�2 s�1

or (3.41 ± 0.06) � 10�2 s�1 that was about 5-fold
faster than that in the absence of PDI, with an ~0%
immobile Tau molecule fraction in the droplets, was
also observed (Figs. 8 and S10, FeJ and Q).
Interestingly, after photobleaching of DK280 droplets
formed in HEPES buffer containing Ficoll 70,
heparin, and SNO-PDI, a half-recovery of the Tau
fluorescence was observed when the fluorescence
recovery time was 120 s, and a recovery rate of
(6.04 ± 0.06) � 10�3 s�1 or (3.38 ± 0.05) � 10�3

s�1 that was similar to that in the absence of PDI,
with an ~12% immobile Tau molecule fraction in the
droplets, was also observed (Figs. 8 and S10, KeO
and R). The inset in Fig. 8PeR shows that wild-type
PDI remarkably reduced the number of hydrogels of
DK280, but SNO-PDI did not reduce the number of
hydrogels of DK280. Together, these results demon-
strate that PDI remarkably accelerates FRAP of
liquid droplets of Tau and significantly inhibits the
phase transition of Tau from liquid droplets to
hydrogels, but S-nitrosylation of PDI abrogates the
acceleration and inhibition. Therefore, the dynamics
of Tau phase-separated droplets is modulated by
PDI and S-nitrosylation of this molecular chaperone.

Wild-type PDI significantly inhibits stress gran-
ule formation of Tau in cells

We have shown that wild-type PDI, which directly
interacts with Tau in cells, acts as a Tau chaperone,
and suppresses the formation of Tau phase-sepa-
rated droplets. We next tested the hypothesis that
wild-type PDI might suppress stress granule forma-
tion of Tau in cells. HEK-293T cells transiently
expressing full-length Tau labeled by EGFP (green)
with endogenous TIA-1, cultured for 1 day, then
incubated with 0 (Fig. 9AeE) or 500 mM sodium
arsenite for 45 min (Fig. 9FeJ), were immunostained
with the anti-TIA-1 antibody (magenta), stained with
DAPI (blue), and observed by confocal microscopy.
HEK-293T cells transiently expressing both full-
length Tau labeled by EGFP and HA-tagged wild-
type PDI with endogenous TIA-1, cultured for 1 day,
then incubated with 0 (Fig. 9KeO) or 500 mM
NaAsO2 for 45 min (Fig. 9PeT), were also immu-
nostained with the anti-HA antibody (red) and anti-
TIA-1 antibody (magenta), stained with DAPI (blue),
and observed by confocal microscopy. Magenta
dots indicated TIA-1-positive stress granules formed
in HEK-293T cells under stress conditions (Fig. 9H
and R). In unstressed conditions, TIA-1 was evenly
distributed in cells (Fig. 9C and M). We used white
arrows to highlight TIA-1-positive stress granules
containing Tau in HEK-293T cells in stress condi-
tions and found that wild-type PDI remarkably
reduces the number of stress granules per cell
(Fig. 9G, H, J, Q, R, and T). Quantification of images
of TIA-1-positive stress granules performed on 3
biological replicates show that wild-type PDI sig-
nificantly inhibits stress granule formation of Tau in
cells (Fig. S11).



Fig. 9. Wild-type PDI significantly inhibits stress granule formation of Tau in cells. HEK-293T cells transiently
expressing full-length human Tau labeled by EGFP (green) with endogenous TIA-1 were cultured for 1 day, then incubated
with 0 (A-E, unstressed) or 500 mM sodium arsenite for 45 min (FeJ), fixed, permeabilized, immunostained with the anti-
TIA-1 antibody (magenta), stained with DAPI (blue), and observed by confocal microscopy. HEK-293T cells transiently
expressing both full-length Tau labeled by EGFP (green) and HA-tagged wild-type PDI with endogenous TIA-1 were also
cultured for 1 day, then incubated with 0 (KeO, unstressed) or 500 mM NaAsO2 for 45 min (PeT), fixed, permeabilized,
immunostained with the anti-HA antibody (red) and anti-TIA-1 antibody (magenta), stained with DAPI (blue), and observed
by confocal microscopy. We have replaced images B, G, L, and Q with better-quality images. White arrows were used to
highlight TIA-1-positive stress granules containing Tau in HEK-293T cells (G, H, J, Q, R, and T), and magenta dots
indicated TIA-1-positive stress granules formed in HEK-293T cells under stress conditions (H and R). The scale bars
represent 10 mm.
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Discussion

Recently, Tau has been reported to be able to
undergo liquid-liquid phase separation and the
subsequent fibril formation [24e34]. This article
examines the influence of PDI, acting as a chaper-
one, on various properties of Tau, including aggre-
gation, toxicity, and fluidity. The modulation of these
properties by S-nitrosylation of PDI is also reported.
Previous reports have shown that PDI is colocalized
with Tau in NFTs, accompanied by a decrease in the
expression level of PDI [52,53], but the mechanism
behind this phenomenon and the impact of S-
nitrosylation of PDI on the pathogenesis of neuro-
degenerative diseases [48,50e53,74,75] are largely
unknown. In the present study, we observed a
specific interaction between Tau and wild-type PDI
in liquid droplets of Tau and in living cells. One
striking observation was that PDI not only signifi-
cantly inhibited Tau phosphorylation and aggrega-
tion in cells but also significantly decreased Tau
cytotoxicity resulting from Tau aberrant aggregation.
We showed that PDI is recruited by liquid droplets of
Tau, which inhibits phase separation and stress
granule formation. The phase separation of mis-
folded proteins is increasingly implicated in neuro-
degeneration [10e34], and this article raises very
interesting questions. We propose that molecular
chaperones can be recruited to liquid droplets of Tau
to inhibit Tau accumulation in the droplets and that
cells are able to use chaperones to prevent the
accumulation of misfolded proteins in stress gran-
ules. The following experiments support this view-
point. Transportin 1, a molecular chaperone, has
been reported to be recruited to stress granules
containing FUS, and increased Transportin 1
expression inhibits FUS accumulation in stress
granules [21,22]. HspB8 and Hsp70 have been
observed to be specifically recruited into stress
granules; these chaperones neutralize misfolded
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proteins in aberrant stress granules [20,43]. More
importantly, we found that S-nitrosylated PDI, a
disease-associated PDI, was excluded from liquid
droplets of Tau and relatively immune to interactions
with Tau. We propose that aberrant modification of
PDI by S-nitrosylation of Cys-312 can abrogate its
ability to recognize and recruit targeted proteins.
FRAP can be used to assess the transition of

proteins, such as Tau, from a reversible liquid state
to a gel-like state of higher viscosity, which is
characterized by a decrease in fluorescence recov-
ery rates in the gel state [15,24]. In the present study,
when we photobleached Tau droplets formed after
the recruitment of wild-type PDI, they recovered
rapidly and completely with a fluorescence recovery
rate of (5.67 ± 0.05) � 10�2 s�1 or (3.41 ±
0.06) � 10�2 s�1, which was about 5-fold faster
than the recovery rate of (1.64 ± 0.05)� 10�2 s�1 or
(5.37 ± 0.62)� 10�3 s�1 before the recruitment, and
the latter had a ~10% immobile Tau molecule
fraction in the droplets. However, when we photo-
bleached Tau droplets formed in the presence of
SNO-PDI, they recovered slowly and incompletely
Fig. 10. A hypothetical model shows how PDI and S-nit
separation and cytotoxicity of Tau. (B) In the brain of healt
separation, phase transition, and fibril formation of Tau by
cytotoxicity resulting from Tau abnormal aggregation. (B) M
ellipsoids), and filaments (ribbon structure) are formed from Ta
PDI than in the absence of PDI. (A) In the brain of AD patients,
this chaperone, not only abrogates its ability to inhibit the phase
also abrogates its ability to decrease Tau cytotoxicity. Much mo
presence of SNO-PDI than in the presence of wild-type PDI.
with a fluorescence recovery rate of (6.04 ±
0.06) � 10�3 s�1 or (3.38 ± 0.05) � 10�3 s�1,
which was similar to that before the recruitment, and
the former had about 12% immobile Tau molecule
fraction in the droplets. We found that liquid droplets
of Tau formed after the recruitment of wild-type PDI
were much more difficult to be photobleached than
those formed before the recruitment or those formed
in the presence of SNO-PDI, so that only a small
portion of a droplet (about 25%) was bleached.
Therefore, we demonstrated that wild-type PDI
significantly enhanced the mobility and dynamics of
Tau molecules in the droplets, but SNO-PDI did not
have remarkable effects on the mobility and
dynamics. We also demonstrated that wild-type
PDI significantly inhibited the phase transition of
Tau from liquids (liquid droplets) to hydrogels, but
SNO-PDI did not inhibit such a phase transition. We
propose that the recruitment of molecular chaper-
ones, such as Hsp70 and PDI, can significantly
enhance the mobility and dynamics of targeted
proteins in liquid droplets to maintain the liquidity of
membrane-less organelles formed by liquid-liquid
rosylation of this molecular chaperone modulate phase
hy people, wild-type PDI significantly inhibits the phase
acting as a chaperone and significantly decreases Tau
uch fewer Tau droplets (green balls), hydrogels (green
u monomers (magenta ropes) in the presence of wild-type
PDI is S-nitrosylated (SNO-PDI), and the S-nitrosylation of
separation, phase transition, and fibril formation of Tau but
re Tau droplets, hydrogels, and filaments are formed in the
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phase separation and to prevent the accumulation of
misfolded proteins in the organelles. The following
experiments support this viewpoint. The HspB8-
BAG3-Hsp70 chaperone complex has been
reported to maintain the dynamics of stress granules
by preventing defective ribosomal product accumu-
lation inside the granules [43]. Molecular chaper-
ones, including Hsp70, have been observed to be
recruited at PML nuclear bodies to maintain the
dynamics of PML nuclear bodies by clearing
misfolded proteins [76].
The following findings of our study have advanced

the field of the phase separation and phase transition
of proteins in neurodegenerative diseases
[10e15,73]. First, we found that wild-type PDI
significantly inhibited not only the phase separation
and phase transition of Tau but also the subsequent
fibril formation of Tau by acting as a molecular
chaperone (Fig. 10B). This finding is confirmed by
o u r d e m o n s t r a t i o n t h a t a s p e c i f i c
interaction between Tau and wild-type PDI resulted
in the recruitment of this chaperone into Tau droplets
that significantly inhibited not only the liquid-liquid
phase separation of Tau but also the formation of the
b-sheet conformation of Tau droplets. This finding is
also confirmed by our demonstration that much
fewer Tau droplets, hydrogels, and filaments were
formed in the presence of wild-type PDI than in the
absence of PDI (Fig. 10B). Second, we revealed that
Tau after the recruitment of wild-type PDI had
significantly weaker aggregation ability in cells than
that before the recruitment and protected against
mitochondrial damage in cells caused by Tau
aggregation. Third, we observed that wild-type PDI
significantly decreased Tau aggregation-induced
apoptosis and cytotoxicity (Fig. 10). Mitochondrial
damage and Tau cytotoxicity are key functional
consequences of liquid-liquid phase separation and
aggregation of Tau. Tau aggregation under patholo-
gical conditions causes mitochondrial damage in
cells, and mitochondrial dysfunction further
enhances Tau aggregation in cells, and finally
causes Tau cytotoxicity. Finally, we showed that S-
nitrosylation of PDI not only abrogated its ability to
inhibit the phase separation, phase transition, and
fibril formation of Tau but also abrogated its ability to
decrease Tau cytotoxicity (Fig. 10A). This finding is
supported by our demonstration that much more Tau
droplets, hydrogels, and filaments were formed in
the presence of SNO-PDI than in the presence of
wild-type PDI (Fig. 10). Our study enhances our
understanding of how molecular chaperones reg-
ulate the phase separation, phase transition, and
cytotoxicity of Tau and helps explain the mechanism
underlying the very interesting protective effect of
molecular chaperones against Tau toxicity in AD and
related neurodegenerative diseases observed in
humans and animal models. Our study also
enhances our understanding of how S-nitrosation
of PDI, a perturbation in this regulation, leads to
disease.
Materials and Methods

Materials

ATTO 647, three dyes, Congo red (fresh molecular
weight of 696.67), ThT, and DAPI, and two anti-
bodies, the mouse/rabbit anti-HA monoclonal anti-
body, and mouse anti-b-actin antibody, were
purchased from Sigma-Aldrich (St. Louis, MO). The
mouse anti-Tau monoclonal antibody Tau-5, rabbit
anti-pS396 monoclonal antibody, and ER Staining
Kit (ab139482) were obtained from Abcam (Cam-
bridge, UK). All Alexa-conjugated fluorescent sec-
ondary antibodies were purchased from Beyotime
(Nantong, China). Sarkosyl was purchased from
Amresco (Solon, OH). Ni-Sepharose and SP-
Sepharose Fast Flow were purchased from GE
Company (Pittsburgh, PA). All other chemicals used
in this study were of analytical grade and were
produced in China.

Protein purification

A plasmid-encoding human Tau40 was a kind gift
from Dr. Michel Goedert (University of Cambridge).
A pathogenic mutation DK280 of Tau244-372, the
microtubule-binding region of Tau, was subcloned
into a prokaryotic expression vector pRK172. The
construction of prokaryotic plasmids expressing
DK280 and the purification of Tau were carried as
described in detail previously [2,3,59,60]. Purified
Tau was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
with one band. The concentration of Tau was
determined according to its absorbance at 214 nm
with a standard calibration curve drawn by BSA.
A plasmid-encoding human PDI was a kind gift

from Dr. Lloyd W. Ruddock (University of Oulu). The
recombinant wild-type full-length human PDI was
constructed into a prokaryotic expression vector
pET28 and expressed in E. coli BL21 (DE3) Codon
plus-RIL cells (Novagen, Merck, Darmstadt, Ger-
many). Cells were harvested by centrifugation
(12,000 g for 5 min) and resuspended in 100 ml
buffer A (20 mM Na3PO4 and 1 mM PMSF, pH 7.3).
The cell suspension was lysed by ultrasonication for
30 min, then add 1 g streptomycin sulfate into the cell
lysate and wait for 2 h at 4 �C to remove DNA. After
loading, the column was washed by 100 ml buffer B
(20 mM Na3PO4, 500 mM NaCl, and 50 mM
imidazole, pH 7.3) to remove proteins with low
affinities to a Ni2þ affinity column, and then buffer A
was used to equilibrate the column. Finally, the
protein was eluted with 200 ml buffer C (20 mM
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Na3PO4 and 50 mM EDTA, pH 7.0). The eluted
fractions were dialyzed into the HEPES buffer twice
to remove EDTA. Purified PDI was analyzed by
SDS-PAGE with one band. The concentration of PDI
was determined according to its absorbance at
214 nm with a standard calibration curve drawn by
BSA.
A plasmid containing human HSP70 gene was a

kind gift from Dr. Sonia Longhi (Aix-Marseille
University, CNRS). Wild-type full-length human
Hsp70 was subcloned into a prokaryotic expression
vector pDEST14, and Hsp70 production was carried
out in E. coli BL21 (DE3) Codon plus-RIL cells
(Novagen, Merck, Darmstadt, Germany). Cells were
harvested by centrifugation (12,000 g for 5 min) and
resuspended in 100 ml buffer D (20 mM Na3PO4,
300 mM NaCl, 10 mM imidazole, and 1 mM PMSF,
pH 8.0). The cell suspension was lysed by ultra-
sonication for 30 min, then add 1 g streptomycin
sulfate into the cell lysate and wait for 2 h at 4 �C to
remove DNA. The cell debris was removed by
centrifugation at 17,000 g for 30 min. The super-
natant was filtered through a 0.45 mm filter and then
applied to a Ni2þ affinity column at a flow rate of 1 ml/
min. After loading, the column was washed by 50 ml
buffer E (20 mM Na3PO4, 300 mM NaCl, and 30 mM
imidazole, pH 8.0) to remove proteins with low
affinities to a Ni2þ affinity column, and then buffer D
was used to equilibrate the column. Finally, the
protein was eluted with 30 ml buffer F (20 mM
Na3PO4, 300 mM NaCl, and 250 mM imidazole, pH
8.0). The eluted fractions were dialyzed into HEPES
buffer twice to remove imidazole. Purified Hsp70
was analyzed by SDS-PAGE with one band. We
used a NanoDrop OneC Microvolume UVeVis
Spectrophotometer (Thermo Scientific, Waltham,
MA) to determine the concentration of Hsp70 using
its absorbance at 280 nm and molar extinction
coefficient calculated from the composition of the
protein (http://web.expasy.org/protparam/).

S-nitrosocysteine synthesis and production of
S-nitrosylated PDI

S-nitrosocysteine was synthesized as described in
detail below. Cysteine was dissolved in 0.625 M HCl
at 0 �C to a final concentration of 625 mM. An
equimolar amount of NaNO2 was added and the
mixture was stirred at 0 �C for 40 min. A 2.5-fold
volume of acetone was then added, and the new
mixture was stirred at 0 �C for 20 min, followed by
filtration of the precipitate. S-nitrosocysteine was
washed once with 80% acetone, twice with 100%
acetone, three times with diethyl ether, and finally,
was freeze-dried.
S-nitrosylated PDI (SNO-PDI) was produced by

the reaction of wild-type PDI with the physiological
NO donor S-nitrosocysteine. To produce SNO-PDI,
wild-type PDI and S-nitrosocysteine were cultured at
a molar ratio of 1:100 and incubated for 30 min at
room temperature, then concentrated the protein
and washed with 10 mM HEPES buffer (pH 7.4)
containing 100 mM NaCl to remove residual S-
nitrosocysteine, using centrifugal filters.

Nano-LC-MS/MS analysis

All nano-LC-MS/MS experiments were performed
on a Q Exactive LC-MS/MS System (Thermo
Scientific, Waltham, MA) equipped with an Easy n-
LC 1000 HPLC system (Thermo Scientific). The
IodoTMT reagent-labeled peptides were loaded onto
a 100 mm id � 2 cm fused silica trap column packed
in-house with reversed-phase silica (Reprosil-Pur
C18 AQ, 5 mm, Dr. Maisch GmbH) and then
separated on a 75 mm id � 20 cm C18 column
packed with reversed-phase silica (Reprosil-Pur
C18 AQ, 3 mm, Dr. Maisch GmbH). The peptides
bounded on the column were eluted with a 75-min
linear gradient. The solvent A consisted of 0.1%
formic acid in water solution, and the solvent B
consisted of 0.1% formic acid in acetonitrile solution.
The segmented gradient was 4e12% B, 5 min;
12e22% B, 50 min; 22e32% B, 12 min; 32e90% B,
1 min; 90% B, 7 min at a flow rate of 300 nl/min.
The MS analysis was performed with Q Exactive

mass spectrometer (Thermo Scientific). With the
data-dependent acquisition mode, the MS data were
acquired at a high resolution of 70,000 (m/z 200)
across the mass range of 300e1600 m/z. The target
value was 3e6, with a maximum injection time of
60 ms. The top 20 precursor ions were selected from
each MS full scan with an isolation width of 2 m/z for
fragmentation in the HCD collision cell with a
normalized collision energy of 27%. Subsequently,
MS/MS spectra were acquired at a resolution of
17,500 at m/z 200. The target value was 5e4, with a
maximum injection time of 80 ms. The dynamic
exclusion time was 40 s. For nanoelectrospray ion
source setting, the spray voltage was 2.0 kV; no
sheath gas flow; the heated capillary temperature
was 320 �C.
The raw data from Q Exactive were analyzed with

Proteome Discovery version 1.4 using the Sequest
HT search engine for protein identification and
Percolator for FDR (false discovery rate) analysis
against a Uniprot human protein database (updated
on September 2018). Some important searching
parameters were set as following: trypsin was
selected as an enzyme and two missed cleavages
were allowed for searching; the mass tolerance of
precursor was set as 10 ppm, and the product ion’s
tolerance was 0.02 Da; cysteine carbamidomethyla-
tion, methionine oxidation, MMTS and iodoTMT6-
plex on cysteine were selected as variable
modifications. FDR analysis was performed with
Percolator, and FDR <1% was set for protein
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identification. The peptide’s confidence was set as
high for peptides filter.

Liquid-droplet and hydrogel formation

The freshly purified DK280 of Tau244-372 was
incubated with TAMRA (red fluorescence) at a
Tau:TAMRA molar ratio of 1:3 for 1 h, the freshly
purified wild-type PDI was incubated with ATTO 647
(green fluorescence) at a PDI: ATTO molar ratio of
1:3 for 1 h, and the freshly purified SNO-PDI, Hsp70,
and BSA were incubated with FITC (green fluores-
cence) at a protein:FITC molar ratio of 1:3 for 1 h.
These labeled proteins were filtered and freeze-
dried. 100 mM DK280 labeled by TAMRA was
incubated with 10 mM HEPES buffer (pH 7.4)
containing 100 mM NaCl, 25 mM heparin, and
12.5% Ficoll 70 or incubated with the same buffer
further containing 100 mM wild-type PDI labeled by
ATTO 647 or 100 mM SNO-PDI labeled by FITC or
100 mM Hsp70 labeled by FITC or 100 mM BSA
labeled by FITC on ice to induce liquid-liquid phase
separation for 30 min and hydrogel formation for 10
days. Images of 10-ml samples were captured using
a Leica TCS SP8 laser scanning confocal micro-
scope (Wetzlar, Germany), and liquid droplets of
100 mM DK280 in HEPES were observed by DIC
confocal microscopy, with excitation at 546 nm.
Hydrogels of 100 mM DK280 in HEPES were
observed using a Leica DMi8 inverted microscope
(Wetzlar, Germany) with a red fluorescence filter.
DK280 in liquids was stained with ThT (cyan
fluorescence), and liquid droplets of DK280 were
observed by DIC confocal microscopy, with excita-
tion at 440 nm. Liquid droplets of DK280 formed after
the recruitment of wild-type PDI were also observed
by DIC confocal microscopy, with excitation at
647 nm. Liquid droplets of DK280 formed in the
presence of SNO-PDI or Hsp70 or BSA were also
observed by DIC confocal microscopy, with excita-
tion at 488 nm. Hsp70 and BSA were used as a
positive control and negative control, respectively.
Wild-type PDI labeled by ATTO 647 incubated with
10 mM HEPES buffer (pH 7.4) containing 100 mM
NaCl, 25 mM heparin, and 12.5% Ficoll 70 on ice for
30 min were used as a control. Neither phase
separation nor ThT staining for 100 mMwild-type PDI
in HEPES was observed by DIC confocal micro-
scopy with excitation at 647 nm and 440 nm,
respectively. Sucrose was used as a control for
Ficoll 70. DK280 labeled by TAMRA incubated with
10 mM HEPES buffer (pH 7.4) containing 100 mM
NaCl, 25 mM heparin, and 12.5% sucrose or
incubated with HEPES containing 100 mM NaCl,
12.5% Ficoll 70, and no heparin, on ice for 30 min
were used as controls. No phase separation for
100 mM DK280 in either HEPES buffer was observed
by DIC confocal microscopy, with excitation at
546 nm.
Fluorescence recovery after photobleaching

100 mM DK280 labeled by TAMRA was incubated
with 10 mM HEPES buffer (pH 7.4) containing
100 mM NaCl, 25 mM heparin, and 12.5% Ficoll 70
or incubated with the same buffer further containing
100 mM wild-type PDI labeled by ATTO 647 or
100 mM SNO-PDI labeled by FITC on ice to induce
liquid-liquid phase separation for 30 min. FRAP
measurements were performed using a Leica TCS
SP8 laser scanning confocal microscope (Wetzlar,
Germany) with excitation at 546 nm. Droplets of a
size of ~4 mm, 1e2 mm, and ~3 mm were selected for
DK280 before the recruitment of wild-type PDI, after
the recruitment, and in the presence of SNO-PDI,
respectively. For each droplet, a square was
bleached at 80% transmission for 25 flashes (3 s
per flash), and postbleaching time-lapse images
were collected (50 frames, 5 s per frame). Images
were analyzed using Leica LAS AF Lite.

Cell culture and transfection

HEK-293T and SH-SY5Y cells were cultured in
minimum essential media and in Dulbecco’s mod-
ified Eagle’s medium (Gibco, Invitrogen, Mulgrave,
VIC, Australia), respectively, supplemented with
10% (v/v) fetal bovine serum (Gibco), 100 U/ml
streptomycin, and 100 U/ml penicillin in 5% CO2 at
37 �C. HEK-293T and SH-SY5Y cell line stably
expressing wild-type full-length human Tau or its
pathogenic mutation DK280, was constructed with a
lentiviral vector construction system (pHAGE-puro).
The target DNA fragments were inserted into the
lentiviral vector, and the plasmids containing target
DNA, pVSVG, and p976 were packaged in HEK-
293T cells at a ratio of 2:1:1 by Lipofectamine® 2000
(Invitrogen, Carlsbad, CA). The ratio of liposome to
DNA was 2:1. After 48 h of transfection, the viruses
were harvested and filtered, and then HEK-293T and
SH-SY5Y cells were infected with the packaged
lentivirus twice for 12 h each with a 12-h interval. In
order to establish the stable cell lines, puromycin
was used to screen overexpressed cells. The
expression of each protein was detected by Western
blot.

Sarkosyl-insoluble Western blotting

SH-SY5Y cells stably expressing full-length Tau or
its pathogenic mutation DK280 were cultured in 6-
well plates for 2 days. These cells were then
transiently expressed HA-tagged wild-type PDI or
HA-tagged dnPDI and incubated with 10 mM Congo
red, or transfected with empty vector and directly
incubated with 10 mM Congo red. After 3 days, cells
were harvested and ruptured on ice for 15 min with
RIPA lysis buffer containing 50 mM Tris (pH 7.4),
150 mM NaCl, 1% NP-40, 0.5% sodium
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deoxycholate, 0.1% SDS, EDTA, and leupeptin
(Beyotime). The cell lysates were boiled in SDS-
PAGE loading buffer for 15 min, then subjected to
12.5% SDS-PAGE and transferred to polyvinylidene
difluoride membranes (Millipore). The membranes
were blocked with 5% fat-free milk in 25 mM Tris-
buffered saline buffer containing 0.047% Tween 20
(TBST) and then incubated with 1/1000 the rabbit
anti-pS396 antibody, rabbit anti-HA antibody, and
rabbit anti-b-actin antibodies separately for 1 h at
room temperature, followed by incubation with 1/
10,000 homologous horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room
temperature. The membranes were then incubated
with WesternBright ECL HRP substrate (Advansta
Inc., Menlo Park, CA) and developed on films. The
normalized amount of pS396 Tau or pS396 DK280 in
SH-SY5Y cells stably expressing full-length Tau or
DK280 and transiently expressing PDI was deter-
mined as a ratio of the density of pS396 Tau bands
or pS396 DK280 bands over the density of b-actin
band in the cell lysates. SH-SY5Y cells stably
expressing full-length Tau or DK280 were used as
a control. The cell lysates were centrifuged at
17,000 g for half an hour at 4�C to remove the cell
debris. Half of the supernatant was incubated with
1% sarkosyl for half an hour at 25�C. The mixture
was then ultracentrifuged at 150,000 g for half an
hour, and the pellets were washed twice with
1 � PBS (pH 7.4). The sarkosyl-insoluble pellets
were boiled in the SDS-PAGE loading buffer for
15 min. The other half of the supernatant, which
served as the total protein sample, was also boiled in
the SDS-PAGE loading buffer for 15 min. The
samples were separated by 12.5% SDS-PAGE,
and then Western blotted as described in detail in
the aforementioned Tau phosphorylation experi-
ments. The sarkosyl-insoluble pellets from those
cells were probed using an anti-Tau antibody Tau-5,
and the corresponding cell lysates were probed
using Tau-5, the anti-HA antibody, and anti-b-actin
antibody. The amount of loaded protein was normal-
ized using a BCA Protein Quantification kit (Beyo-
time). For calculating the amounts of sarkosyl-
insoluble Tau or pS396 Tau, the ImageJ software
(NIH, Bethesda, MD) was used to assess the
densitometry of Tau bands. The normalized amount
of insoluble Tau aggregates in SH-SY5Y cells stably
expressing full-length Tau or DK280 and transiently
expressing PDI was determined as a ratio of the
density of insoluble Tau aggregate bands after
sample ultracentrifugation over that of the total Tau
bands in cell lysates. SH-SY5Y cells stably expres-
sing full-length Tau or DK280 were used as the
control. The normalized amounts of pS396 Tau or
insoluble Tau aggregates are expressed as mean ±
S.D. (with error bars) of values obtained in 3
independent experiments. Statistical analyses were
performed using the Student t-test. Values of
p < 0.05 indicate statistically significant differences.
The following notation is used throughout: *,
p < 0.05; **, p < 0.01; and ***, p < 0.001 relative
to full-length Tau or its pathogenic mutationDK280 in
the absence of PDI.

Laser scanning confocal analysis

SH-SY5Y cells stably expressing full-length Tau or
its pathogenic mutation DK280 were cultured for 2
day, then transiently expressed HA-tagged wild-type
PDI or HA-tagged dnPDI and incubated with 10 mM
Congo red for 3 days at 37 �C, or directly incubated
with 10 mM Congo red for 3 days at 37 �C, fixed,
permeabilized, immunostained with the rabbit anti-
pS396 monoclonal antibody and IgG conjugated to
Alexa Fluor 488 (green) and with the mouse anti-HA
monoclonal antibody and IgG conjugated to Alexa
Fluor 555 (red), and stained with DAPI (blue).
Images were captured using a Leica TCS SP8
laser scanning confocal microscope (Wetzlar,
Germany).

BiFC

The human Tau40 gene was cloned into the
pEGFP n1 by Mlu I and BamH I restriction sites. The
fusion gene was truncated at amino acid 172 of
EGFP using a stop codon, and then full-length Tau-
EGFP1-172 was obtained. The human Tau40 gene
was cloned into the pcDNA 3.1 vector by Xba I and
Kpn I restriction sites. The fused HA-tag and
EGFP155-238 genes were inserted into the PDI
genes between the signal peptide and the amino
acid coding sequence, then HA-tagged EGFP155-

238-wild-type PDI was obtained. We mutated the four
cysteines of EGFP155-238-wild-type PDI to alanine to
obtain EGFP155-238-dnPDI. The fusion proteins were
detected by Western blot. One day before transfec-
tion, HEK-293T cells were plated on glass-bottom
culture dishes, and then the cells were transiently
cotransfected with pEGFP-Tau-EGFP1-172 and
pcDNA 3.1-EGFP155-238-PDI according to the man-
ufacturer’s instructions. Living HEK-293T cells,
transiently expressing both Tau-EGFP1-172 and
EGFP155-238-wild-type PDI or EGFP155-238-dnPDI
constructs, were cultured for 1 day, and then stained
with CytoPainter ER Staining Kit (red) following the
instructions. Images were captured using a Leica
TCS SP8 laser scanning confocal microscope
(Wetzlar, Germany). Confocal microscopy was also
used to visualize the fluorescence of the following
control cells: living HEK-293T cells transiently
expressing both EGFP1-172 and EGFP155-238-PDI,
or EGFP155-238-dnPDI or EGFP155-238 constructs or
living cells transiently expressing both Tau-EGFP1-

172 and EGFP155-238 constructs.
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Ultrathin TEM

HEK-293T cells stably expressing DK280 of full-
length Tau were cultured for 2 days, then transiently
expressed HA-tagged wild-type PDI or HA-tagged
dnPDI and incubated with 5 mM Tau oligomers for 2
days. Tau oligomers were formed when full-length
Tau (10 mM) was incubated with 10 mM HEPES
buffer (pH 7.4) containing 100 mM NaCl, 2.5 mM
heparin and 1 mM DTT and at 37 �C for 1.5 h. HEK-
293T cells stably expressing DK280 and directly
incubated with 5 mM Tau oligomers for 2 days and
cells transfected with empty vector and incubated
with HEPES buffer were used as a negative control
and positive control, respectively. After prefixation
with 3% paraformaldehyde and 1.5% glutaraldehyde
in 1 � PBS (pH 7.4), the cells were harvested and
postfixed in 1% osmium tetroxide for 1 h using an ice
bath; the samples were then dehydrated in graded
acetone and embedded in 812 resins. Ultrathin
sections of the cells were prepared using a Leica
Ultracut S Microtome (Buffalo Grove, IL) and
negatively stained using 2% uranyl acetate and
lead citrate. The doubly stained ultrathin sections of
cells were examined using a JEM-1400 Plus
transmission electron microscope (JEOL) operating
at 100 kV.

Annexin V-FITC apoptosis detection assay

SH-SY5Y and HEK-293T cells stably expressing
DK280 of full-length Tau were cultured for 2 days,
then transiently expressed HA-tagged wild-type PDI
or HA-tagged dnPDI and incubated with 5 mM Tau
oligomers for 2 days. SH-SY5Y and HEK-293T cells
stably expressing DK280 and directly incubated with
5 mM Tau oligomers for 2 days were used as
negative controls. Apoptotic cells were detected by
flow cytometry after staining with an annexin V-FITC
apoptosis detection kit (Beyotime). In brief, SH-
SY5Y cells were harvested after digestion with
2.5 mg/ml trypsin (Promega, Madison, WI) and
HEK-293T cells were directly harvested; the cells
were washed twice with 1 � PBS at 4 �C and
resuspended in 185 ml of binding buffer. The
samples were then incubated with 5 ml of annexin
V-FITC and 10 ml of PI for 15 min at 4 �C in the dark.
Annexin V binding was analyzed using an EPICS
XL-MCL flow cytometer (Beckman Coulter, Full-
erton, CA), and the percentage of apoptotic cells was
calculated from the total number of cells (~3 � 10-
4 cells) as described in detail previously [60]. All
apoptotic blot experiments were repeated three
times.

Stress granule formation

HEK-293T cells transiently expressing both full-
length Tau labeled by EGFP and HA-tagged wild-
type PDI with endogenous TIA-1 were cultured for 1
day, and then incubated with 0 or 500 mM NaAsO2
for 45 min at 37 �C. HEK-293T cells transiently
expressing full-length Tau labeled by EGFP with
endogenous TIA-1 also cultured for 1 day and then
incubated with 0 or 500 mM sodium arsenite for
45 min were used as the control. Cells were fixed
with 4% paraformaldehyde for 30 min, followed by
lysed in 0.25% Triton X-100 and blocked with 5%
BSA at 37 �C, then coimmunostained with the rabbit
anti-TIA-1 antibody and the mouse anti-HA antibody,
stained with DAPI (blue), and finally incubated with
Alexa Fluo labeled secondary antibody. Images
were captured using a Leica TCS SP8 laser
scanning confocal microscope (Wetzlar, Germany).

Statistical analysis

The data shown for each experiment were based
on at least three technical replicates, as indicated in
individual figure legends. Data are presented as
mean ± S.D., and p-values were determined using
the Student t-test. All experiments were further
confirmed by biological repeats.
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