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Abstract The Pin1 protein plays a critical role in the

functional regulation of the hyperphosphorylated neuronal

Tau protein in Alzheimer’s disease and is by itself regu-

lated by phosphorylation. We have used Nuclear Magnetic

Resonance (NMR) spectroscopy to both identify the PKA

phosphorylation site in the Pin1 WW domain and investi-

gate the functional consequences of this phosphorylation.

Detection and identification of phosphorylation on serine/

threonine residues in a globular protein, while mostly

occurring in solvent-exposed flexible loops, does not lead

to chemical shift changes as obvious as in disordered

proteins and hence does not necessarily shift the reso-

nances outside the spectrum of the folded protein. Other

complications were encountered to characterize the extent

of the phosphorylation, as part of the 1H,15N amide reso-

nances around the phosphorylation site are specifically

broadened in the unphosphorylated state. Despite these

obstacles, NMR spectroscopy was an efficient tool to

confirm phosphorylation on S16 of the WW domain and to

quantify the level of phosphorylation. Based on this ana-

lytical characterization, we show that WW phosphorylation

on S16 abolishes its binding capacity to a phosphorylated

Tau peptide. A reduced conformational heterogeneity and

flexibility of the phospho-binding loop upon S16 phos-

phorylation could account for part of the decreased affinity

for its phosphorylated partner. Additionally, a structural

model of the phospho-WW obtained by molecular

dynamics simulation and energy minimization suggests

that the phosphate moiety of phospho-S16 could compete

with the phospho-substrate.
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Abbreviations

AD Alzheimer’s disease

IDPs Intrinsically disordered proteins

Pin1 Protein interacting with NIMA-1

NIMA Never in mitosis gene A

PKA Protein kinase A

MALDI-TOF MS Matrix-assisted laser desorption

ionization- time of flight mass

spectrometry

PTMs Post translational modifications

RP-HPLC Reverse phase high pressure liquid

chromatography

WW Trp–Trp binding module

WWPKA PKA-phosphorylated WW domain

Phospho-WW Phosphorylated form of the WW

domain
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Lille-Nord de France, 50 Avenue de Halley,

59658 Villeneuve d’Ascq, France

e-mail: isabelle.landrieu@univ-lille1.fr

123

J Biomol NMR (2013) 55:323–337

DOI 10.1007/s10858-013-9716-z

http://dx.doi.org/10.1007/s10858-013-9716-z


Introduction

Protein phosphorylation is a major regulatory process

within eukaryotic cells. Characterization of phosphoryla-

tion sites is an important issue to understand the impact of

phosphorylation on protein activity and function (Johnson

and Barford 1993). To allow phosphorylation-dependent

signalling pathways, proteins incorporate modular domains

enabling specific recognition of other proteins in their

phosphorylated states. The human peptidyl-prolyl cis/trans

isomerase Pin1 was first implicated in the regulation of cell

cycle through interactions with mitotic phospho-proteins

by one of these modules, the WW domain (Lu et al. 1996;

Yaffe et al. 1997). More recently, functional interactions

with phosphorylated neuronal Tau and APP proteins have

linked Pin1 to Alzheimer’s disease (AD)-neurodegenera-

tive processes (Arosio et al. 2012; Balastik et al. 2007;

Bulbarelli et al. 2009; Lonati et al. 2011; Lu et al. 1999;

Ma et al. 2012; Pastorino et al. 2006; Sultana et al. 2006).

In particular, Tau phosphorylation level regulates its

physiological function of microtubule binding and tubulin

polymerization as well as the formation of the pathological

Tau aggregates, one of the hallmarks of AD. Pin1 was

shown to play a critical role in the functional regulation of

the hyperphosphorylated neuronal Tau protein in AD

neurons as Pin1-/- mice develop an age-related tauopathy

(Lu et al. 1999; Liou et al. 2003). For these reasons,

molecular characterization of the Pin1 and phospho-Tau

interactions has gained attention (Hamdane et al. 2002;

Smet et al. 2004, 2005a; b). Interestingly, Pin1 is regulated

by phosphorylation itself (Lu et al. 2002; Rangasamy et al.

2012). High levels of phosphorylation of the Pin1 protein

are detected in AD affected brain tissues compared to

control tissues (Ando et al. 2012). Additionally, phos-

phorylation of Pin1 was previously shown to affect its

cellular function (Lu et al. 2002).

Here, we investigate the phosphorylation by the PKA

kinase of the WW domain of Pin1, a small module folded

into a triple-stranded b-sheet, localized in the amino-ter-

minal part of the Pin1 protein (Ranganathan et al. 1997;

Verdecia et al. 2000; Wintjens et al. 2001). The WW

domain of Pin1 exhibits a strong specificity for phosphor-

ylated substrates and is responsible for the binding of

phospho-proteins through phospho-S/T–P motifs generated

by proline-directed kinases (Yaffe et al. 1997). Phosphor-

ylation of the Pin1 WW domain by PKA was shown to

modify the interaction with its partners and leads to a

change in sub-cellular localization (Lu et al. 2002). Firstly

indirectly identified through experiments involving alanine

mutations, the S16 residue located in the phospho-binding

loop was proposed to be the phosphorylation site (Lu et al.

2002). Additional evidence comes from the detection of

Pin1 hyperphosphorylation at the S16 residue in AD brain

tissues when compared with controls (Ando et al. 2012).

The investigation of the functional consequences of the

Pin1 WW domain phosphorylation required first the ana-

lytical characterization of the WW PKA-phosphorylation

site(s) in the Nuclear Magnetic Resonance (NMR) sample.

Whereas immunochemistry and mass spectrometry (MS)

have been traditionally the methods of choice to detect

PTMs (Post-Translational Modifications), both at the level

of individual proteins or more largely on a proteome-wide

scale, NMR as an analytical technique has recently entered

this field (Theillet et al. 2012). Although limited by the

requirement of a stable isotope-labeled protein and low

sensitivity, its capacity to detect even in a complex mixture a

variety of PTMs, its quantitative nature and non-destructive

character have all led to propose this biophysical technique

as a useful alternative to the above mentioned techniques. In

order to increase its general use, we have previously pro-

posed a reference library of the NMR spectral signatures that

the various PTMs might cause (Theillet et al. 2012). These

signatures can be divided in ‘‘indicators’’, spectral charac-

teristics that show that a certain PTM is present in the

sample, and ‘‘identifying signals’’ that allow the site-specific

assignment of the PTM to a given residue. As stated, these

spectral signatures are quite generally valid for the PTM of

amino acids embedded in intrinsically disordered proteins

(IDPs). The ‘‘indicators’’ for phosphorylation sites are

based on 1H-15N chemical shift perturbations, while the

‘‘identifying signals’’ correspond to the Ca and Cb chemical

shifts of the phospho-S/T residues (Bienkiewicz and Lumb

1999; Theillet et al. 2012). Whereas disordered regions

often tend to harbor regulatory PTMs (Iakoucheva et al.

2004), many examples equally exist whereby PTMs are

found in the context of globular proteins. Although often

located on residues in accessible and flexible loops of pro-

teins, PTMs are embedded in these structured proteins and

therefore, their NMR-based detection and characterization

do not necessarily obey the same rules as for IDPs. One

major issue for the identification of a modification site in a

globular protein is to differentiate the chemical shift chan-

ges that are related to the secondary or tertiary structural

changes from those related to the modification itself. A

second issue concerns the determination of the extent of

modification as phosphorylation can have an effect on both

water exchange and relaxation rates complicating the

quantification due to specific line broadening. This effect

probably is quite general, as phosphorylation has been

shown to be responsible for stabilization/destabilization of

local secondary structure (Andrew et al. 2002; Baker et al.

2007; Pufall et al. 2005) and introduction of negative

charges through the phosphate moiety will result in water

exchange rate perturbations (Bai et al. 1993).

Despite numerous NMR studies that have carefully

evaluated the role of phosphorylation on protein structures
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and on the modulation of protein–protein interfaces, the

modification site is generally not identified by NMR, or at

best only assessed by 1H-15N chemical shift mapping (Eto

et al. 2007; Ohki et al. 2001; Pullen et al. 1995; Teriete

et al. 2009; Wittekind et al. 1989). The analytical charac-

terization of the PKA phosphorylation of the WW domain

is thus here addressed in a systematic manner. Based on

these results, we show that the PKA-phosphorylated WW

is unable to bind a phosphorylated Tau peptide substrate.

We next investigate the structural and dynamical pertur-

bations that explain the loss of function due to the phos-

phorylation. Whereas the triple-stranded conformation of

the WW is not changed upon phosphorylation of S16, it

does however induce a loss of flexibility of the phospho-

binding region as evidenced by changes in NMR relaxation

parameters. A model of the phospho-WW domain shows a

novel hydrogen bond network as a consequence of the

phosphate moiety on S16 that stabilizes the binding-loop.

Materials and methods

Production of 15N/13C- or 15N-labeled WW domain

of Pin1 in Escherichia coli

The WW domain (residue 5–41 of human Pin1) was pro-

duced fused to a N-terminus GST tag in E. coli BL21(DE3)

strain carrying the WW-pGEX-4T-3 recombinant plasmid.

Cells were grown at 37 �C in a M9 minimal medium

containing 4 g/L glucose or 2 g/L [13C6]-glucose for

expression of 13C-labeled proteins, 1 g/L 15N-ammonium

chloride, 1 mM MgSO4, MEM vitamin cocktail (Sigma)

and ampicilline (100 mg/L). The induction phase was ini-

tiated by addition of 0.5 mM Isopropyl-1-thio-b-D-galac-

topyranoside and continued at 31 �C for 3 h. Cells were

harvested by centrifugation and the pellet was suspended in

Phosphate Buffer Saline, 5 % glycerol, 2 mM dithiothrei-

tol, 10 mM EDTA, 1 % Triton X-100 pH 7.2 comple-

mented with a protease inhibitor cocktail (CompleteTM,

Roche). The cell lysate was obtained by incubation of

0.25 mg/ml lysozyme with the cell suspension in extraction

buffer complemented with RNase and DNase and followed

by a brief sonication step. The soluble extract was isolated

by centrifugation. The GST-fusion protein was purified on

Glutathione Sepharose (GE Healthcare). Soluble extracts

were incubated for 3 h at 4 �C with 25–100 ll resin per

milliliter of soluble extracts. Unbound proteins were

extensively washed away with a wash buffer (PBS, 5 %

glycerol, 1 % Triton X-100, 10 mM EDTA) and proteins

were eluted by digestion with Thrombin protease at 0.1

unit/mg fusion protein in one bead-volume of elution

buffer (50 mM Tris–Cl pH 8.0, 150 mM NaCl, 2 % glyc-

erol, 0.1 % NP-40, 5 mM EDTA, 5 mM DTT) at 20 �C for

20 h. Elution from the beads was then done twice with one

bead-volume of elution buffer. The pooled fractions were

concentrated and purified by reverse phase chromatography

on a Source 5RPC column (GE Healthcare) equilibrated in

0.05 % TFA aqueous solution (solution A). Separation of

proteins was carried out at room temperature at a flow rate

of 2 mL/min using a linear acetonitrile gradient over

40 min from 5 to 40 % solution B (80 % acetonitrile in

solution A). Homogeneous fractions as checked by 15 %

denaturing polyacrylamide gel electrophoresis and

MALDI-TOF MS were pooled and lyophilized.

Phosphorylation of the WW domain of Pin1 by PKA

The WW domain was dissolved at 10 lM in 10 mL of

phosphorylation buffer (50 mM Hepes.KOH pH 8.0,

50 mM NaCl, 12.5 mM MgCl2, 1 mM EDTA) with

0.1 lM PKA enzyme. The phosphorylation reaction was

performed at 30 �C for 8 h. The mixture was next purified

by reverse phase chromatography under the same condi-

tions as for the WW domain. Homogeneous fractions were

lyophilized. The protein sample was estimated to be 99 %

WW proteins.

NMR spectroscopy

For NMR experiments, the WW domains were dissolved at

0.3–0.4 mM in a buffer containing 50 mM d11-Tris pH 6.8,

100 mM NaCl, 1 mM EDTA, 1 mM DTT and 5 % D2O.

As a dissociation constant of 2 mM was measured between

Pin1 and phosphate ions (Bayer et al. 2003), we use in this

study the deuterated Tris buffer instead of the usual

phosphate buffer for this pH range. 1H spectra were cali-

brated with 1 mM sodium 3-trimethylsilyl-3,30,2,20-d4-

propionate (TSP) as a reference. It should be noticed that

4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) reference

is the more widely used. Since the chemical shift difference

between TSP and DSS is a constant under given conditions

(TSP resonances are pH-dependent), corrections of chem-

ical shifts given in this study using TSP referencing are of

-0.015 ppm for protons as compared to DSS (0 ppm) and

-0.12 ppm for 13C nuclei (Wishart et al. 1995). 1H-15N

HSQC spectra were recorded at 600 MHz on 15N- or
15N/13C-labeled proteins with 64 scans per increment, with

2048 and 256 points in the proton and nitrogen dimension,

respectively. Three-dimensional HNCACB and HNCO

experiments were recorded for both the WWPKA and the

unmodified WW domain as a control, with 8 and 4 scans

per increment, respectively, and with 2048 and 94 points in

the proton and nitrogen dimensions. Proton and nitrogen

spectral widths were 13.9 and 30 ppm centered on 4.7 and

120.0 ppm, respectively. In the carbon dimension, spectral

widths of 65.4 and 12.0 ppm centered on 39.7 and
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172.5 ppm, sampled with 196 and 112 points, were used

for the HNCACB and the HNCO experiments, respec-

tively. HNHA experiments were recorded with 8 scans, and

2048, 208, 114 points in the 1H, 15N and 1H dimensions,

respectively. Spectral widths were 14.0 and 11.9 ppm

centered on 4.7 ppm for the proton, and 24.9 ppm centered

on 118.5 ppm for the nitrogen dimension.

The chemical shift perturbations (Dd) of individual

amide resonances were calculated with the Eq. (1) taking

into account the relative dispersion of the proton and

nitrogen chemical shifts.

DdðppmÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ddð1HÞ2 þ 0:2Ddð15NÞ2
q

ð1Þ

A titration with a phospho-peptide was carried out at 293 K

with the WWPKA domain at 0.2 mM and increasing con-

centrations of substrate at 0, 0.1, 0.2, 0.4, 0.6, 1, 2, and

4 mM on a 300 MHz-spectrometer equipped with a BBI

probe.

A pH titration was performed at 293 K on a

600 MHz-spectrometer on a mixture of 15N-WWPKA and
15N/13C-WW domains at a concentration of 0.1 and

0.12 mM, respectively. The acquisition of 1H-15N HSQC

spectra was performed at three different pH values (6.8, 5.86

and 4.86) in a 50 mM d11-Tris buffer where pH were

adjusted with concentrated HCl. The subspectra corre-

sponding to each differentially labeled species were obtained

from a sequence which uses a double INEPT (Insensitive

Nuclei Enhanced by Polarization Transfer) transfer with

isotopical discrimination between 15N{12CO} and 15N{13CO}

(Golovanov et al. 2007) and water suppression using a

watergate (WATER suppression by GrAdient Tailored

Excitation) sequence (Piotto et al. 1992).

Quantification of phosphorylation level was calculated

from peak integration of resonances in two different WWPKA

samples at pH 6.8. To monitor the effect of line broadening

on the determination of the percentage of phospho-WW,

resonances of WW and phospho-WW were integrated in
1H-15N HSQC spectra of a 1: 0.8 mixture of WW:WWPKA at

different pH. Given that the WWPKA sample contains both

the phospho-WW and WW forms, the determination of the

phosphorylation level from 1H-15N HSQC experiments of

the WW:WWPKA mixture follows the Eq. (2), where P is the

overall phosphorylation level in the WW: WWPKA mixture,

p is the phosphorylation level of the WWPKA sample,

[WWPKA] and [WW] are the concentrations of WWPKA and

WW proteins in the mixture, respectively.

p ¼ P� WWPKA½ � þ WW½ �
WWPKA½ � ð2Þ

P is calculated with the integration of the peaks corresponding

to the phosphorylated and the unphosphorylated forms of the

WW as in the Eq. (3).

P ¼ Aphospho�WW

Aphospho�WW þ AWW
ð3Þ

Aphospho-WW and AWW correspond to the integration of the

resonance of a given residue in the phosphorylated and the

unphosphorylated form, respectively.

For the 2D NOESY, relaxation and water exchange

experiments, WW and WWPKA samples were prepared at

660 and 940 lM, respectively, in 50 mM d11-Tris.Cl pH

6.0, 25 mM NaCl, 2.5 mM EDTA, 10 % D2O. For 15N

relaxation and water exchange experiments, data were

acquired at 293 K with spectral widths of 14.0 and

52.0 ppm centered on 4.7 and 106.0 ppm in 1H and 15N

dimensions, respectively, with 2048 points in the detection

dimension with 8 scans (for T1 measurements), 16 scans

(for T2 and 15N-NOEs measurements) or 32 scans (for

water exchange measurements). Two-dimensional 1H-1H

NOESY experiments with 300 ms mixing time, and spec-

tral width of 14.0 and 12.6 ppm in F2 and F1 dimensions,

respectively, both centered on 4.7 ppm, were acquired with

2048 points in both dimensions at 293 K with 16 scans and

16 dummy scans. For T1 measurements, mixing times of

10, 100, 200, 400, 600, 800, 1,000, 1,200, 1,500 and

2,000 ms were used. For T2 measurements, mixing times

of 16, 32, 63, 95, 126, 158, 189 and 252 ms were used. A

proton presaturation delay of 4 s was used for 15N-heter-

onuclear NOE experiments. The water exchange rate of

backbone amide protons and arginine He side chain protons

have been measured using the phase-modulated CLEAN

chemical Exchange (CLEANEX-PM) experiment (Hwang

et al. 1998) with mixing times of 1, 3, 8, 16, 32, 48, 64, 81,

97, 114, 130, 146, 162, 178, 194 ms. The exchange rate

constants k were derived from the equation as described

(Hwang et al. 1998). Data were fitted to the Eq. (4) were

R1water is the longitudinal relaxation rate of water, R1app the

apparent longitudinal relaxation rate and k the exchange

rate constant. Here, the water R1 was set to 9 s-1

(T1water = 111 ms) allowing the calculation of the k values

(Figure S1) for each exchangeable amide proton or argi-

nine side chain.

intensity(t) ¼ Cte� exp�R1water�t�exp�ðR1appþkÞ�t
h i

ð4Þ

Trypsin digests of WW and PKA-phosphorylated WW

domains, and MALDI-TOF MS analyses

Samples of WW domain in its un- and PKA-phosphory-

lated forms were dissolved at 1 mg/ml in 50 mM ammo-

nium bicarbonate and incubated for 1, 2, 6 or 18 h at 37 �C

with 1:100e trypsin (w/w). Samples were then lyophilized,

dissolved in water and analyzed with the a-cyano-4-

hydroxycinnamic acid matrix. MALDI-TOF MS analyses

were performed on a Voyager DE-STR spectrometer
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(Applied Biosystems). Detection was carried out in a

positive ion mode for the unmodified WW domain and

both positive and negative modes for the phosphorylated

WW samples.

Molecular dynamics simulation of the phospho-binding

loop of the phospho-WW domain

Simulations were performed using the CAChe software

(Fujitsu Limited, Tokyo) with the MM3 force field. Start-

ing from the NMR structure of the apo-WW domain of

Pin1 (PDB ID: 1I6C) (Wintjens et al. 2001) and incorpo-

ration of the di-anionic phosphoryl group on S16, pre-

liminary energy minimization was accomplished with

1,000 steps of conjugate-gradient algorithm on the protein

loop from residues M15–Y23, the rest of the protein being

locked. A first molecular dynamics (MD) simulation was

then performed in vacuo for 50 ps, whereas the final sim-

ulated annealing steps (20 ps at high temperature and 50 ps

at lower temperature) were carried out using an explicit

water model.

Results

Identification of the PKA phosphorylation site

The phosphorylated form of the Pin1 WW domain, hereby

called the phospho-WW domain, was obtained in vitro by

incubation of the WW domain with purified PKA enzyme

for 8 h at 30 �C followed by a purification of the crude

phosphorylation mixture by reverse phase chromatography.

Analysis of the purified WWPKA domain by MALDI-TOF

MS indicates the presence of a single phosphorylation site

(Fig. 1a), but does not identify the modified residue.

MALDI-TOF MS analysis of trypsin digests performed on

both the unmodified and PKA-phosphorylated WW domains

(Fig. 1b) on the other hand confirm the phosphorylation of

S16 (Lu et al. 2002). Signals at m/z values of 393.14 and

549.27 Da corresponding to MS16R and RMS16R peptides

around the S16 residue, respectively, are detected in the

unmodified WW domain, the former being also detected in

the PKA-phosphorylated WW sample. Signals of peptides

with a mass increment of ?80 Da were detected only in the

PKA-phosphorylated WW sample both in positive and

negative ion modes and match with the incorporation of a

phosphate group. These results unambiguously confirm the

presence of a phosphate group on the S16 residue (Fig. 1;

Table 1). It should be noted that in case of phosphorylation

on S18 or S19 we would not have been able to distinguish one

or the other by this method, as trypsin digest could not

generate individual peptides in the absence of an arginine

residue separating both serine.

The 1H-15N HSQC spectrum of the WWPKA domain

shows two sets of resonances corresponding to the

phosphorylated and the unphosphorylated forms of the

WW domain. The subspectrum of the unmodified form is

significantly weaker confirming that phosphorylation by

PKA is almost complete. A mapping of the chemical shift

perturbations upon PKA phosphorylation was performed

at a pH value of 5.86 (Fig. 2) since severe broadening of

the WW resonances at pH values higher than 6.4 leads to

a loss of R17 to S19 resonances. Line broadening of these

loop resonances and changes related to the phosphoryla-

tion state of the WW domain have been further analyzed

into details (see below). The chemical shift mapping

shows that several residues, grouped in two main regions

are affected (Fig. 2).

A first region is the whole phospho-binding loop

between b1 and b2 strands, encompassing residues M15 to

R21. A second group contains resonances corresponding to

residues Y23 and E35, localized in the b2 strand and in the

C-terminal loop. In peptides or disordered proteins, phos-

phorylation induces a large downfield shift of the amide

protons of the phosphorylated residues (Theillet et al.

2012), allowing for their easy detection in an otherwise

empty region of the 1H-15N HSQC spectrum. However, in

the case of a folded protein such as the WW domain, the

corresponding resonances still remain inside the spectral

window of amide backbone resonances, and a full assign-

ment of the spectrum is therefore necessary. Based on this

assignment, we unexpectedly find that the 1H-15N largest

chemical shift perturbations are detected for S18 and S19

residues and not for S16 (Fig. 2). Shifts of the 1H-15N

cross-peaks compared to the unmodified domain hence

cannot unambiguously identify the phosphorylation site of

the WW domain.

Comparison with the random coil carbon chemical shift

values of either the un- or phosphorylated serine/threonine

equally does not lead in a straightforward manner to the

identification of the phosphorylation site. As all three ser-

ine residues of the loop (S16, S18 and S19) exhibit devi-

ations in 13Ca values from their random coil values

(Fig. 3), it precludes the use of the 13Ca value as a reliable

sensor to probe the phosphorylation site. However, a clear

difference in the 13Cb chemical shift of the sole S16 resi-

due between both states points to the latter as the phos-

phorylation site (Fig. 3). Therefore, in contrast to the

situation of IDPs, where the amide proton chemical shift

and/or the Ca/Cb values are unambiguous parameters for

identifying the phosphorylated residue, in the case of the

folded WW domain, the Cb value of the phospho-S16 acts

as the unique identifying parameter. NMR and MS data

thereby confirm the previously identified S16 residue as the

unique PKA phosphorylation site within the Pin1 WW

domain (Lu et al. 2002).
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Fig. 1 Detection and

identification of the PKA

phosphorylation site on the

WW domain by mass

spectrometry and trypsin digest.

a MALDI-TOF mass spectra

of the non- (black) and

PKA-phosphorylated (grey)

forms of the 15N/13C-labeled

WW domain. b MALDI-TOF

MS analyses of trypsin digests

of the unphosphorylated (WW)

and PKA-phosphorylated

(WWPKA) WW domains in

positive ion mode showing the

m/z region from 100 to 5000 Da

(upper panels) and zooms from

100 to 1000 Da (lower panels).

The molecular ions annotated

are [M ? H]? species.Peaks are

labeled with their monoisotopic

masses

Table 1 Summary of trypsin fragments taking into account no missed cleavage or one missed cleavage in the region of interest

Non phosphorylated Phosphorylated Primary sequence Number of

missed cleavage
Average Monoisotopic Average Monoisotopic

290.319 290.159 – – GSK 0

392.479 392.184 472.459 472.150 MS16R 0

405.411 405.197 485.391 485.163 S18S19GR 0

548.667 548.285 628.647 628.251 RMS16R 1

779.875 779.370 859.855 859.337 MS16RS18S19GR 1

825.963 825.438 – – LPPGWEK 0

2370.523 2369.082 – – VYYFNHITNASQWERPSGNS 0

Average and monoisotopic masses are given. Masses of the corresponding fragments in their phosphorylated form were calculated only for those

from the loop containing the three potential phosphorylated serine residues at positions 16, 18 or 19
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Alternative detection of phosphorylation in WW

domain and identification of phosphorylation-related

residues by pH titration

The phosphate group carried by serine or threonine residues

can experience different ionization states. The transition

from the mono- to the dibasic form is pH-dependent

and characterized by a pKa value that falls around 6.03

for phospho-serine and 6.34 for phospho-threonine

(Bienkiewicz and Lumb 1999). Thus, NMR spectra of

phosphorylated peptides undergo pH-dependent shifts

attributed to protonation changes of the phospho-S/T side

chain. Such pH dependent variations of the amide proton

chemical shift have proven valuable indicators of phos-

phorylation in peptides derived from the Erk activation loop

(Prabakaran et al. 2011). We therefore tried the same

strategy to characterize the phospho-WW domain. We

prepared a mixture of unmodified 15N/13C-labeled and

PKA-phosphorylated 15N-labeled WW domains to ensure

identical pH conditions during the pH titration. For each pH

value (i.e. pH 6.8, 5.86 and 4.86), a 1H-15N HSQC spectrum

with isotopic discrimination between 15N{12CO} and
15N{13CO} was recorded enabling the extraction of sub-

spectra corresponding to each differentially labeled species.

Effect of pH changes on 1H-15N cross-correlation peaks

concerns two regions of the WW domain. First, residues

around H27 exhibit pronounced chemical shift modifica-

tions with identical behavior in both proteins, in agreement

with histidine ionization being pH-sensitive in this range of

pH values (Fig. 4, left panels). These His-linked pH per-

turbations are also visible in both proteins in the region

center around residue 13 that is in spatial proximity to H27.

When we compared the 1H-15N chemical shifts in the HSQC

spectrum of the phospho-WW domain, we observed that

resonances in the phospho-binding loop are specifically

affected by pH changes between 4.86 and 5.86. We were not

able to extend the comparison for pH changes towards pH

Fig. 2 Mapping of the PKA phosphorylation site of Pin1

WW domain. a 1H-15N HSQC spectra of the WW (black) and the

PKA-phosphorylated WW (red) domain acquired at pH 5.86 allowing

the detection of the loop resonances otherwise unobservable at higher

pH in the unphosphorylated form. b 1H-15N combined chemical shift

variations upon PKA phosphorylation of WW domain along the

primary sequence, calculated using Eq. (1) and mapped on the WW

3D structure (PDB ID 1I6C). Residues with variations greater than

0.4 ppm are colored in red and those comprised between 0.1 and

0.4 ppm in pink

Fig. 3 Effect of phosphorylation on 13C chemical shifts. a and b 13C

strips from HNCACB experiments acquired on 15N/13C-WW (a and

b, left panels) and on 15N/13C-WWPKA (a and b, right panels) for

Ser16 (a) and Ser18 (b) residues. c Graphical representation of

differences of 13Ca (dark grey bars) and 13Cb (light grey bars)

chemical shifts between the non- and the PKA-phosphorylated forms

of the WW domain along the primary sequence
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values of 6.8 for all residues in this loop due to their

broadening in the WW domain (Fig. 4). Together with

residues S16–R21 of the loop, both Y23 and E35 were also

specifically perturbed upon pH titration (Fig. 4, right pan-

els). The reduced changes between pH 6.8 and 5.86 and the

marked shift when going from pH 5.86 to 4.86 indicate that

the pKa value of phospho-S16 in the WW domain is com-

prised in this latter range. However, phospho-S16 itself does

not exhibit the largest shift when compared to amide reso-

nances of S18, S19, G20 and R21. These data show that a pH

titration experiment leaves a potential ambiguity to detect

and identify phosphorylation events in folded proteins, as

resonances of other residues can be even more affected by

changes of the phosphate protonation state.

Quantification of the phosphorylation level

In the WWPKA sample, integration of the MALDI-TOF MS

signals corresponding to WW and phospho-WW at m/z of

4,634.64 and 4,714.91, respectively, gives 85.3 % of

phosphorylated form (see Fig. 1a). The MALDI-TOF MS

analysis of trypsin digests that identified the phosphoryla-

tion site on the phospho-WW domain did not give a similar

level of phosphorylation (Fig. 1b). Phosphorylation

potentially has an influence on both the trypsin digestion

profile and the ionization properties of peptides, and these

factors preclude comparison of the MS signals of modified

and unmodified peptides as a basis for quantification of the

phosphorylation level of the folded protein.

One of the advantages of NMR spectroscopy is its

ability to extract peak intensities or integrals for individual

resonances in the 1D or 2D HSQC spectra. This can in

principle be used to estimate the stoichiometry of the PTM.

Here, we investigate this approach on a folded protein

domain by measuring the relative integrals for peaks cor-

responding to the WW and phospho-WW domain in the

HSQC spectra of the PKA-phosphorylated WW domain.

Broadening of resonances of the loop region in the WW

Fig. 4 pH dependency of the

phospho-residue and its

neighbours in the phospho-WW

domain. (Upper panels) Overlay

of 1H-15N HSQC spectra of

either the WWPKA or the WW

domain at three different pH:

6.8 (black), 5.86 (green) and

4.86 (blue). Left panels residues

surrounding H27 that have a

similar behavior upon pH

variations for both proteins.

Right panels residues

surrounding S16 that exhibit a

distinct behavior upon pH

variations in phospho-WW and

WW proteins. (Lower panels)

Graphical representation of

chemical shift displacements for

phospho-WW (left) and WW

(right) domains upon pH

variation from 4.86 to 5.68

(green curves) and from 4.86 to

6.8 (blue curves). Residues

without data points correspond

either to proline residues

(position 8, 9 and 37) or

residues of the loop (from R17

to S19) that are too broad to be

detected at pH 6.8
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domain posed an obvious challenge for the quantification,

as one could indeed conclude on the basis of these peaks

that the sample only contains phospho-WW (Fig. 5). The

line broadening is moreover pH-dependent, because low-

ering the pH restores some intensity for peaks corre-

sponding to the loop residues in the unmodified WW

domain. When we take peaks that are distinguishable

between both forms but that are further away from the

loop, we arrive at an overall phosphorylation level of

90 ± 3 % phosphorylation in the WWPKA domain, in

agreement with the MS data on the intact domain. In the
1H-15N HSQC of binary mixture (1:0.8 WW:WWPKA) used

to monitor the pH titration, and using the spectrum at the

lowest pH, we estimated in a similar manner a phosphor-

ylation level of 35 ± 5 % (Fig. 5b) that indicates a phos-

phorylation level of 80 ± 10 % for the initial WWPKA

sample.

Effect of WW phosphorylation on its binding activity

The WW domain of Pin1 binds phosphorylated peptide

substrates, with a marked specificity for phospho-S/T–P

motifs generated by proline-directed kinases. In a previous

work, we have evaluated the dissociation constants of several

peptides from the neuronal Tau protein for either the full-

length Pin1 or the isolated WW domain, and found no

selectivity of Pin1 binding for a particular Tau phospho-

epitope (Smet et al. 2004). Here, we measure by NMR

spectroscopy the binding constant of phospho-WW for a

phospho-peptide of the human Tau protein (residues

208–221) phosphorylated on residue T212. We performed a

titration of 15N-labeled WWPKA domain at a constant con-

centration of 200 lM with increasing amounts of the phos-

pho-peptide. The dissociation constant of the complex was

beyond the values accessible by NMR measurements which

would need concentrations largely above the limit of solu-

bility of the peptide to reach saturation. In contrast, a binding

constant of 100 lM had been measured for the WW domain

under the same conditions (Smet et al. 2004) (Fig. 6).

Phosphorylation of the WW hence leads to a loss of function

on phospho-substrate binding, thereby rationalizing the loss

of Pin1 function upon PKA phosphorylation (Lu et al. 2002).

Dynamical and structural changes of the phospho-

binding loop upon phosphorylation

To explore the relationship between WW phosphorylation

and its loss of binding capacity, we first considered the

structural consequences of phosphate incorporation at posi-

tion S16. Based on the comparison of Ca and Cb secondary

chemical shifts and 3J HN–Ha couplings between the

unphosphorylated and the PKA-phosphorylated forms of the

WW domain (Fig. 6), we conclude that the triple b-sheet

structure is maintained upon PKA phosphorylation. Com-

parison of the NOE patterns of phospho-WW and WW

additionally indicates that no major structural change is

induced by phosphorylation (Fig. 7a). Without obvious

structural modifications of the WW backbone upon phos-

phorylation, we compared the relaxation parameters at pH

6.0 (Fig. 8) where all resonances in both WW and phospho-

WW domains 1H-15N HSQC can be detected. As we esti-

mated the pKa of phospho-S16 between pH 4.86 and 5.86,

the phospho-S16 is present in its physiological di-anionic

state at pH 6.0.
15N-R1 and 1H-15N heteronuclear NOE values of the

backbone amide resonances allow distinguishing the

strands from the loop regions, but are not significantly

different upon phosphorylation. Whereas this is in agree-

ment with the conservation of the overall fold upon phos-

phorylation, the slight decrease of the overall 15N-R1

values points towards a higher compactness of the phos-

pho-WW (Fig. 8). However, the selective line broadening

of the loop resonances in the unmodified domain is

reflected in the selective decrease in 15N-R2 values of those

same loop residues in the phosphorylated WW domain at

pH 6.0 (Fig. 8). Because the overall tumbling is not

expected to change in view of the overall structure con-

servation, phosphorylation of S16 hence seems to result in

a lessening of exchange broadening on the microsecond-

millisecond timescale. This effect is not limited to next

neighbours in the WW binding loop but equally expands

throughout the b1 strand (Fig. 8).

Comparative measurements of water exchange rates of

backbone amide and side chain protons using the phase-

modulated CLEAN chemical EXchange experiment show

a significant decrease of water exchange upon phosphory-

lation for most backbone amides from the phospho-binding

loop (R17 to S19) but also for the side chain protons of the

arginine residues (Fig. 8 and see Supplementary Materials,

Figure S1). These reduced water exchange rates could be

solely due to the introduction of negative charges in the

binding loop of the phosphorylated domain. However, part

of the observed changes in water exchange rates could also

reflect reduced solvent accessibility accompanying the

conformational stabilization. Rearrangement of the hydro-

gen network previously described for the WW domain

when bound to its substrate (Peng et al. 2007) is a third

factor in agreement with the reduced water exchange we

observe. Both the decrease of microsecond-millisecond

movements and the slower water exchange for backbone

amides of residues in the binding-loop, and more specifi-

cally for residues S16, R17, S18 and S19, account for the

decreased line-width of the corresponding resonances in

the 1H-15N HSQC of the phosphorylated domain.

A model of the phospho-WW domain (Fig. 7) shows

compaction of the binding-loop region, as a consequence of
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novel H-bonds between the phosphate moiety and the side

chains of R17, R21 and Y23. These could account for

the conformational stabilization as witnessed by reduced
15N-R2 rates and for the reduction of water exchange rates

for residues in the binding loop. Moreover, conformational

rearrangements of the phospho-binding loop and R21 side

chain in this model are in good agreement with the sig-

nificant chemical shift perturbations observed for the S18,

S19, R21 and Y23 1H,15N resonances upon PKA phos-

phorylation (Fig. 2). The novel H-bond of the side chain of

R21 to the phospho-S16 in our model will turn it away

from the side chain of E35, and hence could additionally

Fig. 5 Quantification of PKA phosphorylation level in WW domain

by NMR. Determination of the phosphorylation level based on

integrations of signals corresponding to WW and phospho-WW in the

WWPKA sample at pH 6.8 in 1H-15N HSQC experiments (a) or in
1H-15N HSQC experiments of a WW: WWPKA mixture (ratio 1: 0.8)

acquired at different pH (b). a Resonances of S16, R17, Y24 and Q33

residues from the 1H-15N HSQC spectrum of the WWPKA sample

corresponding either to the phosphorylated (phospho-WW) or

unphosphorylated (WW) forms are shown. Calculation of phosphor-

ylation level was done for two different phosphorylation reactions

with PKA and mean values are indicated for each residue. Zero values

are arbitrarily assigned to residues that have the same chemical shift

in both the unphosphorylated and PKA-phosphorylated forms. For

residues of the phospho-binding loop (R17–S19), despite different

chemical shifts in both forms, the absence of detectable signals at pH

6.8 in the unphosphorylated form lead to an apparent phosphorylation

level of 100 % based on these residues. b Data acquired at pH 6.7,

5.86 and 4.86 are depicted by open circles, squares and triangles,

respectively. The mean phosphorylation level and root mean square

deviation were calculated with data excluding values corresponding

either to residues that give the same resonances in both WW and

WWPKA or residues of the b-hairpin loop that experience severe line

broadening (R17–S19). The mean phosphorylation level of 35 ± 5 %

was calculated at pH 6.7 and similar values were found at pH 5.86 or

4.86
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explain the chemical shift perturbation observed for the

E35 1H,15N upon phosphorylation of S16. As the pH value

will determine the value of the net charge of the phospho-

S16 residue, we furthermore observe for all these residues

networked to the phospho-serine that the amide 1H and 15N

chemical shifts titrate with pH (Fig. 4). The conformation

of the R17, S18, S19 and Y23 residues in the phospho-WW

is similar to the one they adopt in the loop of the WW

domain bound to a phospho-peptide substrate (Fig. 7d and

see Supplementary Materials, Figure S2). In support of

this, chemical shift variations for residues R17 to S19 are

similar in direction when we compare the phospho-WW

domain and the WW domain complexed to a phospho-

peptide (see Figs. 2a and 6b for comparison). They are

however distinct for Y23 and R21, which can be rational-

ized by the role that Y23 plays in accommodating the

proline moiety of the phospho-S–P ligand (Verdecia et al.

2000; Wintjens et al. 2001) while its side chain directly

points to the S16 phosphate moiety in our model structure.

Equally, the R21 side chain conformation in the structure

of the complex points away from the phosphorylated serine

side chain of the peptide ligand (Verdecia et al. 2000;

Wintjens et al. 2001) whereas in our model, it is involved

in the positioning of the phospho-S16 side chain.

Discussion

To better understand the mechanism of regulation of Pin1

function through phosphorylation of its WW domain, and

increase our general understanding of functional regulation

by phosphorylation, we present here a detailed structural

and functional study of its phosphorylated WW domain. At

first, we evaluated the use of NMR to detect, identify and

quantify the phosphorylation event after in vitro phos-

phorylation by the PKA kinase. Although phosphorylation

of globular proteins is mostly directed to disordered

regions or flexible loops, the fact that those are embedded

in the three-dimensional structure renders the character-

ization of phosphorylation less straightforward than in case

of IDPs (Landrieu et al. 2006; 2010; Lippens et al. 2008;

Theillet et al. 2012). Indeed, we found that no signifi-

cant shift of 1H, 13C and 15N goes significantly beyond the

usual range observed in folded proteins, and hence can

Fig. 6 Binding activity of the phospho-WW domain of Pin1 to

phospho-substrates. (a, b) Titration of the 15N-labeled WWPKA

(a) and WW (b) domains with a peptide from human Tau protein

(residues 208–221) containing the phospho-Thr212-Pro motif (Smet

et al. 2004). 1H-15N HSQC spectra depicted in black represent the apo

proteins, WWPKA (a) or WW (b), spectra in red represent the proteins

in the presence of a 20-fold excess of phospho-peptide. c Titration

curves for the non- (black) and PKA-phosphorylated (red) WW

domain allowing for the calculation of dissociation constants.

d Ca - Cb secondary chemical shifts of the phospho-WW and

unmodified WW domains. 13C chemical shifts values used as

references are described in (Wishart and Sykes 1994). e 3J scalar

couplings between backbone amide and alpha protons calculated from

HNHA experiments. Data of phospho-WW domain are represented in

black bars and those of unmodified WW domain in grey bars
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unambiguously identify a specific serine residue as the

phosphorylation site. The 1H-15N chemical shift mapping

when comparing both the unmodified and PKA-phosphor-

ylated WW resonances only highlighted the phospho-

binding loop as the region containing the phosphorylation

site. However, all the three serine residues present in this

loop show pronounced backbone amide chemical shift

changes upon PKA phosphorylation, with S18 residue

exhibiting the largest chemical shift variations. This clearly

argues against the identification of the phospho-site on the

basis of the sole 1H-15N chemical shift mapping (Fig. 2).

The site identification came from the precise comparison of
13C values between the unmodified and phosphorylated

WW domains, whereby the Cb of S16 appears to be solely

affected by phosphorylation (Fig. 3). Whereas this result is

in agreement with MS, we should notice that this latter

approach would not necessarily be able to discriminate

between S18 and S19 residues as putative phosphorylation

sites, given their adjacent positions. While peptide-based

MS is conditioned by the presence of a protease cleavage

site between the putative phosphorylation positions, NMR

identification based on the characteristic shift of the

phospho-serine 13Cb carbon should function independently

of the primary sequence, in a non-destructive manner.

Since 1HN and 15N chemical shifts are not valuable

indicators of phosphorylation events in folded proteins, we

investigated whether the pH dependency of protein reso-

nances in the range of pH around the pKa value of phos-

pho-S/T residues could play this role. In the absence of

stable tertiary structure, the intramolecular hydrogen bond

between the phospho-serine phosphate moiety and its own

amide hydrogen is the underlying factor that determines the

pH dependence of the amide proton chemical shift (Du

et al. 2005). In the case of the WW loop, we observe the

most pronounced pH dependence for the amide proton of

S18, suggesting that the tertiary structure imposes an inter-

rather than intra-residue hydrogen bond (see the modeled

structure, Fig. 7c). As a result, the pH titration behaviour of

the backbone amide resonance is a second invalid param-

eter to identify the site of phosphate incorporation. Finally,

NMR as a tool to measure the stoichiometry of the PTM

equally requires some caution in the case of a folded

Fig. 7 Structural model of the phospho-WW domain. a Comparison

of 1H strips from the 1H-1H 15N-filtered NOESY experiments for

the residues S16, R21 and Y23 of the WW (right panels) and the

WW-PKA domains (left panels). b Comparison of the structure of

the WW (grey, PDB ID : 1I6C) (Wintjens et al. 2001) and the

model structure of the phospho-WW based on the structure of

the unphosphorylated form and molecular dynamics simulations

restrained to M15 to Y23 residues (blue) highlighting a compaction of

the phospho-binding loop upon PKA phosphorylation. c Close-up of

the phospho-binding loop of the phospho-WW domain showing the

intramolecular contacts with the phosphate moiety. Both R17 and R21

side chains guanidium moieties establish intramolecular contacts with

the phospho-S16 together with the phenol group of the Y23 that

probably participate to the compactness of the phosphorylated WW

domain. This conformation explains the decrease of water exchange

rates for the residues of the loop in the phospho-WW as compared to

the WW domain as well as the overall R1 decrease and the reduced

R2 values of the residues of the loop. d Comparison of the modeled

structure of phospho-WW (blue) with the structure of the WW

domain bound to a phospho-peptide (grey, PDB ID: 1F8A) (Verdecia

et al. 2000). In this latter structure, residues of the WW domain are

indicated in regular grey characters and those of the phospho–S–P

motif of the peptide substrate in italic
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domain, especially when it induces modifications such as

the loop stabilization and decrease in water exchange rate

of backbone amides that we observe for the phospho-WW

domain. However, when we compare peak integrals in
1H-15N HSQC for the residues outside of this loop region

in the WWPKA sample, we found good agreement with the

MALDI-TOF MS on the intact proteins, and deduced a

phosphorylation yield of 90 ± 3 %.

In addition to its analytical capacities, NMR spectros-

copy is powerful to characterize the structural, dynamical

and functional consequences of phosphorylation. PKA

phosphorylation of the WW leads to a loss of its binding

capacity to a phosphorylated Tau peptide, despite the

overall triple b-sheet structure of the WW module being

conserved (Fig. 6). This suggests modulation of the WW

binding activity at another level. Protein motions such as

loop flexibility are known to be involved in the control of

enzymatic functions, ligand binding or protein–protein

interactions (Baldwin and Kay 2009; Eisenmesser et al.

2005; Kay 2005; Mittermaier and Kay 2006). Conforma-

tional exchange and flexibility of the binding-loop region

of the WW domain were indeed shown to be an important

parameter for the binding affinity and specificity of the

WW domain for phosphorylated substrates (Peng et al.

2007; Sharpe et al. 2007). The observed restriction in the

backbone dynamics of this region once the WW domain is

phosphorylated on S16, most pronounced on the ls-ms

timescale, is thus a first factor that might participate in the

Fig. 8 Dynamics of the phospho-WW domain. a Comparison of

dynamics parameters of the WW and the phospho-WW domains.

Upper panel, representation of R1, R2 and 15N-NOEs values along

the Pin1 WW primary sequence for WW (blue) and WW-PKA (red)

domains. Dynamics parameters were measured at pH 6.0 allowing the

detection of the resonances of the phospho-binding loop (residue

16–21) in both samples. Arrows above the graphics indicate the

position of each b-strand. Note that the R2 values for N26 and T29

residues in the WW domain are not shown and are of 14.5 and

16.5 s-1, respectively. Lower panel, the R2 values color coded on the

WW structure (PDB ID 1F8A) where each sphere is a backbone

amide nitrogen. b Water exchange measurements using the CLEAN

chemical EXchange (CLEANEX) experiments. Upper panel, com-

parison of the 1H-15N HSQC of the WW and WW-PKA domains

(black) with the CLEANEX experiments with a mixing time of 50 ms

(red). Lower panel, normalized intensity variations of the signals of

WW (blue) versus phospho-WW (red) for different mixing times for

the loop NH signals (R17, S18, S19) and the He arginine side chains

(R17, R21 and R14). Fitted CLEANEX exchange curves (plain lines)

were calculated as described (Hwang et al. 1998). Initial velocities

(dotted lines) were calculated from fitted curves allowing the

determination of the water exchange rate parameter k (see Supple-

mentary Materials, Figure S1)
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observed decrease of affinity for binding. Introduction of a

phosphate moiety on S16 further limits the availability of

R17, the essential residue for the phosphate binding of the

protein partner. Our data hence suggest that the confor-

mational and dynamical changes of the phospho-binding

loop upon S16 phosphorylation resemble the structural

adaptation occurring when a phosphorylated peptide sub-

strate binds to the WW domain (see Fig. 7d and Supple-

mentary Materials, Figure S2). Such conformational

mimicking could explain the loss of function of the Pin1

WW domain in its PKA-phosphorylated state. Both

mechanisms of gain of conformational rigidity and com-

pactness together with the phosphate moiety itself occu-

pying the position of the incoming phospho-S/T will lead

to a phospho-WW domain unable to bind other phospho-

proteins.
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