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at Cyclin-dependent Kinase (Cdk5)-dependent Alzheimer
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(Bacl(ground: Hyperphosphorylated Tau is a component of neurofibrillary tangles, the pathological hallmark in brains with
tauopathies.

Results: Pinl binds phospho-Tau and stimulates its dephosphorylation at Cdk5-mediated phosphorylation sites.
Conclusion: Efficient Tau dephosphorylation at Alzheimer-related sites requires Pinl activity, thereby preventing Tau
hyperphosphorylation.

Significance: Disruption of Pinl-dependent facilitation of Tau dephosphorylation may be a critical mechanism underlying the

etiology of tauopathies.
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Neurodegenerative diseases associated with the pathological
aggregation of microtubule-associated protein Tau are classi-
fied as tauopathies. Alzheimer disease, the most common
tauopathy, is characterized by neurofibrillary tangles that are
mainly composed of abnormally phosphorylated Tau. Similar
hyperphosphorylated Tau lesions are found in patients with
frontotemporal dementia with parkinsonism linked to chromo-
some 17 (FTDP-17) that is induced by mutations within the tau
gene. To further understand the etiology of tauopathies, it will
be important to elucidate the mechanism underlying Tau hyper-
phosphorylation. Tau phosphorylation occurs mainly at pro-
line-directed Ser/Thr sites, which are targeted by protein
kinases such as GSK3f and Cdk5. We reported previously that
dephosphorylation of Tau at Cdk5-mediated sites was enhanced
byPin1, apeptidyl-prolylisomerase that stimulates dephosphor-
ylation at proline-directed sites by protein phosphatase 2A.
Pin1 deficiency is suggested to cause Tau hyperphosphorylation
in Alzheimer disease. Up to the present, Pinl binding was only
shown for two Tau phosphorylation sites (Thr-212 and Thr-
231) despite the presence of many more hyperphosphorylated
sites. Here, we analyzed the interaction of Pin1 with Tau phos-
phorylated by Cdk5-p25 using a GST pulldown assay and Bia-
core approach. We found that Pinl binds and stimulates
dephosphorylation of Tau at all Cdk5-mediated sites (Ser-202,
Thr-205, Ser-235, and Ser-404). Furthermore, FTDP-17 mutant
Tau (P301L or R406W) showed slightly weaker Pinl binding
than non-mutated Tau, suggesting that FTDP-17 mutations
induce hyperphosphorylation by reducing the interaction

between Pinl and Tau. Together, these results indicate that
Pin1 is generally involved in the regulation of Tau hyperphos-
phorylation and hence the etiology of tauopathies.

The neuropathological hallmarks of Alzheimer disease
(AD)? include neurofibrillary tangles, which are composed
mainly of abnormally phosphorylated microtubule-associated
protein Tau (1). Aggregates of hyperphosphorylated Tau are
also found in other neurodegenerative diseases that are collec-
tively called tauopathies including Pick disease, progressive
supranuclear palsy, corticobasal degeneration, and frontotem-
poral dementia with parkinsonism linked to chromosome 17
(FTDP-17) (2). FTDP-17 is an inherited form of tauopathy that
is caused by mutations within the tau gene and is characterized
by lesions containing hyperphosphorylated Tau (3—5). Geneti-
cally modified mice featuring the fau mutations of FTDP-17
developed similar aggregates of hyperphosphorylated Tau and
showed dementia-like memory impairments, indicating a caus-
ative role of the fau mutations (2, 6, 7). However, it is not yet
known why these Tau mutations induce Tau aggregation and
neurodegeneration. Understanding the molecular mechanisms
that induce Tau hyperphosphorylation and aggregation in AD
and FTDP-17 may be critical to unravel the processes underly-
ing the etiology of tauopathies.

Tau in neurofibrillary tangles is phosphorylated at more than
30 sites with most of them being located in the flanking regions
of the microtubule-binding repeats (8—-10). Many protein
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kinases have been implicated in Tau phosphorylation. Proline-
directed protein kinases (PDPKs) such as glycogen synthase
kinase 38 (GSK3p) and cyclin-dependent kinase 5 (Cdk5) have
been thought to be critically involved in abnormal Tau phos-
phorylation because many proline-directed sites are hyper-
phosphorylated in Tau (2, 8, 10-12).

CdKk5, originally purified as Tau kinase II (13), is a serine/
threonine kinase with pleiotropic functions in postmitotic neu-
rons (14, 15). Cdk5 requires binding of the activation subunit,
p35, for activation. The active holoenzyme Cdk5-p35 is local-
ized to the cell membrane via the myristoylation of p35 (16—
18). Membrane-associated Cdk5-p35 exhibits moderate kinase
activity due to a short half-life of p35, which is degraded by the
proteasome (19). Alternatively, p35 can be cleaved to p25 by
calpain, and the Cdk5-p25 holoenzyme can subsequently relo-
calize to the cytoplasm and/or nucleus (16, 20, 21). The Cdk5
activator, p25, has a long half-life (16, 21) and induces aberrant
Cdk5 activity toward Tau (22, 23). Consistently, silencing of
Cdk5 reduced the phosphorylation of Tau in primary neuronal
cultures and in brain and decreased the number of neurofibril-
lary tangles in the hippocampi of transgenic Alzheimer disease
mice (24). However, it is not clear how Cdk5-p25 causes Tau
hyperphosphorylation and aggregation.

In FTDP-17 patients and transgenic mouse models, Tau is
hyperphosphorylated (2, 8, 10, 11, 25). In contrast, FTDP-17
mutant Tau is less phosphorylated than wild-type (WT) Tau in
vitro or in cell cultures (26 —29). These studies suggest that dis-
ruption of dephosphorylation rather than increased phosphor-
ylation contributes to the hyperphosphorylated state of Tau.
Accordingly, protein phosphatase 2A (PP2A) activity is
decreased in AD brains (30-32), and highly phosphorylated
Tau in paired helical filament is relatively resistant to dephos-
phorylation by PP2A (33). Furthermore, PP2A preferentially
dephosphorylated phospho-(Ser/Thr)-Pro motifs in trans con-
formation when synthetic phospho-Thr-231 Tau peptide was
used as a substrate (34, 35). Peptidyl-prolyl cis/trans isomerase,
NIMA-interacting 1 (Pinl) is a peptidylprolyl isomerase com-
posed of two functional domains, the N-terminal WW domain,
which binds to phosphorylated Ser or Thr at proline-directed
sites, and the C-terminal cis/trans isomerase domain (36, 37).
Pinlisfoundinneurofibrillary tangles,and Tau hyperphosphor-
ylation is reported in Pinl-deficient mice (38). Hence, Pinl
could be a critical regulator of Tau dephosphorylation to (i)
restore physiological Tau function such as microtubule binding
and (ii) suppress neurofibrillary tangle formation by enhancing
dephosphorylation by PP2A. We reported recently that Pinl
stimulates dephosphorylation of Tau phosphorylated by Cdk5-
p25, suggesting that there are more Pinl binding motifs in Tau
(39). The Pin1 binding sites in Tau were shown to be phospho-
Thr-231 (34, 40) and phospho-Thr-212 (41). However, these
two Pinl binding sites alone cannot prevent abnormal Tau
phosphorylation at all the other hyperphosphorylation sites.
Therefore, we wanted to assess Pinl binding at additional Tau
phosphorylation sites.

Here we analyzed interaction of Pinl with Cdk5-mediated
Tau phosphorylation sites using a GST pulldown assay and Bia-
core technique. We observed that Pinl binds to Tau and stim-
ulates its dephosphorylation at all Cdk5 phosphorylation sites
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including Ser-202, Thr-205, Ser-235, and Ser-404. Further-
more, Tau carrying the FTDP-17 mutation P301L or R406W
showed slightly weaker binding to Pinl than WT Tau, suggest-
ing that FTDP-17 mutations induce Tau hyperphosphorylation
by reducing its interaction with Pin1.

EXPERIMENTAL PROCEDURES

Antibodies and Chemicals—Anti-Pinl and anti-actin were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA),
anti-human Tau (A0024) was obtained from Dako Denmark
(Glostrup, Denmark), anti-Tau Ab-2 (Tau5) was purchased
from Thermo Fisher Scientific Anatomical Pathology (Fre-
mont, CA), Tau-C was prepared as described previously (42),
anti-phospho-Tau (Ser(P)-202, Thr(P)-205, and Ser(P)-404)
was obtained from Invitrogen, and anti-phospho-Tau (Ser(P)-
235) was from Abcam (Cambridge, UK). Goat anti-GST anti-
body was purchased from GE Healthcare. Phos-tag acrylamide
and 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride
(Pefabloc) were purchased from Wako Chemicals (Osaka,
Japan). Leupeptin was obtained from the Peptide Institute
(Osaka, Japan). 5-Hydroxy-1,4-naphthoquinone (juglone) and
Dulbecco’s modified Eagle’s medium (DMEM) were from Sig-
ma-Aldrich. HilyMax transfection reagent was from Dojindo
Laboratories (Kumamoto, Japan).

Plasmid Construction of Mutant Tau—The 412-amino acid
isoform (1N4R; containing one N-terminal insertion and four
microtubule-binding repeats) of human Tau was used (29). Ala-
nine mutants of Tau at Ser-202 (S202A), Thr-205 (T205A),
Thr-212 (T212A), Thr-231 (T231A), or Ser-235 (S235A) were
generated using 1N4R human tau as a template with the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA) according to the manufacturer’s instructions. The primers
used were as follows: 5'-GGGAGTGCCTGGGGCGCCGGG-
GCTGCT-3"and 5'-AGCAGCCCCGGCGCCCCAGGCACT-
CCC-3' for S2024, 5'-GCTCCCCAGGCGCTCCCGGCAGCC-
GCT-3' and 5'-AGCGGCTGCCGGGAGCGCCTGGGGAGC-3’
for T205A, 5'-CAGCCGCTCCCGCGCCCCGTCCCTTCC-3’
and 5'-GGAAGGGACGGGGCGCGGGAGCGGCTG-3' for
T212A, 5'-GGCAGTGGTCCGTGCTCCACCCAAGTC-3’
and 5'-GACTTGGGTGGAGCACGGACCACTGCC-3' for
T231A, and 5-TACTCCACCCAAGGCGCCGTCTTCCGC-3’
and 5'-GCGGAAGACGGCGCCTTGGGTGGAGTA-3' for
S235A. Ser-202, Thr-205, Ser-235, and Ser-404 were mutated
to Ala in Tau-4A by PCR using the primers described above.
Tau-3A mutants with a single phosphorylation site were con-
structed by adding back one of Ser-202, Thr-205, Ser-235, or
Ser-404 to Tau-4A.

Expression and Purification of Recombinant Human Tau—
Expression of recombinant human Tau (either the WT or Ala
mutants) and FTDP-17 mutant Tau (P301L and R406W) was
performed in Escherichia coli BL21-CodonPlus (DE3)-RP as
described previously (29). Tau proteins were purified from
heat-treated extracts using a Mono S column with an AKTA
purifier (GE Healthcare). The amount of Tau protein was esti-
mated by Coomassie Brilliant Blue (CBB) staining of gels using
bovine serum albumin (BSA) as a standard.

Cloning, Mutant Construction, and Expression of Pin1—Pin1
c¢DNA was amplified from an adult mouse brain cDNA library
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by PCR using oligonucleotides 5'-GAATTCATGGCGGACG-
AGGAGAAG-3' and 5'-CTCGAGTCATTCTGTGCGCAG-
GAT-3’ as the forward and reverse primers, respectively. GST-
Pinl was generated by inserting Pinl cDNA into EcoRI/Xhol
sites of pGEX4T-1 (GE Healthcare). Asp mutants of Pinl at
Tyr-23 (Y23D) and Trp-34 (W34D) were generated using
mouse Pinl as a template with the QuikChange site-directed
mutagenesis kit. The primers used were as follows: 5'-CAGG-
CCGGGTGGACTACTTCAATCACA-3" and 5'-TGTGATT-
GAAGTAGTCCACCCGGCCTG-3' for Y23D and 5'-CACC-
AACGCCAGCCAGGACGAGCGGCCCAGCGGCG-3"  and
5'-CGCCGCTGGGCCGCTCGTCCTGGCTGGCGTTGGTG-3’
for W34D. GST-Pin1 or its mutants were expressed in the BL21
E. coli strain (DE3) and purified from the cell extract using GSH
beads (GE Healthcare).

Preparation of Extracts from COS-7 Cells or Mouse or Human
Brain—COS-7 cells were maintained in DMEM supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 0.1
mg/ml streptomycin. COS-7 cells were transfected with p25,
Cdk3, tau, and/or Pinl expression plasmids by HilyMax trans-
fection reagent (Dojindo Laboratories). Twenty-four hours
after transfection, the cells were lysed in 20 mm HEPES, pH 7 .4,
1 mm MgCl,, 100 mm NaCl, 0.5% Nonidet P-40, 0.4 mm Pefa-
bloc, 10 ug/ml leupeptin, and 1 mm dithiothreitol (DTT) on ice
for 10 min. After centrifugation at 15,000 X g for 15 min, the
supernatant was collected as a COS-7 cell extract. Four-week-
old C57BL/6] mice were obtained from Sankyo Labo Service
(Tokyo, Japan). Brain cortex was homogenized in 20 mm
HEPES, pH 7.4, 100 mm NaCl, 0.1% Nonidet P-40, 2 mm MgCl,,
1 mm EGTA, 0.4 mm Pefabloc, 10 pg/ml leupeptin, and 1 mm
DTT. After centrifugation at 15,000 X g for 20 min, the super-
natant was used as a brain extract. The extract was incubated
with or without 1 mm ATP and/or 20 uM roscovitine (Calbi-
ochem) at 35 °C for 1 h to induce phosphorylation of Tau. The
human brain tissues were kindly provided by the University
College London Queen Square Brain Bank (London, UK).
Lysates were prepared from snap frozen human brain tissues
from a male FTDP-17 patient and three male non-AD controls.
Small frozen tissue samples were homogenized in ice-cold P2
buffer containing protease and phosphatase inhibitors as
described previously (12).

Preparation of Cdk5-p25 from Sf9 Cells and Phosphorylation
of Tau—Cdk5-p25 was purified from Sf9 cells infected by bacu-
lovirus encoding Cdk5 and p25 as described previously (43).
Tau at 0.1 mg/ml was phosphorylated by Cdk5-p25 at 35 °C for
1.5 h in 10 mm MOPS, pH 6.8, 2 mum MgCl,, 0.1 mm EDTA, 0.1
mM EGTA, 0.1% Nonidet P-40, and 1 mm ATP or 0.1 mm
[y-**P]ATP. Phosphorylation was detected by autoradiography
after SDS-PAGE on a 10% polyacrylamide gel, and the extent of
Tau phosphorylation was quantified using a FLA7000 bioimage
analyzer (Fuyjifilm, Tokyo, Japan). Two-dimensional phospho-
peptide map analysis of phospho-Tau was performed as
described previously (29).

GST Pulldown Assay—GST or GST-Pinl was incubated with
GSH-Sepharose 4B (GE Healthcare) at 4 °C for 1 h and then
incubated with mouse brain extract or E. coli extract containing
Tau at 4 °C for 2 h. The beads were washed five times with
HEPES buffer (20 mm HEPES, pH 7.4, 100 mm NaCl, 2 mm
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MgCl,, 0.5% Nonidet P-40, 1 mm EGTA, 10 mMm NaF, 10 mm
B-glycerophosphate, 1 mm Na;VO,, 10 ug/ml leupeptin, 0.2
mM Pefabloc, and 1 mm DTT), and the proteins bound to beads
were eluted by boiling in SDS sample buffer.

Surface Plasmon Resonance Analysis of the Binding between
Pinl and Phosphorylated Tau—The affinity of phosphorylated
Tau binding to Pin1 was measured with a Biacore 2000 surface
plasmon resonance spectroscope (GE Healthcare) as described
previously (44). Briefly, anti-GST antibody was immobilized on
a CMS5 sensor chip using an amine coupling kit (GE Healthcare)
according to the manufacturer’s protocol. All measurements
were performed using 10 mm HEPES, pH 7.0, 100 mm NaCl, 1.5
mM EDTA, and 0.01% Nonidet P-40. Purified Tau was injected
at a rate of 5 ul/min at 25 °C. For the kinetic analysis, various
concentrations of Tau were loaded onto the sensor surface to
equilibrate the Tau-Pinl interaction, and the amount of the
complex (the response at equilibrium (Req)) was measured in
resonance units. The correlation between Req, the concentra-
tion of ligand (C) passed over the sensor surface, and the total
binding capacity (R,,,,,) of the immobilized protein was calcu-
lated as: Req/C = KR, — K,Req. The association constant
(K,) was determined from the plot of Req/C versus Req esti-
mated at different Tau concentrations by Scatchard plot anal-
ysis. Statistical analysis was performed using a linear regression
method.

SDS-PAGE, Phos-tag SDS-PAGE, and Immunoblotting—SDS-
PAGE was performed according to the method of Laemmli (45)
using a 12.5% polyacrylamide gel. Phos-tag SDS-PAGE was per-
formed with 7.5% polyacrylamide gels containing 50 um Phos-tag
acrylamide and 150 um MnCl, (46, 47). Proteins were transferred
to a PVDF membrane using a submerged blotting system. The
reaction was detected using an enhanced chemiluminescence
detection kit (GE Healthcare).

RESULTS

Cdk5 Phosphorylation Is a Prerequisite for Pinl Binding to
Tau—We have reported previously that recombinant Tau
phosphorylated by Cdk5-p35 is dephosphorylated by PP2A
faster in WT mouse brain extract than in Pin1-deficient mouse
brain extract (39). This result suggests that Pinl recognizes
Cdk5-phosphorylated Tau to stimulate its dephosphorylation.
However, there has been no report describing Pin1 binding to
Cdk5-mediated Tau phosphorylation sites. Therefore, we
wanted to know whether endogenous Tau in mouse brain binds
to Pinl. Tau was phosphorylated by incubation with ATP at
35 °C for 1 h in the presence or absence of the Cdk5 inhibitor
roscovitine, and the binding of Tau to Pinl was assessed using a
GST-Pinl pulldown assay. Incubation with ATP increased the
amount of Tau bound to Pin1 more than 7-fold. In contrast, appli-
cation of roscovitine decreased the amount of Tau bound to Pinl
by more than 30% (Fig. 1). These results suggest that Cdk5-medi-
ated phosphorylation facilitates the binding of Tau to Pinl. Other
Tau kinases (e.g. GSK3p) that phosphorylate Tau at similar sites
may also increase the interaction between Tau and Pinl.

Pinl Binds to Tau When Phosphorylated by Cdk5-p25 and
GSK3B but Not by the Catalytic Subunit of cAMP-dependent
Protein Kinase (PKA)—To demonstrate more conclusively that
Pinl can bind to Tau phosphorylated by Cdk5, recombinant
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FIGURE 1. Endogenous Tau phosphorylated by Cdk5 in mouse brain
extracts binds to Pin1. Mouse brain extract was incubated with ATP in the
presence or absence of 20 um roscovitine (Ros) at 35 °C for 1 h. The incubated
extracts were subjected to a pulldown assay using GST-Pin1 (Pin1) or GST. A,
the binding of Tau was detected by immunoblotting with anti-Tau antibody
(Tau5) (upper panel). CBB staining of GST-Pin1 and GST is shown in the lower
panel. B, quantification of Tau bound to GST-Pin1. The results are expressed as
mean = S.E. (error bars) (n = 3;*, p < 0.05). a.u., arbitrary units.

Tau was phosphorylated by Cdk5-p25 in vitro, and its binding
to Pinl was examined. Tau was also phosphorylated by GSK3p,
another PDPK, and the PKA, a non-PDPK, and their binding to
Pinl was examined as a positive and negative control, respec-
tively. Tau phosphorylated by Cdk5-p25 or GSK33, but not by
PKA, bound to GST-Pinl (Fig. 24). No binding was observed
with control GST beads. These results indicate that Pin1 binds
to Tau at proline-directed Ser/Thr phosphorylation sites that
are modified by Cdk5 and GSK38.

There are six isoforms of Tau in the human brain (48) that
differ in the N-terminal insertion of exons 2 and/or 3 and in the
C terminus of exon 10. The latter splicing produces Tau iso-
forms with three (3R) or four (4R) microtubule-binding repeats.
The ratio of Tau 3R to 4R in neurofibrillary tangles differs
between tauopathies (2, 49). We next examined whether indi-
vidual Tau isoforms have distinct binding affinities for Pin1. All
Tau isoforms bound to Pinl after phosphorylation by Cdk5,
and the binding did not differ between isoforms (supplemental
Fig. 1). Therefore, we decided to use the Tau 1N4R isoform in
the following experiments.

Pinl Binds to Tau at Phosphorylation Sites Other than Thr-
212 and Thr-231—1It has been reported that Thr-212 and Thr-
231 in Thr-Pro sequences are the Pinl-binding sites (40, 41).
Thr-212 and Thr-231 are not major Cdk5-mediated phosphor-
ylation sites (29); nevertheless, it is possible that these sites can
be phosphorylated by Cdk5 in vitro and hence explain the
increased Pinl binding after Cdk5-mediated phosphorylation.
To test this possibility, we generated mutant Tau in which the
threonine residues at position 212 and/or 231 were replaced
with non-phosphorylatable alanine (T212A, T231A, and
T212A/T231A), and we examined the binding of the mutant
Tau to GST-Pinl after Cdk5 phosphorylation (Fig. 2B). The
upward shift of Tau-T212A, Tau-T231A, and Tau-T212A/
T231A was similar to that of WT Tau, suggesting that these
sites are not efficiently phosphorylated by Cdk5. Consistently,
an in vitro kinase assay revealed that the Tau mutants (T212A,
T231A, and T212A/T231A) exhibited phosphorylation levels
comparable with those of WT Tau (supplemental Fig. 2). All of
these Ala mutants phosphorylated by Cdk5-p25 bound to Pinl
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FIGURE 2. Recombinant Tau phosphorylated in vitro by Cdk5-p25 or
GSK3p, but not by PKA, binds to Pin1. A, recombinant Tau phosphorylated
by Cdk5-p25, GSK3, or PKA was subjected to a GST-Pin1 pulldown assay. s,
supernatant; p, pellet. Unphosphorylated Tau is shown in the first panel ([—]).
Tau bound to GST-Pin1 was detected by immunoblotting with Tau5 (first to
fourth panels). The input is shown in the lanes labeled “In.” GST-Pin1 and GST
are shown by CBB staining (lower panel). B, Tau binds to Pin1 at phosphor-
ylation sites other than Thr-212 and Thr-231. Tau-T212A, Tau-T231A, or Tau-
T212A/T231A was phosphorylated by Cdk5-p25 and subjected to the GST
pulldown assay. Tau bound to Pin1 (upper panel) and in the input (second
panel) was detected by immunoblotting with Tau5. CBB staining shows GST-
Pin1 (lower panel). C, the WW domain-dependent binding of Pin1 to Cdk5-
phosphorylated Tau. Unphosphorylated Tau (—) or Cdk5-phosphorylated
Tau (Cdk5-p25) was subjected to the GST pulldown assay using an Asp
mutant of Pin1 at Tyr-23 (Y23D) or Trp-34 (W34D) in the WW domain. Input
shows unphosphorylated (—) and Cdk5-phosphorylated (Cdk5) Tau. CBB
staining shows GST-Pin1 and GST (lower panel).

(Fig. 2B). The results suggest that Pinl can bind to sites other
than Thr-212 and Thr-231 in Cdk5-phosphorylated Tau. Pinl
binds to the phospho-(Ser/Thr)-Pro sequences via its N-termi-
nal WW domain (36, 37). To confirm that Cdk5-phosphory-
lated Tau binds to Pinl via the WW domain, we generated Asp
or Trp mutants of Pinl at the critical Tyr-23 residue (Pinl-
Y23D) or Trp-34 residue (Pin1-W34D) in the WW domain, and
we examined their binding to Cdk5-phosphorylated Tau. These
Pinl mutants did not bind to phosphorylated Tau (Fig. 2C),
indicating that Pinl binding to Cdk5-phosphorylated Tau is
dependent on WW domain-mediated interaction.

The Major Cdk5 Phosphorylation Sites in Tau Are Ser-202,
Ser-235, Ser-404, and Thr-205—The Cdk5 phosphorylation
sites in Tau reported so far include Thr-153, Thr-181, Thr-199,
Ser-202, Thr-205, Thr-212, Ser-214, Thr-231, Ser-235, Ser-396,
and Ser-404 (8,11, 29, 39, 50). Some of these sites may be minor
sites that were identified with phosphorylation-specific anti-
bodies. To identify Pinl-binding Cdk5 phosphorylation sites,
we first needed to identify all major Cdk5 phosphorylation sites.
We have previously identified the major Cdk5 phosphorylation
sites in Tau as Ser-202, Ser-235, and Ser-404 biochemically
using two-dimensional phosphopeptide mapping (29, 39, 51).
However, there was ambiguity about Thr-205, which is
included in the same tryptic peptide as Ser-202 (Fig. 24, amino
acid sequences shown between the domain structure of Tau
and mutants). We then determined whether Thr-205 could also
be phosphorylated by Cdk5-p25. Ala mutants of Tau at Ser-202,
Thr-205, or both were phosphorylated by Cdk5-p25 (Fig. 3B)
and then subjected to two-dimensional phosphopeptide map
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FIGURE 3. Tau lacking four Cdk5 phosphorylation sites does not bind to
Pin1. A, domain structure and major Cdk5 phosphorylation sites in the lon-
gest human Tau comprising 441 amino acids. R1-R4 are microtubule-binding
repeats, and Thr-212 (7272) and Thr-231 (T237) are the reported Pin1-binding
sites. Amino acid sequences of tryptic peptides containing the major Cdk5
phosphorylation sites are indicated below. Tau mutants with Ala replace-
ment at the Cdk5 phosphorylation sites used in this study are also shown. B,
an autoradiograph of WT Tau and Ala mutants at Ser-202 and/or Thr-205
phosphorylated by Cdk5-p25. C, two-dimensional phosphopeptide map of
WT Tau and Ala mutants at Ser-202 and/or Thr-205 phosphorylated by Cdk5-
p25. Four spots, 1-4, were detected with Tau WT. The phosphorylation spots
4 and 2/3 correspond to Ser-235 and Ser-404, respectively (29, 39). Arrow-
heads indicate the spot including phospho-Ser-202 or phospho-Thr-205. D,
Tau-4A does not bind to Pin1. Tau WT or Tau-4A was phosphorylated by
Cdk5-p25, and their binding to Pin1 was examined by a GST-Pin1 pulldown
assay (Bound). Input is shown in the middle panel, and GST-Pin1 is shown in
the lower panel by CBB staining. E, affinity of Cdk5-phosphorylated Tau bind-
ing to Pin1. WT Tau phosphorylated by Cdk5-p25 was applied to a Pin1-
bound sensor tip in a Biacore instrument as described under “Experimental
Procedures.” The Scatchard plot was obtained by plotting the resonance
units (RU) at equilibrium (Req)/Tau concentration (M) against resonance
units. A straight line was drawn using the least squares method. The linear
regression equation between Req and Req/Tau (um) was: Req = R, — Req/
Tau X K, (95% confidence interval for the regression coefficient, —1.53 X
10 *to —0.67 X 104, and the coefficient of determination was r* = 0.96).
The calculated K, value was 1.11 = 0.14 X 10~ *m (*£S.D.).

analysis (Fig. 3C). WT Tau phosphorylated by Cdk5-p25 is
shown in Fig. 34, which shows four major phosphorylation
spots that are identical to our previous results (29, 39). We
previously assigned each spot to its corresponding phosphory-
lation site, Ser-202 for spot 1, Ser-404 for spots 2 and 3, and
Ser-235 for spot 4. To determine whether phospho-Thr-205 is
included in the same peptide as phospho-Ser-202, the two-di-
mensional phosphopeptide pattern of Tau-S202A (Fig. 3B) was
compared with that of WT Tau. Spot 1 was still detected (Fig.
3C, S202A). To identify the remaining phosphorylation site in
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spot 1, we generated a Tau-S202A/T205A mutant and sub-
jected it to two-dimensional phosphopeptide map analysis after
phosphorylation by Cdk5-p25. Spot 1 disappeared in the dou-
ble mutant S202A/T205A (Fig. 3C). Detection of spot 1 in
T205A (Fig. 3C) confirmed the phosphorylation of Ser-202.
These results indicate that spot 1 is the phosphopeptide con-
taining either phospho-Ser-202 or phospho-Thr-205. Thus,
Thr-205 in addition to Ser-202, Ser-235, and Ser-404 can be
phosphorylated by Cdk5-p25 in in vitro.

Pinl Binds to Tau at Any of the Four Cdk5 Phosphorylation
Sites—To see whether Pinl binds to Cdk5 phosphorylation
sites in Tau, we generated a Tau-4A mutant in which all four
major Cdk5 phosphorylation sites at Ser-202, Thr-205, Ser-235,
and Ser-404 were mutated to alanine. Although a slight upward
shift remained, the Cdk5-dependent upward shift was largely
abolished in Tau-4A (Fig. 3D, lane 4, Input), confirming that
these four residues are the major Cdk5 phosphorylation sites.
Cdk5-phosphorylated Tau-4A abolished the binding of Pin1 to
Tau (Fig. 3D), demonstrating that Pinl binds to Tau at Cdk5-
mediated sites. Next, we determined the affinity of WT Tau
phosphorylated by Cdk5-p25 binding to Pinl using Biacore
technology. The amount of Tau bound to a constant amount of
GST-Pinl in the sensor tip was measured as resonance units at
five different concentrations of Tau (Fig. 3E). These experi-
ments were performed in the presence of 0.1 m NaCl, the same
concentration used for the GST binding assay. Under this con-
dition, we did not observe the binding of unphosphorylated Tau
to Pinl (data not shown). In contrast, phosphorylated Tau did
bind to Pinl, and the amount of bound Tau increased with
rising Tau concentrations with a dissociation constant (K,;) of
1.11 = 0.14 X 10~ * m (Fig. 3E).

To identify the Pinl-binding sites conclusively, we con-
structed four triple alanine (3A) mutants of Tau by adding back
Ser-202 (Tau-S202-3A), Thr-205 (Tau-T205-3A), Ser-235
(Tau-S235-3A), or Ser-404 (Tau-S404-3A) to Tau-4A (Fig.
3A, lower panel). Consistent with the idea that Cdk5 phosphor-
ylates Tau mainly at Ser-202, Thr-205, Ser-235, and Ser-404, all
of the 3A mutants were phosphorylated by Cdk5 to a similar
extent, exhibiting about one-third of WT Tau phosphorylation
(Fig. 4A). Moreover, Tau that was mutated at all four sites (Tau-
4A) acted as a poor substrate for Cdk5. All four 3A mutants
bound to Pinl in a phosphorylation-dependent manner (Fig.
4B, Bound), indicating that Pinl can recognize and bind to any
of the major Cdk5-mediated sites including Ser-202, Thr-205,
Ser-235, and Ser-404.

We wondered whether there might be differences between
the binding strength of the individual mutants, and hence we
compared their site-specific binding to Pin1 using Biacore tech-
nology. The protein concentration and phosphorylation were
adjusted carefully in the Tau-3A mutants. When the extent of
phosphorylation was the same, Tau-Ser202-3A and Tau-
Thr205-3A showed slightly greater binding than did Tau-
Ser235-3A and Tau-Ser404 —3A (Fig. 4C). We observed similar
results with three different preparations of Tau but could not
derive reliable K, values at the respective sites probably because
of the relatively weak binding affinity.
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FIGURE 4. Tau with a single phosphorylation at any site of Ser-202, Thr-
205, Ser-235, or Ser-404 binds to Pin1 after phosphorylation by Cdk5-
p25. A, phosphorylation of Tau-3A mutants together with Tau WT and Tau-4A
by Cdk5-p25. Tau WT and mutants at 0.1 mg/ml were phosphorylated by
Cdk5-p25 in the presence of 0.1 mm [y->2P]JATP for 2 h at 35 °C. The extent of
phosphorylation (right panel) was measured with an image analyzer (left
panel,*?P-Tau) followed by normalization with Tau protein (left panel, CBB). B,
the binding of phospho-Tau-3A mutants to Pin1. After phosphorylation with
(+) or without (—) Cdk5-p25, the WT Tau or Tau-3A mutants were subjected
to a GST-Pin1 pulldown assay. Tau was detected by immunoblotting with
Taus5. C, binding of Cdk5-phosphorylated Tau-3A to Pin1 was measured on a
Biacore instrument. Tau-3A mutants were phosphorylated by Cdk5-p25 fol-
lowed by measurement of the amount bound to Pin1 measured on a Biacore
instrument. The binding profiles are shown as resonance units (RU) in the left
panel, and the relative ratio of each Tau-3A bound to Pin1is shown in the right
panel (mean = S.E. (error bars); n = 4;*, p < 0.05).

Effects of Pinl on Dephosphorylation at CdkS-mediated Tau
Phosphorylation Sites—Pinl increases dephosphorylation of
Tau at Thr-231 (34, 38, 40). Although we have reported the
increased dephosphorylation of Cdk5-phosphorylated Tau in
rat brain extract (39), we did not examine the sites. We next
tried to identify the sites for which dephosphorylation can be
facilitated by Pinl. Tau was phosphorylated in COS-7 cells by
co-expression of Cdk5 and p25 and subsequently dephosphor-
ylated in cell extracts in the presence or absence of the Pinl
inhibitor juglone (52). To detect the complete phosphorylation
state of Tau at a glance, we used Phos-tag SDS-PAGE in which
the phosphorylated proteins are separated according to their
phosphorylation states. WT Tau was separated into four major
bands and many minor bands, indicating varied phosphoryla-
tion states in COS-7 cells. Incubation of the cell extract
increased the electrophoretic mobility of Tau due to its dephos-
phorylation. Juglone delayed the mobility shift of Tau, indicat-
ing a decreased rate of Tau dephosphorylation (Fig. 54).

We then tried to identify which sites were affected by juglone
by immunoblotting with phosphospecific antibodies to Ser-
202, Thr-205, Ser-235, or Ser-404 (Fig. 5B). Juglone decreased
the dephosphorylation rate of Tau at any of the four sites (Fig.
5C). Consistent with our previous results (39), the dephosphor-
ylation rate was slowest at Ser-404, although the rate was addition-
ally reduced by juglone. Addition of Pinl increased the rate of
downward shift and Tau dephosphorylation (supplemental Fig.
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FIGURE 5. Effects of Pin1 on dephosphorylation of Tau at Cdk5 phosphor-
ylation sites. A, the extracts of COS-7 cells expressing Tau and Cdk5-p25 were
incubated with (+) or without (—) 5 um juglone at 35 °C for the times indi-
cated. Phosphorylation of Tau was examined by immunoblotting with anti-
human Tau antibody after Phos-tag SDS-PAGE (A) or with phosphospecific
antibodies against Ser-202 (pS202), Thr-205 (pT205), Ser-235 (pS235), or Ser-
404 (pS404) after Laemmli SDS-PAGE (B). C, the rate of dephosphorylation at
each Cdk5 phosphorylation site is shown as a comparison between the
immunoblotting before (0 h) and after incubation (0.5, 1, or 2 h) in B. The
results are expressed as mean = S.E. (error bars) (n = 3;*, p < 0.05).

3), although this effect was minor compared with Pin1 inhi-
bition by juglone. To rule out the possibility that juglone
inhibited protein phosphatase directly, we examined the
effect of juglone on PKA-dependent Tau phosphorylation.
Contrary to Cdk5 phosphorylation of Tau that was inhibited by
juglone, PKA phosphorylation of Tau was not affected by
juglone (supplemental Fig. 4). These results suggest that Pinl
stimulates the dephosphorylation of Tau at the Cdk5-mediated
sites Ser-202, Thr-205, Ser-235, and Ser-404.

Binding of Cdk5-phosphorylated FTDP-17 Mutant Tau to
Pinl1—FTDP-17 Tau mutants are abnormally phosphorylated
in the brains of FTDP-17 patients and in the brains of FTDP-17
mouse models (2—5, 25). However, it is not known how the Tau
hyperphosphorylation is induced in FTDP-17. It is reported
that Pinl is reduced in AD brains (40). We examined Pinl
expression in one FTDP-17 patient and control brains but
could not detect a change in Pinl level (supplemental Fig. 5).
Then we compared Pinl in P301L transgenic mouse brains
before and after appearance of pathological lesions. There was
no difference between WT and P301L mouse brains at 3
months and in P301L mouse brains between 3 and 12 months
(Fig. 6A). These results suggest that changes in Pinl expression
are not the underlying cause for Tau hyperphosphorylation in
FTDP-17.

Tau-P301L and -R406W mutants are more resistant to Pin1-
dependent dephosphorylation by PP2A compared with WT
Tau (39). We suspected that the binding ability of Cdk5-phos-
phorylated Tau-P301L or -R406W to Pinl might be weaker
than that of WT Tau. Tau-P301L and -R406 W were phosphor-
ylated in vitro by Cdk5-p25 and subjected to a Pinl binding
assay. Both P301L and R406W Tau bound to Pinl1 to the same
extent as did WT Tau in the presence of 0.1 M NaCl when the
phosphorylation levels were adjusted carefully (Fig. 6B). We
then increased the concentration of NaCl in the binding buffer
to reduce the binding (53). The amount of Tau bound to Pinl
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FIGURE 6. Binding of Cdk5-phosphorylated FTDP-17 mutants to Pin1. A,
levels of Pin1 in P301L transgenic mouse brains. Pin1 was probed in whole
brain lysates of wild-type mouse at 3 months and P301L transgenic (Tg)
mouse at 3 and 12 months by immunoblotting. Actin is the loading control.
Quantification is shown below. B, WT Tau and FTDP-17 Tau mutants P301L
and R406W were phosphorylated by Cdk5-p25 in the presence of 0.1 mm
[y->2P]ATP for 1.5 h at 35 °C. Phosphorylation of Tau was detected by autora-
diography after SDS-PAGE (*2P-Tau) and quantified with an image analyzer
(lower panel). The relative ratio is expressed against Tau WT after normaliza-
tion with Tau protein (mean = S.E. (error bars), n = 3). C, the binding of phos-
pho-Tau P301L or R406W to Pin1. Tau-P301L or Tau-R406W was phosphory-
lated by Cdk5-p25 (+) and then subjected to a GST pulldown assay in the
presence of increasing concentrations of NaCl from 0.1 to 0.8 m. Input is
shown in the left two lanes. D, Tau bound to Pin1 in the presence of 0.4 m NaCl
was expressed as the percent ratio against the binding in the presence of 0.1
MNaCl. Theresults are expressed as mean = S.E. (error bars) (n = 3;*,p < 0.05).

decreased with increasing NaCl concentration (Fig. 6C). The
ratio of Tau bound to Pinl at 0.4 M NaCl was expressed relative
to the amount of Tau bound to Pinl in the presence of 0.1 M
NaCl (Fig. 6D). The ratio was 41 = 2.1% for P301L and 38 =
6.2% for R406 W, which were much lower than the 75 = 3.4% for
WT Tau. These results suggest that the affinity of Pin 1 binding
to Tau carrying the FTDP-17 mutation P301L or R406W is
slightly weaker than that to WT Tau.

DISCUSSION

In this study, we investigated the interaction of Pinl with
Cdk5-phosphorylated Tau and the effect on dephosphorylation
at Cdk5 phosphorylation sites. Pinl binds to Tau phosphory-
lated by Cdk5-p25 at any of its major phosphorylation sites,
Ser-202, Thr-205, Ser-235, and Ser-404. The binding was
slightly stronger to phospho-Ser-202 and -Thr-205 than to
phospho-Ser-235and -Ser-404. Pin1 facilitated the dephosphor-
ylation of Tau at any of these sites. These are all abnormal phos-
phorylation sites found in AD (1, 2, 49). The FTDP-17 mutant
Tau, P301L or R406W, showed slightly weaker binding to Pinl
than did WT Tau. These results support the idea that reduced
Pinl-dependent dephosphorylation may underlie Tau hyper-
phosphorylation in tauopathies.
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Phospho-Thr-212 and -Thr-231 were the only sites that had
been previously mapped as Pinl-interacting sites in Tau (38, 40,
41, 54). Phospho-Thr-231 was first identified by an ELISA as a
site among many synthetic phospho-Tau peptides (40). Phos-
pho-Thr-212 was subsequently found to be another Pin1-bind-
ing site among GSK3 phosphorylation sites (41). Although the
latter authors suggested that Thr-212 and Thr-231 are not
unique as Pin1-binding sites based on the observation that Tau
mutants at Thr-212 and Thr-231 still bound to Pin1 after phos-
phorylation in COS-7 cells (41), no other sites have been
reported. We show here that there are at least four additional
Pin1-binding phosphorylation sites in Tau at Ser-202, Thr-205,
Ser-235, and Ser-404.

The binding of Pinl to Tau at the Alzheimer-related phos-
phorylation site AT8, whose epitope is generated by phosphor-
ylation of Tau at sites including Ser-202 and Thr-205 (55, 56),
has been reported recently in rat cortical neurons (57); this
finding is consistent with our present results. However, we do
not know why these sites were not detected as Pinl-binding
sites in previous work. It might be simply that no study has
focused on Cdk5 phosphorylation sites, but we think there
might be some mismatching between the protein kinases used
and the phosphorylation sites examined. There are 16 (Ser/
Thr)-Pro sequences in the longest isoform of Tau (2, 8, 10),
many of which are phosphorylated distinctly and with an over-
lap by different PDPKs and are not necessarily phosphorylated
stoichiometrically. Some of them are minor phosphorylation
sites that can be detected only with highly sensitive phospho-
specific antibodies. In the present study, we used Cdk5-p25,
which has a substrate specificity similar to that of Cdk1 toward
Tau (11, 50, 51). Having determined all major Cdk5 phosphor-
ylation sites by a combination of phosphopeptide mapping and
site-specific mutagenesis, we have shown that all major Cdk5
phosphorylation sites are also newly identified Pinl-binding
sites. Extending this approach to other (Ser/Thr)-Pro sites
could identify more Pinl-binding sites.

The dissociation constant K, of Pinl to Cdk5-phosphory-
lated full-length Tau was measured as 1.11 = 0.14 X 10™* M
using Biacore technology. Two different K, values have been
reported for the binding between Pinl and phosphorylated Tau
or a phosphorylated Tau peptide: ~40 nm with the phospho-
Thr-231 peptide when measured by an ELISA (40) and 3.8 *
1.0 X 10 * m at phospho-Thr-231 or 1.0 = 0.3 X 10~ * M at
phospho-Thr-212 by NMR (41). Our K, value is close to the
values measured by NMR. Furthermore, a similar K, value,
~1 X 10~* M, was reported for Csc25, a well known Pinl-
binding protein (58). This K, is relatively weak compared with
many other protein-protein interactions. Nevertheless, GST
pulldown assay worked well for both Cdc25 and Tau (59). The
affinity of phospho-(Ser/Thr)-Pro sequences for Pinl appears
to be affected by various experimental conditions including the
methods of measurement, the ionic strength of the solution, the
number of phosphorylation sites, the use of phosphopeptides
versus phosphorylated full-length proteins, and the WW
domain of Pinl versus full-length Pinl. We used phosphory-
lated full-length Tau instead of phosphopeptides, which may
explain the low binding affinity. However, the weak affinity
measured in vitro does not necessarily mean that the binding
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does not occur in cells. Tau is highly concentrated in the vicin-
ity of microtubules. Furthermore, in vivo Tau, particularly in
brains with tauopathy, is phosphorylated at multiple (Ser/Thr)-
Pro sites by multiple PDPKs, which may increase the binding
affinity for Pinl. When highly phosphorylated, Tau may
become a better target for Pinl, which may act on highly phos-
phorylated Tau in predisease conditions to prevent further
phosphorylation. In other words, decreased Pin1 activity could
be a consequence of Tau hyperphosphorylation. It has been
reported that Pin1 is reduced in AD brains (40). We also exam-
ined the Pin1 level in an FTDP-17 brain and P301L transgenic
mouse brains but could not detect differences between normal
and patient or transgenic mouse brains (Fig. 6A and supple-
mental Fig. 5). We think that there must be other unknown
factors that reduce the Pinl activity in FTDP-17 brains.

The binding affinity also depends on the phospho-(Ser/Thr)-
Pro sequences. For example, Smad2/3 has four Pinl-binding
(Ser/Thr)-Pro sequences in the linker region, which can be
phosphorylated by Cdk and MAPK family members but with
strong binding at only one site (60, 61). In the case of Tau,
phospho-Thr-212 has a lower K, than phospho-Thr-231 (41,
54). We also observed here that the Cdk5 phosphorylation sites
phospho-Ser-202 and -Thr-205 showed slightly stronger bind-
ing to Pinl than did phospho-Ser-235 and -Ser-404. However,
the correlation between Pin1 binding and dephosphorylation is
not clear. The phosphorylation site grasped by the WW domain
can be attacked by peptidylprolyl isomerase activity in the same
Pinl molecule (36, 37). Ser-202 with strong binding to Pinl was
dephosphorylated faster than was the weaker Ser-404 binding
site. However, Ser-235, the weakest binding site, was dephos-
phorylated as fast as the stronger binding site Ser-202. By con-
trast, Pin1-binding sites are not always the sites whose dephos-
phorylation is stimulated by Pinl. It has been reported that
peptidylprolyl isomerase catalyzes a different phosphorylation
site close to the WW domain-binding site when the target pro-
tein is phosphorylated at multiple sites (53, 54). Tau is a mul-
tiphosphorylated protein with many clusters of (Ser/Thr)-Pro
sequences. Previous research has also identified hierarchical
phosphorylation by which GSK38 phosphorylation is facili-
tated by priming the phosphorylation by Cdk5 or PKA (13, 42,
62, 63). For example, Ser-404 phosphorylation is thought to be
a priming site for Ser-400 and Ser-396 phosphorylation by
GSK3p. The binding of Pin1 to phospho-Ser-404 may stimulate
isomerization and then dephosphorylation at the Ser-396
GSK3p phosphorylation site. A similar relationship has been
observed between the Ser-235 Cdk5 site and the Thr-231
GSK3p site (64).

FTDP-17 mutant Tau is hyperphosphorylated in brains of
patients, but it is not known why. The phosphorylation levels of
several FTDP-17 Tau mutants are similar to those of WT Tau
when examined in cultured cells or in vitro (26 —29, 65). R406 W
Tau shows even less phosphorylation by Cdk5 (29) probably
because of mutation of Arg-406 to Trp, which changes the site
to an unfavorable Cdk5 target sequence, S***PWH from
S**PRH. We showed previously that P301L and R406W
mutants do not show Pinl dependence in dephosphorylation at
the Cdk5 phosphorylation sites (39). We thought that Pinl
might not recognize the P301L or R406W Tau mutant phos-
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phorylated by Cdk5, but this turned out not to be the case. Ata
physiological salt concentration, Pinl bound to Cdk5-phos-
phorylated P301L and R406W Tau to the same extent as did
WT Tau. By contrast, the protein stability of P301L Tau, but
not WT Tau, was decreased in Pinl knockdown or knock-out
neurons, suggesting that the P301L mutation affects the inter-
action of Tau with Pin1 (66). The binding of Pin1 to both P301L
and R406W Tau was slightly weaker than that to WT Tau when
the binding was measured in the presence of a higher salt con-
centration. The slight difference in the binding affinity might be
increased in the cellular condition by an unidentified factor.
Further detailed biochemical studies are required to under-
stand the Pin1-dependent regulation of Tau phosphorylation.

We found that Pinl binds to and stimulates dephosphory-
lation of Tau at Cdk5-mediated sites Ser-202, Thr-205, Ser-235,
and Ser-404. All of these sites conform at least in part to well
known Tau hyperphosphorylation epitopes in AD (Ser-202 and
Thr-205 for ATS, Ser-235 for AT180, and Ser-404 for PHF1).
An involvement of Pinl in the Tau hyperphosphorylation in
AD has been suggested (38), but the two Pinl-binding sites
identified so far could not explain the many other abnormally
phosphorylated Tau sites. Our results identify novel Pin1-bind-
ing phosphorylation sites in Tau and characterize them as
Cdk5-specific sites. Therefore, thorough analysis of the
remaining (Ser/Thr)-Pro sites phosphorylated by other PDPKs
may indeed reveal to what extent Pinl can contribute to abnor-
mal Tau phosphorylation in tauopathies.
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