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The unique proline isomerase Pin1 is pivotal for protecting against age-dependent neurodegeneration in
Alzheimer's disease (AD), with its inhibition providing a molecular link between tangle and plaque pathologies.
Pin1 is oxidatively modified in human AD brains, but little is known about its regulatory mechanisms and path-
ological significance of such Pin1 modification. In this paper, our determination of crystal structures of oxidized
Pin1 reveals a series of Pin1 oxidative modifications on Cys113 in a sequential fashion. Cys113 oxidization is fur-
ther confirmed by generating antibodies specifically recognizing oxidized Cys113 of Pin1. Furthermore, Pin1 ox-
idation on Cys113 inactivates its catalytic activity in vitro, and Ala point substitution of Cys113 inactivates the
ability of Pin1 to isomerize tau aswell as to promote protein turnover of tau and APP.Moreover, redox regulation
affects Pin1 subcellular localization and Pin1-mediated neuronal survival in response to hypoxia treatment. Im-
portantly, Cys113-oxidized Pin1 is significantly increased in human AD brain comparing to age-matched con-
trols. These results not only identify a novel Pin1 oxidation site to be the critical catalytic residue Cys113, but
also provide a novel oxidative regulation mechanism for inhibiting Pin1 activity in AD. These results suggest
that preventing Pin1 oxidization might help to reduce the risk of AD.

© 2014 Published by Elsevier Inc.
Introduction

Proline-directed protein phosphorylation (pSer/Thr-Pro) is a central
signalingmechanism in diverse cellular processes. Certain pSer/Thr-Pro
motifs in polypeptides exist in two completely distinct conformations,
cis and trans, the conversions ofwhich aremarkedly slowed upon phos-
phorylation, but yet are specifically catalyzed by the unique peptidyl-
prolyl cis/trans isomerase Pin1 (Lee et al., 2011b; Liou et al., 2011; Lu
and Zhou, 2007). This striking substrate specificity results from the
unique N-terminal WW domain and C-terminal PPIase domain of Pin1
(Lee et al., 2011b; Liou et al., 2011; Lu and Zhou, 2007). TheWWdomain
binds only to specific pSer/Thr-Pro-motifs and targets Pin1 close to its
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substrates, where the PPIase domain isomerizes specific pSer/Thr-Pro
motifs and induces conformational changes in proteins (Lee et al.,
2011b; Liou et al., 2011; Lu and Zhou, 2007). Importantly, such Pin1-
induced conformational changes following phosphorylation control
various protein functions, including their catalytic activity, phosphory-
lation status, protein interaction, subcellular location, and/or protein
stability (Lee et al., 2011b; Liou et al., 2011; Lu and Zhou, 2007). Not sur-
prisingly, due to its vast protein targets, Pin1 is important in many cel-
lular processes involving Pro-directed phosphorylation, including the
cell cycle, cell signaling, transcription and splicing, DNA damage re-
sponses, germ cell development and neuronal survival (Girardini
et al., 2011; Lee et al., 2011b; Liou et al., 2011; Lu and Zhou, 2007;
Yuan et al., 2011). Significantly, these Pin1-induced conformational
changes after phosphorylation can profoundly impact diverse cellular
processes, especially in aging and Alzheimer's disease (AD) (Atchison
et al., 2003; Butterfield et al., 2006a; Lee et al., 2009, 2011b; Liou et al.,
2002, 2003; Lu et al., 1999, 2003; Ryo et al., 2001; Zhou et al., 2000).

These cis and trans conformation-specific functions and their regula-
tion by Pin1 have been directly demonstrated by the development of cis
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Table 1
X-ray data collection and refinement statistics.

Protein Pin1 with
sulfenic
Cys113

Pin1 with
sulfinic
Cys113

Pin1 with
sulfonic
Cys113

PDB 4U84 4U85 4U86

Data collection statistics
Source ALS 5.0.2 ALS 5.0.2 ALS 5.0.2
Wavelength (Å) 1.00 1.00 1.00
Resolution (Å) 50-1.78

(1.81-1.78)⁎
50-1.70
(1.73-1.70)

50-1.60
(1.63-1.60)

Space group P3121 P3121 P3121
Unit Cell a, b, c (Å) 68.90, 68.90,

79.76
68.77, 68.77,
79.60

69.07, 69.07,
79.73

α, β, γ (°) 90, 90, 120 90, 90, 120 90, 90, 120
Data cutoff F N 0 F N 0 F N 0
Molecular per
asymmetric unit

1 1 1

Number of unique
reflections

21461 24448 19744

Redundancy 5.2 (3.6) 5.3 (3.9) 5.2 (3.7)
Completeness (%) 98.6 (96.6) 99.1 (91.5) 99.7 (99.4)
I/σ (I) 23 (1.5) 36 (1.7) 32 (1.9)
Rsym (%) 7.5 (71.5) 7 (49.0) 7.8 (60.9)
Refinement statistics
Refinement
Resolution limit (Å) 59.67-1.78 59.56-1.70 59.82-1.60
No. reflections (test) 20060 (1414) 22968 (1231) 28112 (1499)
Rwork/Rfree (%)# 19.7/22.4 20.5/24.5 19.8/23.1
No. atoms 1296 1291 1282
protein 1176 1166 1167
Water 101 102 98
PEG 19 23 17
B-factors (Å2) 28.9 26.1 27.0
protein 28.3 25.5 26.4
Water 35.4 33.0 33.7
PEG 31.7 28.0 30.6
R.m.s deviations
Bond lengths (Å) 0.03 0.03 0.03
Bond angles (°) 2.37 2.5 2.4
Ramachandran plot (%)
Most favored regions 95.2 93.5 95.2
Additional allowed
regions

4.8 6.5 4.8

Generously allowed
regions

0 0 0

Disallowed regions 0 0 0
MolProbity score^ 96% 94% 92%
Bad Rotamer 1.57% 1.60% 0.80%
Clashscore 96% 94% 96%

^MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into
a single score, normalized to be on the same scale as X-ray resolution. 100th percentile is
the best among structures of comparable resolution; 0th percentile is the worst. For
clashscore the comparative set of structures was selected in 2004, for MolProbity score
in 2006
⁎ Highest resolution shell is shown in parenthesis.
# Rfree is calculated with 5% of the data randomly omitted from refinement.
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and trans conformation-specific antibodies (Nakamura et al., 2012).
Pin1 protein levels were shown to be especially low in vulnerable neu-
rons or degenerative neurons in AD (Liou et al., 2003), suggesting a neu-
roprotective role for Pin1 (Lu et al., 2003). Indeed, in normal brains, Pin1
is mainly expressed in the nucleus in most neurons at unusually high
levels and is in the soluble fraction (Lu et al., 1996, 1999; Ryo et al.,
2001; Thorpe et al., 2004; Wulf et al., 2001). However, in AD brains,
Pin1 co-localizes and co-purifies with intracellular neurofibrillary tan-
gles (NFTs), resulting in depletion of soluble Pin1 (Lu et al., 1999;
Ramakrishnan et al., 2003; Thorpe et al., 2001, 2004). Direct evidence
for this notion has come from determining Pin1 expression in human
brains and analyzing the neuronal phenotypes of Pin1 knockout (KO)
mice. Neurons in different subregions of the hippocampus are known
to have differential vulnerability to AD neurodegeneration (Arriagada
et al., 1992; Davies et al., 1992; Hof and Morrison, 1991; Pearson et al.,
1985; Thal et al., 2000). Moreover, Pin1 expression inversely correlates
with the predicted neuronal vulnerability in normally aged brains and
also with actual neurofibrillary degeneration in AD (Liou et al., 2003;
Pastorino et al., 2006). Pin1 KO mice develop progressive age-
dependent neuropathy characterized by motor and behavioral deficits,
tau hyperphosphorylation, tau filament formation, Aβ pathology and
neuronal degeneration (Cancino et al., 2013; Liou et al., 2003;
Pastorino et al., 2006). These phenotypes resemble many aspects of
AD neurons and those in many tau/APP-related transgenic mice
(Cancino et al., 2013; Liou et al., 2003; Pastorino et al., 2006). Finally,
transgenic overexpression of Pin1 in postnatal neurons is able to sup-
press tau hyperphosphorylation, tangle formation and neurodegenera-
tion induced by overexpression of human wild-type tau (Lim et al.,
2008). Thus, Pin1 is pivotal for protecting against age-dependent tau-
and Aβ-related pathologies and neurodegeneration in AD. However, lit-
tle is known about how Pin1 activity is inhibited in AD.

Oxidative stress has been implicated in the pathogenesis and
progression of AD, manifested by protein oxidation, lipid peroxidation,
DNA oxidation, advanced glycation and products, and reactive oxygen
species (ROS) formation (Butterfield and Lauderback, 2002;
Butterfield et al., 2001, 2010;Markesbery, 1997). ROS itself can facilitate
different kinds of protein oxidation (Stadtman and Berlett, 1997). Our
previous studies have shown that Pin1 is oxidized in human AD brains
and the level of Pin1 oxidization is elevated in AD (Sultana et al.,
2006), suggesting a possible link between Pin1 oxidation and Pin1 inhi-
bition in AD. However, the regulatorymechanisms and pathological sig-
nificance of Pin1 oxidative modification remain unknown.

In this study, we treated Pin1 protein crystals with various concen-
trations of H2O2 and identified a series of Pin1 oxidative modifications
on Cys113 in a sequential fashion, eventually leading to inactivation of
Pin1 catalytic activity. To confirm these results, we generated antibodies
specifically recognizing oxidized Cys113 Pin1, and found that Pin1 was
oxidized on Cys113 in vitro and in vivo and that such Pin1 oxidization
was induced by treatment with H2O2 or diamine. In confirmation of
the significance of Pin1 Cys113 oxidation in tauopathy, APP processing
and Aβ production in cells, we found that Pin1, but not Pin1 C113A
pointmutant, promoted protein turnover of tau and APP, and increased
neuronal survival in hypoxia. Of note, the levels of oxidized Pin1 was
significantly increased in human AD and MCI brains, as compared
with age-matched controls. These results not only identify a novel
Pin1 oxidation site, but provide a novel oxidative regulationmechanism
for Pin1 enzymatic activity in AD.

Results

Structural basis for the inhibitory function of Pin1 Cys113 oxidation

Although our previous proteomic analysis showed that Pin1 is oxi-
dized in human AD brains and Pin1 oxidization in vitro inhibits its cata-
lytic activity (Sultana et al., 2006), it is not known where Pin1 is
oxidized and how this oxidative modification affects Pin1 catalytic
activity. In order to mimic the oxidized environment of AD brains, we
treated Pin1 crystals with various concentrations of H2O2 while altering
exposure time. This dose-dependent strategy can reveal the susceptibil-
ity of residues upon oxidation damage. With low dosage of H2O2 treat-
ment, Pin1 crystals consistently diffracted to high resolution of 1.7 Å.
Careful examination of the Pin1 structure showed that the only residue
undergoingmodification is Cys113 (Table 1). The other cysteine residue
in Pin1 (Cys57) exhibits no additional density. Preference for oxidation
site is affected by three factors: thiolnucleophilicity of cysteine residue,
local environment and the proximity of the target thiol to the reactive
oxygen species. Hydrogen network calculation has shown that Cys113
has a perturbed pKa that is 3 units less than usual (Barman and
Hamelberg, 2014), making this residue much more susceptible for
sulfenic modification. Interestingly, the position of the oxygen addition
follows a consistent sequential fashion influenced by the local environ-
ment. The first oxygen atom generates the s-hydroxy cysteine (cysteine



15C.-H. Chen et al. / Neurobiology of Disease 76 (2015) 13–23
sulfenic acid), which potentially could be reversibly reduced. The oxy-
gen atom is always added at the position that ismost exposed to the sol-
vent (Fig. 1A). With higher concentrations of H2O2 and prolonged
exposure, a second oxygen atom was observed as sulfinic acid
(Fig. 1B). The position of the second oxygen atom is stabilized by an in-
tramolecular hydrogen bond with Ser115 (2.7 Å). Finally, the extended
treatment of H2O2 saturated the Cysteine with the third oxygen atom
added as sulfonic form (Fig. 1C), intra-molecularly hydrogen bonding
toHis59 (2.9 Å).More exposure toH2O2 result in the total loss of diffrac-
tion of Pin1 crystals, suggesting that the structural integrity of the pro-
tein is compromised upon high dose of oxidation.
Fig. 1. Structural basis for the inhibitory function of Pin1 Cys113 oxidation. A) 2Fo-Fcmap of Pin
level of 2Fo-Fc map is 1σ. B) 2Fo-Fc map of Pin1 with Cys113 oxidized to sulfinic acid; The hyd
idized to sulfonic acid. D) Superimposition of oxidized Pin1 structures with structure of Pin1 bo
abolishes the pSer-Pro specific PPIase activity. Purified GST-fusion proteins were produced and
pSer-Pro containing peptide.
After the identification of the target site of oxidation on Pin1, we
sought to understand if the oxidation of Cys113 would affect the bind-
ing affinity of Pin1 to its target. Superimposition of the various oxidized
forms of Pin1 with the complex structure of Pin1 with a high affinity
substrate-mimicking peptidemimetic (PTide: Ac-Phe-Phos.Thr-Pip-
Nal-Gln-NH2) showed that the oxidized Cys113 in Pin1 does not cause
steric clash with peptide inhibitor (Fig. 1D). Instead, a hydrogen bond
can be formed between the phosphate group of the ligand and oxygen
atom (Fig. 1D). Indeed, oxidized Pin1 still effectively recognized the
high affinity ligand, as shown by oxidized Pin1 being pulled by the bio-
tinylated Pin1 trapping peptide pTide beads (Fig. 2B).
1with Cys113 oxidized to sulfenic acid. Important active site residues are labeled. Contour
rogen bond is represented by a dashed green line. C) 2Fo-Fc map of Pin1 with Cys113 ox-
und with pTide (PDB 2ITK). Cysteine sulfonic acid is shown by sticks. E) Oxidation of Pin1
treated with H2O2 or vehicle, then followed by assaying their catalytic activity towards a



Fig. 2. Pin1 is oxidized on Cys113 in vitro and in cells. A) Validation of oxyPin1 antibodies in vitro. Purified recombinant Pin1 was treated with H2O2 or vehicle, followed by immunoblot
analysis with oxyPin1 or Pin1 antibodies. B) Validation of Pin1 oxidation on Cys113 in cells. Cells were treated with H2O2 and followed by pull-downwith biotin-pTide beads before sub-
jecting to immunoblotting with oxyPin1, Pin1 and PTEN antibodies. C) Pin1 is oxidized on Cys113. Cells were co-transfectedwith Flag-Pin1 or its mutants and then treatedwith H2O2. Cell
extracts were pulled downwith biotin-pTide beads and immunoblotted by oxyPin1 and Flag antibodies. D) Pin1 is oxidized on Cys113 after diamine treatment. Cells were co-transfected
with Flag-Pin1 or its mutants and then treated with 250 μMDiamine for 15 min. Oxidized Pin1 were labeled with biotin-maleimide, and cell extracts were purified with streptavidin-se-
pharose beads, and immunoblotted by oxyPin1 and Flag antibodies.
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However, the oxidation of the free thiol on Cys113 can potentially
compromise its role in catalytic reaction, the mutation of which abol-
ishes most of the isomerase reaction (Ranganathan et al., 1997). To
test if oxidation inhibits the enzymatic activity of Pin1, we oxidized pu-
rified recombinant Pin1 with H2O2, followed by assaying its PPIase ac-
tivity. Indeed, upon oxidation, Pin1 showed little phospho-specific
PPIase activity once when compared to pre-treated Pin1 (Fig. 1E). Our
results thus indicate a model in which that the oxidative damage on
Pin1 occurs to a specific residue at Cys113, which abolishes its catalytic
activity even though it can still effectively bind to substrate peptide and
therefore, trap the substrate.

Identification of Pin1 Cys113 oxidation in vitro and in cells in response to
oxidative stress

To confirm oxidation of Pin1 on Cys113 in cells, we generated anti-
bodies specifically recognizing oxidized Cys113 in Pin1 (oxyPin1)
using an antibody-based method for the monitoring of Pin1's oxidative
state (Persson et al., 2005).We found that the antibodies readily detect-
ed robust signal when recombinant Pin1 proteinwas treatedwithH2O2,
but not in vehicle treatment (Fig. 2A). Having demonstrated Pin1
Cys113 oxidation in vitro, we assessed Pin1 oxidation in cells. By treating
cellswithH2O2 for various times and subsequently pullingdownendog-
enous Pin1 with the high affinity (1.1 nM) Pin1 trapping peptide pTide
beads (Wildemann et al., 2006), followed by immunoblotting analysis
with oxyPin1 antibodies. Indeed, H2O2 treatment resulted in a time-
dependent increase in oxyPin1 (Fig.2B). To further confirm the oxida-
tion site(s) on Cys113, we generated a Pin1 C113Amutant (Cys113 res-
idue to Ala), and showed that the antibodies failed to recognize the Pin1
C113A mutant, in contrast to wild-type Pin1 (Fig. 2C). These results in-
dicate that Cys113 is a Pin1 oxidation site, and its Pin1 oxidation is
increased after H2O2 stimulations. To confirm Pin1 oxidization under a
different condition, we treated cells expressing Flag-Pin1 or its mutant
C113A, with diamide, a chemical reagent well known to induce protein
oxidization (Anastasiou et al., 2011), and lysed cells under denaturing
conditions in the presence of maleimide to block reduced cysteine in
proteins, followed by reduction of oxidized cysteine and labeling
with biotin-maleimide for the detection of Pin1 oxidation with
streptavidin, as described previously (Anastasiou et al., 2011). Using
this method, we also detected biotin-labeled Flag-Pin1 in lysates
of diamide-treated cells, but not in Flag-Pin1 C113A mutant cells
(Fig. 2D). Together with our results in Fig. 1, we propose that the
C113Amutated Pin1will not only abolish Pin1 catalytic activity but can-
not undergo the oxidation event. These results also indicate that Pin1 is
oxidized on Cys113 in cells.

Pin1 Cys113 oxidation inhibits its ability to increase protein turnover of Tau
and APP in neuroblastoma cells

Given that Pin1 is oxidized on the critical active site Cys113 in cells,
and such oxidization abolishes Pin1 phospho-specific PPIase activity in
vitro, a critical question is whether Pin1 oxidization affects Pin1 cellular
functions. Since one of the well-characterized Pin1 functions in
protecting against AD is its ability to promote protein turnover of tau
and APP, we asked whether Pin1 Cys113 oxidation affects its ability to
regulate tau and APP protein turnover (Driver et al., 2014). To clarify
this, we first co-transfected tau with Flag-Pin1 or Flag-Pin1 C113A mu-
tant into SH-SY5Y neuroblastoma cells, then added cyclohexmide to in-
hibit de novo tau synthesis in the presence of H2O2 treatment. Oxidation
almost completely inhibited the ability of Pin1 to reduce tau stability in
wild-type Pin1, but not its C113A mutant-expressing cells (Fig. 3A). To
demonstrate whether Pin1, but not C113A mutant, indeed catalyze cis



Fig. 3. Oxidation of Pin1 on Cys113 inhibits its cellular function to promote tau and APP protein turnover in neurons. A) Pin1 Cys113 oxidation inhibits the Pin1 ability to promote tau
turnover. Cells were co-transfected with tau or Flag-Pin1 or its mutants with tau and then treated with cycloheximide (100 mg/ml) in the presence or absence of H2O2 for the indicated
times, followed by immunoblot analysis with anti-Flag, tau or tubulin antibodies. tau levels were semi-quantitated using tubulin as a loading control. B) Cells were co-transfected with
Flag-Pin1 or its mutants and then treated with cycloheximide (100 mg/ml) for the indicated times, followed by immunoblot analysis with anti-Flag, tau, cis-tau, trans-tau or tubulin an-
tibodies. C) Cells were co-transfected with Flag-Pin1 or its mutants with APP and then treatedwith cycloheximide (100mg/ml) for the indicated times, followed by immunoblot analysis
with anti-Flag, APP or tubulin antibodies. APP levels were semi-quantitated using tubulin as a loading control. D) Cells were co-transfectedwith Flag-Pin1 or its mutants and then treated
with cycloheximide (100 mg/ml) for the indicated times The levels of secreted Aβ 1–40 were measured by sandwich ELISA and data were normalized against the vector control. Results
shown are mean ± SEM, n = 3. *, p b0.05.
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to trans isomerization of the pT231-Pro motif in tau, we assayed cis and
trans pT231-tau conformations using conformation-specific antibodies,
as described previously (Nakamura et al., 2012). Overexpression of
Pin1, but not its C113Amutant, significantly promoted cis to trans isom-
erization of pT231-tau (Fig. 3B). These results confirm our previous
findings that cis p-tau ismuchmore stable than trans, and that Pin1 cat-
alyzes cis to trans isomerization to reduce tau protein stability
(Nakamura et al., 2012). It also indicates that Cys113 is critical for the
ability of Pin1 to catalyze cis to trans isomerization of pT231-tau.

To examine the role of Cys113 in the ability of Pin1 to regulate APP
and Aβ production, we co-transfected APP with Flag-Pin1 or Flag-Pin1
C113A mutant into SH-SY5Y cells, followed by assaying APP stability
and Aβ production. Overexpression of wild-type Pin1 reduced APP pro-
tein stability and Aβ production (Fig. 3C, D), as shown previously (Ma
et al., 2012a; Pastorino et al., 2006, 2012). However, the C113A Pin1mu-
tant displayed little activity to reduce APP protein stability and Aβ pro-
duction, with activity similar to the catalytic inactive mutant K63A
mutant (Fig. 3C, D). These results provide the first evidence for the es-
sential role of the active site residue Cys113 in Pin1's regulation of tau
and APP protein stability in cell models, and suggest that Pin1 oxidation
would inhibit the ability of Pin1 to prevent tau- and APP-related pathol-
ogies in AD.

Redox regulation affects Pin1 subcellular localization and Pin1-mediated
neuroblastoma cells survival

Given that the oxidation of Pin1 on Cys113 impairs its catalytic activity
and cellular function, an important question is whether this oxidation has
anybiological significanceorpathological consequence.Wefirst examined
whether Pin1oxidization affects its subcellular localizationusing immuno-
staining analysis with anti-oxidized Cys113 antibody or Pin1 antibody.
Indeed, after H2O2 treatment, Pin1 cytosolic localization was significantly
increased (Fig. 4A and B). These results were further confirmed by
subcellular fractionation experiments showing that H2O2 treatment
reduced levels of nuclear Pin1, but increased levels of cytoplasmic Pin1
(Fig.4C). These results suggest that Pin1 oxidation impairs Pin1 nuclear
localization. Interestingly, it has been previously shown that Pin1 is
relocalized from the nucleus to the cytoplasm in AD brains (Lu et al.,
1996, 1999; Ryo et al., 2001; Thorpe et al., 2004; Wulf et al., 2001).

Next, we searched for signals that induce Pin1 oxidation. Recent
evidence has shown that H2O2 acts as an intracellular messenger
associated with important signaling pathways in diverse physiological
conditions such as hypoxic microenvironments (Haskew-Layton et al.,
2010). Moreover, it has been shown that hypoxia-inducible transcrip-
tion factor-1 (HIF-1) controls a large percentage of hypoxic responses
and involves in neurodegenerative disorders. Given that Pin1 is an
important regulator of the HIF-1 activity (Jalouli et al., 2014; Lonati
et al., 2014), we next examined whether Pin1 oxidation affects its
function in cell proliferation and survival in neurons.

To address this question, we generated SH-SY5Y vector control, Pin1
knockdown cells, and Pin1 shRNA cells stably re-expressing shRNA-
resistant Pin1 or Pin1 C113A, followed by assaying cell proliferation
usingMTT assay. We showed that Pin1 was required for cell proliferation
in SH-SY5Y cells and that cell growth was more sensitive in response to

the hypoxia treatment in Pin1 knockdown cells and Pin1 C113A
mutant cells (Fig.5A).



Fig. 4. Redox regulation impairs Pin1 subcellular localization. A and B) H2O2 treatment reduces Pin1 nuclear localization and increases cytoplasmic localization. WT or Pin1 KO cells or
mouse brain tissues were immunostained with anti-Pin1 (green), anti-oxyPin1 (red) antibodies and DAPI (blue). C) H2O2 treatment reduces Pin1 nuclear localization. WT or Pin1 KO
cells were harvested and nuclear/cytoplasm fractions isolated, followed by detecting Pin1 protein using anti-Pin1 antibodies.
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Consistent with our MTT assay results, we found that cell viability was
decreased in the live/dead assay (Fig. 5B), and a similar result was shown
todisplayhigher apoptosis in SH-SY5YPin1knockdownorPin1C113Asta-
bly expressing cells (Fig. 5C). These results not only indicate that Pin1 is re-
quired for cell proliferation and survival under the condition of hypoxia,
but Cys113 is critical for Pin1-mediated cell survival under oxidative stress.
Pin1 Cys113 oxidation is increased both in AD mouse models and human
AD samples

To examine Pin1 oxidation in response to oxidative damage in
mouse models of AD, we used the Pin1 trapping pTide to isolate Pin1
from tau-transgenic (tg), APP-tg mice and their WT littermates at 18



Fig. 5. Redox regulation of Pin1-mediated neuronal survival. A) Oxidation Pin1 on Cys113 is involved in neuronal survival in response to hypoxia treatment. Vector control or Pin1 knock-
down cells or Pin1 knockdown cells re-expressing Pin1 or Pin1mutant were subjected to hypoxia treatment, followed byMTT assay. B) Oxidation Pin1 on Cys113 is involved in neuronal
survival in response to hypoxia treatment. Vector control or Pin1 knockdown cells or Pin1 knockdown cells re-expressing Pin1 or Pin1 mutant were incubated first in the presence 1%
oxygen for 24 hr and then assayed for apoptosis using Live/Dead Cell Assay. C) Oxidation Pin1 on Cys113 is involved in hypoxia-induced cell apoptosis. Vector control or Pin1 knockdown
cells or Pin1 knockdown cells re-expressing Pin1 or Pin1 mutant were incubated first in the presence 1% oxygen for 24 hr, then assayed for apoptosis using Cell Death-Detection ELISA.
Results shown are mean ± SEM, n = 3. *, p b 0.05 and ***, p b 0.001.
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months old, followed by immunoblotting with oxyPin1 antibodies. As
expected, we found that Pin1 Cys113 oxidation was elevated in the
brains of both tau and APP transgenic mouse models (Fig. 6A), which
are known to have elevated oxidative stress (Chou et al., 2011; Lv
et al., 2014). To determine the role of Pin1oxidation in AD,wemeasured
levels of Pin1 Cys113 oxidation in human AD hippocampus and age-
matched controls by using biotinylated pTide to pull down Pin1, follow-
ed by immunoblotting with anti-oxyPin1 antibodies. Consistent with
previous studies (Kim et al., 2014), phosphorylated Thr231 of tau was
highly overexpressed in the brains of AD. More importantly, oxidized
Pin1 levels were significantly increased in AD brains, as compared to
age-matched controls (p b 0.05) (Fig. 6B). Increased Pin1 oxidation
was further confirmed by immunohistochemical staining on AD brain
sections (Fig. 6C). Thus, Pin1 Cys113 oxidation is increased in human
AD brains and AD mouse models.

Discussion

Functional inhibition of Pin1 contributes to the development of AD
by inducing tau and Aβ pathologies and neurodegeneration in an age-
dependentmanner. However, notmuch is known about howPin1 activ-
ity is inhibited in AD. In this report, we identified a new oxidation site,
Cys113 in the Pin1 catalytic domain, and linked it to the pathobiology
of AD. Our crystal structural analysis showed that Pin1 is oxidized on
the critical active site Cys113 in a sequential fashion within oxidative
environments created by H2O2. The oxidation of active site Cys113
does not prohibit the binding of substrate at the PPIase domain but to-
tally abolishes the isomerase activity. The oxidation of Cys113 greatly
reduces Pin1-dependent protein stability of tau and APP in neurons.
Moreover, redox regulation impairs Pin1 Cys113 subcellular localization
and Pin1-mediated neuronal survival. These results suggest that Pin1 is
required for cell proliferation and survival under hypoxic conditions,
and that Cys113 is critical for such Pin1-mediated cell survival. More-
over, Cys113 oxidation of Pin1 is elevated in AD mouse models
and human AD samples. These results have demonstrated that the oxi-
dation on the active site Cys113 residue causes Pin1 inactivation and
mislocalization, contributing to AD pathology.

In contrast to most other PPIases (Fischer and Aumuller, 2003;
Hunter, 1998), emerging evidence suggests that Pin1 function may be
regulated at multiple levels in neurons. Indeed, in normal brains, Pin1
is mainly expressed in most neurons at unusually high levels and is in
the soluble fraction (Lu et al., 1996, 1999; Ryo et al., 2001; Thorpe
et al., 2004; Wulf et al., 2001). However, in AD brains, cytoplasmic
Pin1 co-localizes and co-purifieswithNFTs, resulting in depletion of sol-
uble Pin1 (Lu et al., 1999; Ramakrishnan et al., 2003; Thorpe et al., 2001,
2004). Increasing evidence also suggests that Pin1 is subject to post-



Fig. 6. Pin1 Cys113 oxidation is elevated in human AD brains and ADmouse models. A) Pin1 Cys113 oxidation is increased in brains of tau-Tg mice, APP-Tg mice. Brain tissues were pre-
pared from tau-Tgmice, APP-Tg mice and their age-matched control mice, then subjected to immunoblotting with oxyPin1, Pin1, tau, P-tau (231) or actin antibodies. B) Pin1 Cys113 ox-
idation is increased in brains of humanADpatients. Brain tissueswere prepared from6ADpatients and 6 age-matched controls, then subjected to immunoblottingwith oxyPin1, Pin1, tau,
P-tau (231) or actin antibodies. Densitometry values for oxyPin1 were expressed as themean± standard error (***, p b 0.001 vs. normal control; ANOVA/Dunnett's test). C) Paraffin-em-
bedded brain sections from AD patients and controls were immunostained to compare the levels of Pin1 and oxyPin1. Original magnification,Å ~ 40 (main photographs); Å ~ 60 (insets);
Scale bar = 100 μm. D) A model by which Pin1 oxidation inhibits its function to regulate tau and APP in both physiological and pathological AD conditions.
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translational modifications. Pin1 is oxidatively modified, which inhibits
its PPIase activity (Sultana et al., 2006). Moreover, the oxidized Pin1/
total Pin1 levels is elevated in the early stage of AD pathology
(Butterfield et al., 2006b). Oxygen glucose deprivation can trigger par-
tial inhibition of Pin1 enzymatic activity and also increase Ser16 phos-
phorylation (Lonati et al., 2014). Our work has recently identified an
essential role of DAPK1 in regulating PPIase activity of Pin1 on Ser71
in aberrant tau protein regulation and function, providing a link be-
tweenDAPK1 and Pin1 in regulating age-dependent neurodegeneration
(Kim et al., 2014; Lee et al., 2011a). Moreover, a SNP preventing Pin1 in-
hibition is associated with delayed onset of human AD, preventing its
suppression by AP4 (Ma et al., 2012b). However, it will remain to be a
major challenge to elucidate the significance and regulation of Pin1
post-translational modifications.
Although Pin1 has been shown to be activated by multiple mech-
anisms during oncogenesis, much less is known about whether and
how Pin1 enzymatic activity is regulated in AD. Here we showed
that Pin1 Cys113 oxidation abolishes its PPIase activity. Two reaction
mechanisms for prolyl isomerase activity of Pin1 have been proposed,
both of which place Cys113 in a pivotal role in mediating the catalytic
reaction. In one model, the thiolated Cys113 would act as a nucleo-
phile and attack the carbonyl carbon of the peptidyl-prolyl bond of
the substrate and form a covalent bond (Ranganathan et al., 1997).
The oxidation of the Cys113 prevents the nucleophilic, attacking by
eliminating the thiolated cysteine, therefore abolishing isomerase ac-
tivity. This mechanism is reminiscent of the redox regulation of tyro-
sine phosphatase in which the nucleophile cysteine is reversibly
oxidized to turn on and off the activity for signal transduction
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(Lo Conte and Carroll, 2013). The alternativemechanism using kinet-
ic isotope effect does not support the formation of a covalent bond
intermediate between Pin1 and substrate. Instead, Cys113 is pro-
posed to destabilize the pseudo double bond character of the
peptidyl-prolyl bond of the substrate and facilitate isomerization,
in a non-covalent fashion (Mercedes-Camacho et al., 2013). It was
also suggested that an extended hydrogen-bonding network formed
by Cys113-Ser115-His59-His157-Thr152 plays a central role for the
destabilization effect (Barman and Hamelberg, 2014). Since the reac-
tion of isomerization is highly dependent on the environment of the
active site to destabilize the substrate and promote a twisted amide
transition state, the oxidation of cysteine can interfere with this pro-
cess. In both scenarios, the oxidation of Cys113 will not support the
isomerase reaction mediated by human Pin1, which has been con-
firmed by our Pin1 PPIase assay in vitro and Pin1 cellular function
to regulate tau and APP protein stability in the neuron.

The transcription factor, HIF-1, is a critical mediator and its activa-
tion by hypoxia involves O2-dependent posttranslational modifications
and nuclear translocation (Zepeda et al., 2013). The interaction between
Pin1 and HIF-1 allows for the activation of specific HIF-1-dependent
genes through p42/44 MAPK pathway activation, providing an impor-
tant link between HIF-1, Pin1 activity and VEGF expression in cancer
cells (Jalouli et al., 2014). However, several lines of evidence suggest
that hypoxic conditions may also play an important role in AD progres-
sion (Bulbarelli et al., 2012; Lonati et al., 2014; Ogunshola and Antoniou,
2009). Intracellular oxidative stress is produced in hypoxia by formation
of ROS and results in a process that can damage cell structure such as
lipids, membranes, proteins and DNA (Zepeda et al., 2013). It has been
reported that hypoxia can facilitate AD pathogenesis by up-regulating
APP processing andAβproduction by increasing BACE1 gene expression
(Sun et al., 2006). Moreover, Aβ impairs mitochondria redox activity
and increases the generation of ROS (Calkins and Reddy, 2011;
Kadowaki et al., 2005; Yatin et al., 1999). Several studies also indicate
that Aβ-induced oxidative stress leads to apoptotic neuronal cell death
(Behl et al., 1994; Calkins and Reddy, 2011; Mattson and Goodman,
1995; Pillot et al., 1999; Yatin et al., 1999). Interestingly, in neurons sub-
jected to OGD, the binding and catalyzing of HIF-1 isomerization by Pin1
are partially inhibited playing a central role in GSK-3β-mediated
proteasomal degradation of HIF-1 (Farr et al., 2014; Lonati et al.,
2014). Consistentwith this idea is the pivotal role of Pin1 in AD. Pin1 in-
teracts with a number of proteins in a phosphorylation-dependent and
mitosis-specific manner (Butterfield et al., 2006a; Lu, 2004; Wulf et al.,
2005). Interestingly, many of these mitotic phosphoproteins such as
tau and APP also have well documented roles in AD (Lu, 2004). Indeed,
Pin1 knockout or inhibition has been shown to play an important role in
the development of AD, both in mouse models and human patients
(Liou et al., 2003; Lu, 2004; Pastorino et al., 2006; Sultana et al., 2006).
In contrast, a genetic variation preventing Pin1 inhibition delays age of
onset of late onset of AD (Ma et al., 2012b). This is especially exciting
given our current findings that Pin1 is oxidized in the brain of human
AD and tau and APP-transgenic mouse models. Given elevated oxidative
stress in both APP- and tau-transgenic mice (Chou et al., 2011; Lv et al.,
2014), these results suggest that inhibition of Pin1 enzymatic activity by
hypoxia or other mechanisms might contribute to age-dependent tau-
and Aβ-pathologies and neurodegeneration in AD in a positive feedback
loop (Fig. 6D). Our recent studies show that upon the hypoxia treatment,
neurons robustly produce cis p-tau, which disrupts the microtubule net-
work, interrupts mitochondrial transport in neurites, spreads to other
neurons, and leads to massive apoptosis. Given that these cis and trans
conformation-specific functions and their regulation by Pin1 (Nakamura
et al., 2012). Together these findings not only support our results but
provide a molecular mechanism involved in this neuroprotective action
of Pin1 on hypoxia-mediated SH-SY5Y cell death. However, further
studies are required to elucidate molecular mechanisms regulating Pin1
activity and its coordination with various cell signaling, and how its
deregulation contribute to age-dependent neurodegeneration in AD.
Materials and methods

Plasmids

The expression constructs for wild type and Pin1 mutantsPin1 mu-
tants inwhich the Cys residue 113were each replaced by anAla residue,
was generated by site-directed mutagenesis, and then subcloned to
pLenti6/V5-GW/lacZ vector as previously described (Chen et al., 2013;
Lee et al., 2011a).

PPIase assay

The PPIase activity of Pin1 and oxidized Pin1were determined using
the protease free PPIase activity assay with the substrate Suc-Ala-pSer-
Pro-Phe-pNA, Suc-Ala-Glu-Pro-Phe-pNA or Suc-Ala-Ala-Pro-Phe-pNA
(50 μM) in 35 mM HEPES pH 7.8 at 10 °C, as described previously
(Yaffe et al., 1997).

Crystallization and H2O2 treatment of Pin1

The human Pin1 R14A was constructed and purified using previous
reported procedure (Jez et al., 2000). Briefly, the Pin1 R14A was
overexpressed using E. coli BL21 (DE3) strain at 16 °C overnight induced
by isopropyl-β-D-thiogalactopyranoside (IPTG). After elution from Ni-
NTA (Invitrogen NY) chromatography purification, the N-terminal
polyhistidine tag was removed by thrombin protease (Novegen
Germany) during the overnight dialysis. The protein was further puri-
fied by gel filtration superdex75 (GE Healthcare) in 20 mM HEPES 7.5
and 50 mMNaCl. Pin1 R14A was crystallized with hanging drop vapor-
ization tray mixed 1 μl of ~10 mg/ml protein solution and 1 μl of
crystallization buffer (50 mMHEPES pH 7.5, 1% PEG400, 1.3-1.5 M Am-
monium Sulfate). The crystals appeared after three days of incubation at
4 °C.Mature crystalswere then treatingwith addition of 1%, 5%or 10% of
H2O2 for 30 min to 16 hr. The oxidization experiment was quenched by
harvesting the crystals for data collection.

Diffraction Data Collection and Structure Determination

X-Ray diffraction data were collected from the Advanced Light
Source (Berkeley, CA) synchrotron radiation beamlines 5.0.2. Data
were processed and scaled using the HKL2000 software suite
(Otwinowski and Minor, 1997). Data collection statistics are summa-
rized in Table 1. Molecular replacement was used to determine the
structure of oxidized Pin1 R14A with Pin1 R14A (PDB 21TK) as search
model by the program Phaser from the CCP4 package suite (1994).
Structures were refined by Rafmac5 (1994) and by iterative model
building in COOT (Emsley and Cowtan, 2004; Emsley et al., 2010). The
final structures are validated by PROCHECK (Laskowski et al., 1993)
and MolProbity (Chen et al., 2010). Refinement statistics are summa-
rized in Table 1. Molecular figures were generated using PyMOL
(Schrodinger, 2010). The coordinates and structure factors of Pin1 oxi-
dized states were deposited to Protein Data Bank with codes, 4U84,
4U85 and 4U86.

Protein stability assay

For protein stability assay, cells were transfected stably or transient-
ly with expression plasmids as indicated. Cycloheximide (100 μg/ml)
was added to the media to block new protein synthesis. Cells were har-
vested at each time point, and total lysates were analyzed by immuno-
blotwith anti-tau, anti-APP, anti-Pin1, anti-tubulin antibodies. The blots
were scanned and semi-quantitated by using the software NIH image
1.6.2, as described previously (Lee et al., 2009). The results from at
least three independent experiments are plotted such that the protein
levels at 0 hr time point is set at 1.
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Establishment of stable cell lines

SH-SY5Y cells were infected with Pin1, and its mutants or control
constructs and stable lines were selected using 5 μg/ml of blastidine,
as described previously (Chen et al., 2013; Lee et al., 2011a). To overex-
press Pin1 and its variants constructs in SH-SY5Ycells, cells were se-
quentially infected with Pin1 lentiviruses or control vectors, followed
by selection. Stable cell clones or poolswere checked for protein expres-
sion by immunoblotting analysis with various antibodies to confirm the
expected protein expression. We maintained stable cell lines continu-
ously in culture, splitting on every fourth day and seeding at the concen-
tration of 6x105 cells per 10 cm culture dish.

Sample preparation

Hippocampus fromAD (n=6) and age-matched controlswere indi-
vidually homogenized separately in Media-I [10 mMHepes buffer
(pH 7.4), 137 mMNaCl, 4.6 mMKCl, 1.1 mM KH2PO4, 0.1 mM EDTA,
6 mM MgSO4, leupeptin (0.5 mg/ml), pepstatin (0.7 μg/ml), type II S
soybean trypsin inhibitor (0.5 μg/ml), and phenylmethylsulfonyl fluo-
ride (40 μg/ml)]. These homogenates were centrifuged at 3,000 g for
10 min to remove unbroken cells and nuclear fraction. Protein concen-
tration in the supernatant was determined by the BCA assay (Pierce
Chemical, Rockford, IL, USA).

Immunoprecipitation of Pin1

For the immunoprecipitation, 250 μg of the samples were first
precleared with protein A/G–agarose beads for an hour at 4 °C. Samples
were then incubated overnightwith anti-Pin1 antibody (Stressgen, CA).
The antigen–antibody–protein A/G complex was centrifuged at 1000 g
for 5 min and the resultant pellet was washed five times with IP buffer
[phosphate-buffered saline (PBS) containing 0.05% NP-40 and the pro-
tease inhibitors leupeptin (4 μg/ml final concentration), pepstatin
(4 μg/ml final concentration), and aprotinin (5 μg/ml final concentra-
tion), adjusted to pH 8]. The final pellet was suspended in deionized
water. Proteins were resolved on SDS–PAGE, followed by immunoblot-
ting on a nitrocellulose membrane (Bio-Rad).

Immunodetection of oxidized Cys-113 (Oxy-Cys113) of Pin1

The membranes were blockedwith 3% bovine serum albumin (BSA)
in PBST for 1 hr at room temperature, followed by incubated with anti-
Oxy-Cys113 polyclonal antibody (1:1000) for 2 hr at room temperature.
Following the primary antibody incubation, the membranes were
washed three times in Wash Blot for 5 min each and incubated with
ECL Plex Cy 5 Dye conjugated anti-rabbit antibody (GE Healthcare,
Piscataway, NJ, USA) for 1 hr in dark at room temperature. The mem-
branes were washed in Wash Blot three times for 5 min each and
the membrane was scanned using Storm860 phosphoimager (GE
Healthcare). For the detection of Pin1 levels the membrane were
stripped using stripping buffer (100 mM 2-mercaptoethanol, 2% (w/v)
sodium dodecyl sulphate, 62.4 mMTris-HCl, pH 6.7), and probed with
anti Pin1 antibody (Stressgen, CA), following by incubation with anti-
rabbit IgG alkaline phospohotase (ALP)-linked secondary antibody
(GE Healthcare, Piscataway, NJ, USA), and developed using BCIP and
NBT, and membranes were scanned using a MicrotekScanmaker 4900
scanner.

Image analysis

The images were saved as Tiff files in grayscale mode and the inten-
sity of the oxidized Cys113 and Pin1were quantified using ImageQuant
(GE Healthcare) analysis software.
Statistical analysis

Raw values were exported to Microsoft Excel and the specific oxida-
tion of Cys113 was determined by dividing the intensity on the blot
probed with anti-Cys113 by total amount of Pin1. The final result
was normalized to percentage control values and analyzed by Student's
t tests. A value of p =/b 0.05 was considered statistically significant.
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