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ABSTRACT: The interaction between the neuronal Tau protein and the Pin1 prolylcis/trans-isomerase is
dependent on the phosphorylation state of the former. The interaction site was mapped to the unique
phospho-Thr231-Pro232 motif, despite the presence of many other Thr/Ser-Pro phosphorylation sites in
Tau and structural evidence that the interaction site does not significantly extend beyond those very two
residues. We demonstrate here by NMR and fluorescence mapping that the Alzheimer’s disease specific
epitope centered around the phospho-Thr212-Pro213 motif is also an interaction site, and that the sole
phospho-Thr-Pro motif is already sufficient for interaction. Because a detectable fraction of the Pro213
amide bond in the peptide centered around the phospho-Thr212-Pro213 motif is in thecis conformation,
catalysis of the isomerization by the catalytic domain of Pin1 could be investigated via NMR spectroscopy.

Tau is a microtubule-associated protein that occurs mainly
in neurons (1). Although derived from a single gene, it can
exist through alternative splicing as six isoforms that are
developmentally regulated (2). Further variability is intro-
duced by posttranslational phosphorylation, with a fetal
isoform of Tau carrying significantly more phosphate groups
in embryonic stages than the six Tau isoforms in adult brain
(3). A decade of research has led to the discovery of a large
number of kinases that can phosphorylate Tau on specific
threonine (Thr) or serine (Ser) residues. Mapping of the
phosphorylation sites was done with specific antibodies (4-
6) or with protein chemistry techniques, involving mass
spectroscopy and/or Edman degradation (3, 7, 8). It was
found that many kinases belong to the proline (Pro)-directed
protein kinase family, with an enzymatic activity for one of
the 17 Ser/Thr-Pro motifs in full-length Tau. Other kinases,
however, such as PKA1 were found to phosphorylate Ser or
Thr residues that are not followed by a Pro (9), whereas

GSK-3â can modify both Ser and Thr residues that are or
are not followed by a Pro (10-12).

The main motivation for this extensive research was and
remains twofold. First, phosphorylation was found to modu-
late the binding of Tau to the microtubules, with a lower
affinity for the phosphorylated Tau, and might as such
influence the dynamic equilibrium of the tubulin/microtubule
system (13). Second, in the paired helical filaments (PHF),
one of the hallmarks of Alzheimer’s disease of which Tau
is the main component, the protein is heavily phosphorylated
(1). Hyperphosphorylation in the later life stages might reflect
an erroneous reactivation of the cell cycle in the aging
neurons, proposed on the basis of the agreement between
AD and mitosis-related phosphorylation patterns (14-16).
Still, the relationship between phosphorylation and aggrega-
tion is not clear, and certain phosphorylation sites (Ser214
and Ser262) were recently described as being protective
against aggregation (17).

The phospho-epitope mapping by immunochemistry heavily
relies on a number of specific antibodies that recognize (i)
the protein in its unphosphorylated soluble form, (ii) certain
phospho-epitopes, or (iii) the phosphorylated protein ag-
gregated into PHF tangles as found in the diseased brain.
Examples of the latter are the AT100 and PHF-27/TG3
antibodies that recognize the AD specific phosphorylation
sites composed of the Thr212-Ser214 and Thr231-Ser235
epitopes, respectively (14, 18). Whereas those antibodies are
commonly classified as being “conformation-dependent”, the
precise conformational changes that they detect have still
not been fully elucidated (19, 20). Because many of the
phosphorylation sites are Pro-directed, one possible hypoth-
esis is that the Pro conformation would change upon
phosphorylation and/or aggregation. The Pro residue is
indeed unique in the sense that the energetic barrier between
its transandcisconformation is significantly lower than for

† Part of this work was funded by a grant from the Ge´nopole of
Lille, by the INSERM, the Re´gion Guadeloupe, and by the Institute
for the Study of Aging (ISOA). The 600 MHz facility used in this
study was funded by the Re´gion Nord-Pas de Calais, the CNRS, and
the Institut Pasteur de Lille.

* To whom correspondence should be addressed. Telephone:+33/
(0) 320871229. Fax:+33/(0) 320871233. E-mail: guy.lippens@pasteur-
lille.fr.

‡ UMR CNRS 8525.
§ INSERM U422.
1 Abbreviations: PKA, protein kinase A; GSK-3â, glycogen synthase

kinase 3â; AD, Alzheimer’s disease; PP2A, protein phosphatase 2A;
PHF, paired helical filaments; CDK, cyclin-dependent kinase; MAPK,
mitogen-activated protein kinase; DMF, dimethylformamide; RP-HPLC,
reverse phase high-pressure liquid chromatography; MALDI-TOF,
matrix-assisted laser desorption/ionization time-of-flight; IPTG, iso-
propyl thiogalactoside; PBS, phosphate-buffered saline; DTT, dithio-
threitol; EDTA, ethylenediaminetetraacetic acid; TOCSY, total corre-
lation spectroscopy; NOESY, nuclear Overhauser exchange spectroscopy;
EXSY, exchange spectroscopy; FRET, fluorescence resonance energy
transfer;KD, dissociation constant; TFE, trifluoroethanol.

2032 Biochemistry2004,43, 2032-2040

10.1021/bi035479x CCC: $27.50 © 2004 American Chemical Society
Published on Web 01/24/2004



all other amino acids, leading to a higher population of the
cis form. In small peptides, this population is typically on
the order of a few percent, but in the context of a folded
protein, Pro residues can be found that are completely in
the cis conformation.

Indirect evidence of a structural role of the proline
conformation comes from the recent finding that Pin1, a
prolyl cis/trans-isomerase that is essential for the cell cycle
and highly conserved within all eukaryotic species (21, 22),
interacts with Tau (23). Pin1 was reported to restore the
microtubule binding capacity of Cdc2/cyclin B-phosphory-
lated Tau (23). This might result from a direct physical
interaction between both partners, or alternatively, Pin1 might
assist proline-directed phosphatase PP2A in its catalytic
activity on phosphorylated Tau. Indeed, at least at the level
of short peptide substrates, PP2A only catalyzes the dephos-
phorylation of a threonine when it is followed by a proline
residue in thetrans conformation (24). Finally, the large
reservoir of phosphorylated Tau in the PHF tangles might
lead to depletion of soluble Pin1, and as such interfere with
Pin1’s other functions. Because Pin1 is a key regulator of
the mitotic transition, the earlier finding that Alzheimer’s
disease might be related to a reactivation of the cell cycle
(14-16) is in agreement with a functional role for Pin1 in
AD.

Pin1 is constituted by two domains (25) both essential for
its in ViVo activity: a WW binding domain (26) which binds
specifically pThr/pSer-Pro motifs and a peptidyl-prolylcis/
trans-isomerase domain which can act catalytically to
promote conformational changes in pThr/pSer-Pro bonds
by accelerating the intrinsic slowcis/trans isomerization of
these bonds at least on small peptidic substrates (27). When
the interaction between phosphorylated Tau and Pin1 was
reported, the authors identified a unique interaction site at
the phosphorylated Thr231 residue. Combined peptide map-
ping and mutagenesis studies indicated that phosphorylation
of this proline-directed site, which is phosphorylated sig-
nificantly in both fetal and adult rat brains (3) but is also
one of the phosphorylation sites detected on PHF Tau, is
both necessary and sufficient for the interaction with Pin1.
Thr231 can be phosphorylated by GSK-3â, but only after
phosphorylation of Ser235 by CDK5 or MAPK (6, 28, 29).
It can be directly phosphorylated by CDK5 in the presence
of heparin (30), and with a low efficiency by the p35cdc2-
cyclin A complex (31).

Structural details of the interaction of Pin1 with its various
substrates come from several high-resolution X-ray and NMR
structures. Pin1 in complex with peptide substrates derived
from the C-terminal domain of the polymerase II, the CDC25
phosphatase, or Tau itself indicates a dominant role for the
WW domain in the interaction, with an aromatic clamp
formed by one of the Trp residues and a Tyr holding onto
the Pro side chain, whereas Arg and Ser in the loop region
connecting the twoâ-strands make hydrogen bonds with the
phosphorylated side chain of the Thr (32, 33). The interaction
seems, however, mainly limited to this precise dipeptide,
raising the question of the structural basis for the reported
selectivity. In a recent NMR study, the only conformational
selectivity we could detect was at the level of the proline
isomerization state, with the pThr-Pro moiety interacting only
when the Pro is in thetrans conformation (33).

On the basis of the discrepancy between this structural
information and the reported uniqueness of the Pin1 interac-
tion site on Tau, we decided to further investigate this aspect
by NMR spectroscopy. As the Thr212 residue is one of the
few proline-directed and PHF specific phosphorylation sites,
we centered our peptide on this residue. Another reason for
the choice of this precise peptide is that the two reported
interaction sites on human CDC25C, Thr47 and Thr68, are
separated by exactly the same number of residues as Thr212
and Thr231 of Tau (34). Although the sequences of both
proteins between their respective two threonine residues do
not align, they both are considered random coil polymers
without well-defined structure, and their separation might
therefore be the relevant structural factor. Moreover, as other
sites in the direct vicinity of the Thr212 site can equally be
phosphorylated (Ser214 and Thr217), we have first inves-
tigated the influence of phosphorylation on the conformation
of the peptide, by performing a detailed NMR analysis of
the non-, mono-, di-, and triphosphorylated peptide. Their
interaction with Pin1 was studied at the level of binding to
the WW domain in the full-length protein, and the confor-
mational changes of the proline conformation induced by
the catalytical domain of Pin1 were followed by exchange
spectroscopy. It was found that the different peptides do bind
the Pin1 protein even better than the initially reported
pThr231-Pro232 motif, and that at least the conformational
exchange of the pThr212-Pro213 bond fromcis to trans or
Vice Versacan be catalyzed by Pin1. Because these results
do not agree with the previously reported uniqueness of the
pThr231-Pro231 site, we have looked into the possibility of
other interaction sites on Tau, and confirmed that a minimal
pThr-Pro dipeptide already can bind with a good affinity.
These combined results show that the interaction of Pin1
and Tau is not limited to one unique site, and pose the
intriguing question of a functional cooperativity between the
WW and catalytic domain of Pin1 while it interacts with
the hyperphosphorylated Tau.

MATERIALS AND METHODS

Peptide Synthesis and Purification.Peptides were obtained
by solid phase synthesis with introduction of selectively
phosphorylated residues using appropriate building blocks
of side chain-protected phosphothreonine or phosphoserine,
as described previously (33). A dansyl fluorophore was added
as a last step in the peptide synthesis of the pT212 peptide,
by reaction of 5 equiv of dansyl chloride and 10 equiv of
diisopropylethylamine in DMF. After TFA cleavage, peptides
were purified by RP-HPLC on a C18 Nucleosil column
(Macheey-Nagel, Duren, Germany) and eluted with an
acetonitrile gradient. The homogeneity of the fractions was
verified by MALDI-TOF mass spectrometry.

Expression and Purification of Recombinant Pin1 and the
Catalytical Domain (Pin1CAT). Pin1 with an N-terminal
histidine tag fusion was produced inEscherichia colistrain
BL21(DE3) (Novagen), carrying the recombinant PIN1-
pET28 plasmid (generous gift from M. Yaffe, Harvard
University, Cambridge, MA). The recombinant strain was
grown at 37°C in an LB medium containing kanamycin (20
mg/L) until the OD600 reached∼0.6. The cells were then
harvested by centrifugation, and the pellet was resuspended
in half the volume in M9 medium with15NH4Cl (Cambridge
Isotope Laboratories, Cambridge, MA) as the nitrogen source
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[6 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 4 g/L glucose,
1 g/L 15NH4Cl, 0.12 g/L MgSO4, 20 mg/L kanamycin, and
MEM vitamin cocktail (Sigma)]. The culture was incubated
at 37°C for 1 h before induction with 0.5 mM IPTG followed
by growth for 3 h at 31°C. The cell pellet was resuspended
in a lysis buffer [50 mM Na2HPO4/NaH2PO4 (pH 8.0), 300
mM NaCl (buffer A), 10 mM imidazole, 1 mM DTT, 0.1%
NP40, and a protease inhibitor cocktail (Roche)], and cell
lysis was performed by sonication. The soluble extract was
loaded on a nickel affinity column (Chelating Sepharose Fast
Flow, Amersham Pharmacia Biotech). Unbound proteins
were extensively washed with 20 mM imidazole in buffer
A, and the protein of interest was eluted with 250 mM
imidazole in buffer A.

The GST-Pin1CAT fusion protein was produced in the
BL21(DE3) star strain using the pGEX-6P plasmid (Amer-
sham Pharmacia Biotech). The production was performed
in LB medium with 0.5 mM IPTG induction followed by
incubation for 3 h at 31°C before the cells were harvested.
The pellet was resuspended in phosphate-buffered saline
(PBS) [130 mM NaCl, 3 mM KCl, 10 mM NaHPO4, and 2
mM KH2PO4 (pH 7.4)] containing 1% Triton X-100, 20 mM
â-mercaptoethanol, and a protease inhibitor cocktail. GST
fusion proteins were purified from the soluble extract by use
of a GSTrap Chelating Sepharose column (Amersham)
equilibrated in PBS (pH 7.2). Unbound proteins were
extensively washed with PBS, and proteins were eluted after
incubation with Precission Protease (Amersham) in 50 mM
Tris (pH 8.0), 100 mM NaCl, and 4 mM EDTA at 4°C for
20 h.

NMR Spectroscopy.NMR experiments were performed on
a Bruker DMX spectrometer (Bruker, Karlsruhe, Germany)
operating at 14.1 T and equipped with a cryogenic triple-
resonance probe head. Spectral parameters were as specified
in ref 33. Standard TOCSY and NOESY experiments, with
mixing times of 60 and 400 ms, respectively, were obtained
with 1 or 2 mM peptide solutions in 50 mM deuterated Tris
(pH 6.3) (Cambridge Isotope Laboratories) and 100 mM
NaCl at 293 K. 15N-labeled Pin1 HSQC spectra were
recorded on a 200µM protein sample in 50 mM deuterated
Tris (pH 6.3), 100 mM NaCl, and a 5 mM DTT/EDTA
mixture at the same temperature. For the titration experi-
ments, a 200µM solution of Pin1 was added to the
appropriate amounts of the lyophilized peptide. The chemical
shift perturbations of individual resonances calculated with
the relationship∆δ (parts per million) ) [∆δ2(1H) +
0.2∆δ2(15N)]1/2 were used to derive the dissociation constants
(33). For the observation of catalytic activity, 50µM full-
length Pin1 or its catalytic domain alone, each solubilized
in D2O buffer, was added to a 1.5 mM solution in D2O of a
triply phosphorylated peptide, and EXSY spectra with a
mixing time of 400 ms were recorded.

Fluorescence Spectroscopy.FRET experiments were car-
ried out on a PTI (Lawrenceville, NJ) fluorescence spec-
trometer by exciting tryptophan residues of Pin1 at 295 nm.
A 20 µM solution of Pin1 in 50 mM Tris (pH 6.3) containing
100 mM NaCl and a 5 mMDTT/EDTA mixture was added
to lyophilized aliquots of the peptide to obtain a full titration
curve. When the dansylated peptides were used, the fluo-
rescence quenching of the tryptophan indole groups by the
dansyl moiety was assessed at 334 nm. The fluorescence

variation was used to calculate theKD as described previously
(33).

RESULTS

NMR Characterization of the Peptide Epitopes.Four
different peptides were synthesized, corresponding to a
nonphosphorylated sequence, and peptides containing the
single pThr212 residue, pThr212/pSer214, and finally pThr212/
pSer214/pThr217. As a control, we also synthesized se-
quences centered around Thr231, with phosphorylation of
this latter site alone or of both Thr231 and Ser235 (Table
1).

Whereas assignment of such short peptides can now be
routinely carried out according to the sequential assignment
procedure based on combined TOCSY and NOESY spectra
(38), the main problem for detecting and characterizing the
minor cis forms proved to be less straightforward because
of sensitivity reasons. We used 2 mM samples dissolved in
270 µL of aqueous buffer in H2O or D2O together with a
cryogenic probe on a 600 MHz instrument to obtain good
quality spectra of even the minor forms. The resulting spectra
on all peptides show that phosphorylation has a large effect
on the amide proton of the carrying Thr or Ser residue (39),
making its ready detection from a one-dimensional spectrum
feasible (Figure 1). The same phosphorylated residues
followed by a Pro residue in thecis conformation show up
as low-intensity peaks close to the HN frequency of the major
pThr/pSer signals followed by a Pro in thetransconforma-
tion.

When we first analyzed the peptides centered around the
Thr231 residue, we confirmed the previously reported results
for this epitope (20). Thecis isomer of the pThr231-Pro232
peptide bond is populated at a level of<3% in water, and
the conformation of the peptide as determined by NOE
spectroscopy is essentially random. For the peptides centered
around Thr212, confirmation of the Pro conformation came
from the NOESY spectrum recorded in D2O on both the non-
and triphosphorylated peptides, where we observed specific
NOE contacts between the HR (and Hâ) protons of Thr212
and the HR proton of cis-Pro213, and the same contacts
between the corresponding protons of Thr217 and Pro218
(Figure 2). Other minor forms correspond to Pro216, which
is preceded by a Leu, whereas nocis conformation could be
detected for Pro219, despite the fact that its conformation
could even be more constrained due to the preceding Pro
residue.

Integration of the different NMR signals in the one-
dimensional spectra or on the Hδ-Hδ NOE cross-peaks,

Table 1: Peptide Sequences Synthesized during This Studya

peptide sequence

T231 KKVAVVRT231PPKSPSSAK
pT231 KKVAVVRpT231PPKSPSSAK
pT231-pS235 KKVAVVRpT231PPKpS235PSSAK
T212 SRSRT212PSLPTPPTR
pT212 SRSRpT212PSLPTPPTR
pT212-pS214 SRSRpT212PpS214LPTPPTR
pT212-pS214-pT217 SRSRpT212PpS214LPpT217PPTR
pThr-Pro dipeptide pTP
a Phosphorylated residues are in bold, and numbered according to

their position in the 441-residue isoform. The peptides are represented
in the text with the one-letter code, whereas the individual residues
are represented with the three-letter code.
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where a reasonable dispersion exists, allowed the estimation
of the relative populations of thetrans andcis conformers
(Table 2). Importantly, it was found that even a triple
phosphorylation did not significantly change the relative
populations.

Interaction Mapping of the Peptides with Pin1.Rather than
using the isolated WW domain as we reported in a previous
NMR study (33), we decided to work directly with the full-
length15N-labeled Pin1 protein. Near-complete assignments
for this protein were previously reported (40), enabling a
direct identification of the WW resonances in the full-length
protein. When we titrated the phosphopeptide centered
around the Thr231 epitope against a constant concentration
of full-length Pin1, we found a nearly identical value for
the dissociation constant. A similar titration experiment with
a nonphosphorylated peptide did not yield detectable binding.
When we repeated the experiment with the pT212 peptide,
carrying a single phospho group on the Thr212 side chain,
we detected a 3-fold stronger interaction, confirming that
pThr231 is neither a unique nor even the best binding epitope.
Resonances on the Pin1 protein that shifted upon addition
of the pT212 peptide were mainly assigned to the WW
domain, with the strongest shifts for the same residues
(Ser16-Gly20 and Gln33-Glu35, with a very pronounced
variation for the Trp34 HNε1 side chain moiety) that were
identified in the titration with the pT231 peptide (33). Small
variations were equally detected for some resonances on the
catalytic domain. A first category of those was assigned to
residues at the interface of the WW and catalytical domain,
including, for example, the Phe139 and Leu141 residues. On
the basis of the chemical shift variation of their resonances
as a function of the increasing peptide concentration, we
derived aKD constant similar to the one describing the
interaction with the WW domain (Table 4). A second group
of resonances that shift slightly upon addition of peptides
are those of the catalytic site, including Met130, Leu122,
Ser114, and Ser115. Because even at the 20-fold peptide
excess used in our titration study, saturation of the chemical
shift variations was not attained, we could not derive a
reliableKD value for the catalytic domain. This very weak
interaction is in agreement with our findings for the interac-
tion between phosphopeptides and the Pin1 protein of
Arabidopsis thaliana, which consists only of a catalytic
domain (41).

FIGURE 1: 1H NMR spectra (zoom of the NH region) of the T212 peptide phosphorylated at the Thr212 position or unphosphorylated. Only
Thr212, Ser214, and Thr217 are annotated. Those in bold precede atrans-Pro form, and those in italics precede acis-Pro form.

FIGURE 2: Assignment of the triphosphorylated T212 peptide on a
400 ms NOESY spectrum in D2O. Hδ-HR NOE contacts were
assigned fortrans-Pro isoforms and HR-HR for cis-Pro forms of
Pro213 and Pro218. Hδ1-Hδ2 NOE contacts are annotated for all
trans-Pro forms, forcis-Pro213,cis-Pro216, andcis-Pro218 forms,
and for trans-Pro219 preceded bycis-Pro218.

Table 2: Relative Populations of thecis/trans Ratio for the
Different Pro Residues in the Non- or Triphosphorylated T212
Peptide

cis/transratio (%)

peptide P213 P216 P218 P219

T212 6 8 12 <1
pT212-pS214-pT217 7 8 13 <1

Pin1 Recognizes Tau on Phospho-Thr212 Biochemistry, Vol. 43, No. 7, 20042035



To investigate the influence of multiple phosphorylations
on the interaction, we performed similar titration experiments
with three different peptides, including doubly phosphory-
lated Alzheimer-type epitopes pThr231/pSer235 and pThr212/
pSer214. Amazingly, the effect on theKD for Pin1 of a
second phosphorylation is not the same for both peptides;
the addition of a phosphate on Ser235 increases the affinity
by a factor of 2, whereas phosphorylation of Ser214
decreases the affinity for Pin1. Addition of a third phospho-
rylation site to the latter peptide (Thr217) was necessary to
restore the initial dissociation constant of 100µM.

The dissociation constant values for the pT212 peptide-
Pin1 interaction were confirmed in an independent experi-
ment based on the fluorescence variation of Pin1 upon
titration in a dansylated pT212 peptide. Because of energy
transfer from the tryptophan emitting at 334 nm to the dansyl
group on the N-terminus of the pT212 peptide, the fluores-
cence of the tryptophans at 334 nm is efficiently quenched
(Figure 4a). The resulting decrease in fluorescence intensity
can more readily be quantified as the increase in the intrinsic
tryptophan fluorescence that we had previously used with a
nondansylated peptide as a substrate (42). TheKD value of
110µM confirms the data from the NMR titration experiment
(Figure 4b), and demonstrates the absence of interference
by the dansyl group.

Catalytic ActiVity of Pin1. The absence of a detectable
amount of thecis form in the pThr231 peptide makes it a

less suitable substrate for the detection of a potential catalytic
action of Pin1. Because the situation with the epitope
centered around pThr212 is different, and because the use
of the cryogenic probe had allowed the full assignment of
all minor cis forms (Table 3), we used EXSY spectroscopy
to probe the catalytic activity of Pin1. The experimental setup
was similar to the one we used to demonstrate the catalytic
activity of the A. thalianaPin1 protein (35), with 400 ms
EXSY spectra of the triply phosphorylated peptide in D2O
with or without Pin1 added. Without Pin1, the isomerization
proved to be too slow to give detectable cross-peaks
connecting the signal of the same proton on a peptide in
two conformations. When we added a catalytic amount of
the protein, however, several additional cross-peaks appeared.
The contact between the HR protons of Pro213 in thecis
and trans conformations was easily identified (Figure 3),
despite the presence of a weak contact between the HR
proton of Pro213 in thecis conformation and the Hâ proton
of pThr212. The structural transition of the Thr212-Pro213
amide bond was further confirmed by a contact between the
Hδ protons of Pro213 in thecis and trans conformations.

Table 3: Chemical Shift Values of the Triply Phosphorylated
pT212-pS214-pT217 Peptidea

Hâ Hγ Hδ

HN HR Hâ1 Hâ2 Hγ1 Hγ2 Hδ1 Hδ2

208 S 8.38 4.43 3.87
209 R 8.5 4.44 1.91 1.79 1.67 3.21
210 S 8.49 4.45 3.89
211 R 8.48 4.37 1.91 1.79 1.67 3.23
212 (t) pT 9.45 4.50 4.40 1.38
212 (c) pT 9.52 4.61 4.41 1.27
213 (t) P - 4.43 2.34 2.09 2.04 1.93 4.01 3.78
213 (c) P - 4.94 2.41 2.12 1.95 1.84 3.61 3.48
214 pS 9.10 4.44 4.11 3.98
215 (t) L 8.40 4.69 1.71 1.63 1.59 0.97 0.94
215 (c) L 7.80 4.51 1.60 1.43 0.91
216 (t) P - 4.49 2.31 2.03 1.89 3.87 3.68
216 (c) P - 4.60 2.41 2.13 1.95 1.85 3.62 3.48
217 (t) pT 9.03 4.60 4.47 1.37
217 (c) pT 9.20 4.56 4.40 1.30
218 (t) P - 4.72 2.4 2.09 2.05 1.9 4.01 3.75
218 (c) P - 5.20 2.52 2.17 2.00 1.86 3.62 3.54
219 P - 4.55 2.36 2.09 2.05 1.93 3.89 3.71
220 T 8.29 4.32 4.22 1.22

a Minor form assignments of residues in the peptide with a Pro in
the cis conformation are given.

Table 4: Dissociation Constant Values Obtained by NMR for
Various Phosphorylated Peptide Substrates against the Full-Length
Pin1 Proteina

peptide KD
PIN1 (mM) peptide KD

PIN1 (mM)

pT231 0.38( 0.1 pT212-pS214 0.16( 0.02
pT231-pS235 0.18( 0.05 pT212-pS214-pT217 0.10( 0.01
pT212 0.10( 0.03 pThr-Pro dipeptide 0.15( 0.03

a NMR dissociation constant values are based on chemical shift
perturbations of several residues (N > 5). The data for the dipeptide
were obtained with the isolated WW domain.

FIGURE 3: (a) Region around HR cis-Pro213 and Pro218 in the
400 ms EXSY spectrum of the triphosphorylated T212 peptide.
Correlations involving pThr212 and pThr217 HR and Hâ minority
forms are annotated. (b) Same region in the 400 ms EXSY spectrum
of the triphosphorylated T212 peptide containing 50µM Pin1
showing an additional signal that correlated HR cis and HR trans
of Pro213 (circled). The corresponding signal for Pro218 is not
observed as indicated by the dashed circle.

2036 Biochemistry, Vol. 43, No. 7, 2004 Smet et al.



The isolated character of the HR proton of Pro218 in thecis
conformation should make the observation of an exchange-
mediated contact straightforward, but even with a long
mixing time of 400 ms, we could not observe such a contact.
This indicates that Pin1 selectively catalyzes the conforma-
tional change of the peptide bond between pThr212 and
Pro213, but not the one between pThr217 and Pro218. When
we performed the same experiment with the isolated catalytic
domain of Pin1, very similar results were obtained.

DISCUSSION

The phosphorylation of Tau has been the subject of intense
studies. A first line of research was aimed at the mapping
of the in ViVo phosphorylated sites of fetal or adult soluble
Tau (3) as well as the Tau found in the insoluble PHF
aggregates (7, 8). Both immunochemical and protein chem-
istry techniques led to the conclusion that adult Tau carries
significantly fewer phosphates than fetal Tau, and that
phosphorylation on PHF Tau is even more pronounced than
in fetal Tau. The dual character of the hyperphosphorylation
stems from the fact that a larger number of phosphorylation

sites has been identified in PHF Tau than in fetal Tau, and
second, the occupation level of the individual sites is higher
in PHF Tau than in fetal Tau. An example of this latter factor
is the Thr231 site, which is only phosphorylated to a level
of 30% in fetal Tau, whereas no unphosphorylated Thr231
is found in PHF Tau (8).

Whereas phosphorylation of the Ser262 residue or Ser214
is known to promote detachment of Tau from the microtu-
bules, and might hence lead to microtubule destabilization
(13), a clear relationship between phosphorylation and
aggregation has not been established. Recent results, for
example, have demonstrated that phosphorylation of the same
Ser262 site actually prevents aggregation (17), in apparent
contradiction with the initial hypothesis that hyperphospho-
rylation is a causal factor for aggregation. The sole factor
of phosphorylation might thus not be sufficient to explain
the physicochemical changes that govern microtubule inter-
action or tangle formation. Additional evidence for this
comes from the recent finding that the perturbed interaction
between phosphorylated Tau and tubulin might be restored
by the parvulin Pin1 (23). This latter enzyme belongs to the
class of prolylcis/trans-isomerases that catalyze the con-
formation of the prolyl bond. However, whereas the cyclo-
philins or FKBP binding proteins, the two main other classes
of prolyl cis/trans-isomerases, are at least in yeast not
essential for correct cell functioning (43), Pin1 or its yeast
analogue Ess1 is crucial for correct progress through the cell
cycle. Many of the recognition motifs of Pin1 coincide
moreover with the epitopes of the monoclonal MPM2
antibody. This latter recognizes mitosis specific phospho-
proteins, confirming further the role of Pin1 in the cell cycle.

Pin1 is characterized by a specificity at the substrate level,
as it catalyzes the conformational change only when the
proline is preceded by a phosphorylated Thr or Ser residue.
The same motif is recognized by the second structural unit,
the 40-amino acid WW domain, that seemingly promotes
protein-protein interactions and is essential for the correct
functioning of the protein (44). The interaction of Pin1 with
a large number of phosphoproteins involved in the cell cycle
has led to the hypothesis of a second conformational
mechanism of posttranslational control after the covalent
modification of phosphorylation. A prolinecis/trans iso-
merization could be the structural switch, but direct evidence
of such a mechanism with true protein targets has only very
recently begun to emerge (45). Finally, it should be noted
that the described interaction sites on several key mitotic
proteins are in the unstructured regulatory parts of the protein.
Examples are the Thr48 and Thr67 sites on the regulatory
part of CDC25C (46, 47), or the Ser63 and Ser73 epitopes
on c-JUN (48).

Because phosphorylated Tau extracted from the brains of
people with AD is equally recognized by the mitotic MPM2
antibodies (49), Lu et al. (23) set out to study its interaction
with Pin1. They discovered several intriguing aspects. First,
Pin1 would be able to restore the microtubule binding
capacity of Cdc2/cyclin B-phosphorylated Tau, and second,
the interaction with phospho-Thr231 would be necessary and
sufficient for this interaction. However, the observed speci-
ficity is not easy to explain at the structural level, as several
studies have proven that the main interaction motif of the
WW domain is the pThr-Pro dipeptide, with a minor
contribution of the residue following the Pro (32, 33).

FIGURE 4: (a) Fluorescence titration of Pin1 by the pT212 Tau
peptide coupled to a dansyl group at the N-terminus (pT212-Dns)
involving FRET. Increasing amounts of the peptide were added to
a 20 µM solution of Pin1, resulting in a quenching of the
fluorescence signal at 334 nm and a slight increase in the dansyl
signal at 540 nm. (b) Graphical representation of theKD calculation
for the pT212 peptide based on the intensity variations of the
fluorescence at 334 nm plotted against the molar ratio of the pT212
dansylated peptide to Pin1 concentration.
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Moreover, although Thr231 is indeed phosphorylated to a
higher level in PHF Tau, it can at least partially be
phosphorylated in fetal Tau, raising the question of the
conformational specificity of the Pin1-Tau interaction. For
these reasons, we decided to further investigate the unique-
ness of the interaction.

Of those sites that are unique to PHF Tau, two (Thr212
and Ser422) are proline-directed sites. We decided to first
investigate the former site, because it is in the vicinity of
the Thr231 residue, with the same distance from the latter
as the two epitopes described on CDC25C (34). Moreover,
because this Thr212 residue has at least two other phospho-
rylation sites in its immediate vicinity, we synthesized the
peptides in different combinations of phosphorylation. NMR
spectroscopy was used to investigate first the conformational
aspects of those peptides, with specific attention being paid
to the cis/trans ratios of the different prolines that are
involved. Indeed, the absence of interaction between one of
those epitopes and Pin1 could be due to the latter containing
a Pro residue completely constrained in thecisconformation,
where interaction with the WW domain is no longer possible
(32, 33). A previous study with peptides centered around
Thr231 had shown that the phospho-Thr-Pro bond in this
peptide is predominantly in thetransconformation, with only
3% in thecis conformation. Addition of TFE, a solvent that
is supposed to mimic the more hydrophobic environment of
the inner protein, even further reduced this fraction (20).
Therefore, it is not clear how a local structural change in
such a small amount of thecis conformation containing
chains could form the structural switch that explains the
functional interaction between Pin1 and Tau. Of course, our
results are obtained on a small peptide substrate and hence
do not necessarily reflect the situation in the full-length
protein. Still, recent NMR results of our group tend to
confirm that the random coil chemical shift can be used
efficiently to assign at least partially the full-length protein
(51), confirming its unstructured nature and validating the
peptide approach.

In our T212 peptide, the pool of peptide bonds in thecis
conformation is somewhat larger, and this occurs not only
at the level of the Thr212-Pro213 bond. Indeed, using a 2
mM sample and a measuring time of 12 h on a 600 MHz
spectrometer equipped with a cryoprobe, we were able to
distinguish the conformational heterogeneity at the level of
the Pro213, Pro216, and Pro218 peptide bonds, and assign
the different peptides in solution (Figure 2). On the basis of
the integration of the one-dimensional proton spectrum and
of the prolineδ1-δ2 cross-peaks in the NOESY spectrum,
we obtained the relative concentrations for thetransandcis
peptide bonds preceding Pro213, Pro216, and Pro218 (Table
1). Only for Pro219 could we not detect acis conformation,
which limits its level to an estimated 1%. However, when
comparing the relative populations in the differently phos-
phorylated peptides, we conclude that there is no clear
modification of thecis/transdistribution with an increasing
level of phosphorylation. As for the secondary structure of
the peptides, the only noteworthy NOE contact that we
observed was a medium-intensity contact between the amide
protons of Ser214 and Leu215. This might indicate a kink
in the peptide structure, but it remains to be seen whether
this contact is an artifact of the short size of the peptide or
whether it is truly present in the full-length protein.

The interaction of the different peptides with Pin1 was
first investigated in a series of titration experiments against
full-length Pin1. The15N-labeled protein was used simulta-
neously to derive the dissociation constant from a fit of the
chemical shift variations as a function of increased peptide
concentration and to map those residues that directly interact
with the peptide. A first titration experiment with the pT231
peptide resulted in a similarKD value as previously deter-
mined against the isolated WW domain (33), confirming the
primordial role of the WW domain as a protein-protein
interaction module. When we performed a second titration
series with a peptide phosphorylated at both Thr231 and
Ser235, mimicking thereby the recognition site of the
Alzheimer specific TG3 antibody, the affinity increased
roughly 2-fold. We are at present using calorimetry to study
whether this increased affinity results in a loss of entropy in
the unbound state, or from a true increase in the enthalpy of
binding.

The main result of our study came when we used the
pT212 peptide in the same titration study. Indeed, the affinity
of this peptide proved to be even better than that of the
peptide centered on pThr231. Because this result casts doubt
on the proposed uniqueness of this interaction site, we
repeated the same measurement by fluorescence spectroscopy
with a peptide modified with a dansyl group at its N-
terminus. Energy transfer between Tryp34 of the WW
domain and the dansyl acceptor proved to be very efficient,
and the resulting fluorescence decrease proved to be easier
to interpret than the intrinsic fluorescence changes that we
had previously used to confirm independently the NMRKD

value for the pT231-WW interaction (42). Despite the
addition of a dansyl, the resultingKD value confirmed our
previous results derived by NMR.

Contrary to the case of the pT231 peptide, a second
phosphorylation on the Ser214 site decreases the affinity by
a factor of 2. We can rationalize this observation with the
crystal structure of Pin1 in complex with a peptide derived
from the C-terminal domain of polymerase II, where the
hydroxyl Ser residue downstream of the phospho-Thr-Pro
recognition motif also makes a hydrogen bond with the WW
Trp34 side chain (32). In the pT212 peptide, we also find a
Ser214 residue, and from the fact that the affinity of pT212
is higher than that of the pT231 peptide, where the Pro233
side chain does not offer the possibility of a hydrogen bond,
we can safely assume that Ser214 indeed contributes to the
increased affinity. Phosphorylation, however, would intro-
duce a bulky phosphate group, which might be harder to fit
than the simple hydroxyl group. Only when we create a
second canonical phospho-Thr217-Pro218 interaction motif
in the triply phosphorylated peptide did we find our initial
dissociation constant of 100µM, indicating that both
dipeptides are recognized with similar affinities. This latter
result motivated us to measure the affinity of the isolated
phospho-Thr-Pro dipeptide, devoid of any sequence context.
The dissociation constant measured is on the same order of
magnitude as that for the pT212 peptide, confirming that
the main motif of interaction is indeed the dipeptide, and
that the other amino acids only weakly affect this binding.

Because the interaction mapping studies were performed
with the full-length Pin1 protein, we could also observe
potential interaction sites with the catalytic domain. A first
category of residues whose amide correlation shifted slightly
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upon addition of the peptide includes residues at the interface
between the WW and catalytic domain. Because theKD

derived from those chemical shift variations is identical to
the one obtained for the WW domain, we conclude that it
concerns the same binding event, and that binding of the
peptide to the WW domain slightly interferes with the
catalytic domain. This is in agreement with two recent NMR
studies, where chemical shift mapping combined with
interdomain NOEs and residual dipolar couplings led to the
conclusion of possible cross-talk between the two domains,
although the fine details seem to be substrate-dependent (50,
51). An independent interaction site, be it with a very weak
affinity, was identified in the long loop that was found to
contain the Ala-Pro dipeptide in the first crystal structure
(25). However, as was the case for Pin1 fromA. thaliana,
only a lower bound of 10 mM could be determined for the
affinity constant.

On the basis of the fact that bothcis andtransconforma-
tions can be observed for Pro213 and Pro218 in this
triphosphorylated peptide, we have investigated the Pin1
catalytic activity by adding 50µM enzyme to a 1.5 mM
solution of the peptide in D2O. Unexpectedly, the only Pin1-
dependent prolylcis/trans isomerization detected through an
cis-HR-trans-HR exchange cross-peak was for the Pro213
residue. A similar correlation peak was not observed for the
Pro218 residue, although this motif is characterized by twice
as muchcisconformer as the peptide bond preceding Pro213.
The presence of a Pro residue before and after the pThr217-
Pro218 moiety possibly imposes a structural constraint such
that thecis/trans interconversion can no longer be catalyzed
by the Pin1 enzymatic domain.

Phosphorylation of the different Thr/Ser-Pro sites of the
Tau protein is controlled by various well-known kinase-
phosphatase complexes. Phosphorylation can be implemented
among othersin Vitro with purified activated kinases such
as the Cdc2-cyclin B complex used in the initial study
identifying the Pin1-Tau interaction (23). However, this
latter kinase was previously shown to incorporate only 0.1
phosphate unit per Tau molecule, even with an incubation
time of 24 h (29). This latter factor might explain why the
interaction with other sites such as the Thr212-Pro213 site
described here initially went undetected, as the Cdc2-cyclin
B complex probably only slightly catalyzes, if at all, the
phosphorylation of this site (41). This is of course in sharp
contrast to the peptide studies, where chemical synthesis
allows for a 100% incorporation of a phosphate at any given
position. As for the important question of whether T212 can
interact with Pin1 in the full-length protein, preliminary pull-
down results with recombinant Tau phosphorylated by a COS
cell extract in the presence of the PP2A phosphatase blocking
okadaic acid show that the T231A mutant and the T212A
mutant still interact with Pin1 (A.-V. Sambo, M. Hamdame,
and L. Buée, unpublished results). The double mutation
(T212A/T231A) leads to a further decrease in the level of
the retained protein, but still not a complete absence of
interaction, suggesting the presence of even other interaction
sites.

In conclusion, we have shown through careful peptide
mapping that the phospho-Thr231-Pro232 dipeptide is not
the only interaction motif between Tau and the cell cycle
specific prolylcis/trans-isomerase Pin1, and that the phos-
pho-Thr212-Pro213 motif has an even higher affinity for the

Pin1 WW domain. The enzymatic activity of Pin1 on this
latter site was confirmed through exchange NMR spectros-
copy. Many questions about the molecular details of the
Pin1-Tau interaction remain, however, and one of the most
important is the possible cooperativity between both Thr212
and Thr231 sites, which could be a model for the action of
Pin1 on other substrates such as Cdc25C. Finally, all our
work is related to the interaction between Pin1 and Tau with
the latter in its phosphorylated but free state. In the
microtubule-bound state, however, we cannot exclude the
possibility that one of several phosphorylated Thr/Ser-Pro
motifs of Tau is forced into acis conformation, and that
those motifs are the true substrates for the prolylcis/trans-
isomerase activity of Pin1.

Future efforts will be directed to larger substrates encom-
passing both sites, in both their free and microtubule-bound
state, and should be able to describe in further detail the
intriguing functional role of the WW and prolyl isomerase
domains of Pin1.
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