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Abnormal hyperphosphorylation of the microtubule-associ-
ated protein Tau is a hallmark of Alzheimer disease and related
diseases called tauopathies. As yet, the exact mechanism by
which this pathology causes neurodegeneration is not under-
stood. The present study provides direct evidence that Tau
abnormal hyperphosphorylation causes its aggregation, break-
down of the microtubule network, and cell death and identifies
phosphorylation sites involved in neurotoxicity. We generated
pseudophosphorylated Tau proteins by mutating Ser/Thr to
Glu and, as controls, to Ala. These mutations involved one, two,
or three pathological phosphorylation sites by site-directed
mutagenesis using as backbones the wild type or FTDP-17
mutant R406W Tau. Pseudophosphorylated and corresponding
control Tau proteins were expressed transiently in PC12 and
CHO cells. We found that a single phosphorylation site alone
had little influence on the biological activity of Tau, except
Thr*'2, which, upon mutation to Glu in the R406W background,
induced Tau aggregation in cells, suggesting phosphorylation at
this site along with a modification on the C-terminal of the pro-
tein facilitates self-assembly of Tau. The expression of R406W
Tau pseudophosphorylated at Thr?'2, Thr*3!, and Ser®°? trig-
gered caspase-3 activation in as much as 85% of the transfected
cells, whereas the corresponding value for wild type pseu-
dophosphorylated Tau was 30%. Cells transfected with pseu-
dophosphorylated Tau became TUNEL-positive.

The microtubule-associated protein (MAP)®> Tau accumu-
lates in abnormally hyperphosphorylated state forming intra-
cellular filamentous deposits in several neurodegenerative
diseases that cause dementia (1). These dementia disorders are
collectively known as tauopathies. This family of diseases
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includes Alzheimer disease (AD), adults with Down syndrome,
frontotemporal dementia with Parkinsonism linked to chro-
mosome 17 (FTDP-17), amyotrophic lateral sclerosis, cortical
basal degeneration, dementia pugilistica, Pick disease, and tan-
gle-only dementia. Despite their diverse phenotypic manifesta-
tions, brain dysfunction, and degeneration, these tauopathies
are linked to the progressive accumulation of filamentous
hyperphosphorylated Tau inclusions, and these inclusions,
together with the absence of other disease-specific neuropatho-
logical abnormalities except amyloid 8 deposition in AD and
Down syndrome, provide circumstantial evidence implicating
abnormal Tau in disease onset and/or progression.

Tau is the major neuronal MAP. The other neuronal MAPs
are MAP1A, MAP1B, and MAP2. In vitro, Tau promotes the
assembly of tubulin into microtubules and stabilizes the micro-
tubule structure (2). Microtubules support axoplasmic trans-
port. The vast majority of axonal proteins are synthesized in the
neuronal cell body and transported through the axon along
the microtubule tracks. Axonal transport occurs throughout
the life of a neuron and is essential to its growth and survival.
Microtubules lie along the axis of the axon and provide the
main cytoskeletal “tracks” for transport. In the neurons of
patients with AD, the microtubule system is believed to be dis-
rupted, and axonal transport is interrupted, preventing vesicles
to reach the synapses, and slowly and steadily, the synapses
degenerate associated with retrograde degeneration.

In the central nervous system, Tau is a family of six proteins
derived from a single gene by alternative splicing of its
pre-mRNA (3, 4). The human brain Tau isoforms range from
352 to 441 amino acids. They differ in whether they contain
three or four tubulin-binding domains/repeats of 31 or 32
amino acids, each near the C terminus, and two, one, or no
inserts of 29 amino acids, each in the N-terminal region of
the molecule. The isoform expression and its degree of phos-
phorylation are regulated developmentally. All six isoforms
have been reported to be present in an abnormally hyperphos-
phorylated state in neurofibrillary tangles of paired helical fila-
ments admixed with straight filaments (1, 5-7). The Alzheimer
hyperphosphorylated Tau contains ~8 mol of phosphate/mol
of protein compared with ~3 mol of phosphate/mol of the nor-
mal protein (8) and results from phosphorylation at several new
sites.

In AD, hyperphosphorylation of Tau appears to precede the
appearance of the tangles (8, 9). Tau is phosphorylated at Ser
and Thr by several protein kinases, in vitro and in vivo, includ-
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ing glycogen synthase kinase-3, Cdk5, protein kinase A, cal-
cium/calmodulin-dependent protein kinase II, casein kinase 1,
protein kinase C, MAPK, and cyclin-dependent kinase 2
(reviewed in Refs. 10 and 11). It has been shown that phosphor-
ylation of Tau decreases its interaction with microtubules, and
certain sites such as Thr*'?, Ser*'*, Thr**!, Ser*®*, and Ser***
are the major sites in the inhibition of the binding of Tau to
microtubules (12—17). It also has been shown that phosphory-
lation of Tau filaments by glycogen synthase kinase-33 induces
formation of tangles (18). We demonstrated previously that in
vitro hyperphosphorylation of Tau by brain kinases converts
Tau into a molecule that is able both to self-assemble into tan-
gles of filaments and to disrupt microtubules by binding normal
Tau, MAP1A, MAP1B, and MAP2 (19-22). Tau can self-as-
semble when phosphorylated with a combination of isolated
kinases (23), and the biological activity of Tau (microtubule-
binding, disruption, and self-assembly) can be differentially
regulated by different kinases (24). Studying the self-assembly
properties of the first microtubule-binding domain of Tau,
Zhou et al. (25) showed by turbidity, electron microscopy, cir-
cular dichroism (CD), and NMR spectroscopy that phosphory-
lation at Ser?®? could accelerate Tau assembly into filaments.

The discovery of mutations in the Tau gene, which coseg-
regate with the disease in FTDP-17, provided unequivocal
evidence that Tau abnormalities alone are enough to cause
neurodegenerative disease (26 —28). Three different types of
Tau mutations have been described: missense, deletion, and
intronic. The missense mutations have been reported to result
in the substitution of one amino acid. The intronic 5’ to exon 10
mutations result in overexpression of four-repeat Tau (26, 28).
The exact molecular mechanism of neurodegeneration by
which the mutations cause the disease is not yet understood.
Like individuals with AD, FTDP-17 patients with Tau muta-
tions show accumulations of abnormally hyperphosphorylated
Tau as neurofibrillary tangles. All of the mutations discovered
in Tau are dominant, suggesting that the effect of Tau muta-
tions results in a gain of toxic function (29).

In a previous study, we also have shown that the FTDP-17
point mutations in Tau make this protein more prone to be
phosphorylated with brain kinases and that these mutated
Tau proteins can self-assemble into filaments at a lower stoi-
chiometry of phosphorylation than the wild type Tau (30).
Normal Tau self-assembles when ~10 mol of phosphate/mol of
protein are incorporated, whereas the corresponding value for
FTDP-17 mutated Tau is only ~5 mol of phosphate/mol of
protein.

All of these previous observations taken together suggested
that hyperphosphorylation of Tau was a pivotal step in neuro-
degeneration and that the hyperphosphorylation probably
induced a conformational change in the Tau molecule, which
made it inhibitory and that the FTDP-17 mutant Tau acquired
this gain of toxic function more readily (31).

The present study provides direct evidence that abnormal
hyperphosphorylation causes a breakdown of microtubule net-
work and aggregation of Tau and cell death and identifies some
of the phosphorylation sites that are involved in converting
normal Tau to a toxic protein. In this study, we transiently
transfected PC12 and CHO cells; expressed Tau pseudophos-
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phorylated by mutation of Ser or Thr into Glu individually and
in different combinations; and examined the microtubule net-
work, Tau aggregation, and cell death. We found that no single
phosphorylation site induced a dramatic change except Thr*'?,
phosphorylation of which induced aggregation of Tau. The
combination of phosphorylation of Thr*'?, Thr**!, and Ser***
in Tau in cells induced caspase activation and TUNEL-positive
staining, making Tau a toxic molecule, and this toxicity was
higher in R406W than the wild type Tau.

EXPERIMENTAL PROCEDURES

Materials—Sodium borohydride was purchased from ICN
Pharmaceutials (Casta Mesa, CA). All other reagents used in
this study were purchased from Sigma unless otherwise indi-
cated. The following primary antibodies were used: mouse
monoclonal antibody DM1A to a-tubulin (1:2000, Sigma);
mouse monoclonal antibody Tau C3 to Asp**' Tau (32); rabbit
polyclonal antibodies 134d (33), 111e (34), and 92e (35) to total
Tau (1:5000); monoclonal antibody Tau-1 to Tau nonphosphor-
ylated at Ser'?®/1%9/29% (1:50,000) (36); and polyclonal antibod-
ies to p-Thr'®!, p-Ser?**, p-Ser®*¢, and p-Ser***> Tau (1:1000)
(BIOSOURCE, Camarillo, CA). The secondary antibodies
used were Alexa 488-conjugated goat anti-mouse antibody
and Alexa 594-conjugated goat anti-rabbit antibody (1:1000)
(Molecular Probes, Eugene, OR).

Site-directed Mutagenesis—To mimic phosphorylation,
Ser'®, Thr?'2, Thr?*!, Ser®*®, Ser?°?, and Ser®°® in Tau were
mutated to Glu and, as a nonphosphorylation control, to Ala
individually or in combination, and Ser*** to a stop codon to
generate truncated Tau, Asp*™' Tau (Fig. 1), by site-directed
mutagenesis using a QuikChange II XL site-directed mutagen-
esis kit (Stratagene) for the single sites or a QuikChange multi-
site-directed mutagenesis kit (Stratagene) following the manu-
facturer’s instructions. The incorporation of the mutations in
the Tau was verified by sequencing of the plasmids.

Cell Culture and Transfections—CHO cells (obtained from
ATCC, Manassas, VA) were grown in 25-cm? flasks at 37 °C,
and 5% CO, in F12K medium (ATCC) supplemented with 10%
fetal bovine serum, 100 international units/ml penicillin, 100
pg/ml streptomycin. Cells were plated in eight-well culture
slides coated with poly-p-lysine (Becton Dickinson Labware,
Bedford, MA) for 24 h prior to use and then transfected with
expression plasmids using Lipofectamine™ 2000 (Invitrogen)
according to the manufacturer’s instructions. Briefly, 2 ug of
DNA was diluted in 50 ul of Opti-MEM I reduced serum
medium and mixed with Lipofectamine 2000 for 20 min at
room temperature. The mixture was overlaid on cells contain-
ing medium without serum and antibiotics. After 6 h, the cells
were replenished with fresh, regular culture medium. Studies
were carried out 24—48 h post-transfection and when the
transfection efficiency was ~25-35%.

Immunocytochemistry to Detect Microtubules and Tau, with
or without Extraction of Cells—To double label Tau and micro-
tubules, the cells were rinsed once with warm (37 °C) phos-
phate-buffered saline (PBS) and once with warm PEM (80 mm
PIPES, 5 mm EGTA, 1 mm MgCl,, pH 6.8) and then were either
fixed with 0.3% glutaraldehyde containing 0.5% Nonidet P-40 in
PEM for 10 min at 37 °C or were extracted with warm 0.2%
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T231 for 10 min in a boiling water bath.
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S199A 1 S199A/R406W 1 S199E © S199E/R406W t pg/ml) for 3 h. The membrane was
T212A 1 T212A/R406W T212E ¢ T212E/R406W 1 then washed and fixed with 0.5%
T231A T231A/R406W T T231E 1 T231E/R406W t formaldehyde, and the aldehyde
S235A 1 S235A/R406W S235E 1 S235E/R406W groups were neutralized with 9%
S262A 1 S262A/R406W S262E 1 S262E/R406W glycine in 50 mu Tris buffer, pH 7.4,
S396A © S396A/R406W S396E S396E/R406W 1 containing 150 mm NaCl (TBS). The
0 STy Ton 3E-RA06WT Tau bound was detected with Tau-1
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2E-T231E/S262E 1 3E-T212E/T231E/S262F © nizes Tau when it is nonphosphory-

FIGURE 1. Tau constructs employed for transfection of cells. N7 and N2 represent the two amino-terminal
inserts, and R1, R2, R3, and R4 represent the four microtubule-binding domain repeats. Indicated are the S/T
sites, which were pseudophosphorylated in wild type or R406W mutated Tau (1) to Glu (E) and as control to Ala

(A) in the present study. Asp**" Tau is shown (D421).

Triton X-100, 10 uM taxol in PEM for 1 min at 37 °C. Extracted
cells were rinsed with warm PEM twice and fixed. After fixa-
tion, the cells were treated with 0.5% Triton X-100 in TBS for 10
min and rinsed with PBS. Then, the cells were treated with
sodium borohydride (10 mg/ml in PBS) for 7 min and incubated
with 0.1 M glycine in PBS for 20 min. After rinsing with PBS, the
cells were treated with 4% normal horse serum containing 0.1%
Tween 20 in PBS for 30 min and immunostained with primary
antibodies, followed by incubation with Alexa 488-conjugated
goat anti-mouse antibody (1:1000) and Alexa 594-conjugated
goat anti-rabbit antibody (1:1000) (Invitrogen).

TUNEL, Tau, and Caspase Staining—For TUNEL and Tau
staining, cells were fixed with 4% formaldehyde in PBS for 20 min.
First, the apoptotic cells were labeled with FITC by a TUNEL apo-
ptosis detection kit (Millipore) according to the manufacturer’s
instructions. Then, the total Tau was immunolabeled as described
above. The primary antibody used was 134d, and the secondary
antibody was Alexa 594-conjugated goat anti-rabbit antibody. For
double labeled active caspase-3 and Tau, the primary antibodies
used were rabbit polyclonal antibody to active caspase-3 (1:50;
Abcam, Cambridge, MA) and mouse monoclonal antibody
TAU-5 (1:100; Becton Dickinson Biosciences, Bedford, MA). Rep-
resentative images were generated using a PCM 2000 Confocal
Imaging System (Nikon, Melville, NY) or an Act-2U Digital Imag-
ing System (Nikon). The National Institutes of Health Image ] pro-
gram, version 1.32j (http://rsb.info.nih.gov/ij/) was used to count
double labeled cells.

Binding of Normal Tau to Pseudophosphorylated Tau—The
binding of normal Tau to the pseudophosphorylated Tau was
studied by a dot blot overlay assay (22, 37). Taking advantage of
the heat stability of Tau, CHO cells transfected with different
Tau constructs were extracted with 100 mm MES, pH 6.7, 1 mm
EGTA, 150 mm NaCl, 1 mm B-mercaptoethanol and centri-
fuged at 100,000 X g for 60 min, and the supernatant was heated
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lated at Ser'®?, Ser'“%, Ser'®?, and/or
Ser?°? (38). Samples in which over-
lay with normal recombinant Tau
was substituted with BSA were used
to deduct any background bind-
ing. A third strip of the membrane was used to detect total
Tau with a mixture of phosphoindependent polyclonal anti-
bodies against Tau: 134d (33), 111e (34), and 92e (35) to nor-
malize the data.

RESULTS

Pseudophosphorylation at Multiple Sites Is Required to Have
a Strong Impact on the Binding of Tau to Microtubules—Previ-
ously, by in vitro studies, we found that the conformation of
abnormally hyperphosphorylated Tau needed to sequester nor-
mal Tau might involve among other sites phosphorylation at
Ser'®?, Thr?'?, Ser*®®, and Ser®®? and, for self-assembly, further
phosphorylation at Thr**! and Ser®*® (30). To test the partici-
pation of these phosphorylation sites on Tau binding to micro-
tubules and self-assembly in cells, we generated vectors con-
taining Tau and R406W Tau that were mutated individually at
Ser'®®, Thr?'2, Thr?3?!, Ser®®, Ser®®?, and Ser®°° to Ala or to Glu
to prevent or mimic phosphorylation at these sites (Fig. 1).
cDNAs of Tau, R406 W Tau, and all the mutants generated were
employed to transiently transfect PC-12 cells or CHO cells.
After 6 h of incubation with DNA, the medium was replaced
with low serum medium containing 5% serum and 50 ng/ml of
NGF to induce differentiation in the case of PC12 cells or with
regular medium in the case of CHO cells. After 48 h, the cells
were fixed and processed for immunocytochemistry. Cells with
at least 25% transfection efficiency were employed for this
study. The level of Tau expression was determined by quanti-
tating the inmunofluorescence of Tau relative to the tubulin
staining of microtubules for each of the constructs used (Fig.
2A). For each of the constructs, the levels of transfections were
very similar. When Tau was expressed, its staining colocalized
with microtubules, the processes were long, and microtubules
appeared to form bundles in PC-12 cells (Fig. 2B). In general,
mutations of Ser/Thr to Ala resembled the patterns observed
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FIGURE 2. Expression of single-site pseudophosphorylated Tau (1E Tau and 1E R406W Tau) in PC12 cells.
A, the levels of Tau (1) expression in the cells was measured by quantifying the immunofluorescence of Tau relative
to that of tubulin, using ImageJ software. The ratio of Tau to tubulin was considered 100% for cells transfected with
wild type Tau. Error bars, SD. B, PC12 cells were transfected with pseudophosphorylated Tau for 24-48 h, and its
expression was studied by immunocytochemistry as described. The cells were double labeled with 134d (Tau, red
fluorescence) and DM1A (tubulin, green fluorescence). Merge is shown in yellow. Bar, 25 pum.

with the protein nonmutated at these sites. When the Ser or
Thr were mutated to Glu at Ser*** and Ser®?, especially in
R406W Tau background, the colocalization of Tau with micro-
tubules was markedly reduced. Pseudophosphorylation at
Thr?'? in R406W Tau also showed only a partial colocalization
with microtubules (Fig. 2B). These findings suggested that
pseudophosphorylation of Tau at Thr?'?, Ser?®, and Ser***
reduced its binding to microtubules.

To better visualize the microtubule network and detect Tau-
microtubule interaction, we used CHO cells for transfection
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(Fig. 3). Cells were fixed and perme-
abilized (Fig. 3A) or were permeabi-
lized before fixing to detect Tau
associated to microtubules (Fig. 3).
When the cells were fixed before
permeabilization, Tau staining was
diffuse, but it also colocalized with
microtubules. Nevertheless, when the
cells were permeabilized first under
microtubule-stabilizing conditions
and then fixed, although the normal
Tau immunostaining remained simi-
lar (Fig. 3 compare 7 Fixed, Perm with
T Perm, Fixed) the pseudophosphor-
ylated Tau bound to microtubules
was very much decreased (Fig. 3B,
compare S262E 7 Fixed, Perm with
S262E T Perm, Fixed). Although all
Tau proteins expressed remained
associated to the microtubules the
staining appeared weaker in the
permeabilized cells when Tau was
pseudophosphorylated, suggesting
that the presence of the negative
charge in a position that interferes
with Tau binding to tubulin de-
creased Tau binding to microtu-
bules; this effect was most marked
in the case of S262E (Fig. 3B). This
finding is in agreement with the pre-
vious report showing that Ser®*> has
a very strong effect on Tau-micro-
tubule binding (14, 16, 39). Pseu-
dophosphorylation at other sites,
including Thr**!, did not appear to
have a major impact on microtubule
binding (Fig. 3B). Truncated Tau,
D421 Tau, bound to microtubules
similarly to wild type Tau (Fig. 3D).

Pseudophosphorylation of R406W
Tau at Thr*'* induced Tau aggre-
gates that decorated the microtu-
bule network in CHO cells, suggest-
ing that phosphorylation at this
position could be involved in Tau
gaining the conformation that pro-
motes Tau-Tau interaction (Fig.
3C). Of all the Tau constructs stud-
ied in cells, this Tau-staining pattern was seen only with T212E/
R406W Tau. The difference observed with this pseudophos-
phorylated Tau does not appear to be due to different levels of
expression of Tau. We did not observe any differences in trans-
fection efficiency. These results indicate that R406W Tau prob-
ably aggregates when Thr*'? is phosphorylated.

To test the effect of more than one phosphorylation sites on
Tau, multiple site-directed mutagenesis was performed. We
were able to generate Tau proteins with two and three pseu-
dophosphorylation sites. Using transient transfection, we stud-
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and 1E R406W Tau) and Asp**" truncated Tau (Asp**' Tau and Asp*?'/
R406W Tau) in CHO cells. A, cells were transfected with pseudophosphory
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FIGURE 4. CHO cells transfected with either Tau or T212E/T231E/S262E
Tau or T212E/T231E/S262E/R406W Tau. After 48 h, the cells were perme-
abilized with 0.1% Nonidet P-40 before fixing and then processed for immu-
nocytochemistry and double labeled with 134d (Tau) and DM1A (tubulin).
Merge is shown in yellow. 3E Tau appeared to localize in the nucleus, and
tubulin staining was markedly reduced in the transfected cells. Bar, 25 um.

ied the effect of expressing these pseudophosphorylated Tau
proteins in CHO cells as described above. T212E/T231E/S262E
Tau and T212E/T231E/S262E/R406W Tau appeared to disso-
ciate from microtubules and form aggregates in the cell nucleus
(Fig. 4). These findings suggested that the presence of a negative
charge at these three positions was able to reduce Tau binding
to the microtubules much more than at only one phosphory-
lated site studied. Tau binds to microtubules with a K, of ~100
nM (40). Hyperphosphorylation of Tau at Thr*'?, Thr**', and
Ser®®? is known to inhibit this binding and results in its accu-
mulation in the cytoplasm. Tau has a consensus nuclear local-
ization sequence KKXK (amino acid residues (140-143) (41)
through which it might be translocated by one or more import-
ins to the nucleus. The pseudophosphorylation of Tau at Ser*'?,
Thr**!, and Ser”®* might make it a better substrate for interac-
tion with an importin than pseudophosphorylation at Ser>'?
alone and, hence, the differences in their aggregations in
nucleus versus cytoplasm. In the nucleus, the hyperphosphory-
lated Tau, like histones, might bind to the DNA through its
highly basic domains. Previously, we have shown that Tau can
interact with DNA (42). Nuclear localization of hyperphosphor-
ylated Tau also was reported previously (43, 44).
Pseudophosphorylated Tau Induces Caspase Activation and
TUNEL-positive Cells—To investigate the sites of pseudophos-
phorylation that made Tau toxic, CHO cells transfected indi-
vidually with the different Tau constructs were double stained
for Tau and activated caspase-3 and counterstained with DAPI.

lated or truncated Tau, and its expression was studied by immunocytochem-
istry at 24-48 h as described. The cells were double labeled with 134d (Tau,
red fluorescence) and DM1A (tubulin, green fluorescence). Merge is shown in
yellow. B, cells transfected with S262E Tau. The cells were fixed before (Fixed)
or after (Perm) permeabilization. S262E Tau bound weakly to microtubules.
G, cells transfected with T212E/R406W Tau. After 48 h, the cells were perme-
abilized with 0.1% Nonidet P-40 before fixed and processed for immunocy-
tochemistry and double labeled with 134d (Tau, red) and DM1A (tubulin,
green). T212E/R406W Tau appeared to form aggregates devoid of tubulin,
decorating the microtubules. Bar, 25 um. D, cells transfected with Asp*?' Tau
and double labeled with 134d (Tau, green fluorescence) and Tau C3 (trun-
cated Tau, red fluorescence). Bar, 16 um.
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The cells were fixed and stained as
described above, and both Tau and
caspase-positive cells were counted.
A total of at least 300 cells were
counted per transfection. Expres-
sion of 1E Tau was unable to induce
caspase-3 activation (Fig. 5). T212E/
T231E/S262E Tau and T212E/
T231E/S262E/R406W Tau induced
proapoptotic behavior. In the case
of T212E/T231E/S262E/R406W Tau,
the effect was much higher than that
of T212E/T231E/S262E Tau. Thus,
the marked increase in the in-
duction of caspase-3 activation in
T212E/T231E/S262E/R406W Tau-
transfected cells could be due to the
mutation R406W and/or the higher
level of endogenous phosphoryla-
tion of this Tau than T212E/T231E/
S262E Tau. We investigated this
possibility by quantitative immuno-
dot blots using antibodies specific
to different Tau phosphoepitopes
(ThrISL’ Ser198/199/202, Ser214, Ser235,
Ser®®®, and Ser*** Fig. 5C). No sig-
nificant differences were found in
the sites investigated between 3E
Tau and 3E R406W Tau, with the
exception of Tau-1 (reactive when
Ser!?8/199/292 are not phosphory-
lated). Tau-1 immunoreactivity for
3E R406W Tau was 20% of that of
3E-Tau, suggesting that the FTDP-
17-mutated Tau was considerably
more phosphorylated at this site
than 3E Tau. Taken together, these
results clearly indicate that phos-
phorylation at Thr*'?, Thr**!, and
Ser’*®” induce a toxic property to
Tau, but this property can be en-
hanced either by the conforma-
tional change induced by R406W
mutation and/or by the subsequent
phosphorylation at Ser!®%/199/202,
the Tau-1 site.

Truncation of Tau at Asp**' fol-
lowing its abnormal hyperphosphor-
ylation has been reported previously
(45). Activated caspase-3 can cleave
Tau at Asp**'. Truncated Tau can
be detected with the monoclonal
antibody Tau C3. We generated
wild type and R406 W Tau truncated
at position 421 by mutating Ser**?
to a STOP codon. The expression of
truncated Tau in CHO cells showed
that truncated Tau bound to micro-
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tubules and did not activate caspase-3 (Figs. 3D and 5B).
Expression of truncated Tau in cells expressing 3E R406W Tau
was undetectable.

TUNEL staining enables investigation of DNA fragmenta-
tion during apoptosis. We investigated TUNEL staining in
CHO cells transiently transfected with E Tau constructs. We
quantitated the percentage of TUNEL-positive cells that
were transfected with Tau. Cells transfected with single by overlay assay, 40 ng of E Tau was dotted on a nitrocellulose
pseudophosphory]ated Tau forms were TUNEL_negative, or membrane and overlaid with 2 /.Lg/ml normal Tau. E Tau was
the values were too low (<5% of the 30% transfected cells; i.e.  able to bind normal Tau (Fig. 7). Like AD abnormally hyper-

A TUNEL TAU MERGE + DAPI from 100 cells counted, <2 cells
were TUNEL-positive) to draw any
T212E/T231E Tau, T231E/S262E
Tau, T212E/T231E/S262E Tau, and
had the highest percentage of Tau
expressing TUNEL-positive cells. In
~80% of the transfected cells were
caspase-3-activated, only 23% were
ing is in agreement with the finding
of Spires-Jones et al. (46) who
% mouse model of tauopathy that after
. J_ l hours of imaging, neurons with neu-
2
positive but TUNEL-negative. More
20 recently, in the brain stem of AD
15 hyperphosphorylated Tau corre-
lated with caspase activation, and
neurons were TUNEL-positive.
I-EI Ij Pseudophosphorylated Tau Binds
: Normal Tau—Previously, we had
< < <
°§8‘\ Q$\ éo“\ °§o$ @é phosphorylated Tau could induce
&Q“ neurodegeneration through a mech-
o> ruption through the sequestration of
Q,@ normal MAPs (20, 21). According to
FIGURE 6. TUNEL staining in Tau-transfected CHO cells. A, CHO cells were transiently transfected with Tau and lated Tau should bir}d r}ormal Tau.
R406W Tau, and these Tau proteins pseudophosphorylated at various sites. After 48 h, the cells were double labeled ~ To test Tau-E-Tau bmdlng, we used
double stained for Tau and TUNEL. The Tau construct used in each case is indicated. Approximately 300 cells were . .
counted perTau construct. T212E/T231E Tau, T231E/5262E Tau, T212E/T231E/5262E Tau, and T212E/T231E/5262E/  structs including Tau, R406W Tau,
and 3E R406W Tau were transfected
individually in CHO cells. After 48 h of transfection, the cells were
by heat treatment of the cell lysates as described under “Experi-
mental Procedures.” The amount of Tau was detected by quanti-

conclusions. Cells transfected with
T212E/T231E/S262E/R406W Tau
the case of 3E R406W Tau, whereas
TUNEL-positive (Fig. 6). This find-
35 showed in a reversible transgenic
rofibrillary tangles were caspase-3-
cases, Wei et al. (47) showed that
only a smaller proportion of these
& proposed that abnormally hyper-
&c} L é\,b ‘;\',” 6313’ anism that involves microtubule dis-
this hypothesis, pseudophosphory-
with 134d (Tau) and TUNEL. Cells were counterstained with DAPI to visualize the nuclei. B, quantitation of cells Overlay assay. Different Tau con-
R406W Tau induced apoptosis in the transfected cells. Bar, 50 wm. Error bars, SD. *, p < 0.05. 1E Tau, 2E Tau, 3E Tau and 1E, 2E,
harvested and lysed, and pseudophosphorylated Tau was isolated
tative immuno-dot blot assay using wild type Tau as a standard.

To study the sequestration of normal Tau by E Tau proteins

FIGURE 5. Caspase activation in Tau-transfected CHO cells. A, cells were transfected with pseudophosphorylated wild type and R406W-mutated Tau
proteins. After 48 h, the cells were double labeled with 134d (Tau) and activated caspase-3. Cells were counterstained with DAPI to visualize the nuclei. Bar, 50
um. B, quantification of cells double stained for Tau and activated caspase-3. Approximately 300 cells were counted in each transfection. T212E/T231E/S262E/
R406W Tau induced the highest caspase activation in the transfected cells. Error bars, SD. *, p < 0.05; **, p < 0.01; Error bars, SD. *, p < 0.05; **, p < 0.01. C, cells
were transfected with T212E/T231E/S262E Tau or T212E/T231E/S262E/R406W Tau. (After 48 h, the cells were harvested, and phosphorylation of Tau at different
sites (Thr'8, Ser'9%292 (Tau-1), Ser?'#, Ser®*®, Ser®*®, and Ser*??) was determined by quantitative immuno-dot blots using antibodies specific to total and
different phospho-Tau proteins.) The results are shown as the ratio of the immunoreactivity for T212E/T231E/S262E/R406W Tau (3E R406W Tau) to T212E/
T231E/S262E Tau (3E Tau). No significant differences (p < 0.5) were found in the sites investigated between 3E Tau and 3E R406W Tau, with the exception of the
Tau-1 site (reactive when Ser'9®/1997292 gre not phosphorylated); Error bars, SD.
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FIGURE 7. Pseudophosphorylated Tau binds normal Tau. CHO cells were
transfected with different pseudophosphorylated Tau constructs, and cell
extracts enriched in Tau were obtained as described under “Experimental
Procedures.” Binding of normal Tau to pseudophosphorylated Tau was quan-
tified as described under “Experimental Procedures.” The binding of Tau to
T212E/T231E/S262E Tau was taken as 100%. Pseudophosphorylated Tau
bound to normal Tau.

phosphorylated Tau (19, 21), E Tau sequestered normal Tau,
and this Tau-Tau binding was the highest in the case of T212E/
T231E/S262E/R406W Tau.

DISCUSSION

Neurofibrillary tangles of abnormally hyperphosphorylated
Tau are a hallmark of AD and related tauopathies. There is no
disease described, in which Tau accumulates and is not hyper-
phosphorylated. Nevertheless, it has not been established
whether hyperphosphorylation of Tau is a cause or a conse-
quence of the process of neurodegeneration. Here, we show by
employing pseudophosphorylation that: 1) AD-type abnormal
hyperphosphorylation of Tau causes neurodegeneration and,
2) that Thr*'?, Thr*®!, and Ser®®? are among the phosphoryla-
tion sites that make Tau cytotoxic. Furthermore, the FTDP-17
mutation R406W exacerbates this hyperphosphorylation-in-
duced toxicity of Tau. Phosphorylation at these three critical
sites promotes its binding to normal Tau and confers Tau an
apoptotic behavior.

Previous reports on the biological activity and self-assembly of
abnormally hyperphosphorylated Tau are consistent with the
present study. Abnormally hyperphosphorylated Tau from AD
brains (AD P-Tau) sequesters normal Tau and self-assembles into
tangles of paired helical/straight filaments (19-22). The longest
isoforms of the human four-repeat and the three-repeat Tau pro-
teins, when expressed in yeast, were found to acquire pathological
phosphoepitopes, assume a pathological conformation, and form
aggregates (48). We also have shown that hyperphosphorylation of
Tau by brain kinases inhibits its microtubule assembly promoting
activity and induces its self-assembly into tangles of paired helical/
straight filaments (49). Recently, Rankin et al. (18) demonstrated
that phosphorylation of Tau by glycogen synthase kinase-3f3 is
sufficient to induce the clustering of arachidonic acid-induced fil-
aments into structures similar to the neurofibrillary tangle-like
aggregates of Tau filaments found in AD brain.

In FTDP-17 with Tau mutations, this protein is found to be
polymerized in an abnormally hyperphosphorylated state in the
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absence of plaques. We postulate that a common molecular
mechanism, i.e. the abnormal hyperphosphorylation of Tau,
leads to neurofibrillary degeneration in these clinically distinct
diseases and that Tau phosphorylation can be modulated by its
conformation. Our previous studies have shown that four of the
FTDP-17 Tau mutations, R406W, V337M, G272V, and P301L,
result in Tau proteins that are, in vitro, more favorable sub-
strates for phosphorylation by brain protein kinases than the
wild type Tau, and Tau 4L (2 N-inserts, 4R) more than Tau 3L (2
N-inserts, 3R) (30). We had found that the mutated Tau pro-
teins polymerized into filaments in vitro when 4-6 mol of
phosphate/mol of Tau were incorporated, whereas wild type
Tau required ~10 mol of phosphate/mol of protein to self-
assemble. Mutated and wild type Tau proteins were able to
sequester normal Tau upon incorporation of ~4 mol of phos-
phate/mol of protein, which was achieved as early as 30 min of
in vitro phosphorylation by brain kinases in the case of mutant
Tau proteins. These findings taken together suggest that the
mutations in Tau might cause neurodegeneration through ren-
dering a molecule that is a more favorable substrate for hyper-
phosphorylation. This could mean that Tau phosphorylation is
a key regulator of cellular processes, one that is carefully mod-
ulated not to over- or under-respond. Nevertheless, the partic-
ular sites that are involved in these abnormal functions were
not known.

We and others (49, 50) had shown that the microtubule-
binding domain of Tau was the domain involved in Tau-Tau
interaction. We also postulated that the positive charge of the
Tau molecule, concentrated in patches in the flanking region of
Tau, could be responsible for the inhibition of its aggregation,
because the presence of the two N-terminal inserts of Tau,
which are highly negative, induced self-assembly of Tau (49).
Upon phosphorylation, Tau also acquires the ability to bind
normal Tau. These results suggest that at least two different
conformational states of Tau are induced by phosphorylation:
one in which the hyperphosphorylated Tau is able to bind nor-
mal Tau and one in which it is able to self-assemble into fila-
ments. In agreement with our model, oxidation of Tau, by the
addition of carbonyls to Lys also neutralizes the charge, and
Tau filaments are formed under oxidative stress conditions
(51). Eliminating the positive fragment of Tau by truncation
also fits well into this model.

Based on our previous studies, we have selected, in the pres-
ent study, sites to be modified by site-directed mutagenesis.
When we modified one single site at a time, we found that the
effects were not dramatic. In general, all the mono-pseu-
dophosphorylated Tau proteins were able to bind to microtu-
bules, although pseudophosphorylated Tau at Ser®** or Ser?**
appeared to have a weaker binding because the immunoreac-
tivity was very much reduced when the cells were permeabi-
lized and then fixed and immunostained. Tau pseudophosphor-
ylated at Thr?'?, though, was able to bind to microtubules; it
formed aggregates on the microtubules, suggesting that the
negative charge on Thr*'?, one of the most basic residues on
Tau, is involved in the self-assembly of Tau. Consistent with the
present study, Vandebroek et al. (48) found that Tau sites of
monoclonal antibody AT100 (Thr*'? and Ser*'*) were critical
for the self-assembly of Tau when they transfected yeast with
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human Tau and induced inactivation of Pho85, an orthologue
of Cdk5.

The Tau phosphosites Thr*'?, Thr**!, and Ser”®* are present
early in AD pathology (30, 52). Thr>'? can be phosphorylated by
DyrklA (dual-specificity tyrosine (Y) phosphorylation-regu-
lated kinase 1A), coded in chromosome 21, and most individu-
als with trisomy 21 (Down syndrome) show early onset of AD.
The amyloid precursor protein also is coded in chromosome
21; therefore, with the extra copy of chromosome 21, Down
syndrome patients have three copies of DyrklA and amyloid
precursor protein. Ryoo et al. (53) generated a transgenic
mouse model overexpressing Dyrk1A. These mice have higher
Tau phosphorylation at Thr*'?, and this hyperphosphorylated
Tau did not promote microtubule assembly (54). Thr*'? is in a
very basic domain of Tau, so the impact of phosphorylation on
this site is very strong (30). With respect to Thr**" and Ser*®?,
there is evidence that these sites are very important in Tau
binding to microtubules and that the combination of these sites
dramatically decreases Tau microtubule-promoting activity of
Tau (15, 55).

In the present report, we have used the pseudophosphor-
ylation to study the effect of a particular site on Tau binding
to microtubules, self-assembly, and cell toxicity. In a previ-
ous study, Fath et al. (56) pseudophosphorylated Tau at five
Ser/Thr residues in the N-terminal region flanking the
microtubule-binding domain (Ser'?®, Ser'®?, Ser?°?, Thr*3!,
and Ser?3®) and five Ser/Thr residues in the C-terminal end
(Ser®, Ser*®%, Ser®?, Ser*'3, and Ser**?); and observed no self-
assembly but partial toxicity in PC-12 cells. More recently, this
group generated a transgenic mouse line using this pseu-
dophosphorylated Tau (57), and these mice did not show any
significant neurodegeneration, probably because they did not
include Tau pseudohosphorylation at Ser*®?, which is most
implicated in inhibition of its interaction with microtubules
(see Refs. 14—16 and 39). With regards to Ser*®?, Lijima et al.
(58) using transgenic Drosophila expressing both human
Abeta42 and Tau, showed that Tau phosphorylation at Ser**
plays a critical role in Abeta42-induced Tau toxicity because
the toxicity of Tau was prevented by using a transgenic fly
expressing a nonphosphorylatable form at position Ser*®
instead of normal Tau. Another in vitro study used pseu-
dophosphorylated Tau to study the influence of different Tau
phosphorylation sites on assembly of Tau with polyanions (59)
and found that Thr*>'? was an important site in terms of stabi-
lizing the polymer. Leschik et al. (60) used pseudophosphory-
lated Tau at Ser'%, Ser'®?, Ser??, Thr**!, Ser*®°, Ser®?, Ser*°%,
Ser®, Ser™?, and Ser*?? to show that E-Tau is cytotoxic in
primary neuronal culture, is the limiting factor in amyloid B8-in-
duced cell death, and is modulated by PS1 and amyloid 3. In the
present study, we have used wild type and FTDP-17 mutant
Tau proteins, which we have shown previously to require a
lower phosphorylation stoichiometry than the wild type Tau.
The selection of sites was based on our previous study on kinet-
ics of phosphorylation and binding of normal Tau and self-
assembly (30). The present study suggests that pseudophos-
phorylated Tau, at Thr*'?, Thr**!, and Ser**> (3E Tau) is a
molecule that does not bind to microtubules, induces caspase
activation, and shows as TUNEL-positive cells. Taken together,
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these results suggest that the combination of these three phos-
phorylation sites converts Tau into a toxic molecule.

In conclusion, the present study suggests a scenario where
there is a phosphorylation/dephosphorylation imbalance, and
key phosphorylation sites such as Thr?'?, Thr**!, and Ser*** are
phosphorylated and induce a conformational change in Tau.
This abnormal hyperphosphorylation of Tau not only results in
the loss of its normal function but also the gain of a toxic activity
that causes disruption of the microtubule network and cell
death. In light of the sites detected in the present study, we can
speculate that phosphorylation of Tau by a combination of
kinases, i.e. nonproline dependent kinases PKA or calcium/
calmodulin-dependent protein kinase II and proline-de-
pendent kinases glycogen synthase kinase-38 or Cdk5, could
play a critical role in converting Tau from a functional to cyto-
toxic protein. This combination of kinases was shown previ-
ously to induce self-assembly and inhibition of microtubule
assembly by Tau (23). It is possible that other combination of
sites could also render toxicity to Tau, but sites reported in the
present study are known to get phosphorylated early in AD
neurodegeneration.
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