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Abstract

In Alzheimer’s disease, the peptidyl prolyl cis/trans isomerase Pinl binds to phospho-Thr231 on Tau pro-
teins and, hence, is found within degenerating neurons, where it is associated to the large amounts of abnor-
mally phosphorylated Tau proteins. Conversely, Pinl may restore the tubulin polymerization function of these
hyperphosphorylated Tau. In the present work, we investigated, both at the cellular and molecular levels, the
role of Pinl in Alzheimer’s disease through the study of its interactions with phosphorylated Tau proteins. We
also showed that in neuronal cells, Pin1 upregulates the expression of cyclin D1. This, in turn, could facilitate
the transition from quiescence to the G1 phase (re-entry in cell cycle) in a neuron and, subsequently, neuronal
dedifferentiation and apoptosis. The involvement of Pinl in the G0/G1 transition in neurons points to its func-
tion as a good target for the development of new therapeutic strategies in neurodegenerative disorders.

Index Entries: Tau proteins; NMR spectroscopy; cell cycle; phosphorylation; rotamase.

Introduction

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder that leads to dementia and
affects approx 10% of the population older than 65 yr
of age. Memory loss is the first sign of cognitive
impairment, followed by aphasia, agnosia, apraxia,
and behavioral disturbances. The two main types of
brainlesion observed in AD areamyloid deposits and
neurofibrillary tangles (NFTs). Amyloid deposits
result from the extracellular accumulation of a
peptide referred to as AP into amyloid deposits. A

derives from a precursor, the f-amyloid precursor
protein (APP). In cases of familial AD, mutations
have been found on the APP gene, suggesting that
it plays a central role in the etiopathogenesis. NFTs
correspond to the aggregation of abnormal fibrils
into paired helical filaments (PHFs), within certain
vulnerable neuronal populations. The major anti-
genic components of PHFs are abnormally phos-
phorylated Tau proteins. In the adult human brain,
Tau proteins are found essentially in neurons. They
play important roles in the polymerization and sta-
bility of microtubules. At least 30 phosphorylation
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sites have been described in Tau proteins, most of
which occur on Ser/Pro and Thr/Pro motives. The
effect as a result of the phosphorylation of each of
these sites is not known, but it is well established
that phosphorylation decreases the efficiency of Tau
proteins to promote microtubule polymerization (for
review, see Buée et al., 2000)). Aggregation of micro-
tubule-associated Tau proteins into filaments is a
common feature encountered in AD and other neu-
rodegenerative disorders referred to as tauopathies.
Abnormal phosphorylation is the major modifica-
tion of these proteins aggregated into intracellular
filamentous inclusions (Buée et al., 2000). For
instance, phosphorylation-dependent antibodies
such as TG3 thatrecognize conformation-dependent
epitopes can visualize phosphorylated Tau aggre-
gated into filaments. The TG3 epitope (phosphory-
lated Thr231) is expressed in mitotic cells but not in
quiescent cells (Vincent et al., 1996), suggesting that
mitotic phospho-epitopes may lead to conforma-
tional changes (Jicha etal., 1997; Delobel et al., 2002).
Re-entry of theneuronin cell cycle is one of the mech-
anisms that activates anarchic transduction path-
ways leading to the abnormal phosphorylation of
Tau proteins and their aggregation in tauopathies
(Delobel et al., 2002; Nagy, 2000).

Pinl is a recently characterized human enzyme
belonging to the class of peptidyl-prolyl cis/ transiso-
merase (PPlase) and, more specifically, to the sub-
class of parvulins (Lu et al., 1996). It catalyzes the
cis/transisomerization of the proline-preceding pep-
tidebond, whichis anintrinsically slow process. Pinl
preferentially recognizes substrates with a phospho-
rylated serine or threonine (pSer/pThr) N-terminal
at the proline residue (Yaffe et al., 1997; Ranganathan
etal., 1997) and, viaan N-terminal WW domain, inter-
acts with various phosphoproteins through the same
pSer/pThr-Pro motif (Lu et al., 1999a). This binding
activity is required for Pinl to interact with its sub-
strate in vitro and to perform its essential function in
vivo (Shen et al., 1998; Lu et al., 1999a).

In a first crystal structure of Pinl (Ranganathan
et al., 1997), structural evidence for the substrate
specificity came from the presence of a sulfate mol-
ecule next to an Ala-Pro dipeptide in the crystal. The
sulfate interacts with a basic cluster of amino acids
(Lys63, Arg68,and Arg69) and mimics the phosphate
ioninthe phosphorylated substrate.Inthe Pin1 crys-
tal structure (Ranganathan et al., 1997), a cluster of
hydrophobic amino acids interact with the cyclic
prolineside chain (Phe134, Met130, Leu122), whereas
the side chains of Cys113, His59, His157, and Ser154
surround the peptidyl-prolyl bond. The interaction
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of the WW domain of Pin1 with phosphorylated pep-
tide substrates has been elucidated (Verdecia et al.,
2000; Wintjens et al., 2001), with affinity constants
for the interaction of the order of 100 uM as a result.
The X-ray crystal structure of the full Pinl protein
bound toa doubly phosphorylated peptide (YpSPTp-
SPS) from the C-terminal domain (CTD) of RNA
polymerase II was reported (Verdecia et al., 2000).
We studied by solution nuclear magnetic resonance
(NMR) methods two other biologically relevant
monophosphate substrates in complex withthe WW
domain, one derived from the Cdc25 phosphatase
of Xenopus laevis and another from the human Tau
protein (KVSVVRpTPPKSPS) (Wintjens et al., 2001).

Regarding biological functions, Pinl was first
shown to bind phosphoproteins that are involved in
the completion of mitosis, such as the Cdc25c phos-
phatase and the Polo-like kinase PIx1, and, subse-
quently, it was shown to be involved in other
regulation processes, by affecting substrate activity,
protein—protein interactions, dephosphorylation,
subcellular location, and turnover (for review, see
Lu et al., 2002a).

In vitro, Pinl-catalyzed prolyl isomerization gen-
erates peptide substrates in the preferred trans con-
formation that are dephosphorylated by the
proline-directed and conformation-specific protein
phosphatase 2A (PP2A) (Zhou et al., 2000). A direct
effect of Pinl on the activity of the Cdc25 phos-
phatase, which is phosphorylated by both Cdc2 and
PIx1, has also been reported (Stukenberg and
Kirschner, 2001). The link between prolyl cis/trans
isomerization, conformational change, and activity
modulation of the substrate proteins is, however, not
yet completely elucidated. More recently, Pinl has
also been involved in the oncogenesis process
because its binds phosphorylated c-Jun (Wulf et al.,
2001) and B-catenin (Ryo et al., 2001) and upregu-
lates their transcriptional activity, including the
expression of cyclin D1 (Wulf et al., 2001; Ryo et al.,
2001). The B-catenin transcriptional activity is stim-
ulated by Pin1 because of an increase in its translo-
cation to the nucleus, as a result of the molecular
competition between Pinl and APC to bind the
B-catenin to the adenomatous polyposis coli (APC)
site (Ryo et al., 2001). Finally, Pin1 binds hyper-
phosphorylated Tau, characteristic of pathological
paired helical filaments in neurofibrillary tangles
(Lu et al., 1999b). Pin1 may restore the tubulin poly-
merization function of the hyperphosphorylated Tau
(Luetal., 1999b). Tau contains about 17 Thr/Ser-Pro
motifs, all of which can be phosphorylated in the
cellular context (Buée et al., 2000). Amazingly, how-
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ever, only the Tau pThr231-Pro232 motif was found
to be recognized by Pinl, with a high affinity of
40 nM (Lu et al., 1999b).

Evidence that Pin1 is a key modulator in differ-
ent cellular processes that could provide a link
among the two major pathological processes lead-
ing to the formation of amyloid deposits and neu-
rofibrillary tangles in AD can be resumed as follows.

First, Pin1 binds to phospho-Thr231 on Tau pro-
teins and, hence, is found within degenerating neu-
rons, where it is associated to the large amounts of
abnormally phosphorylated Tau proteins aggregated
into filaments. This abnormal Tau phosphorylation
may ultimately be caused by reactivating the cell
cycle. Conversely, Pinl may restore the tubulin poly-
merization function of these hyperphosphorylated
Tau before they aggregate into filaments in
Alzheimer neuronal tangles (Lu et al., 1999b).

Second, other proteins involved in AD may bind
to Pinl. For instance, the phosphorylated APP pos-
sess a potential binding site in its carboxy-terminal
domain on residue Thr668, as a conformation-
dependent antibody presents a dual specificity
for the Thr231 of Tau and the Thr668 of APP. The
conformation of these epitopes could represent a
characteristic of Pinl binding specificity (Davies,
unpublished data).

Although the literature on Pinl function is now
extensiveand shows that Pinlisinvolved in numer-
ous regulating processes involving phosphoryla-
tion of key proteins (for reviews, see Zhou et al.,
1999; Lu et al., 2002a), only one article points to a
potentialimportantrole of Pinl in AD disease devel-
opment (Lu et al., 1999b). In the present work, we
investigated, both at the cellular and molecular
levels, the role of Pin1 in AD through the study of
its interactions with phosphorylated Tau proteins.
We also showed that in neuronal cells, Pin1 upreg-
ulates the expression of cyclin D1. This, in turn,
could facilitate the transition from the GO phase to
the G1 phase in a neuron and, subsequently, neu-
ronal dedifferentiation and apoptosis (Sherr and
Roberts, 1999; Nagy, 2000; Liu and Greene, 2001).
It allows for the development of new therapeutic
strategies.

Materials and Methods

Patients

All patients were previously described in the work
of Delacourte et al. (1999) and Sergeant et al. (2002).
Control cases were those included in stages 0-3,
mild AD (mAD) in stages 6 and 7, and AD in stages
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8-10 (Delacourte et al., 1999). One control case was
26 yr old. Other nondemented control cases were
age matched for Alzheimer patients.

Brain Tissue Samples

All brain samples (Brodmann area 20) were
homogenized in Laemmli sample buffer as described
in Sergeant et al. (2002).

Production and Purification of Recombinant
Pin1 Proteins

Recombinant Pin1 proteins were produced using
Pin1 cDNA in a pET28 vector (Novagen) (a gift of
Professor M. Yaffe) in BL21(DE3) Star (Invitrogen
SARL) after isopropyl B-D-thiogalactoside (IPTG)
induction. His-tagged recombinant Pinl proteins
were purified using the TALON ™) metal affinity resin
(Clontech).

Antibodies
Anti-Tau and Cyclin D1 Antibodies

Numbering of the Tau epitopes is given accord-
ing to the longest human 441 Tau isoform.
Phosphorylation-dependent monoclonal antibodies
included AD2 directed against phosphorylated
Ser396-404 and AT180 (Innogenetics, Belgium) label-
ing phosphorylated Thr231. They recognize phos-
phorylated Ser/Thr-Pro sites (for review, see Buée et
al., 2000). M19G is a well-characterized antiserum,
directed against the first 19 amino acids of the tau
sequence encoded by exon 1 (Delobel et al., 2002)
that recognizes its epitope independently of the
tau phosphorylation state. Cyclin D1 monoclonal
antibody (HD11) was purchased from Santa Cruz
Biotech.

Anti-Pin1 Antibodies

Anti-Pinl antibodies were affinity-purified goat
polyclonal C20, A20, and N19 (Santa Cruz Biotech-
nology) and protein A purified rabbit IgG (Upstate
Biotech).

Production of Anti-Pin1 Antisera

Two New Zealand rabbits were also immunized
by purified His-tagged recombinant Pinl protein
and allowed for the obtention of two immune sera
against Pin1l. Antisera were characterized using both
recombinant human Pinl proteins, lysate of cell
transfected with human Pin1 cDNAand humanbrain
homogenates. Both antibodies recognize aband with
an apparent M, of 18 kDa that was also labeled with
other commercially available antibodies (Santa Cruz
Biotech. and Upstate Biotech).
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Cell Culture and Transfections

SY5Y human neuroblastoma cells were grown in
25-cm? flasks in Dulbecco’s modified Eagle medium
supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 1 mM nonessential amino acids and
penicillin/streptomycin (Invitrogen) in a 5% CO,
humidified incubator at 37°C. The isoform of tau
cDNA with three microtubule-binding domains
and the exon 2 sequence (2+3-10-) cloned in pSG5
vector (Stratagene) was a kind gift of Dr. Michel
Goedert (Cambridge, UK). It was subcloned into
stably eucaryotic expression vector pcDNA3.1Neo
(Invitrogen), allowing for a G418 (Invitrogen) selec-
tion of stable clones. Transfection was performed
into SY5Y cells using the ethyleneimine polymer
ExGen500 (Euromedex, France) according to man-
ufacturer’s instructions. Clones with high Tau
expression were used in the present study (Mailliot
et al., 2000).

SY5Y neuroblastoma cells were also used as the
basis for the T-Rex system (Invitrogen) allowing
inducible Pinl overexpression. Pinl cDNA was
obtained from Peter Davies (AECOM, Bronx, NY,
USA) and subcloned in pcDNA4TO (Invitrogen).
The T-Rex system is a tetracycline-regulated mam-
malian expression system that uses regulatory ele-
ments from the Escherichia coli Tn10-encoded
tetracycline (Tet) resistance operon. Tetracyclinereg-
ulation in the T-Rex system is based on the binding
of tetracycline to the Tet repressor and derepression
of the promoter controlling expression of human
Pinl cDNA.

Differentiation of all cell lines generated was
induced with eithera 10° M retinoicacid (RA, Sigma)
or 10-ng/mL NGF 2.5s (Sigma) treatment in serum
free medium for at least 8 d.

Cells were harvested in EDTA and lysates
were performed by sonication in radioimmuno-
precipitation (RIPA)-modified buffer with the cock-
tail of protease inhibitor Complete™ (Roche) and the
phosphatase inhibitor okadaicacid (Sigma Aldrich).

His-Tagged Pin1 Pull-Down

Tau stably transfected SY5Y cells were lysed in
50 mM Tris-HCI (pH 8), 200 mM NaCl, 100 mM NaF,
1 mM sodium orthovanadate, 10% glycerol, 1%
Triton X-100, 1 mM dithiothreitol (DTT) and a cock-
tail of protease inhibitors (Complete, Roche). To
detect Pin1-Tau protein interactions, SY5Y cell
lysates were incubated with TALON resin saturated
with His-tagged human Pinl. Bound proteins were
extensively washed. All subsequent analyses were
performed by immunoblotting.
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Electrophoresis, Inmunoblotting,
and Quantification

Electrophoresis and immunoblotting were per-
formed as previously described (Delobel et al., 2002;
Sergeant et al., 2002). In brief, samples were loaded
onto sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gels. Two vertical
minigel systems were used: Amersham Biotech and
BioRad Protean III (10 or 15% SDS-PAGE). After
transfer to nitrocellulose (Hybond, Amersham
Biotech), membranes were blocked with 5% skim
milk and incubated with primary antibody. Horse-
radish peroxidase-conjugated antibody was used as
a secondary antibody, and the reaction product was
detected using the Amersham ECL western blotting
system. Films were digitized using an Umax scan-
ner calibrated for optical densities. The IMAGE-
MASTER 1D ELITE software (Amersham Biotech)
was used to quantify the signal, and data were col-
lected using Excel software (Microsoft).

Production and Purification of Recombinant
Pin1 Proteins for Structural Studies

We used Pinl cloned in pET28 under the control
of a T7 promoter for recombinant expression of full-
length Pin1 in N-terminal fusion with a 6-Histidines
tag in E. coli. Recombinant expression of the WW
domain with a N-terminal 6-Histidine tag was
obtained using a DNA construct derived from the
Pin1-PET28 by site-directed mutagenesis using
Quick Change (Stratagene), which allowed the intro-
duction of a stop codon mutation in the coding
sequence. BL21(DE3) Star E. coli strains transformed
by the Pin1-PET28 or WW-PET28 plasmid were used
to produce 6-Histidine tag Pinl and WW domain.
Foruniformed labeling of Pin1, the cells were grown
at 37°C in Luria-Bertani (LB) medium to an Ay, nm
of 0.6. and then switched in M9 medium (Sambrook
et al., 1989) at 30°C. Expression of Pinl was then
induced by addition of 0.4 mM IPTG and the cul-
ture was pursued for 3 h. The carbon source was
replaced in M9 medium by [*C] glucose (Cambridge
Isotopes Laboratories, Cambridge, MA) and/or the
nitrogen source by [**N] ammonium chloride (Cam-
bridge Isotopes Laboratories). The 6-Histidine tag
proteins were purified on metal-chelating Sepharose
fast flow loaded with nickel (Amersham Biotech).

Peptide Synthesis

The Pinl WW domain was obtained by peptide
synthesis using the Boc-benzyl strategy and the
HBTU (2-1H-benzotria-zolyl-1-yl)-1,1,3,3-tetra-
methyl uronium hexafluorophosphate) activation
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protocol on an Applied Biosystems 430A peptide
synthesizer (Applied Biosystems, Foster City, CA).
The tau phosphopeptides werealsosupplied by pep-
tide synthesis using the Fmoc strategy and activa-
tionby HBTU ina431A peptide synthesizer (Applied
Biosystems). After lyophilization the crude peptides
were purified by RP-high-performance liquid chro-
matography (HPLC) on a nucleosil C,; (Macherey-
Nagel, Duren, Germany) column using a linear
gradient of acetonitrile in 0.1% trifluoroacetic acid.
Homogene fractions, as checked by reverse phase
on a X-terra RP18 (Waters, Milford, MA) and mass
spectrometry ona Quattro Il electrospray mass spec-
trometer (Micromass, Manchester, UK), were pooled
and lyophilized.

The sequence of the tau peptides are AcCKVSVVRp
TPPKSPS for the phospho-Thr231 peptide and AcK
VSVVREPPKSPS for the glutamate mimetic peptide.

NMR Spectroscopy

The NMR experiments were performed ina buffer
of 50 mM deuterated Tris-HCI, pH 6.3 (Cambridge
Isotope Laboratories); 100mMNaCl,and 5mM DTT.
The spectra were recorded at 20°C on a Bruker
600-MHz DMX spectrometer (Bruker, Karslruhe,
Germany). Sequential backbone resonance assign-
ment of the WW domain was achieved using the fol-
lowing pairs of triple-resonance (three dimensional)
experiments: HNCA /HN(CO)CA and HNCO/
HN(CA)CO. Increasing amounts of unlabeled syn-
thetic peptide were added to a ['°N]-labeled WW
sample. 'H-""’N HSQC (heteronuclear single quan-
tum coherence) spectra were recorded at each titra-
tion point.

Fluorescence Spectroscopy

Fluorescence spectra were recorded on a PTI
(Photon Technology International, New Jersey, USA)
fluorescence spectrometer, in the same buffer
conditions as for the NMR experiments. Typically,
20 uM WW solutions were titrated with increasing
amounts of pThr231 Tau peptide. Excitation was at
280 nm, and the emission spectrum was scanned up
to 450 nm.

Results

Pin1 in Alzheimer’s Disease

As previously described (Lu et al., 1999b), Pin1
was found in neurofibrillary tangles and degener-
ating neurites from AD patients (data not shown).
No overexpression of Pinl was observed in AD. Con-
versely, by immunoblotting, Pinl expression was
slightly decreased in temporal cortex brain
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homogenates from AD patients (Fig. 1). However,
it should be noted that Pin1 expression was highly
heterogeneous among samples.

Pin1 Is Expressed in Neurons

When SY5Y neuroblastoma cells were differenti-
ated into a neuronlike cell by either retinoic acid or
NGEF for 14 d (Fig. 2A), Pinl was detected in cell
lysates. It exhibited the same M, as Pinl found in
humanbrain homogenates (Fig. 2B). These data indi-
cated thatPinlis expressed inhuman neurons. How-
ever, the presence of Pinl in the neuron is usually
considered as a reactivation of the cell cycle. From
our experiments and those of Lu et al. (1999b), Pin1
has to be considered a normal neuronal component.

Pin1-Tau Interactions

We confirmed that Pin1 binds to phosphorylated
Tau proteins. We previously showed that transfected
Tau proteins from SY5Y neuroblastoma cells over-
expressing the human Tau isoform 2+3-10- are
hyperphosphorylated (Mailliot et al., 2000; Delobel
etal.,2002). Here, we demonstrated that these hyper-
phosphorylated Tau variants bind to Pinl
(Fig. 3). Furthermore, as shown by immunoblotting,
the phosphorylated Tau isoform that was bound to
Pin1 was immunoreactive for the AT180 antibody
that recognizes the phospho-Thr231 Tau epitope
(Fig. 3). These data are consistent with those of
Lu et al. (1999b), which showed that Pin1 binds to
phospho-Thr231.

Structural Data

In order to gain insight in the solution structural
properties and interactions between Pinl and the
tau protein, we first solved by NMR the structure of
a synthetic Pin1 WW domain (Wintjens et al., 2001).
Folding of the synthetic polypeptide proceeded with-
out any problem, identifying this domain as one of
the smallest autonomously folding B-sheets known.
The structure was close to previously determined
X-ray structures and confirmed that the WW domain
behaves as an autonomous module within the com-
plete protein. We extended our structural study to
the complex with two phosphorylated peptide lig-
ands, one coming from Cdc25 and one coming from
Tau. The 'H resonances of Pinl WW domain have
been deposited in the BloMagResBank (available on
the web) under BMRB accession number 4882. The
coordinates of the 10 best conformers are deposited
in the Rutgers Protein Data Bank under accession
code 118H for the complex phospho-Thr231 Tau pep-
tide/ WW domain (Wintjensetal.,2001). Inboth com-
plexes, the Pin1 WW domain binds its peptideligand
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Fig. 1. Pin1 expression in Brodmann area 20 (temporal cortex) in nondemented control cases (C), mild AD patients
(mAD), and AD patients (AD). Pin1 is detected at 18 kDa. Quantitative analysis of Pin1 immunoreactivity among sam-
ples indicates that values are highly heterogeneous, but there is a slight decrease in AD patients. All data are expressed
in arbitrary units.

Cl1Cl C2 C2 NGF RA

Different protein amounts were loaded

Fig. 2. Pin1 expression in NGF- and RA-differentiated neuroblastoma SY5Y cells. (A) Neuroblastoma SY5Y cells after
7 d NGF; (B) Pin1 immunoblotting in brain homogenates and differentiated SY5Y cells. No difference in molecular
weight was observed among samples. Different volumes were loaded on gels.
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in the same direction as found in the X-ray structure
of the Pin1 protein complexed to a phosphopeptide
derived from the CTD of the polymerase (Verdecia
et al., 2000). Moreover, our structural data clearly
dissect the interaction in two major contributions:
The phosphate group strongly interacts with the side
chain of the arginine 12 residue in the $1-B2 turn of
Pin1WW, whereas the proline moiety inserts in the
aromatic groove formed by the Trp and Tyr of the
WW domain (Fig. 4). A further element, crucial for
the functional interpretation of our structural data,
is that the phospho-Tau peptide interacts with the
Pro232 in a trans conformation. Both modeling
results on the CTD peptide-Pin1 complex (Verdecia
et al., 2000) and our data with the Cdc25 peptide,
where a significant fraction of the molecules is char-
acterized by a proline in the cis configuration (Wint-
jens et al., 2001) demonstrate that the WW domain
cannot accommodate a phospho-Thr-Pro moiety
with the latter residue in the cis configuration.

Interaction Between Pin1 WW Domain and Tau

Among the different potential phosphorylation
sites on Tau, only the phosphorylated Thr231 was
reported tobe crucial for Pin1 interaction, and a high-
affinity binding was reported. Our initial titration
results with the synthetic domain confirmed this
interaction, but found a much weaker interaction
characterized by a dissociation constant Kd of the
order of 300 uM. Because this difference might be of
true biological importance, we further investigated
the interaction both by NMR spectroscopy and flu-
orescence. Several differences between our interac-
tion study and the initial data of Lu et al. (1999b) can
be pinpointed: we used a solution technique whereas
the initial data were obtained by enzyme-linked
immunosorbent assay (ELISA), which is a surface
technique. Second, the protein itself was different:
We used a synthetic WW domain, in contrast to the
entire Pin1 protein used in the ELISA study. Finally,
the peptide sequence reported was not exactly the
one of Tau, but differed in one residue (S227A). In
order to eliminate a potential cooperativity between
the WW and catalytic domain as the origin of the
discrepancy, werepeated the NMR experiments with
’N-labeled recombinant proteins encoding the WW
domain or the full-length Pin1 protein. The labeling
has the main advantage that the proton resonances
can be spread out in a second frequency dimension,
yielding a much clearer spectrum. Titration of the
phosphorylated ligand affects those amide reso-
nances that are close in space to the ligand (Fig. 5),
and fitting the chemical-shift variations as a func-

Journal of Molecular Neuroscience

281

BFIT'W T
-

BW B
-

< 64 kDa

M19G AD2 ATI180

Fig. 3. Interaction of Pin1 with phospho-Tau from Tau-
transfected SY5Y cells. Beads containing His-tagged Pin1
were incubated with lysates of SY5Y cells overexpressing
the 2+3-10- Tau isoform (T, total cell lysate). Three frac-
tions were obtained: FT, unbound materials; W, wash frac-
tions; B, bound materials. The different fractions were then
analyzed by immunoblotting. Tau proteins were detected
with either the anti-Tau polyclonal antibody (M19G) or
phosphorylation-dependent monoclonal antibodies
(AD2, anti-phospho-S396 and 404 and AT180, anti-
phospho-T231). Even if Tau proteins are found in all frac-
tions (M19G-B, FT, and W), only the phosphorylated Tau
proteins bind to Pin1 (AD2 and AT180-B).

tion of ligand concentration leads to a value of the
dissociation constant. Using both the isolated WW
domain and the full-length Pin1 protein, we found
resulting Kd values of 300 uM for both systems,
excluding any cooperativity between the WW and
catalytic domains. As the WW domain contains one
Trp residue in the binding pocket (Fig. 4), we fur-
ther examined the use of fluorescence spectroscopy
to characterize the interaction. The fluorescence of
one Trpside chain wasindeed enhanced (and slightly
blue shifted) upon interaction with the phospho-
peptide, and titration with the ligand was therefore
straightforward (Fig. 6). This independent mea-
surement confirmed the data obtained by NMR spec-
troscopy, leading us to the conclusion that the Kd
value in solution is of the order of 200-300 uM. We
are currently investigating by a different surface tech-
nique, based on surface plasmon resonance, whether
we can understand the discrepancy between our
results and those previously reported in the litera-
ture and whether the one or the other value is more
representative for the interaction between Pin1 and
the Tau protein in the PHF tangles.

Pin1 and Cyclin D1 Regulation

Pinl upregulates the expression of cyclin D1
through c-jun activation and stabilization of
B-catenin (Ryo et al., 2001; Wulf et al., 2001; You et
al., 2002). However, there is no evidence that such
regulation of cyclin D1is also observed in a neuronal
cell. To ascertain that cyclin D1 expression is also
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controlled by Pin1 in neuronal cells, we used either
inducible overexpression of Pin1 or the inhibition of
the isomerase Pin1 activity by juglone.

In Pinl-inducible neuroblastoma SY5Y cells, we
found a strong correlation between Pinl overex-
pression and an increase in cyclin D1 immunore-
activity (Fig. 7A). Forty-eight hours after Pinl
induction, an increase of cyclin D1 immunoreactiv-
ity was observed by immunoblotting. To further sup-
port these observations, we used the Pin1 inhibitor
juglone to inhibit the isomerase activity. Cyclin D1
immunoreactivity was highly decreased inSY5Y cells
treated by juglone. Altogether, these data clearly
demonstrated that Pin1 regulates cyclin D1 expres-
sion and/ or stability.

Discussion

Pin1, A Therapeutic Target in AD?

The results from our immunoblot experiments
demonstrated that Pinl is a protein normally
expressed in neurons. Moreover, we also confirmed
that Pinl is a component of NFTs and slightly
decreased in AD. However, this decrease of PIN1
protein level in AD brain homogenates may not be
the most interesting point. Posttranslational modi-
fications of PIN1, such as phosphorylation, could
prove to be different between AD and control cases.
It would be of great interest because phosphoryla-
tion of Pin1 at Ser16 precludes the binding of PIN1
WW domain to its phosphorylated substrates (Lu et
al.,2002b). Weindeed detected phosphorylated Pin1
variants in AD brain samples (data not shown), sug-
gesting that Pinl function could be regulated in the
disease by a combination of downregulation of
expressionlevel and posttranslational modification.

In the present work, we confirmed a direct phys-
ical interaction between Pinl and the phosphory-
lated Tau proteins, inagreement with thelocalization
of Pinl in the NFTs observed by Lu et al. (1999D).

However, the role of the Pinl-tau interaction in
the disease development is not clear, as Pin1 could
have conflicting effects. On one hand, Pin1 becomes
depleted from the nucleus within diseased neurons
when it is redirected to the large amounts of abnor-
mally phosphorylated Tau proteins (Lu etal., 1999b).
This depletion from the nucleus may ultimately con-
tribute to neuronal cell death by reactivating the cell
cycleleading to apoptosis. On the other hand, it was
proposed that Pinl could restore the ability of phos-
phorylated Tau proteins to bind microtubules and
promote their assembly in vitro. Proline isomeriza-
tion may indeed facilitate Ser/ Thr dephosphoryla-
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tion by phosphatase 2A (Zhou et al., 2000). Both
hypotheses, however, implicated that Pinl is
involved in the neuronal fate, after Tauis abnormally
phosphorylated.

However, there is much evidence that a reactiva-
tion of the cell cycle may be an early event in neuro-
degeneration and trigger neuronal death (Nagy, 2000;
Delobel et al., 2002). We propose here a new hypoth-
esis for an earlier involvement of Pinl in neurode-
generation in tauopathies. We demonstrated that it is
possible to increase levels of cyclin D1 by inducing
Pinl in neurons. Conversely, we showed that there
was a drop of cyclin D expression after cell treatment
by juglone, a Pinl inhibitor. This is in agreement with
other cellular models used to show that Pin1 upreg-
ulates the expression of cyclin D1 through c-jun acti-
vation and stabilization of B-catenin (Ryo et al., 2001;
Waulf et al., 2001; You et al., 2002). Upregulation of
cyclin D1 in a neuron could facilitate the transition
from the GO phase to the G1 phase and subsequently
neuronal dedifferentiation and apoptosis (Sherr and
Roberts, 1999; Nagy, 2000; Liu and Greene, 2001).
Because Pinl seems a key actor in this early event of
cell cycle reactivation, it could be a good candidate
for new therapeutic strategies.

The cellular models that are here presented could
be valuable tools to evaluate in vivo the efficiency
of new drugs, affecting the neuron fate by the inter-
mediate of PIN1 regulation. Effects of these inhibitors
could be easily quantified by measuring either cyclin
D1 mRNA or protein levels.

In a first step, however, a large amount of mole-
cules should be designed and screened in vitro.
This requires an understanding of Pinl-phospho-
Tau interactions at the molecular level and the set-
ting up of an assay that would allow screening for
inhibition.

Structure and Interactions

Our NMR model of the Pin1 WW domain com-
plexed with a phosphorylated Tau peptide centered
around Thr231 clarifies the molecular basis of the
Pinl1-Tau interaction, but equally raises a number of
intriguing questions. First, itis clear from our results
and from the X-ray structure of Pinl complexed to
a peptide derived from the C-terminal domain of
polymerase II (Verdecia et al., 2000) that the inter-
action is mainly limited to the phosphorylated side
chain of the threonine residue and the proline stack-
ing between the aromatic clamp formed by Trp29
and Tyr18 side chains on the WW domain (Fig. 4).
The former is the most important, and cannot read-
ily bereplaced by a glutamate moiety (Smet, unpub-
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Fig. 7. Cyclin D1 immunoblotting and Pin1 expression and/or activity. (A) Analysis of cyclin D1 expression
in Pin1-inducible SY5Y neuroblastoma cells. The increase in cyclin D1 immunoreactivity is correlated to Pin1 over-
expression. (B) Analysis of cyclin D1 expression in juglone-treated SY5Y neuroblastoma cells. The inhibition of rota-
mase activity by juglone leads to a decrease in cyclin D1 immunoreactivity.

lished data). This latter factor will form a serious
obstacle to the study of a larger fragment of Tau and
its interaction with Pin1, as the side-specific phos-
phorylation can probably not be mimicked by a
Thr231Glu mutation. However, the true question
raised by the molecular description is that of the
specificity. Why would Pinl interact only with the
pThr231-Pro moiety and not with the other phos-
phopeptides that contain exactly the same dipep-
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tide, if the other residues do not directly interact? Of
course, the peptide derived is in the proline-rich
region of Tau, and therefore, one cannot exclude that
entropic factors related to the lesser flexibility of the
proline residue contribute significantly to the bind-
ing affinity. A second question is the affinity of Pin1
for its substrate. If the WW domain behaves as a tar-
geting module, bringing the catalytical domain close
to its substrate, a nanomolar affinity would lead to
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an almost permanent complex between Pinl and its
substrate molecule. If Pin1 is to fulfill its catalytical
role on many substrate proteins, the high affinity
and subsequent permanentbinding character donot
seem highly efficient. Finally, of crucial importance
is the exclusive interaction between the WW domain
and the trans conformation of the prolinein theinter-
action motif. The catalytical activity of Pinl, indeed,
is the prolyl cis/trans isomerization of the proline
in the interaction motif. This activity was demon-
strated both in an indirect assay based on the trans-
selective enzymatic cleavage by chymotrypsin and
by a direct assay based on our NMR spectroscopy,
inthe case of the Arabidosis thaliana Pin1 protein (Lan-
drieu et al., 2000). Importantly, the same trans selec-
tivity was shown for PP2A, a phosphatase equally
implicated in regulation of the cell cycle and of Tau
phosphorylation (Zhou et al., 2000). Therefore, one
possible hypothesis about the molecular function of
the WW domain is that it first binds to a phospho-
rylated site with the proline in the trans conforma-
tion (Thr231?), and thereby increases locally the
concentration of the catalyticPin1 domain. This latter
can then perform its catalytical activity on a differ-
ent phosphoThr-Pro moiety. Alternatively, the Pin1
catalytical domain could first change the conforma-
tion of a proline from cis to trans, whereby the latter
conformation would be stabilized by the WW
domain for a sufficient period of time in order for
other molecular partners such as PP2A to come in.
Which of the possible scenarios is valid in vitro and
in vivo remains to be determined.

Evidence that the catalytical activity of Pinl pro-
motes a conformational change in its substrate was
most pronounced for Cdc25 (Stukenberg and
Kirschner, 2001), but an equivalent scenario might
well be valid for Tau. It remains intriguing how the
local conformational change can be amplified into a
large-scale reorganization of the substrate proteins,
being that the prolineresidues areinvariably located
in a highly flexible and unstructured part both for
Tau and Cdc25. However, only very little is known
about the structure of Tau in the tangles found in
Alzheimer’s diseased brains. Certain antibodies are
capable of specific recognition of this diseased form,
and it might well be that the relevant structural fea-
tures of Tau cannot easily be detected based on its
form in solution.

The above-described titration results between the
WW domain and the phosphoThr231-containing
peptideby both NMR spectroscopy and fluorescence
can easily be extended to probe the molecular
interaction between potential inhibitors and the pro-
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tein module. Indeed, a similar approach called
“structure-activity research (SAR) by NMR” was
already proposed to generate the interaction data
forlibraries of small molecules stemming from com-
binatorial chemistry, while maintaining the high
throughput mode required by the large number of
molecules to be tested (Hajduk et al., 1997). The
advantage of this method over the more traditional
fluorescence-based methods is that it immediately
generates a molecular image of the interaction site,
but because of the necessity of labeled protein and
the higher quantities of protein, we envision a mixed
strategy with a primary screen by fluorescence and
only in a secondary phase by NMR spectroscopy.
Screening will be performed on the WW domain
rather than on the catalytical domain, although asmall
moleculeinhibitor, thejuglone, was already described
inthe case ofa parvulin of E. coli (Henningetal., 1998).
However, juglone acts by forming a covalent bond
with a free cysteine residue and subsequently pro-
voking a partial degradation for the protein. Because
this interaction is most probably highly unspecific, it
cannot be considered a good lead. The catalytic loop
of Pin1 equally binds the phosphoThr-Pro dipeptide,
but withamuch weaker affinity than the WW domain
(Landrieu et al., 2002), making this site a less attrac-
tive target for rational drug development based on
the structural data known.

The results that are presented here contribute to
show that PIN1 could be an important drug target,
as it is possibly involved in early stages of neu-
rodegeneration. We described the tools that we have
developed, to first design, and then assay a large
number of active compounds in vitro to block
Pin1 WW binding to its neuronal substrates. The
promising compounds will thenbe assayed as poten-
tial drugs to block the reactivation of the cell cycle
in neurons in the cellular models that we have
characterized.
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