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Abstract

Accumulation of microtubule-associated tau protein is thought to cause neuron loss in a group of neurodegenerative
diseases called tauopathies. In diseased brains, tau molecules adopt pathological structures that propagate into insoluble
forms with disease-specific patterns. Several types of posttranslational modifications in tau are known to modulate its
aggregation propensity in vitro, but their influence on tau accumulation and toxicity at the whole-organism level has not
been fully elucidated. Herein, we utilized a series of transgenic Drosophila models to compare systematically the toxicity
induced by five tau constructs with mutations or deletions associated with aggregation, including substitutions at seven
disease-associated phosphorylation sites (S7A and S7E), deletions of PHF6 and PHF6∗ sequences (�PHF6 and �PHF6∗), and
substitutions of cysteine residues in the microtubule binding repeats (C291/322A). We found that substitutions and
deletions resulted in different patterns of neurodegeneration and accumulation, with C291/322A having a dramatic effect on
both tau accumulation and neurodegeneration. These cysteines formed disulfide bonds in mouse primary cultured neurons
and in the fly retina, and stabilized tau proteins. Additionally, they contributed to tau accumulation under oxidative stress.
We also found that each of these cysteine residues contributes to the microtubule polymerization rate and microtubule
levels at equilibrium, but none of them affected tau binding to polymerized microtubules. Since tau proteins expressed in
the Drosophila retina are mostly present in the early stages of tau filaments self-assembly, our results suggest that disulfide
bond formation by these cysteine residues could be attractive therapeutic targets.

Introduction
Abnormal accumulation of the microtubule-binding protein tau
is associated with a group of neurodegenerative diseases called
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tauopathies (1). Tau folds into paired helical filaments that are
deposited in neurofibrillary tangles, which is a pathological
feature of tauopathies (2). Tau is an intrinsically disordered
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protein, and its structures are regulated by posttranslational
modifications and interactions with other proteins and struc-
tures such as microtubules (3). Once tau proteins acquire
pathological, aggregation-prone structures, they act as ‘seeds’
to convert other tau proteins into disease-specific aggregates,
and they spread to other cells (4). Since the accumulation of
tau underlies neuron loss in diseased brains (5), targeting the
early steps of the generation of abnormal tau species may be an
efficient strategy for suppressing neuronal loss.

Six isoforms of tau resulting from alternative splicing are
expressed in the adult human brain. Each isoform contains a
microtubule-binding region composed of either three or four
repeats (R1–R4) in the C-terminal half, a flanking basic proline-
rich region, and zero to two (0N–2N) insertions in the N-terminal
domain (2,6,7). In the microtubule-binding region, two hexanu-
cleotide segments, the 275VQIINK280 sequence in R2 (PHF6∗) and
306VQIVYK311 in R3 (PHF6), are critical for tau assembly. While
both are reported to mediate an inter-molecular interaction
for tau self-assembly to form a β-sheet-like structure, PHF6 is
believed to play an initiating role (8,9). N-terminal projection
domains mediate tau dimerization and oligomerization (10).
Tau undergoes extensive posttranslational modifications, which
also affects tau assembly. Tau is excessively phosphorylated
in diseased brains and recognized by Alzheimer’s disease (ad)
diagnostic antibodies such as AT8 (S199, S202, T205), AT100 (T212
and S214) and PHF1 (S396 and S404). Substitution of these Ser
and Thr residues with glutamic acid to mimic phosphorylation
generates a pathological conformation that is characteristic of
tau in ad (11,12). Tau has two cysteine residues (Cys291 in R2
and Cys322 in R3) that can interact with another tau molecule
or other proteins via thiol-disulfide exchange (13,14). These
cysteine residues contribute to the formation of dimers and
granular oligomers (15), one of the toxic intermediate structures
of tau (16). Cysteine sulfenic acid (Cys-SOH) is a mediator of
redox signaling, and oxidative stress is known to contribute
to disease pathogenesis (17). Modification of these regions
and residues affects the kinetics and final structures of tau
in vitro (13,14). However, the behavior and toxicity of these
tau species are not fully elucidated at the whole-organism
level.

In the present study, we established a series of transgenic
flies carrying 2N4R tau with known mutations or deletions that
alter aggregation propensity. We found that these mutant tau
strains induced neurodegeneration, and they were both quanti-
tatively and qualitatively different from wild-type (WT) strains.
Expression of tau in which cysteine residues were mutated
to alanine showed dramatically decreased neurodegeneration.
These cysteine residues form disulfide bonds to stabilize tau in
the fly retina and mouse primary cultured neurons, and they
contribute to tau accumulation caused by oxidative stress. These
cysteine residues affect tau functions by promoting microtubule
polymerization without affecting its interaction with formed
microtubules, suggesting a novel mechanism that regulates tau
abnormalities.

Results
Substitution of cysteine residues and deletion of PHF6
sequences dramatically suppresses 4R tau toxicity
in Drosophila

To explore the relationship between tau aggregation status and
toxicity, we established a series of transgenic flies carrying WT
2N4R tau (4Rtauwt) or 2N4R tau with deletions or amino acid

substitutions that are known to affect tau aggregation, such as
�PHF6, �PHF6∗, S7A, S7E and C291/322A (8,9,11,12,15) (Fig. 1A).
These constructs were placed under the control of a Gal4-
responsive upstream activation sequence (UAS), and integrated
into the genome via a site-directed insertion system to ensure
equivalent expression levels (18).

Expression of human tau in the eyes driven by the pan-retinal
driver gmr-GAL4 causes a rough-eye phenotype due to apoptosis
during development in the retina (19,20) and progressive neu-
rodegeneration in the lamina, the first synaptic neuropil of the
optic lobe containing photoreceptor axons (21). Herein, fly eyes
expressing 4Rtauwt, 4RtauS7A and 4RtauS7E exhibited neurode-
generation in the retina and lamina (Fig. 1B), while the patterns
of neurodegeneration in the eyes were different. Introduction of
the S7A mutation suppressed degeneration in the neuropil and
enhanced vacuole formation in the cell body region, while the
introduction of the S7E mutation enhanced neurodegeneration
in both areas with more severe degeneration in the neuropil than
in the cell body region. Meanwhile, 4Rtau�PHF6, 4Rtau�PHF6∗ and
4RtauC291/322A generated much less neurodegeneration in both
areas than 4Rtauwt (Fig. 1C).

Western blotting revealed that tau protein levels were similar
among all strains except 4RtauC291/322A, in which levels were
much lower (Fig. 1D, detailed analyses below). These results
suggest that differences in neurodegeneration among tau strains
4Rtauwt, 4Rtau�PHF6, 4Rtau�PHF6∗ , 4RtauS7A and 4RtauS7E are not
simply due to the accumulation of tau proteins: rather, they
reflect qualitative differences.

C291 and C322 contribute to tau stability and toxicity
in the fly retina

We focused on tauC291/322A because it had the most prominent
effect on neurodegeneration. Western blotting analyses revealed
that tauC291/322A protein levels were significantly lower than those
of tauwt (Fig. 2A). To dissect the roles of C291 and C322, we estab-
lished transgenic fly lines carrying 2N4R tau with each of the
cysteine residues substituted with alanine (i.e. 4RtauC291A and
4RtauC322A). Lines 4RtauC291A and 4RtauC322A also showed lower
protein levels, albeit not as low as 4RtauC291/322A (Fig. 2A). At the
mRNA level, there was no significant difference in expression
among these tau transgenes (Fig. 2B).

To rule out the possibility that differences in protein lev-
els among these tau species were associated with the site at
which these transgenes were integrated, we established another
set of transgenic flies carrying 4Rtauwt and 4RtauC291/322A at an
integration site on a different chromosome (attP40). These flies
also displayed lower protein levels of 4RtauC291/322A than 4Rtauwt,
further indicating that the insertion was not responsible for the
reduction in tau expression levels (Supplementary Material, Fig.
S1).

We analyzed neurodegeneration in fly retina tissue express-
ing 4Rtauwt, 4RtauC291/322A, 4RtauC291A and 4RtauC322A. We found
that severity of neurodegeneration was correlated with protein
levels; compared with 4Rtauwt, 4RtauC291/322A, 4RtauC291A, and
4RtauC322A caused less neurodegeneration, and substitution of
both C291 and C322 had a more prominent effect than either
substitution of C291 or C322 (Fig. 2C).

Since these mutations decreased tau protein levels, we
investigated whether these cysteine residues stabilize tau
proteins. To analyze the turnover of tau proteins, we expressed
tau transiently in neurons and observed how tau protein levels
decayed. Expression of 4Rtauwt and 4RtauC291/322A driven by elav-
GeneSwitch was induced in flies by feeding RU486 for 2 days,
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Figure 1. Tau proteins with different aggregation propensities induce different patterns of neurodegeneration in the fly retina. (A) Schematic representation of tau

mutations investigated in this study. (B) Retinal sections expressing tau mutants. Transgenic flies carrying 4Rtauwt, 4RtauS7A, 4RtauS7E, 4Rtau�PHF6, 4Rtau�PHF6∗ and

4RtauC291/322A under the control of the UAS promoter were established by site-directed insertion at the attP2 site. Tau expression was driven by the pan-retinal driver

gmr-GAL4. Flies were at 10 days old after eclosion. (C) Area of vacuoles in the retina and lamina (means ± SE, n = 5 or 6). (D) Tau protein levels analyzed by western

blotting of head extracts with anti-tau antibody (T46). Actin was used as a loading control.

then turned off by transferring flies to food without RU486.
4Rtauwt levels were decreased to 50% of maximum levels on day
8, while 4RtauC291/322A levels were 50% lower on day 6 (Fig. 2D).
These results indicate that Cys291 and Cys322 regulate tau
stability in adult fly eyes.

Cysteine residues are critical for tau protein stability
in mouse primary cultured neurons
We next investigated whether these cysteine residues also
stabilize tau in mammalian neurons. Mouse primary neurons
were separately transfected with the same amount of plasmid



1958 Human Molecular Genetics, 2021, Vol. 30, No. 21

Figure 2. Cysteine residues stabilize tau proteins in the fly retina. (A) Tau protein levels analyzed by western blotting of head extracts with anti-tau antibody (T46). Actin

was used as a loading control (means ± SE, n = 4, ∗P < 0.05, Student’s t-test). (B) mRNA levels analyzed by RT-qPCR. No significant differences were detected (mean ± SD,

n = 3, one-way ANOVA followed by Tukey’s HSD multiple comparisons test). Flies were 2 days old after eclosion. (C) Substitution of cysteine residues to alanine mitigates

tau toxicity in a Drosophila model. Neurodegeneration in the lamina caused by tau was observed as an increase in the vacuole area (indicated by arrows). Quantitation

of the vacuole area is shown on the right (mean ± SE, n.s., n = 3, ∗∗∗∗P < 0.0001, ∗∗∗P < 0.001, ∗∗P < 0.01, one-way ANOVA followed by Tukey’s HSD multiple comparisons

test). Flies were 10 days old. (D) Turnover of tauC291/322A is faster than that of tauwt in the fly retina. Tau expression was driven by elav-GeneSwitch. Newly eclosed flies

were fed RU486-containing food for 2 days, then transferred to food without RU486 (day 0). Flies were collected every 2 days, and head homogenates were subjected to

western blotting with anti-tau antibody (T46). TauC291/322A levels were significantly lower at day 6 or at day 8 compared to day 2, while tauwt levels were not (P < 0.001

for tauC291/322A, one-way ANOVA with post hoc Tukey HSD). Mean ± SE, n = 3.
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Figure 3. Cysteine residues positively regulate tau protein levels in mouse primary cortical neurons. (A) 4RTauwt and 4RtauC291/322A were introduced into mouse primary

cortical neurons. After 4 days, neurons were harvested and subjected to western blotting with anti-human tau antibody (HT7). Actin was used as a loading control.

Representative images (left) and quantitation (right) are shown (mean ± SE, n = 3, ∗∗∗P < 0.005, Student’s t-test). (B) mRNA levels analyzed by RT-qPCR (mean ± SD,

n = 3, ∗∗∗P < 0.005, Student’s t-test). (C) 3Rtauwt, 4Rtauwt, 4RtauC291A and 4RtauC322A were introduced into mouse primary cortical neurons and subjected to western

blotting with anti-human tau antibody (HT7). Representative images (left) and quantitation (right) are shown. Actin was used as a loading control; mean ± SD, n = 3,
∗∗∗P < 0.005, one-way ANOVA followed by Tukey’s HSD multiple comparisons test. (D) mRNA levels of 3Rtauwt and 4Rtauwt were analyzed by qRT-qPCR; mean ± SD,

n = 3, ∗∗∗P < 0.005, Student’s t-test.

carrying 4Rtauwt or 4RtauC291/322A. Western blotting analyses
revealed that substitution of these cysteine residues to alanine
decreased tau levels dramatically. Real-time quantitative reverse
transcription (qRT-PCR) analysis indicated that cells transfected
with 4RtauC291/322A expressed higher tau mRNA levels than
4Rtauwt, suggesting that lower tau protein levels were not
caused by lower transcription, but were instead associated with
post-transcriptional events (Fig. 3B).

We subsequently explored the effects of single substitution
of these Cys residues on tau levels. Alanine substitution at
Cys291 (4RtauC291A) and at Cys322 (4RtauC322A) both caused a
reduction in tau protein levels, indicating that each of these sites
is important for tau stability in mammalian neurons (Fig. 3C).
Tau Cys322 is only found in the 4R isoform of tau, and we found
that levels of 2N3R tau (3Rtauwt) expressed in mouse primary
neurons were lower than those of 4Rtauwt (Fig. 3C). Addition-
ally, 3Rtauwt mRNA levels were higher than those of 4Rtauwt

(Fig. 3D). Comparison among the levels of 3Rtauwt, 4RtauC291 and

4RtauC322A showed that 3Rtauwt levels were similar to those of
4RtauC291A and 4RtauC322A (Fig. 3D). These results suggest that the
two cysteine residues in 4R tau contribute to the difference in
stability between 3R and 4R tau.

Tau forms disulfide bonds in cultured neurons and in
the Drosophila brain

Residues C291 and C322 in tau are reported to form homophilic
or heterophilic disulfide bonds in vitro (13,14,22,23). We, there-
fore, investigated whether C291 and/or C322 are involved in
disulfide bond formation in tau proteins in cultured neurons.
Mouse primary neurons were transfected with vectors encoding
tauwt, 4RtauC291/322A, 4RtauC291A and 4RtauC322A. Cells were lysed in
buffer containing iodoacetic acid (IAA) that irreversibly modifies
free thiols in proteins. The IAA-modified tau proteins were then
immunoprecipitated from cell lysates and treated with dithio-
threitol (DTT) to disrupt any pre-existing disulfide bonds in tau
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Figure 4. Tau forms disulfide bonds in mouse primary cultured neurons and the fly retina. (A) 4Rtauwt, 4RtauC291/322A, 4RtauC291A and 4RtauC322A were expressed in

mouse primary cortical neurons and subjected to BIAM analyses. Biotinylation was observed with tauwt, tauC291A and tauC322A, but not with tauC291/322A (avidin-HRP,

arrowheads). The 2N4R isoform of tau was used. (B) Tau forms disulfide bonds via C291 or C322 in the fly retina. Fly head lysates were first treated with an alkylating

reagent to block free thiols (alkylation [+]). Lysates were then treated with DTT to reduce disulfide bonds and incubated with m-PEG to label the reduced cysteine

residues. Tau forming disulfide bonds were detected by PEG-maleimide labeling in fly heads expressing 4Rtauwt, 4RtauC291A or 4RtauC322A, but not those expressing

4RtauC291/322A. Samples were also prepared without alkylation, which exposes all cysteines for tagging if there is no oxidation (alkylation [−]). Arrowheads from the

top indicate two, one or zero cysteine residues forming disulfide bonds. The top two bands were not observed with 4RtauC291/322A even after long exposure (right, long

exposure).

before IAA treatment. The newly exposed free thiol groups could
then be relabeled with biotinylated iodoacetamide (BIAM) (24).
We found that 4Rtauwt was labeled with BIAM, indicating that
C291 and Cys322 were involved in disulfide bonds before IAA
treatment (Fig. 4A, arrowhead). BIAM labeling was also observed
with tauC291A and tauC322A, indicating that substitution of either
Cys291 or Cys322 was not sufficient to block disulfide bond
formations (Fig. 4A). By contrast, BIAM labeling was not observed
with tauC291/322A (Fig. 4A). These results suggest that both of these
residues are involved in the formation of disulfide bonds in
cultured neurons.

We also analyzed the formation of disulfide bonds in tau
expressed in the fly retina using maleimide-polyethylene glycol
(m-PEG) labeling, another method to detect disulfide bonds. Fly
head lysates were treated with an alkylating reagent to block
free thiols (alkylation [+]). Lysates were then treated with DTT
to reduce disulfide bonds and incubated with m-PEG to label
the reduced cysteine residues. Samples were subjected to SDS-
PAGE and blotted with anti-tau antibody to detect m-PEG-tagged
tau through mobility shift in immunoblots (25,26). To evaluate
the efficiency of m-PEG tagging and oxidation of samples during
the experiments, samples were also prepared without alkylation,
which should expose all cysteines for tagging if there is no
oxidation during the experiment (alkylation [−]). If there was no
oxidation during the experiment and all the cysteine residues
were labeled, the x2 band alone with 4Rtauwt and the x1 band
alone with tauC291A and tauC322A would be observed.

m-PEG tagging of 4Rtauwt proteins resulted in three bands,
x0, x1 and x2 (Fig. 4B). The most rapidly migrating band (x0) was
the major band in alkylation [+], and the two slower migrating
bands (x1) and (x2) were more intense in alkylation [−]. Further-
more, m-PEG-tagged tauC291/322A yielded only the most rapidly
migrating band, x0 (Fig. 4B), while tauC291A and tauC322A yielded
the two fast-migrating bands x0 and x1 (Fig. 4B). Thus, the bands
x0, x1 and x2 presumably corresponded to tau with zero, one
and two disulfide bonds, respectively. The x1 and x2 bands of
4Rtauwt indicate that one or two cysteine residues in 4Rtauwt

were involved in disulfide bonds in fly eyes (Fig. 4B). Together,
these results suggest that Cys291 and Cys322 form multiple
patterns of reversible disulfide bonds in mature neurons in vivo.

C291 and C322 contribute to tau accumulation under
oxidative stress

Oxidative stress is believed to play a fundamental role in
the pathogenesis of neurodegenerative diseases (27), as well
as antioxidant defense systems that protect against tau
toxicity, such as the expression of superoxide dismutase (SOD)
(28,29). Since cysteine residues can form disulfide bonds in
response to oxidative stress (30), we wondered whether C291
and C322 are involved in the effects of oxidative stress on
tau metabolism. To test the effect of antioxidant, 4Rtauwt or
4RtauC291/322A was co-expressed with UAS-SOD1 (31,32). We found
that co-expression of SOD1 reduced the abundance of 4Rtauwt
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Figure 5. Overexpression of SOD1 reduces the levels of 4Rtauwt, and cysteine to alanine mutation suppresses this effect. (A and B) 4Rtauwt (A) or 4RtauC291/322A (B)

was co-expressed with SOD1, and tau levels were analyzed by western blotting of head extracts with anti-tau antibody (T46). Actin was used as a loading control

(mean ± SE, n = 3, ∗P < 0.05, Student’s t-test). (C) mRNA levels of tau or SOD1 were analyzed by RT-qPCR. (mean ± SD, n = 3, n.s. P > 0.05, ∗∗P < 0.01, one-way ANOVA

followed by Tukey’s HSD multiple comparisons test). Flies were 2 days old after eclosion.

protein by more than 40% (Fig. 5A). Co-expression of SOD1
also decreased the amount of 4RtauC291/322A, albeit to a lesser
extent than tauwt (Fig. 5B). Levels of 4Rtauwt and 4RtauC291/322A

mRNA were not diminished by SOD1 co-expression (Fig. 5C).
The expression level of SOD1 co-expressed with 4Rtauwt and
that with 4RtauC291/322A were similar (Fig. 5C). Co-expression of a

control protein GFP did not affect 4Rtauwt levels (Supplementary
Material, Fig. S2), indicating that the reduction in 4Rtauwt

protein levels caused by SOD1 co-expression was not due to
a nonspecific effect. These results suggest that these cysteine
residues are involved in tau accumulation caused by oxidative
stress.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab162#supplementary-data
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Figure 6. C291 or C322 contribute to tau functions in microtubule polymerization but not binding to formed microtubules. (A–C) Roles of cysteine residues of tau in

tau functions related to microtubule polymerization in vitro. (A) Recombinant 2N4R and 2N3R tau promote polymerization of tubulins in vitro. Porcine tubulins were

incubated with 2N4R or 2N3R wild-type tau. Microtubules monitored by fluorescence dye were increased in a time-dependent manner and reached equilibrium. Note

that 2N4R tau stimulates microtubule formation faster than 2N3R tau. The total amount of polymerized microtubules was higher with 2N4R than 2N3R tau. Data

represent the change in fluorescence units from 0 min (mean ± SEM, n = 4). (B and C) Tubulin polymerization activity of cysteine mutant tau 2N4R tau (B) and 2N3R

tau (C) compared with WT tau. (B) 4RtauC291A increases microtubule formation at a similar rate to 4RtauWT, but decreases the amount of polymerized microtubules

at equilibrium. By contrast, 4RtauC322A stimulates microtubule formation slower than 4RtauWT and increases the amount of microtubules. 4RtauC291A/C322A further

affects tau functions, but differences from 4RtauC322A were not statistically significant. (C) Mutation of C322A in 2N3R tau slightly decreases the amount of polymerized

microtubules at equilibrium. Data represent the change in fluorescence units from 0 min (means ± SEM, n = 4). (D, E) Quantification of polymerized microtubules in

the growing phase (10 min, D) and at equilibrium (60 min, E; vertical lines in B and C). Data represent the change in fluorescence units from 0 min (means ± SEM,

n = 4). Statistical significance was analyzed by one-way ANOVA followed by Tukey’s post hoc test. (F, G) Quantification of polymerized tubulins by SDS-PAGE. (F) Protein

mixtures after a 60-min incubation were subjected to ultra-centrifugation to obtain the free (sup) and microtubule (pellet) fractions. Fractions were analyzed by SDS-

PAGE followed by Coomassie brilliant blue staining. Bands corresponding to 2N4R, 2N3R and tubulin are indicated. (G) Quantitation of (F). Data represent the percentage

of proteins fractionated in the pellet (means ± SEM, n = 3). Statistical significance was analyzed by one-way ANOVA followed by Tukey’s post hoc test.

C291 and C322 in 4R tau play critical roles
in microtubule polymerizing but not binding
to polymerized microtubules in vitro

Since tau binding to microtubules has been reported to affect its
metabolism (33,34), we hypothesized that changes in tau binding
to microtubules underlies the effects of alanine substitution of
C291 and C322. To analyze the roles of these cysteine residues
in the interaction between tau and growing and polymerized
microtubules, the microtubule polymerizing abilities of 4Rtauwt,
3Rtauwt and tau with cysteine substitutions to alanine were

analyzed in vitro. We found that all were capable of promot-
ing microtubule formation (Fig. 6A–E), and 4Rtauwt enhanced
microtubule formation to a greater extent than 3Rtauwt (Fig. 6A).
Regarding 4R tau, 4RtauC291A promoted microtubule formation at
a similar rate to 4Rtauwt, but the amount of polymerized micro-
tubules at equilibrium was lower. By contrast, with 4RtauC322A,
both microtubule polymerization and the amount of micro-
tubules at equilibrium were lower than observed for 4Rtauwt

(Fig. 6B, D, and E). These results indicate that the C322 residue is
involved in the functions of 4Rtau on microtubule polymeriza-
tion and stabilization.
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In contrast to 4Rtau, 3Rtauwt and 3RtauC322A showed similar
microtubule polymerization rates, with a slightly reduced
amount of polymerized microtubules at equilibrium with
2N3RtauC322A (Fig. 6C, D, and E). These results indicate that the
roles of C322 in microtubule stabilization in 4Rtau and 3Rtau are
different.

The levels of microtubules formed with 4RtauC291/322A,
4RtauC291 and 4RtauC322 were lower than those formed with
tauwt (Fig. 6F and G). The levels of polymerized microtubules at
equilibrium are affected by microtubule growth and microtubule
‘catastrophe’ events. Tau proteins can bind to free tubulins to
regulate the nucleation of microtubule bundles, microtubule
elongation and stabilize polymerized microtubules to protect
from microtubule ‘catastrophe’. To determine whether the
reduced amount of polymerized microtubules at equilibrium
with Cys-less tau was due to the reduced affinity of Cys-less tau
for polymerized microtubules, we performed co-sedimentation
analysis, which revealed that 4RtauC291/322A, 4RtauC291 and
4RtauC322 bound to polymerized microtubules at levels similar
to that of 4Rtauwt (Fig. 6F and G). These results argue against
the possibility that Cys-less tau species are less capable of
binding to polymerized microtubules for their stabilization, and
suggest that the effects of Cys-less tau species are associated
with the elongation phase of microtubule polymerization. Taken
together, these results suggest that cysteine residues in 4Rtau
interact with free tubulins or newly formed microtubules, rather
than with polymerized microtubules.

Discussion
Tau proteins can exist in various conformations and aggregation
statuses, but their structure–toxicity relationships are not
fully understood. Herein, we used a site-directed insertion
system in Drosophila to compare the toxicity of a series of
tau mutants in the same genetic background. We found that
different types of neurodegeneration could be detected in this
model. For example, tauS7A primarily affected the cell body
region, while tauS7E primarily affected the neuropil (Fig. 1).
These differences may reflect differences between tauS7A and
tauS7E in intracellular localization; a previous report found that
tauS7A localized in the cell body, while tauS7E is present in axons
(35,36). These results suggest that different types of neurode-
generation can be induced by tau depending on its cellular
distribution (35,36).

Among the tau mutants tested, deletion of PHF6 and deletion
of PHF6∗ caused the most significant suppression of tau toxicity
without affecting tau protein levels (Fig. 1). The recently reported
cryo-EM structure of tau filaments demonstrated that the PHF6
segment is located in the region that forms an ordered core
and serves as a platform for the incorporation of tau into the
growing filament (37). Our results are consistent with those
of a recent report showing that deletion of PHF6 suppresses
tau toxicity in a Drosophila model (38) and supports the model
that this ordered core is necessary for the seeded assembly
of tau into pathological structures (37). In contrast, PHF6∗ is
located in the region forming the fuzzy coat (37), and the role
of this region in tau toxicity has not been fully understood.
Our results revealed that expression of 4Rtau�PHF6∗ , similar to
4Rtau�PHF6, caused much less neurodegeneration compared to
4Rtauwt (Fig. 1), suggesting that PHF6∗ also play a critical role in
tau toxicity.

In contrast to deletion of PHF6 or PHF6∗, a reduction
in neurodegeneration caused by cysteine substitutions was

accompanied by lowered levels of tau proteins (Fig. 1). During
the preparation of this manuscript, Prifti et al. also reported
that alanine substitutions at C291 and C322 decrease tau
accumulation and toxicity in a Drosophila model (39). Although
deletion of PHF6 or PHF6∗ and cysteine substitutions are
all reported to disrupt fibril formation in vitro (13,15,40), our
results suggest that mechanisms by which these regions
contribute to tau toxicity are different, and blocking cysteine
residues decreases neurodegeneration via enhancement of tau
degradation.

Disulfide bonds between pairs of cysteines determine pro-
tein structures and functions (41). Proteins with disulfide bonds
are found primarily in relatively oxidizing environments in the
cell such as the endoplasmic reticulum (ER) lumen, and most
disulfide bonds are found in membrane proteins and secretory
proteins formed in the ER lumen (41). However, in the microenvi-
ronment of the cytosol or in diseased states, oxidizing conditions
can occur through elevated levels of reactive oxygen species
(ROS) (30,42). Disulfide bond formation in tau mediates dimer
formation to promote filament assembly in vitro (13), and admin-
istration of cysteine-capping reagents mitigates tau toxicity in a
mouse model (15). Our current study confirmed disulfide bond
formation in tau in vivo in mouse-cultured neurons as well
as the fly retina (Figs 3 and 4). Our results also suggest that
cysteine residues contribute to ROS-mediated accumulation of
tau (Fig. 5), which may be one of the mechanisms by which
oxidative stress contributes to disease pathogenesis.

Cysteine residues are involved in tau binding to microtubules
stabilized by taxol (43–45), and they mediate thiol-disulfide
exchange between αβ-tubulin or microtubules and tau (14).
Thus, we hypothesized that the cysteine residues would
affect tau toxicity by regulating microtubule binding. We were
surprised to discover that the cysteine residues were required
for efficient microtubule polymerization, but not for tau binding
to polymerized microtubules (Fig. 6). Our results suggest novel
models regarding the roles of cysteine residues of tau in
microtubule formation; these cysteine residues may mediate
interactions between tau and growing microtubules or recruit
free tubulins to microtubule ends.

Tau is an intrinsically disordered protein, and pathological
states can cause tau to assemble into oligomers and fibrils and
eventually deposit in neurofibrillary tangles (46). Tau oligomer-
ization is facilitated by intermolecular disulfide cross-linking
between cysteine residues and by the PHF6 hexapeptide, which
leads to the assembly of higher order assemblies (13). However,
since tau filaments were not detected (19) and tau proteins
were found mostly as detergent-soluble monomers in the fly
model used here (Supplementary Material, Fig. S3), the effect of
cysteine substitutions cannot be fully explained by suppression
of formation of higher-order assemblies. Rather, the dramatic
reduction observed with Cys-less tau may be associated with the
stability of monomeric forms of tau. We showed that tau cysteine
residues form disulfide bonds in vivo (Fig. 3), while the molecules
that form disulfide bonds with tau proteins and stabilize them
remain to be identified. While tubulins are strong candidates
(Fig. 6 and (13,14)), the formation of an intramolecular disulfide
bond by two cysteines may change tau protein structure and
affect its stability. Substitution of either C291 or C322 had similar
effects on 4R tau stability, supporting this conjecture (Fig. 3).

In summary, our findings suggest that oxidative stress and
disulfide bond formation in tau may be one of the triggering
factors that lead to disease pathogenesis. Cysteine modifications
may offer an effective strategy to block the generation and
spreading of pathological tau species.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab162#supplementary-data
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Materials and Methods
Chemicals and antibodies

Anti-human tau (HT7) antibody (Thermo), anti-tau (T46)
(Thermo), anti-tau (TAU5) (Merk-Millipore) and anti-actin
antibody (SIGMA) were purchased. Anti-tau antibody (TauC)
was described previously (47). HRP streptavidin and RU486 were
purchased from SIGMA.

Fly stocks and husbandry

Flies were maintained in standard cornmeal media at 25◦C under
light–dark cycles of 12:12 hours. To establish the transgenic
fly line carrying the human 2N4R tau with or without muta-
tions or deletions, cDNA was subcloned into pUASTattB, and
injected to the oocytes carrying into P{CaryP}attP2. UAS-SOD1
(31) was obtained from Bloomington stock center (Stock #33605).
For RU486 feeding, RU486 was mixed into the cornmeal media at
the final concentration of 500 μm. Genotypes of the flies used in
the experiments are described in Supplementary Material Table
S1.

Plasmid construction for tau C291A, tau C322A and
tauC291/322A

A fragment of cDNA coding human 2N4Rtau from nucleotide
number 657–1105 for wild-type sequence, C291A mutation,
C322A mutation and C291A/C322A double mutations were
chemically synthesized by Eurofins Genomics. Fragments were
digested with BstXI, and ligated into human 2N4R tau, which
was also digested with BstXI. All tau genes (2N3R, 2N4R, C291A,
C322A and C291/322A) were subcloned into pCAG vector for
expression in mouse primary neurons or into pUASTattB for
generation of transgenic fly lines.

SDS–PAGE and immunoblotting

SDS–PAGE for western blotting of tau and actin was performed
using 10% (w/v) polyacrylamide gels. Proteins separated in the
gel were transferred to a PVDF membrane (Merck Millipore)
using a submerged blotting apparatus and then visualized using
Immobilon Western Chemiluminescent HRP Substrate (Milli-
pore). The chemiluminescent signal was detected by Fusion
FX (Vilber) and intensity was quantified using ImageJ (NIH).
Western blots were repeated a minimum of three times with
different animals and representative blots are shown. Flies used
for western blotting were 2-day-old after eclosion. To analyze the
decay of tau protein levels after transient expression (Fig. 2), the
same cohort of flies was divided into five groups of 15–20 flies,
kept in RU486-containing food for 2 days, then transferred to
regular cornmeal food. Heads were collected and homogenized
for western blotting after 0, 2, 4, 6 or 8 days. Experiments were
repeated three times with independent cohorts of flies.

Histological analysis

Neurodegeneration in the fly retina was analyzed as previously
reported (48). Fly heads were fixed in Bouin’s fixative for 48 h
at room temperature, incubated for 24 h in 50 mm Tris/150 mm
NaCl, and embedded in paraffin. Serial sections (7 μm thickness)
through the entire heads were stained with hematoxylin and
eosin and examined by bright-field microscopy. Images of the
sections that include the lamina were captured with Keyence

microscope BZ-X700 (Keyence), and the vacuole area was mea-
sured using ImageJ (NIH). Heads from more than three flies
(more than five hemispheres) were analyzed for each genotype.

qRT-PCR

qRT-PCR was carried out as previously reported (48). More than
thirty flies for each genotype were collected and frozen. Heads
were mechanically isolated, and total RNA was extracted using
Isogen Reagent (NipponGene) according to the manufacturer’s
protocol with an additional centrifugation step (11 000 × g for
5 min) to remove the cuticle membranes prior to the addition of
chloroform. Total RNA was reverse transcribed using PrimeScript
Master Mix (Takara Bio). qRT-PCR was performed using TOYOBO
THUNDERBIRD SYBR qPCR Mix on a Thermal Cycler Dice Real-
Time System (Takara Bio). The average threshold cycle value
(CT) was calculated from at least three replicates per sample.
Expression of genes of interest was standardized relative to
rp49. Relative expression values were determined by the ��CT
method. Primers were designed using Primer-Blast (NIH). The
following primers were used for RT-qPCR:

htau for 5′-CAAGACAGACCACGGGGCGG-3′.
htau rev 5′-CTGCTTGGCCAGGGAGGCAG-3′.
dSOD1 for 5′-CCCCACCAAGGTCAACATCA-3′.
dSOD1 rev 5′-TGACTTGCTCAGCTCGTGTC-3′.
rp49 for 5′-GCTAAGCTGTCGCACAAATG-3′.
rp49 rev 5′- GTTCGATCCGTAACCGATGT-3′.

Cell culture and transfection

Primary neurons were prepared from the mouse brain cortex
at embryonic day 15 (E15) and plated on poly-l-lysine-coated
dishes in DMEM and Ham’s F-12 (1:1) supplemented with 5% fetal
bovine serum, 5% horse serum, 100 U/ml penicillin and 0.1 mg/ml
streptomycin at a density of 1.0 × 106 cells/ml. The medium
was replaced to Neurobasal medium supplemented with 2%
B-27 (Invitrogen), 0.5 mm l-glutamine, 100 U/ml penicillin and
0.1 mg/ml streptomycin after 4 h of plating. Equal amounts (8 μg)
of plasmids encoding human tau were transfected into the sus-
pension of neurons (8 × 106) before plating using Nucleofector
with Mouse Neuron Nucleofector™ Kit (LONZA) according to
the manufacturer’s protocol. All animal experiments were per-
formed according to the guidelines for animal experimentation
of Tokyo Metropolitan University. The study was approved by
the Research Ethics and Safety Committee of Tokyo Metropolitan
University (approval number, A30–1).

Biotinylation of cysteine residues in tau
in primary neurons

Mouse primary neurons transfected with human tau were
immediately frozen with liquid nitrogen and lysed on culture
dishes with lysis buffer including 8 M urea and 30 mm
iodoacetamide (IAA) and incubated for 15 min at 37◦C. After
dialysis to remove urea and IAA, lysates were incubated with
biotinylated iodoacetamide (BIAM) to biotinylated cysteine
residues in the absence or presence of dithiothreitol. Tau was
immunoprecipitated from the cell lysates with monoclonal anti-
tau antibody (TAU5) and protein G sepharose (GE healthcare).
After separating with SDS-PAGE, biotinylation was detected
with HRP streptavidin and tau was with anti-tau-C polyclonal
antibody.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab162#supplementary-data
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m-PEG labeling

Lysis buffer (100 mm Tris (pH 7.2), 1% SDS, 1 M N-ethylmaleimide,
0.5 M NaF, 0.5 M β-glycerol, 10 μm leupeptin and 0.1 mg/ml
pefabloc (Sigma)) were bubbled with nitrogen gas to lessen the
dissolved oxygen for 20 min then used to homogenate fly heads.
Lysates were centrifuged to remove debris, and supernatants
were incubated at 50◦C for 25 min. Free N-ethylmaleimides were
removed by desalting column (Zeba Spin Desalting Columns 7K
(MWCO)). Samples were reduced by incubation with the addition
of DTT at the final concentration of 50 mm for 20 min at 37◦C
and then applied to a desalting column. Samples were dena-
tured by 0.5% SDS and incubated with 2 mm PEG-maleimide for
2 h at 37◦C. Samples were mixed with Laemmli sample buffer
(100 mm Tris (pH 6.8), 4% SDS), subjected to SDS-PAGE, and
western blotting with anti-tau antibody.

Purification of recombinant proteins

Escherichia coli (E. coli) expression vectors, pRK172-2N4R and
pRK172-2N3R human tau, were kind gifts from Dr M. Goedert.
Mutation on specific cysteine to alanine residues was produced
by site-directed mutagenesis by polymerase chain reaction.
The positions of the amino acids were numbered according
to the 441-amino acid isoform of human tau. Thus, C291 is
localized in second repeat and C322 is localized in the third
repeat of microtubule binding domain of tau. Recombinant tau
was purified as described previously (49). Briefly, expression of
recombinant human tau was induced in E. coli, BL21 (DE3) by
0.5 mm of isopropyl β-D-1-thiogalactopyranoside for 2 h. Tau
expressing bacteria were harvested and lysed in homogenize
buffer (50 mm PIPES, 1 mm EGTA and 1 mm DTT (pH 6.4)) with
sonication. After centrifugation at 3000 × g at 4◦C for 10 min,
the soluble fractions were applied to phosphocellulose columns
(P11, Whatman) and eluted by a stepwise gradient of 0.1–0.3 M
NaCl. The soluble fractions were then precipitated by saturated
ammonium sulfate and collected by ultracentrifugation at
100 000 × g at 2◦C for 15 min. Resultant pellets were resuspended
in a homogenized buffer containing 0.5 M NaCl and 2% 2-
mercaptoethanol and heated at 100◦C for 5 min. After the
insoluble materials were removed by centrifugation at 15 000 × g
for 15 min. The soluble heat stable fractions containing tau
proteins were further fractionated using reverse-phase HPLC
with Cosmosyl Protein-R column (Nacalai tesque). These
fractions were dried and stored in −80◦C until use. Purity and
concentrations of proteins were evaluated by SDS-PAGE followed
by Coomassie Brilliant Blue staining. We verified that purity of
all recombinant proteins used here were better than 95% of total
protein.

In vitro tubulin polymerization assay

Effects of tau on tubulin polymerization were determined
using fluorescence-based tubulin polymerization assay as
described in manufactured instruction (Cytoskeleton Inc.,
Denver, CO). Briefly, purified wild-type and mutant tau (1 μm)
were mixed with porcine tubulin (7.5 μm) in assembly buffer
at 37◦C. Polymerized tubulin was monitored by fluorescence
(ex.360/em. 465) using Infinit F-200 Microplate Reader (TECAN,
Männedorf/Switzerland) for 30 min at 1 min interval. After
incubation, resultant solutions were subjected to centrifugation
at 100 000g, for 15 min at 20◦C. The supernatants (free tubulin
fraction) and pellets (microtubule fraction) were subjected to
SDS-PAGE to quantify the amount of tubulin constructed into
the microtubule.

Statistics

Statistics were done with Microsoft Excel (Microsoft), GraphPad
Prism (GraphPad) and R (R Foundation for Statistical Comput-
ing, Vienna, Austria.URL http://www.R-project.org/). Differences
were assessed using the Student’s t-test or one-way ANOVA
and Tukey’s honestly significant difference (HSD) post hoc test.
P values < 0.05 were considered statistically significant.

Supplementary Material
Supplementary Material is available at HMGJ online.
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