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ABSTRACT: The interaction between the neuronal Tau protein and the Pinl misliiansisomerase 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 iscia ¢beformation,
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 GSK-33 can modify both Ser and Thr residues that are or

in neurons 1). Although derived from a single gene, it can

exist through alternative splicing as six isoforms that are

developmentally regulate®), Further variability is intro-
duced by posttranslational phosphorylation, with a fetal

are not followed by a ProlQ0—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

isoform of Tau carrying significantly more phosphate groups affinity for the phosphorylated Tau, and might as such
in embryonic stages than the six Tau isoforms in adult brain jnfluence the dynamic equilibrium of the tubulin/microtubule
(3). A decade of research has led to the discovery of a largesystem {3). Second, in the paired helical filaments (PHF),
number of kinases that can phosphorylate Tau on specificone of the hallmarks of Alzheimer's disease of which Tau
threonine (Thr) or serine (Ser) residues. Mapping of the js the main component, the protein is heavily phosphorylated

phosphorylation sites was done with specific antiboddes (
6) or with protein chemistry techniques, involving mass
spectroscopy and/or Edman degradati8n4, 8). It was

(2). 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

found that many kinases belong to the proline (Pro)-directed AD and mitosis-related phosphorylation patterad—16).

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 PKAwvere found to phosphorylate Ser or

Thr residues that are not followed by a P®),(whereas
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lation spectroscopy; NOESY, nuclear Overhauser exchange spectroscopy:;

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 aggregatiori).

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 Thr22&er214 and Thr231Ser235
epitopes, respectivell 4, 18). Whereas those antibodies are
commonly classified as being “conformation-dependent”, the
precise conformational changes that they detect have still
not been fully elucidated1@, 20). Because many of the
phosphorylation sites are Pro-directed, one possible hypoth-
esis is that the Pro conformation would change upon
hosphorylation and/or aggregation. The Pro residue is

EXSY, exchange spectroscopy; FRET, fluorescence resonance energgndeed unique in the sense that the energetic barrier between

transfer;Kp, dissociation constant; TFE, trifluoroethanol.

its transandcis conformation is significantly lower than for
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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
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On the basis of the discrepancy between this structural
information and the reported uniqueness of the Pinl interac-
tion site on Tau, we decided to further investigate this aspect

protein, Pro residues can be found that are completely in by NMR spectroscopy. As the Thr212 residue is one of the

the cis conformation.

Indirect evidence of a structural role of the proline
conformation comes from the recent finding that Pinl, a
prolyl cigtransisomerase that is essential for the cell cycle
and highly conserved within all eukaryotic speci2s, 22),
interacts with Tau 23). Pinl 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

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 Tau34). 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

activity on phosphorylated Tau. Indeed, at least at the level sites in the direct vicinity of the Thr212 site can equal.ly be
of short peptide substrates, PP2A only catalyzes the dephosPhosphorylated (Ser214 and Thr217), we have first inves-

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
Pinl’s other functions. Because Pinl 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 Pinl in
AD.

Pinl is constituted by two domain®5) both essential for
its in »ivo activity: a WW binding domainZ6) which binds
specifically pThr/pSer-Pro motifs and a peptidyl-protyd/
transisomerase domain which can act catalytically to
promote conformational changes in pThr/pSBro bonds
by accelerating the intrinsic slogis/'transisomerization of
these bonds at least on small peptidic substr&®@s {When

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 Pinl 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 Pinl1 were followed by exchange
spectroscopy. It was found that the different peptides do bind
the Pinl protein even better than the initially reported
pThr231-Pro232 motif, and that at least the conformational
exchange of the pThr212-Pro213 bond froigto trans or

vice versacan be catalyzed by Pinl. 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 Pinl

the interaction between phosphorylated Tau and Pinl wasgng Tau is not limited to one unique site, and pose the

reported, the authors identified a unique interaction site at jriguing question of a functional cooperativity between the
the phosphorylated Thr231 residue. Combined peptide map-y\y and catalytic domain of Pinl while it interacts with
ping and mutagenesis studies indicated that phosphorylatiory,q hyperphosphorylated Tau.

of this proline-directed site, which is phosphorylated sig-
nificantly in both fetal and adult rat brain8)(but is also

MATERIALS AND METHODS

one of the phosphorylation sites detected on PHF Tau, IS pgpige Synthesis and PurificatidPeptides were obtained

both necessary and sufficient for the interaction with Pin1.
Thr231 can be phosphorylated by GSK;:3ut only after
phosphorylation of Ser235 by CDK5 or MAPI,(28, 29).
It can be directly phosphorylated by CDKS5 in the presence
of heparin 80), and with a low efficiency by the p35cde2
cyclin A complex 31).

Structural details of the interaction of Pinl with its various
substrates come from several high-resolution X-ray and NMR

by solid phase synthesis with introduction of selectively
phosphorylated residues using appropriate building blocks
of side chain-protected phosphothreonine or phosphoserine,
as described previouslgd). 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

structures. Pinl in complex with peptide substrates derived (Macheey-Nagel, Duren, Germany) and eluted with an

from the C-terminal domain of the polymerase Il, the CDC25

acetonitrile gradient. The homogeneity of the fractions was

phosphatase, or Tau itself indicates a dominant role for the verified by MALDI-TOF mass spectrometry.

WW domain in the interaction, with an aromatic clamp
formed by one of the Trp residues and a Tyr holding onto

Expression and Purification of Recombinant Pinl and the
Catalytical Domain (Pinga7). Pinl with an N-terminal

the Pro side chain, whereas Arg and Ser in the loop region histidine tag fusion was produced Escherichia colistrain

connecting the twg@-strands make hydrogen bonds with the
phosphorylated side chain of the TB2(33). The interaction
seems, however, mainly limited to this precise dipeptide,

BL21(DE3) (Novagen), carrying the recombinant PIN1-
pPET28 plasmid (generous gift from M. Yaffe, Harvard
University, Cambridge, MA). The recombinant strain was

raising the question of the structural basis for the reported grown at 37°C in an LB medium containing kanamycin (20

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 thérans conformation 83).

mg/L) until the ODQyo reached~0.6. The cells were then
harvested by centrifugation, and the pellet was resuspended
in half the volume in M9 medium witfPNH,CI (Cambridge
Isotope Laboratories, Cambridge, MA) as the nitrogen source
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[6 o/L N&xHPQy, 3 g/L KH,POy, 0.5 g/L NaCl, 4 g/L glucose,

) Table 1: Peptide Sequences Synthesized during This Study
1 g/L INH4CI, 0.12 g/L MgSQ, 20 mg/L kanamycin, and

MEM vitamin cocktail (Sigma)]. The culture was incubated peptide sequence
at 37°C for 1 h before induction with 0.5 mM IPTG followed g%%l EEY/IX\\;Y/E;?lPEgElSDF?SSQEK
o 231
by growth fa 3 h at 31°C. The cell pellet was resuspended pT231-pS235 KKVAVVR TrsPPKpS 5P SSAK
in a lysis buffer [50 mM NgHPO/NaH,PO, (pH 8.0), 300 T212 SRSRTPSLPTPPTR
mM NaCl (buffer A), 10 mM imidazole, 1 mM DTT, 0.1% pT212 SRSRT21PSLPTPPTR
NP40, and a protease inhibitor cocktail (Roche)], and cell pgﬁ'pﬁﬁi 1217 %};Sﬂ—mpps%liETTPP;ETR
lysis was performed by sonication. The soluble extract was BThr_P'% dipeg:ide pTPS%FEmPp e

loaded on a nickel affinity column (Chelating Sepharose Fast aPhosphorylated residues are in bold, and numbered according to
Flow, Amersham Pharmacia Biotech). Unbound proteins their position in the 441-residue isoform. lThe peptides are represented

were extensively washed with 20 mM imidazole in buffer jn the text with the one-letter code, whereas the individual residues
A, and the protein of interest was eluted with 250 mM are represented with the three-letter code.

imidazole in buffer A. it dgt lculate q ibed ousl
The GSTF-Pinlar fusion protein was produced in the varation was usedto calctiate g as described previously

BL21(DE3) star strain using the pGEX-6P plasmid (Amer- (33.

sham Pharmacia Biotech). The production was performed ReSULTS

in LB medium with 0.5 mM IPTG induction followed by o ) )

incubation fo 3 h at 31°C before the cells were harvested. NMR Characterization of the Peptide EpitopeSour

The pellet was resuspended in phosphate-buffered salingdifferent peptides were synthesized, corresponding to a
(PBS) [130 mM NaCl, 3 mM KCI, 10 mM NaHPfand 2 nonphosphorylated sequence, and peptides containing the
mM KH,PO; (pH 7.4)] containing 1% Triton X-100, 20 mm  Single pThr212 residue, pThr212/pSer214, and finally pThr212/

B-mercaptoethanol, and a protease inhibitor cocktail. GST PS€r214/pThr217. As a control, we also synthesized se-
fusion proteins were purified from the soluble extract by use duences centered around Thr231, with phosphorylation of

of a GSTrap Chelating Sepharose column (Amersham) this latter site alone or of both Thr231 and Ser235 (Table

equilibrated in PBS (pH 7.2). Unbound proteins were . .

extensively washed with PBS, and proteins were eluted after hereas assignment of such short peptides can now be

incubation with Precission Protease (Amersham) in 50 mM routinely carried out according to the sequential assignment
Tris (pH 8.0), 100 mM NaCl, and 4 mM EDTA at*C for procedure based on combined TOCSY and NOESY spectra

20 h. (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 uL of aqueous buffer in KD or D,O together with a
cryogenic probe on a 600 MHz instrument to obtain good
ality spectra of even the minor forms. The resulting spectra
on all peptides show that phosphorylation has a large effect

NMR SpectroscopNMR 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 specifi
in ref 33. Standard TOCSY and NOESY experiments, with

mixing times of 60 and 400 ms, respectively, were obtained on the amide proton of the carrying Thr or Ser resicR®(

with 1 or 2 mM pgptide solutions in 50 mM deuterated Tris making its ready detection from a one-dimensional spectrum
(pH 6.3) (Cambridge Isotope Laboratories) and 100 MM teagipie (Figure 1). The same phosphorylated residues

NaCl at 293 K.™N-labeled Pinl HSQC spectra were o) 0ed by a Pro residue in theis conformation show up
reporded on a 200M protein sample in 50 mM deuterated  5¢ low-intensity peaks close to the Hlequency of the major
Tris (pH 6.3), 100 mM NaCl, aha 5 mMMDTT/EDTA 1ppser signals followed by a Pro in thans conforma-
mixture at the same temperature. For the titration experi- o

ments, a 200uM solution of Pinl was added to the When we first analyzed the peptides centered around the
appropriate amounts of the lyophilized peptide. The chemical 11,531 residue, we confirmed the previously reported results
shift perturbations of individual resonances calculated with ¢, this epitope 20). Thecis isomer of the pThr231-Pro232
the relationshipAd (parts per million) = [Ad*(*H) + peptide bond is populated at a level ©8% in water, and
0.2A0%(**N)]2were used to derive the dissociation constants {ha conformation of the peptide as determined by NOE
(33). For the observation of catalytic activity, 0 full- — gnecroscopy is essentially random. For the peptides centered
length Pinl or its catalytic domain alone, each solubilized 4.5ng Thr212, confirmation of the Pro conformation came
in D,O buffer, was added to a 1.5 mM solution in@of a from the NOESY spectrum recorded in®on both the non-
triply phosphorylated peptide, and EXSY spectra with & anq triphosphorylated peptides, where we observed specific
mixing time of 400 ms were recorded. NOE contacts between theoHand H3) protons of Thr212
Fluorescence SpectroscofyRET experiments were car- and the Ht proton of cisPro213, and the same contacts
ried out on a PTI (Lawrenceville, NJ) fluorescence spec- between the corresponding protons of Thr217 and Pro218
trometer by exciting tryptophan residues of Pinl at 295 nm. (Figure 2). Other minor forms correspond to Pro216, which
A 20 uM solution of Pin1 in 50 mM Tris (pH 6.3) containing  is preceded by a Leu, whereascis conformation could be
100 mM NaCl ad a 5 mMDTT/EDTA mixture was added  detected for Pro219, despite the fact that its conformation
to lyophilized aliquots of the peptide to obtain a full titration could even be more constrained due to the preceding Pro
curve. When the dansylated peptides were used, the fluo-residue.
rescence quenching of the tryptophan indole groups by the Integration of the different NMR signals in the one-
dansyl moiety was assessed at 334 nm. The fluorescencalimensional spectra or on thedHHS6 NOE cross-peaks,
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FicurE 1: H NMR spectra (zoom of the NH region) of the T212 peptide phosphorylated at the Thr212 position or unphosphorylated. Only
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Thr212, Ser214, and Thr217 are annotated. Those in bold precedeséro form, and those in italics precedeia-Pro form.
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Ficure 2: Assignment of the triphosphorylated T212 peptide on a
400 ms NOESY spectrum in 0. Hi—Ho. NOE contacts were

assigned fotrans-Pro isoforms and bl—Ha for cis-Pro forms of

Pro213 and Pro218.41—Hd2 NOE contacts are annotated for all

trans-Pro forms, forcis-Pro213cis-Pro216, andis-Pro218 forms,
and fortrans-Pro219 preceded bgis-Pro218.

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

cigtransratio (%)

peptide pP213 P216 p218 P219
T212 6 8 12 <1
pT212-pS214-pT217 7 8 13 <1

Interaction Mapping of the Peptides with PirRather than
using the isolated WW domain as we reported in a previous
NMR study @3), we decided to work directly with the full-
length'>N-labeled Pin1 protein. Near-complete assignments
for this protein were previously reported(), 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 Pinl, 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 Pinl 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 GIn33-Glu35, with a very pronounced
variation for the Trp34 HM1 side chain moiety) that were
identified in the titration with the pT231 peptidd3). 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 Leul141 residues. On
the basis of the chemical shift variation of their resonances
as a function of the increasing peptide concentration, we
derived aKp 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, Leul22,
Serll4, and Serl15. 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

where a reasonable dispersion exists, allowed the estimatiorreliable Kp value for the catalytic domain. This very weak

of the relative populations of thigans and cis conformers

interaction is in agreement with our findings for the interac-

(Table 2). Importantly, it was found that even a triple tion between phosphopeptides and the Pinl protein of
phosphorylation did not significantly change the relative Arabidopsis thaliana which consists only of a catalytic

populations.

domain @1).
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Table 3: Chemical Shift Values of the Triply Phosphorylated ppm (@) ', T |
pT212-pS214-pT217 Peptitle |
HB Hy HS 4.9 pThr2120 pThIrZIZ[?
A
Hv Ha HB1 HB2 Hyl Hy2 Hél Ho2 | 1, I cPro213c
| [ |
208 S 838 443 387 5.0 L
209 R 85 444 191 179 1.67 3.21 ' n - o
210 S 849 445 3.89 r& Uy |
211 R 848 437 191 1.79 1.67 3.23 5.1 | |
212(t) pT 9.45 450 4.40 1.38 | .
212(¢) pT 952 461 441 1.27 pTbn2if pThe2iTp
213() P - 443 234 209 204 193 4.01 3.78 5.2 ! i '
213(c) P - 494 241 212 195 1.84 3.61 3.48 ! L B ; cProzlda
214 pS 9.10 4.44 411 3.98 ! i .
215() L 840 469 171 163 159 0.97 0.94 5.3 b !
215(c) L 7.80 451 160 1.43 0.91 . A R
216(t) P - 449 231 2.03 1.89 3.87 3.68 i b,
216(c) P - 460 241 213 195 185 3.62 3.48 5.4 S ——————r—— " —
217() pT 9.03 4.60 4.47 1.37 54 53 52 51 50 49 48 47 4645 44 43 ppm
217 (c) pT 9.20 4.56 4.40 1.30 L :
218() P — 472 24 209 205 1.9 401 375 ppm | gy T V |1 (Prozi3a
218(c) P - 520 252 217 200 1.86 3.62 3.54 Pl b
219 P - 455 236 209 205 193 3.89 3.71 194 P P :
220 T 829 432 422 1.22 ) 0! N
aMinor form assignments of residues in the peptide with a Pro in ' | U qProZ13a
the cis conformation are given. 5.0 Hot cis/ Hot trans
' i ro)
1 I
Table 4: Dissociation Constant Values Obtained by NMR for 5.1 ' M tPr:;ZlSa i E
Various Phosphorylated Peptide Substrates against the Full-Length \ A E !
Pinl Proteif ,,E-\ ‘ :
peptide  KpPN! (mM) peptide Ko?N! (mM) 527 ( —— L
pT231 0.38+ 0.1  pT212-pS214 0.16 0.02 ',
pT231-pS235 0.18 0.05 pT212-pS214-pT217 0.190.01 53] !
pT212 0.10+ 0.03  pThr-Pro dipeptide 0.150.03 ‘4 :
aNMR dissociation constant values are based on chemical shift '
perturbations of several residud$ ¢ 5). The data for the dipeptide B e e e
were obtained with the isolated WW domain. 54 53 52 51 50 49 48 47 46 45 44 43 ppm

FiGure 3: (a) Region around # cis-Pro213 and Pro218 in the

. . . . . 400 ms EXSY spectrum of the triphosphorylated T212 peptide.
To investigate the influence of multiple phosphorylations g rejations invoR/ing pThr212 andppThrp2171)|/-and H mino?it)?

on the interaction, we performed similar titration experiments forms are annotated. (b) Same region in the 400 ms EXSY spectrum

with three different peptides, including doubly phosphory- of the triphosphorylated T212 peptide containing &8 Pinl

et Azheimer ype eptopes pTIYZ31pSr2ss and piv212/Shg 3t LS00 Lo st o Prosis & o
Ser214. Amazingly, the effect on th& for Pinl of a N )

Eecond phosphor)g/llgtion is not the same for both peptides;ObserveoI as indicated by the dashed circle.

the addition of a phosphate on Ser235 increases the affinity

by a factor of 2, whereas phosphorylation of Ser214

decreases the affinity for Pinl. Addition of a third phospho-

less suitable substrate for the detection of a potential catalytic
action of Pinl. Because the situation with the epitope
laion site o the ltter pepiide (Thr217) was necessary 1o o e aryogonic probe had alowed the full asagnment of
restore the initial dissociation constant of 181. all minor cis forms (Table 3), we used EXSY spectroscopy
The dissociation constant values for the pT212 peptide to probe the catalytic activity of Pinl. The experimental setup
Pinl interaction were confirmed in an independent experi- was similar to the one we used to demonstrate the catalytic
ment based on the fluorescence variation of Pinl upon activity of the A. thalianaPin1 protein 85), with 400 ms
titration in a dansylated pT212 peptide. Because of energy EXSY spectra of the triply phosphorylated peptide isOD
transfer from the tryptophan emitting at 334 nm to the dansy! with or without Pin1 added. Without Pin1, the isomerization
group on the N-terminus of the pT212 peptide, the fluores- proved to be too slow to give detectable cross-peaks
cence of the tryptophans at 334 nm is efficiently quenched connecting the signal of the same proton on a peptide in
(Figure 4a). The resulting decrease in fluorescence intensitytwo conformations. When we added a catalytic amount of
can more readily be quantified as the increase in the intrinsic the protein, however, several additional cross-peaks appeared.
tryptophan fluorescence that we had previously used with a The contact between theoHprotons of Pro213 in theis
nondansylated peptide as a substrd®.(TheKp value of  and trans conformations was easily identified (Figure 3),
110uM confirms the data from the NMR titration experiment despite the presence of a weak contact between the H
(Figure 4b), and demonstrates the absence of interferenceyroton of Pro213 in theis conformation and the Biproton
by the dansyl group. of pThr212. The structural transition of the Thr212-Pro213
Catalytic Actiity of Pinl. The absence of a detectable amide bond was further confirmed by a contact between the
amount of thecis form in the pThr231 peptide makes it a Ho protons of Pro213 in theis andtrans conformations.
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258406 sites has been identified in PHF Tau than in fetal Tau, and
(a) 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 Taug).

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 aggregatia)(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
wavelongth (nm) the physicochemical changes that govern microtubule inter-
action or tangle formation. Additional evidence for this
comes from the recent finding that the perturbed interaction
(b) between phosphorylated Tau and tubulin might be restored
2 by the parvulin Pin1Z3). This latter enzyme belongs to the
class of prolylcigtransisomerases that catalyze the con-
formation of the prolyl bond. However, whereas the cyclo-
g 18 philins or FKBP binding proteins, the two main other classes

20E+06

1.5E+06

Al (countsisec)

1.0E+06

5.0E+05

0.0E-+00 -

of prolyl cigtransisomerases, are at least in yeast not
3 essential for correct cell functioningg), Pinl or its yeast
analogue Essl is crucial for correct progress through the cell
cycle. Many of the recognition motifs of Pinl coincide
os moreover with the epitopes of the monoclonal MPM2
antibody. This latter recognizes mitosis specific phospho-
proteins, confirming further the role of Pinl in the cell cycle.
°o s w u;m:s-v:; ¥ 0 & B Pinl is characterized by a specificity at the substrate level,
i as it catalyzes the conformational change only when the

Ficure 4: (a) Fluorescence titration of Pinl by the pT212 Tau oA :
peptide coupled to a dansyl group at the N-terminus (pT212-Dns) proline is preceded by a phosphorylated Thr or Ser residue.

involving FRET. Increasing amounts of the peptide were added to | Ne same motif is recognized by the second structural unit,
a 20 uM solution of Pinl, resulting in a quenching of the the 40-amino acid WW domain, that seemingly promotes
fluorescence signal at 334 nm and a slight increase in the dansylprotein-protein interactions and is essential for the correct
signal at 540 nm. (b) Graphical representation oftbealculation  fynctioning of the protein44). The interaction of Pinl with

for the pT212 peptide based on the intensity variations of the S .
fluorescence at 334 nm plotted against the molar ratio of the pT212 a large number of phosphoproteins involved in the cell cycle

dansylated peptide to Pinl concentration. has led to the hypothesis of a second conformational
] ) ) mechanism of posttranslational control after the covalent
The isolated character of theotproton of Pro218 in theis modification of phosphorylation. A prolineisitrans iso-

conformation should make the observation of an exchange-merization could be the structural switch, but direct evidence

mediated contact straightforward, but even with a long f such a mechanism with true protein targets has only very
mixing time of 400 ms, we could not observe such a contact. recently begun to emergd®). Finally, it should be noted

This indicates that Pinl selectively catalyzes the conforma- ihat the described interaction sites on several key mitotic
tional change of the peptide bond between pThr212 and ygteins are in the unstructured regulatory parts of the protein.
Pro213, but not the one between pThr217 and Pro218. Whengxamples are the Thrd8 and Thr67 sites on the regulatory
we performed the same experiment with the isolated catalytic part of CDC25C 46, 47), or the Ser63 and Ser73 epitopes
domain of Pinl, very similar results were obtained. on c-JUN ¢9).

Because phosphorylated Tau extracted from the brains of
DISCUSSION people with AD is equally recognized by the mitotic MPM2

The phosphorylation of Tau has been the subject of intenseantibodies 49), Lu et al. 3) set out to study its interaction

studies. A first line of research was aimed at the mapping with Pin1. They discovered several intriguing aspects. First,
of thein vivo phosphorylated sites of fetal or adult soluble Pinl would be able to restore the microtubule binding
Tau @) as well as the Tau found in the insoluble PHF capacity of Cdc2/cyclin B-phosphorylated Tau, and second,
aggregates/( 8). Both immunochemical and protein chem- the interaction with phospho-Thr231 would be necessary and
istry techniques led to the conclusion that adult Tau carries sufficient for this interaction. However, the observed speci-
significantly fewer phosphates than fetal Tau, and that ficity is not easy to explain at the structural level, as several
phosphorylation on PHF Tau is even more pronounced thanstudies have proven that the main interaction motif of the
in fetal Tau. The dual character of the hyperphosphorylation WW domain is the pThr-Pro dipeptide, with a minor
stems from the fact that a larger number of phosphorylation contribution of the residue following the Pr@Z% 33).
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Moreover, although Thr231 is indeed phosphorylated to a The interaction of the different peptides with Pinl was
higher level in PHF Tau, it can at least partially be firstinvestigated in a series of titration experiments against
phosphorylated in fetal Tau, raising the question of the full-length Pinl. The'>N-labeled protein was used simulta-
conformational specificity of the PiriTau interaction. For ~ neously to derive the dissociation constant from a fit of the
these reasons, we decided to further investigate the uniquechemical shift variations as a function of increased peptide
ness of the interaction. concentration and to map those residues that directly interact
Of those sites that are unique to PHF Tau, two (Thr212 with the peptide. A first titration experiment with the pT231
and Ser422) are proline-directed sites. We decided to first peptide resulted in a similafp value as previously deter-
investigate the former site, because it is in the vicinity of mined against the isolated WW doma88), confirming the
the Thr231 residue, with the same distance from the latter primordial role of the WW domain as a proteiprotein
as the two epitopes described on CDC23a@)( Moreover, interaction module. When we performed a second titration
because this Thr212 residue has at least two other phosphoseries with a peptide phosphorylated at both Thr231 and
rylation sites in its immediate vicinity, we synthesized the Ser235, mimicking thereby the recognition site of the
peptides in different combinations of phosphorylation. NMR Alzheimer specific TG3 antibody, the affinity increased
spectroscopy was used to investigate first the conformationalroughly 2-fold. We are at present using calorimetry to study
aspects of those peptides, with specific attention being paidwhether this increased affinity results in a loss of entropy in
to the cigltrans ratios of the different prolines that are the unbound state, or from a true increase in the enthalpy of
involved. Indeed, the absence of interaction between one ofbinding.
those epitopes and Pinl could be due to the latter containing The main result of our study came when we used the
a Pro residue completely constrained in ¢igeconformation, pT212 peptide in the same titration study. Indeed, the affinity
where interaction with the WW domain is no longer possible of this peptide proved to be even better than that of the
(32, 33). A previous study with peptides centered around peptide centered on pThr231. Because this result casts doubt
Thr231 had shown that the phospho-HRmro bond in this on the proposed uniqueness of this interaction site, we
peptide is predominantly in theansconformation, with only repeated the same measurement by fluorescence spectroscopy
3% in thecis conformation. Addition of TFE, a solvent that with a peptide modified with a dansyl group at its N-
is supposed to mimic the more hydrophobic environment of terminus. Energy transfer between Tryp34 of the WW
the inner protein, even further reduced this fracti@0)( domain and the dansyl acceptor proved to be very efficient,
Therefore, it is not clear how a local structural change in and the resulting fluorescence decrease proved to be easier
such a small amount of theis conformation containing  to interpret than the intrinsic fluorescence changes that we
chains could form the structural switch that explains the had previously used to confirm independently the NMR
functional interaction between Pinl and Tau. Of course, our value for the pT231+WW interaction ¢2). Despite the
results are obtained on a small peptide substrate and hencaddition of a dansyl, the resulting, value confirmed our
do not necessarily reflect the situation in the full-length previous results derived by NMR.
protein. Still, recent NMR results of our group tend to  Contrary to the case of the pT231 peptide, a second
confirm that the random coil chemical shift can be used phosphorylation on the Ser214 site decreases the affinity by
efficiently to assign at least partially the full-length protein a factor of 2. We can rationalize this observation with the
(51), confirming its unstructured nature and validating the crystal structure of Pinl in complex with a peptide derived
peptide approach. from the C-terminal domain of polymerase IlI, where the
In our T212 peptide, the pool of peptide bonds in tie hydroxyl Ser residue downstream of the phospho-Thr-Pro
conformation is somewhat larger, and this occurs not only recognition motif also makes a hydrogen bond with the WwW
at the level of the Thr212-Pro213 bond. Indeed, using a 2 Trp34 side chain32). In the pT212 peptide, we also find a
mM sample and a measuring time of 12 h on a 600 MHz Ser214 residue, and from the fact that the affinity of pT212
spectrometer equipped with a cryoprobe, we were able tois higher than that of the pT231 peptide, where the Pro233
distinguish the conformational heterogeneity at the level of side chain does not offer the possibility of a hydrogen bond,
the Pro213, Pro216, and Pro218 peptide bonds, and assignve can safely assume that Ser214 indeed contributes to the
the different peptides in solution (Figure 2). On the basis of increased affinity. Phosphorylation, however, would intro-
the integration of the one-dimensional proton spectrum and duce a bulky phosphate group, which might be harder to fit
of the prolined1—02 cross-peaks in the NOESY spectrum, than the simple hydroxyl group. Only when we create a

we obtained the relative concentrations for ttemsandcis second canonical phospho-Thr217-Pro218 interaction motif
peptide bonds preceding Pro213, Pro216, and Pro218 (Tablén the triply phosphorylated peptide did we find our initial
1). Only for Pro219 could we not detecti conformation, dissociation constant of 10@M, indicating that both

which limits its level to an estimated 1%. However, when dipeptides are recognized with similar affinities. This latter
comparing the relative populations in the differently phos- result motivated us to measure the affinity of the isolated
phorylated peptides, we conclude that there is no clear phospho-Thr-Pro dipeptide, devoid of any sequence context.
modification of thecig/transdistribution with an increasing  The dissociation constant measured is on the same order of
level of phosphorylation. As for the secondary structure of magnitude as that for the pT212 peptide, confirming that
the peptides, the only noteworthy NOE contact that we the main motif of interaction is indeed the dipeptide, and
observed was a medium-intensity contact between the amidethat the other amino acids only weakly affect this binding.
protons of Ser214 and Leu215. This might indicate a kink  Because the interaction mapping studies were performed
in the peptide structure, but it remains to be seen whetherwith the full-length Pinl protein, we could also observe
this contact is an artifact of the short size of the peptide or potential interaction sites with the catalytic domain. A first
whether it is truly present in the full-length protein. category of residues whose amide correlation shifted slightly
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upon addition of the peptide includes residues at the interfacePin1 WW domain. The enzymatic activity of Pinl on this
between the WW and catalytic domain. Because Khe latter site was confirmed through exchange NMR spectros-
derived from those chemical shift variations is identical to copy. Many questions about the molecular details of the
the one obtained for the WW domain, we conclude that it Pinl—Tau interaction remain, however, and one of the most
concerns the same binding event, and that binding of theimportant is the possible cooperativity between both Thr212
peptide to the WW domain slightly interferes with the and Thr231 sites, which could be a model for the action of
catalytic domain. This is in agreement with two recent NMR Pinl on other substrates such as Cdc25C. Finally, all our
studies, where chemical shift mapping combined with work is related to the interaction between Pinl and Tau with
interdomain NOEs and residual dipolar couplings led to the the latter in its phosphorylated but free state. In the
conclusion of possible cross-talk between the two domains, microtubule-bound state, however, we cannot exclude the
although the fine details seem to be substrate-depend@nt ( possibility that one of several phosphorylated Thr/Ser-Pro
51). An independent interaction site, be it with a very weak motifs of Tau is forced into ais conformation, and that
affinity, was identified in the long loop that was found to those motifs are the true substrates for the proigkrans
contain the Ala-Pro dipeptide in the first crystal structure isomerase activity of Pinl.

(25). However, as was the case for Pinl frémthaliang Future efforts will be directed to larger substrates encom-

only a lower bound of 10 mM could be determined for the passing both sites, in both their free and microtubule-bound

affinity constant. state, and should be able to describe in further detail the
On the basis of the fact that botis andtrans conforma- intriguing functional role of the WW and prolyl isomerase

tions can be observed for Pro213 and Pro218 in this domains of Pinl.

triphosphorylated peptide, we have investigated the Pinl
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