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FK506-binding proteins (FKBPs) are members of the immu-
nophilins, enzymes that assist protein folding with their pepti-
dyl-prolyl isomerase (PPIase) activity. Some non-immunosup-
pressive inhibitors of these enzymes have neuroregenerative
and neuroprotective properties with an unknown mechanism of
action. We have previously shown that FKBPs accelerate the
aggregation of a-synuclein (a-SYN) iz vitro and in a neuronal
cell culture model for synucleinopathy. In this study we investi-
gated whether acceleration of a-SYN aggregation is specific for
the FKBP or even the PPIase family. Therefore, we studied the
effect of several physiologically relevant PPlases, namely
FKBP12, FKBP38, FKBP52, FKBP65, Pinl, and cyclophilin A,
on a-SYN aggregation in vitro and in neuronal cell culture.
Among all PPIases tested in vitro, FKBP12 accelerated a-SYN
aggregation the most. Furthermore, only FKBP12 accelerated
a-SYN fibril formation at subnanomolar concentrations, point-
ing toward an enzymatic effect. Although stable overexpression
of various FKBPs enhanced the aggregation of a-SYN and cell
death in cell culture, they were less potent than FKBP12. When
FKBP38, FKBP52, and FKBP65 were overexpressed in a stable
FKBP12 knockdown cell line, they could not fully restore the
number of a-SYN inclusion-positive cells. Both in vitro and cell
culture data provide strong evidence that FKBP12 is the most
important PPIase modulating a-SYN aggregation and validate
the protein as an interesting drug target for Parkinson disease.

Parkinson disease (PD)? is the second most common neuro-
degenerative disorder. Accumulating evidence points to a caus-
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ative role for the protein a-synuclein (a-SYN) in PD (1-13), but
the exact relationship between a-SYN aggregation and patho-
genesis remains unresolved.

We have recently shown that FKBP12, a member of the
FK506-binding proteins (FKBPs), accelerates the aggregation
of a-SYN in vitro (14). Furthermore, we demonstrated that
FKBP12 and FKBP52 also enhance the aggregation of a-SYN in
a neuronal cell culture model for synucleinopathy (15). FK506,
a small molecule inhibitor of the FKBPs, counteracts this effect
in a dose-dependent way. In addition, knockdown of FKBP12
and FKBP52 decreased the number of a-SYN aggregates in this
cellular model and protected against cell death.

FKBP12 and FKBP52 belong to the human FKBP family, of
which currently 15 members have been identified. FKBPs are
members of the immunophilins. These are enzymes that bind
immunosuppressant drugs such as FK506 and have a peptidyl-
prolyl cis-trans isomerase (PPlase) activity (16). They are able to
accelerate the interconversion of cis-trans isomers of Xaa-Pro
peptide bonds. This is an energy-demanding step in protein
folding (17). Several other functions have also been assigned to
the human FKBP family, such as regulation of Ca** levels in
muscles (18, 19), regulation of immune activation (20), and che-
motropic nerve guidance (21). In addition, it was also shown
that immunophilin ligands, such as FK506, exhibit significant
neuroregenerative and neuroprotective properties in cell cul-
ture and in animal models for neurodegeneration in general
and in PD models in particular (22). Although the interaction
with FKBP likely plays a role in these favorable properties, their
mechanism of action is unknown. Currently there are four
FKBPs known that are strongly expressed in the brain and in
particular in the substantia nigra: FKBP12, FKBP38, FKBP52,
and FKBP65. Several reports have already linked FKBP12
and/or FKBP52 to neurodegeneration (23-28). The mitochon-
drial FKBP38 (29) was reported to play a role in neurodegen-
eration through the regulation of cytochrome c release (30).
Also, FKBP65 has a possible role in neurodegeneration through
its association with Hsp90 and c-Raf-1 in a heterocomplex (31).

In addition to FK506-binding proteins, the immunophilin
family also includes cyclophilins (CYPs), which bind

NC, negative control; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymeth-
yl)propane-1,3-diol; ER, endoplasmic reticulum.
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cyclosporin A. Parvulins, the third family of PPIases, are not
immunophilins because they do not bind calcineurin and are,
therefore, unable to influence the activity of the immune sys-
tem. All PPIases appear to function in a wide range of cellular
activities (for review, see Ref. 32). Pinl, a human parvulin, has
been associated with Alzheimer disease. By catalyzing the cis-
trans isomerization of some peptide bonds (Ser(P)/Thr(P)-Pro)
in Tau protein, Pinl restores the ability of phosphorylated Tau
to bind microtubules and promotes tau dephosphorylation by
the PP2A phosphatase (33, 34). Although there is still some
controversy in the field, Pin1 is also believed to interact with the
C-terminal domain of the amyloid precursor protein (APP) via
recognition of the phosphorylated Thr-688, influencing APP
metabolism and toxic AB production (35-37). In contrast to
the increasing evidence that Pinl is crucial in the pathogenesis
of Alzheimer disease, little is yet known about its involvement
in PD. Ryo et al. (38) claimed that Pin1 plays a role in the aggre-
gation and degradation of a-SYN as overexpression of Pinl
enhanced the formation of a-SYN inclusions, whereas domi-
nant-negative Pinl expression suppressed this process. Pinl
was also shown to accumulate in the Lewy bodies (LB) of PD
tissue and to co-localize with @-SYN in a cell culture model for
a-SYN aggregation (38).

Cyclosporin A, an inhibitor of CYPs, displays significant neu-
rotrophic properties in different neurodegenerative models
such as cerebral ischemia and traumatic brain injury, and it
stimulates neurite outgrowth (39 —43). Several groups ascribe
these properties to the inhibition of cyclophilin D (44, 45),
located in the mitochondrial matrix and part of the mitochon-
drial permeability transition pore. Recently, it has also been
reported that cyclophilin A (CYPA) plays a role in neuronal
protection in response to oxidative, ischemic, and traumatic
injury (46, 47). Although the mechanism of this neuroprotec-
tion remains unclear, it has been suggested that CYPA func-
tions as an antioxidant.

In this study we investigated if stimulation of a-SYN aggre-
gation is a common property of the FKBP or even the PPlase
family or is rather restricted to a specific FKBP(s). Therefore,
we have studied the effect of several physiologically relevant
PPIases on a-SYN aggregation in vitro and in neuronal cell
culture.

EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids and Purification of
Recombinant Proteins—Recombinant a-SYN and Pinl were
purified as described before (14, 48). The FKBP38 (IMAGE ID
4299915), FKBP52 (IMAGE ID 3542330), FKBP65 (IMAGE ID
4154344), and CYPA cDNA (IMAGE ID 2986147) were
ordered from Imagenes GmbH (Berlin, Germany). The
pGEX2TK-FKBP12 plasmid was a generous gift of Dr. G.
Bultynck (Laboratory of Physiology, K. U. Leuven).

The FKBP65 cDNA was cloned into pRSET A (Invitrogen), a
prokaryotic expression vector that adds an N-terminal His tag
to the recombinant protein. DNA sequencing confirmed the
correct sequence and reading frame.

BL21-CodonPlus Escherichia coli cells (Stratagene, La Jolla,
CA) were transformed with pRSET A-FKBP65. In the presence
of 100 pg/ml ampicillin (VWR, Leuven, Belgium), transformed
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cells were grown to a 6-liter culture in LB medium at 37 °C. At
an absorbance of 0.6, cultures were induced with 1 mM isopro-
pyl 1-thio-B-p-galactopyranoside and left to shake for another
3 hat 30 °C. After harvesting by centrifugation (8300 X g, SLA
3000 rotor, Sorvall® RC-24 Refrigerated Superspeed Centri-
fuge), pellets were solubilized in sonication buffer (20 mm
Hepes, pH 7.4, 100 mm NaCl, 0.05 mm EDTA, 1 mm PMSF, and
1 mMm mercaptoethanol). The cells were disrupted by sonication
with an MSE sonicator (MSE 150-watt Ultrasonic Desintegra-
tor, Sussex, England). The cell lysate was centrifuged for 30 min
at 4 °C and 30,600 X g in the Sorvall® centrifuge with SS-34
rotor. The supernatant was applied onto a Protino Ni-TED
affinity column (Macherey Nagel, Diiren, Germany). The col-
umn was washed with buffer (20 mm Hepes, pH 7.4, 100 mm
NaCl) and eluted with the same buffer containing 200 mm imid-
azole. The protein fractions were analyzed with SDS-PAGE
(4-12% Bis-Tris NUPage gels, Invitrogen). Fractions contain-
ing His-FKBP65 were pooled. The pooled His-FKBP65 was
afterward dialyzed (20 mm Hepes and 150 mm NaCl) overnight
to remove imidazole. The concentration of His-FKBP65 was
calculated after determining the absorbance at 280 nm (e =
59500 M ‘cm™%).

The CYPA cDNA was cloned into pGEX2T (GE Healthcare),
a prokaryotic expression vector that adds an N-terminal GST
tag to the recombinant protein. After transforming BL21-
CodonPlus E. coli cells, a 6-liter culture was grown to an
absorbance of 0.6 in 2XYT (Yeast Extract Trypton) medium
with 100 pg/ml ampicillin and induced with 0.1 mm isopropyl
1-thio-B-p-galactopyranoside for 4 h at 28 °C. After harvesting,
pellets were solubilized in sonication buffer (PBS, 1% Triton, 5
mM DTT, 0.5 ug/ml leupeptin, 0.5 ug/ml aprotinin, 0.6 ug/ml
pepstatin, 0.23 mm PMSF, and 0.83 mm benzamidine) and dis-
rupted by sonication. The cell lysate was centrifuged for 30 min
at 4°C and 30,600 X g (Sorvall Centrifuge, SS-34 rotor). The
supernatant was applied onto a glutathione-Sepharose 4B col-
umn (GE Healthcare) followed by a first washing step with PBS,
0.83 mm benzamidine, 0.23 mm PMSF, and 5 mm DTT and a
second washing step with PBS. Overnight, 500 units of throm-
bin protease were applied to cleave the CYPA from the GST-
tag. The following day flow-through fractions were analyzed
with SDS-PAGE (4 -12% Bis-Tris NUPage gels, Invitrogen) and
fractions containing CYPA were pooled. The pooled CYPA was
afterward applied on a benzamidine column (GE Healthcare) to
remove excess thrombin. The peak fraction from this column
was pooled, and the concentration of the CYPA protein was
calculated after determining the absorbance at 280 nm (e =
8605 M 'cm™Y).

The FKBP12 and FKBP52 cDNA were cloned into the
6pGEX6p2 plasmid (GE Healthcare). This expression vector
also contains a GST domain N-terminal to the multiple cloning
site. Transformation, culture, and sonication were identical, as
for the purification of CYPA. After centrifugation, the superna-
tant was applied onto a glutathione-Sepharose 4B column fol-
lowed by a washing step with PBS, 0.83 mm benzamidine, 0.23
mM PMSEF, and 5 mM DTT. The GST fusion protein was eluted
with glutathione elution buffer (50 mm Tris, 20 mm reduced
glutathione, pH 8.0). Fractions containing GST-FKBP12 or
GST-FKBP52 were pooled after analysis with SDS-PAGE and
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dialyzed (20 mm Hepes and 150 mm NaCl) to remove glutathi-
one. The concentration of both fusion proteins was calculated
after determining the absorbance at 280 nm (€ggr prppiz =
52955M 'em ™, €gsr pipps: = 90000 M~ 'em ™). The purity of
all recombinant proteins was checked on SDS-PAGE after opti-
mized Coomassie G-250 staining (SimplyBlue™" SafeStain,
Invitrogen).

Peptidyl-Prolyl Cis-Trans Isomerase Activity—The method
described by Kiillertz et al. (49) was used to measure the cis-
trans isomerase activity of the PPlases. 5 ul of chymotrypsin
solution (1 g/liter in 35 mm Hepes, pH 7.8) was added to 1 ul of
enzyme (10 or 1 uMm in 35 mMm Hepes, pH 7.8). The reaction was
started by adding 100 ul of substrate (250 mg/liter). The sub-
strates (Bachem, Torrance, CA) used to measure the enzymatic
activity of the different PPlases were succ-Ala-Phe-Pro-Phe-4-
nitroanilide (FKBPs, CYPA), succ-Ala-Glu-Pro-Phe-4-nitroa-
nilide (FKBPs, Pinl), succ-Ala-His-Pro-Phe-4-nitroanilide
(CYPA), and succ-Ala-Ala-Pro-Phe-4-nitroanilide (Pinl).
Immediately after mixing, the absorbance at 390 nm was meas-
ured every second for 300 s. Measurements were performed at
room temperature (=22 °C). Data were exported to GraphPad
Prism 5 and fitted to Equation 1,

y = (A(1 —e™) + B, (Eq. 1)

From the following equation, the specific enzymatic activity
was calculated,

kcat/Km = (kobs - ko)/[EnZ] (Eq.2)

where k, is the rate constant of the uncatalyzed reaction, k. is
the rate constant in the presence of enzyme, K, is the Michae-
lis-Menten constant, and [Enz] is the final concentration of
PPIase.

Turbidity and Thioflavin T Fluorescence Measurements—Ly-
ophilized a-SYN was dissolved in 20 mm Hepes buffer, pH 7.4,
with 150 mm NaCl and 0.02% NaN,. Before each experiment,
the pre-existing aggregates were removed from the sample by
increasing the pH to 11 with NaOH (0.6 m) for 10 min to dis-
solve small oligomers and, immediately after lowering the pH
again to 7.4, with HCI (0.6 m), a subsequent centrifugation step
(10 min at 16,300 X g) to remove the larger aggregates (50). The
sample was then analyzed by UV spectrophotometry to mea-
sure protein concentration. Assay solutions contained a-SYN
at a concentration of 140 um, 50 um thioflavin T (Thio T,
Sigma), and various concentrations of PPlases as indicated. A
volume of 100 ul of the mixture was pipetted into a well of a
flat-bottom black 96-well plate (Greiner Bio-One, Wemmel,
Belgium). The plates were sealed with transparent microplate
sealer (Greiner Bio-One), loaded into a fluorescence plate
reader (Infinite M1000, TECAN, Mechelen, Belgium), and
incubated at 37 °C under continuous shaking (3.5-mm ampli-
tude) or without shaking. Every 900 s the turbidity of the sam-
ples was determined at 350 nm, and the thioflavin T fluores-
cence was detected at 482 nm (excitation at 446 nm). To reduce
the number of data points and to simplify the graph, a running
average was made of each consecutive set of 20 data points. All
experiments were performed at least three times, and each
graph is a representative example of those measurements. The
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data were fitted to a four-parameter sigmoidal model using
Graphpad Prism 5 software (San Diego, CA),

a

y=Yo Tt (Eq.3)

(x — xo)

1T+e o

in which y is the turbidity or the thioflavin T fluorescence sig-
nal, x is the time, and y,, is the absorbance or the fluorescence at
the beginning of the measurement. a is the total increase in
absorbance or fluorescence, x,, is the half-time of aggregation,
and 1/b describes the slope of the curve at its mid-point and is
also the rate constant of aggregation at this point.

Cell Culture—Human neuroblastoma SHSY5Y cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invit-
rogen), 50 ug/ml gentamycin (Invitrogen), and 1% nonessential
amino acids (Invitrogen) (referred to herein as DMEM-com-
plete) at 37 °C and 5% CO,, in a humidified atmosphere.

Generation of Polyclonal Stable Overexpression Cell Lines
Using Lentiviral Vectors—cDNAs encoding CYPA, Pinl,
FKBP12, FKBP38, FKBP52, and FKBP65 were cloned into the
pCHMWS-IRES-puro transfer plasmid, whereas the a-SYN
c¢DNA was cloned into the pCHMWS-IRES-hygro transfer
plasmid. Lentiviral vectors (LV) encoding a-SYN, CYPA, Pinl,
FKBP12, FKBP38, FKBP52, or FKBP65 under control of the
cytomegalovirus promoter were prepared in-house as
described earlier with the triple transfection method using a
transfer plasmid (see above), an envelope plasmid, and a pack-
aging plasmid (51). The LV constructs allowed co-expression of
the hygromycin (for a-SYN) or the puromycin (for CYPA, Pinl,
FKBP12, FKBP38, FKBP52, and FKBP65) selection marker
from the same transcript via an internal ribosome entry site. For
transduction, 3 X 10° SHSY5Y cells were plated in a 25-cm?
culture flask and grown in DMEM-complete. The following day
unconcentrated vector was applied to the cells for 2 days, after
which the vector-containing medium was replaced by DMEM-
complete with 1 ug/ml puromycin or 200 ug/ml hygromycin
according to the selection marker in the LV construct. Overex-
pression of the different proteins was controlled via Western
blot after 3 days of selection. Using two different selection
markers allowed us to make double overexpression SHSY5Y
cell lines (a-SYN and CYPA, Pinl, FKBP12, FKBP38, FKBP52,
or FKBP65).

Stable Knockdown of FKBP12—A stable FKBP12 knockdown
cell line was generated as described before (15). This cell line is
further mentioned as shFKBP12. After transduction of SHSY5Y
cells with this LV and selection with hygromycin, the expres-
sion of FKBP12 was verified by Western blot. All cell lines
(overexpression and knockdown lines) were kept in culture no
longer than 10 passages to avoid loss of cells with strongest
overexpression or knockdown levels.

Western Blotting—Cells were plated in 24-well plates (2.5 X
10° cells/well). After 2 days, cells were washed with PBS and
lysed in 50 ul of 1% SDS solution. The SDS cell extracts were
boiled for 2 min followed by 6 passages through a 30-gauge G
insulin syringe. 10 ug of protein of the cell extracts were sepa-
rated on 4-12% sodium dodecyl sulfate-polyacrylamide gels
and electroblotted onto polyvinylidene difluoride membranes
(Bio-Rad). Membranes were blocked with 4% milk supple-
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mented with 0.05% Tween 80 and incubated with specific anti-
bodies against FKBP12 (rabbit polyclonal antibody, 1:5000 dilu-
tion, Affinity BioReagents, Golden, CO 80403), FKBP38 (mouse
monoclonal antibody, 1:500 dilution, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), FKBP52 (mouse monoclonal antibody,
1:2000 dilution, Enzo Life Sciences, Farmingdale, NY), FKBP65
(mouse monoclonal antibody, 1:2000 dilution, BD Transduc-
tion Laboratories, San Jose, CA), CYPA (rabbit polyclonal anti-
body, 1:500 dilution, Abcam, Cambridge, UK), or Pinl (rabbit
polyclonal antibody, 1:500 dilution, Santa Cruz Biotechnology)
and a-SYN (rabbit polyclonal antibody, 1:2000 dilution,
Chemicon, Temecula, CA). a-Tubulin antibody (mouse mono-
clonal antibody, 1:10000 dilution, Sigma) was used to control
for equal loading. Detection was performed using chemilumi-
nescence (ECL™-kit, GE Healthcare) and a horseradish perox-
idase-conjugated secondary antibody (Dako, Heverlee, Bel-
gium). Quantification of the density of the bands was
performed with MultiGauge V3.2 software (Fujifilm, Dussel-
dorf, Germany). With a loading control taken into account, the
net density of each band was calculated as the difference
between the density in a window delimiting the band and
the density of a window of the same size in a part of the mem-
brane representative of the background. Results of independent
Western blots were expressed as relative overexpression com-
pared with endogenous levels (absorbance units = 1).

Immunocytochemistry—For immunocytochemistry, cells
were grown on 12-mm diameter, gelatin-coated (2% gelatin
from porcine skin type A, Sigma) round glass plates within the
wells of a 24-well plate (5 X 10° cells/well). For visualization of
the mitochondria, cells were stained with 500 nm Mitotracker
Deep Red (Invitrogen) for 45 min. Cells were fixed with 4%
formaldehyde for 15 min after an initial wash step with PBS.
After a blocking step with 2% BSA, 40 mm NH,CI, and 0.05%
Tween 20 in PBS for 1 h, cells were incubated overnight with
primary antibody (specific antibodies against FKBP12 (rabbit
polyclonal antibody, 1:1000 dilution, Affinity BioReagents),
FKBP38 (mouse monoclonal antibody, 1:50 dilution, Santa
Cruz Biotechnology), FKBP65 (mouse monoclonal antibody,
1:1000 dilution, BD Transduction Laboratories), CYPA (rabbit
polyclonal antibody, 1:50 dilution, Santa Cruz Biotechnology),
Pinl (rabbit polyclonal antibody, 1:50 dilution, Santa Cruz Bio-
technology), @-SYN (rabbit polyclonal antibody, 1:200 dilution,
Chemicon, or mouse monoclonal antibody, 1:50 dilution, Santa
Cruz Biotechnology), and the ER membrane marker calnexin
(rabbit polyclonal antibody, 1:100 dilution, Abcam)) in PBS
with 0.05% Tween 20. After washing twice with PBS for 15 min,
the cells were incubated for 1 h with secondary antibody (Alex-
afluor 488 or 633-conjugated antibodies, Invitrogen, 1:500 dilu-
tion). After a second washing step with PBS (2 times 15 min),
the cells were incubated with DAPI (1:10000 in PBS) for 1 h and
washed again with PBS twice for 15 min. Thereafter, the glass
plates were mounted on a microscope slide with Mowiol solu-
tion (Sigma). Fluorescence was detected with the 488 argon-ion
laser, the 633 helium-neon laser and 405 diode for the DAPI
staining with a laser scanning microscopy unit (LSM 710, Carl
Zeiss, Jena, Germany). Images were further analyzed using
Zeiss co-localization software.
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Synucleinopathy Cell Culture Model—We used the cell cul-
ture model described by Ostrerova-Golts et al. (52) to induce
a-SYN aggregation with a few modifications as previously
described (15). Cells were plated in 96-well plates (1.5 X 10*
cells/well). The next day cells were treated for 72 h with 100 um
H,O, and 5 mM freshly prepared FeCl, in DMEM-complete
and filtered through a 0.20-um filter (Corning Inc., New York,
NY). Different concentrations of FK506 (a stock solution in
DMSO was diluted 100-fold, Sigma) were added to this stress-
inducing medium. The control condition received a similar
amount of DMSO. After 3 days, cells were washed with PBS and
fixed with 4% formaldehyde for 15 min. Cells were stored in
PBS until analysis.

High Content Analysis of a-SYN Aggregation and Cell Death—
To quantify a-SYN aggregation and apoptosis in our synucle-
inopathy cell culture model, we used the IN Cell Analyzer 1000
and IN Cell Investigator software (GE Healthcare) as described
before (15). Samples were prepared as follows. After fixation,
the cells were incubated with 0.05% Thioflavin S (Sigma) for 20
min and washed twice with 70% ethanol for 2 min. Next, the
cells in the wells were incubated with DAPI (1:10000 in PBS)
until analysis with the IN Cell Analyzer 1000. For each cell line
tested, at least 60 wells from 7 independent measurements (7 <
n = 13 for all cell lines tested) were examined to obtain statis-
tical information unless indicated otherwise.

Immunohistochemistry—Substantia nigra tissue sections
from a PD patient (Braak stage 6) and a healthy control were
obtained from the Dutch brain bank. Tissue sections were
deparaffinized in xylene and rehydrated in respectively 100, 90,
and 70% ethanol and demineralized water. The tissue slides
were pretreated with 10 mMm Tris, 1 mm EDTA buffer for 20 min
at 98 °C. After extensive washing with PBS, the slides were then
treated with PBS containing 10% goat serum and 0.1% Triton
X-100 for blocking and then incubated with primary antibody
(specific antibodies against ubiquitin (rabbit polyclonal anti-
body, 1:250 dilution, Dako), FKBP12 (rabbit polyclonal anti-
body, 1:250 dilution, Affinity BioReagents), FKBP38 (mouse
monoclonal antibody, 1:50 dilution, Santa Cruz Biotechnol-
ogy), FKBP52 (mouse monoclonal antibody, 1:250 dilution,
Enzo Life Sciences), FKBP65 (mouse monoclonal antibody,
1:250 dilution, BD Transduction Laboratories), CYPA (rabbit
polyclonal antibody, 1:50 dilution, Santa Cruz Biotechnology),
Pin1 (rabbit polyclonal antibody, 1:50 dilution, Santa Cruz Bio-
technology), and a-SYN (in-house rabbit polyclonal antibody,
1:1000 dilution, or mouse monoclonal antibody, 1:50 dilution,
Invitrogen)) overnight at 4 °C in a humidified chamber. After
washing with PBS, the slides were then incubated with second-
ary antibody (Alexafluor 488- or 555-conjugated antibodies,
Invitrogen, 1:250 dilution) for 2 h. Immunohistochemical anal-
ysis was performed with the 488 argon-ion laser and 561 diode
with a laser scanning microcopy unit (LSM 710).

Statistical Analysis—GraphPad Prism 5 was used for all sta-
tistical analyses. For multiple group comparisons, the non-
parametric Kruskal-Wallis test was used followed by a post test
(Dunn’s) to correct for multiple testing. A p value < 0.05 is
indicated by a single asterisk, p < 0.01 by double asterisks, and
p < 0.001 by triple asterisks. To rule out experimental varia-
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TABLE 1

Enzymatic activities of different peptidyl-prolyl cis-trans isomerases
Specific enzymatic activities (k,./K,,) were determined as described under “Exper-
imental Procedures.” Assays were performed with purified proteins by monitoring
the absorbance of released 4-nitroanilide (¢NA) with the use of chymotrypsin as an
isomer-specific protein. All reactions were performed in 35 mm Hepes buffer, pH
7.8, at room temperature (£22 °C). S.E. (n = 4), and literature data for the same
substrate are shown for each protein.

keat/ K.,
Protein Substrate Calculated values Literature values
Ml
GST-FKBP12 Succ-AFPF-pNA 2.8 + 0.4 X 10° 2 X 10° Ref. (56)

GST-FKBP52 Succ-AFPF-pNA 3.0 + 0.7 X 10° 7.3 X 10" Ref. (56)
His-FKBP65  Succ-AFPF-pNA 1.3 + 0.6 X 10° 3.4 X 10" Ref. (59)
CYPA Succ-AFPE-pNA 3.1 0.7 X 10° 8.7 X 10° Ref. (57)
Pinl Succ-AEPF-pNA 8.4 *+ 1.7 X 10° 3.4 X 10° Ref. (58)

tions, all data were expressed as relative values to control cells
(negative control (NC)).

RESULTS

We have previously demonstrated that FKBP12 and FKBP52
stimulate the aggregation of a-SYN in vitro and/or in live cells
(14, 15). To further broaden our study and to find out if this is a
common property of all PPIases or in particular of (one or a few
members of) the FKBP family, we expanded our search to other
PPIases. Based on their high expression in the brain and possi-
ble relevance in PD, we selected FKBP38, FKBP52, and FKBP65
(three human FKBPs), Pinl, and CYPA (the prototype proteins
of the human parvulins and cyclophilins, respectively).

Enzymatic Characterization of Different PPlases—To study
the effect of FKBP52, FKBP65, Pinl, and CYPA on the aggre-
gate and fibril formation of «-SYN in vitro, recombinant pro-
teins were produced and purified (see “Experimental Proce-
dures” and supplemental Fig. S1). FKBP38 was not included in
these in vitro studies because the PPlase activity of this protein
is only induced after formation of a FKBP38/calmodulin-Ca**
complex (30). Furthermore, calmodulin can interact with the N
terminus of a-SYN, reducing a-SYN aggregation (53). Because
Ca®" itself can also affect a-SYN aggregation (54), it would be
ambiguous to determine whether the effect of a FKBP38/cal-
modulin-Ca>" complex on the aggregation of a-SYN is solely
due to the induced enzymatic activity of FKBP38. As positive
controls, we included FKBP12 and FKBP52 because both pro-
teins were shown before to enhance a-SYN aggregation in
SHSYS5Y cells (15). For FKBP12, but not for FKBP52, we had
already characterized its effect on a-SYN aggregation in vitro
(55).

First we measured the enzymatic activity of all recombinant
proteins tested (Table 1). We used a common spectrophoto-
metric assay that measures the rate of the cis-to-trans confor-
mational change of the peptide bond preceding Pro of an
N-succinyl-AFPF-p-nitroanilide substrate for FKBP12,
FKBP52, FKBP65, and CYPA and a N-succinyl-AEPF-p-nitroa-
nilide substrate for Pinl (49). The values obtained for FKBP12,
CYPA, and Pinl were comparable with reported activities (56 —
58), whereas for FKBP52 and FKBP65 the measured activities
were 40-fold higher than reported in literature (56, 59). The
enzymatic activity of the PPlases remained stable at 37 °C for 10
days (supplemental Table S1), whereas heat inactivation (5 min
at 95 °C) of the recombinant proteins abrogated their enzy-
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matic activity (data not shown). We further confirmed that the
measured PPlase activity was specific for the used substrates by
testing all recombinant PPlases against less reactive substrates.
The enzymatic activity against these PPlase substrates was
indeed low and comparable with literature data (supplemental
Table S2) (60, 61).

PPlases Stimulate a-Synuclein Aggregation in Vitro—We
monitored the effect of the selected PPlases on the kinetics of
a-SYN fibril and overall aggregate formation by Thio T fluores-
cence and turbidity measurements, respectively. Thio T is a
fluorescent dye that interacts preferentially with the cross
B-plate structure of amyloid-like fibrils, causing a large increase
in its fluorescence intensity. Simultaneously we measured the
turbidity signal reflecting the presence of large aggregates that
cause light absorbance or scattering. The kinetics of a-SYN
fibrillation and aggregation are represented by sigmoidal
curves, representing a lag phase, a growth phase, and an equi-
librium phase (62, 63). Examples of such aggregation curves
measured with Thio T fluorescence and turbidity are shown in
Figs. 1 and 2.

a-SYN samples with and without PPlases were shaken to
accelerate the aggregation (64). Time-dependent changes in the
Thio T fluorescence intensity during a-SYN fibrillation were
followed at different concentrations (10 uMm, 1 um, 10 nM, and
100 pm) of FKBP12 (Fig. 14), FKBP52 (Fig. 1B), FKBP65 (Fig.
1C), CYPA (Fig. 1D), and Pin1 (Fig. 1E). The aggregation curves
were fitted with a sigmoidal curve with four parameters (Equa-
tion 3) to obtain the half-time and amplitude of a-SYN fibril
formation (supplemental Table S3). Our data show that the
three FKBPs tested (FKBP12, FKBP52, and FKBP65) all
enhance the rate of a-SYN fibril formation at micromolar con-
centrations (Fig. 1, A-C and supplemental Table S3), although
only FKBP12 accelerated aggregation at 100 pmM, in agreement
with our previous results (14, 55) (Fig. 1A). In the latter study we
described a complex biphasic behavior of FKBP12 on a-SYN
fibril formation. In accordance with these data, the stimulating
effect of FKBP12 on the fibril formation rate was observed in 2
concentration ranges: 100 pm and above 1 um (55). Micromolar
concentrations of all FKBPs tested and subnanomolar concen-
trations of FKBP12 also enhanced the amount of fibrillar aggre-
gates as shown by the amplitude of the curves (Fig. 1, A—C and
supplemental Table S3). Micromolar concentrations of CYPA
and Pinl stimulated the fibril formation as well when taking
into account the half-time of aggregation, but their effect on the
total number of fibrils formed was much less pronounced than
for the FKBPs (Fig. 1, D and E, and supplemental Table S3). For
the different PPIases, turbidity measured in parallel largely con-
firmed the Thio T fluorescence data (Fig. 2 and supplemental
Table S4). Micromolar concentrations of all FKBPs tested
reduced the half-time of aggregation and enhanced the total
number of aggregates formed compared with control condi-
tions without the addition of FKBP. Likewise, 100 pm FKBP12
stimulated the a-SYN aggregation rate and the amount of
aggregates as measured with turbidity. Pin1 had no effect on the
half-time of aggregation and the total number of aggregates
formed. In accord with the Thio T fluorescence results, micro-
molar concentrations of CYPA enhanced the aggregation rate
and the total number of a-SYN aggregates. Again, the observed
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FIGURE 1. Impact of PPlases on a-SYN fibril formation. 140 um «-SYN was incubated at 37 °C with or without PPlases under continuous shaking (3.5 mm
amplitude). a-SYN samples without the addition of PPlase were used as the negative control and are indicated as Blank. Time-dependent fibril formation of
a-SYN in the absence or presence of different concentrations of FKBP12 (A), FKBP52 (B), FKBP65 (C), CYPA (D), or Pin1 (E) was measured using Thio T
fluorescence. Data points were fitted to Equation 3 for a sigmoidal curve. F shows magnification of blank sample used in A, B, C, D, and E.
effect of CYPA was much smaller than the stimulatory effect of FKBP65 all stimulate a-SYN aggregation in vitro. At micromo-
the FKBPs. lar concentrations, no significant quantitative difference was
Differential Effects of PPlases on a-SYN Aggregation in Vitro—  detected between the different FKBPs. However, the aggrega-
The previous data indicated that FKBP12, FKBP52, and tion assay includes rapid shaking of the plate between the mea-
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FIGURE 2. Impact of PPlases on a-SYN aggregation measured by turbidity. 140 um a-SYN was incubated at 37 °C with or without PPlase under continuous
shaking (3.5 mm amplitude). a-SYN samples without the addition of PPlase were used as the negative control and are indicated as Blank. Turbidity measure-
ment of time-dependent aggregation of a-SYN in the absence or presence of different concentrations of FKBP12 (A), FKBP52 (B), FKBP65 (C), CYPA (D), or Pin1
(E). Data points were fitted to Equation 3 for a sigmoidal curve. F shows magnification of blank sample used in A, B, C, D, and E.

surements to accelerate a-SYN aggregation. Because a recent  soned that without agitation, quantitative differences between

paper (64) states that the hydrophobic surface of air bubbles FKBPs on the acceleration of a-SYN aggregation may become
formed by agitation accelerates a-SYN aggregation, we rea- more pronounced. Therefore, we repeated the in vitro aggrega-
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FIGURE 3. Thio T fluorescence measurement of «-SYN aggregation without shaking. 140 um a-SYN was incubated at 37 °C with or without PPlase without
agitation. a-SYN samples without PPlase were used as the negative control and are indicated as Blank. Time-dependent fibril formation of a-SYN in the absence
or presence of 10 um of FKBP12, FKBP52, FKBP65, CYPA, and Pin1 was measured using Thio T fluorescence.

tion assay without shaking. Now indeed, differences in specific-
ity between the different FKBPs were evidenced (Fig. 3). Thio T
fluorescence measurements revealed that all three FKBPs
enhanced the total number of fibrils formed and the aggrega-
tion rate but to a different extent. The acceleration was most
pronounced for 10 um FKBP12 (x, = 26.7 = 1.2 h) followed by
FKBP52 (x, = 64.2 + 15.4 h) and FKBP65 (x, = 149.7 = 25.6 h).
Half-times of the blank a-SYN samples and the samples with 10
M CYPA and Pinl could not be calculated, as these samples
were still not aggregating after 30 days of incubation (data not
shown). Again, the turbidity data were similar to the Thio T
fluorescence results (data not shown).

Subcellular Co-localization of PPlases and a-SYN—To inves-
tigate the effect of the different PPlases (CYPA, Pinl, FKBP38,
and FKBP65) on a-SYN aggregation in live cells, we generated
stable cell lines by transduction of a-SYN-overexpressing neu-
roblastoma (SHSY5Y) cells with LV coding for CYPA, Pinl,
FKBP12, FKBP38, or FKBP65. A Western blot confirmed the
overexpression of the specific transgenes in the different cell
lines (see Fig. 5C).

The subcellular localization of overexpressed CYPA, Pinl,
FKBP12, FKBP38, and FKBP65 in the a-SYN overexpression
cell lines and the co-localization with a-SYN was investigated
by confocal fluorescence microscopy. To confirm specificity
of the immunocytochemical stainings, a-SYN-overexpressing
cells without PPlase overexpression were used as a negative
control (data not shown). As expected, individual cells in the
generated polyclonal cell lines displayed different expression
levels of the proteins. a-SYN, CYPA (Fig. 4A), and FKBP12 (Fig.
4C) were primarily localized in the cytoplasm, whereas Pinl
(Fig. 4B) showed a strong cytoplasmic and weak nuclear stain-
ing. The heterogeneous distribution, granular staining, and
perinuclear enrichment of FKBP38 (Fig. 4D) and FKBP65 (Fig.
4F) was indicative of an association with intracellular organ-
elles, respectively, mitochondria and endoplasmic reticulum, as
reported before (29, 65). Double staining of FKBP38 with Mito-
tracker Deep Red 633 confirmed that FKBP38 is indeed local-
ized to the mitochondria (co-localization coefficient = 68.3 =
1.7%) (Fig. 4F). Double staining of FKBP65 with the ER marker
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calnexin proved the ER localization of FKBP65 (co-localization
coefficient = 67.8 = 1.1%) (Fig. 4G). The co-localization coef-
ficients of the different PPIases with a-SYN were also quanti-
fied and found to be equal to 63.3 = 2.7% (CYPA), 52.0 = 1.1%
(Pinl), 72.8 = 3.7% (FKBP12), 35 = 1.4% (FKBP38), and 35 =
5% (FKBP65). Among all PPlases investigated, FKBP12 dis-
played the highest extent of co-localization with a-SYN.

Overexpression of FKBPs Enhances a-SYN Aggregation and
Apoptosis in Live Cells—W e previously optimized a cell culture
assay in which oxidative stress produced by Fe** and H,O,
induces a-SYN aggregation (15). FKBP12 and FKBP52 signifi-
cantly enhanced the aggregation of a-SYN in this cell culture
model for synucleinopathy. To address whether other PPIases
(CYPA, Pinl, FKBP38, and FKBP65) also affect the formation of
a-SYN inclusions, we stressed the different a-SYN/PPlase
overexpression cell lines for three days and quantified the
a-SYN inclusions using Thio S staining (Fig. 5A). Neither
CYPA nor Pinl overexpression affected the number of a-SYN
inclusions compared with the control parental a-SYN overex-
pression cell line, whereas a significant increase in the percent-
age of a-SYN aggregate-positive cells was observed in the cell
lines overexpressing FKBP12, FKBP38, or FKBP65. Compari-
son between the 3 different FKBPs revealed that FKBP12 is the
strongest stimulator of a-SYN aggregation (90% increase) fol-
lowed by FKBP38 (48% increase) and FKBP65 (24% increase)
(Fig. 5A). A semiquantitative Western blot shows that the rela-
tive overexpression levels of the different proteins are not sig-
nificantly different and do not correlate with the number of
a-SYN inclusions (Fig. 5D). Furthermore, in the absence of oxi-
dative stress, no differences in a-SYN aggregation were
detected between the different cell lines (data not shown).

In parallel, we determined the effect of the different PPlases
on nucleus condensation and fragmentation as a measure for
late apoptotic cell death. Indeed, breakdown of the nucleus,
comprising collapse, condensation, and fragmentation of the
chromatin is a late event in apoptosis. This can be quantified
based on the presence of highly intense nuclei or nuclear frag-
ments after DAPI staining. In analogy with the effects on
a-SYN aggregation, FKBP12, FKBP38, and FKBP65 increased
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FIGURE 4. Subcellular localization of a-SYN and CYPA, Pin1, FKBP12, FKBP38, or FKBP65. Confocal microscopy of subcellular localization of a-SYN
and CYPA (A), Pin1 (B), FKBP12 (C), FKBP38 (D), or FKBP65 (E) in cell lines that stably overexpress the respective PPlases is shown. Co-localization of
FKBP38 with Mitotracker Deep Red 633 in FKBP38 overexpression cell line is shown in F. Co-localization of FKBP65 with the ER marker calnexin in FKBP65
overexpression cell line is shown in G. DAPI staining (1) is shown in blue. Immunocytochemical staining for CYPA, Pin1, FKBP12, FKBP38, or FKBP65 is
shown in red (2). Immunocytochemical staining for «-SYN and calnexin or Mitotracker Deep Red 633 staining is shown in green (3). Overlap image (4). The
bars represent 10 um.
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FIGURE 5. Overexpression of FKBPs enhances a-SYN aggregation and apoptosis in cell culture. High content analysis of a-SYN aggregation (A) and
nucleus fragmentation (B) in SHSY5Y cells overexpressing a-SYN and CYPA, Pin1, FKBP12, FKBP38, or FKBP65 after 3 days of oxidative stress is shown. Error bars
show the S.E. A Western blot (C) shows stable expression of a-SYN and Pin1, CYPA, FKBP12, FKBP38, or FKBP65 after transduction with respective LV.In each lane
cell extract containing 10 ug of total protein was loaded. Upper panel, Pin1, CYPA, FKBP12, FKBP38, or FKBP65 expression was visualized in SHSY5Y cells
overexpressing a-SYN only (NC) (lanes 1, 3,5, 7, and 9) or in combination with Pin1 (lane 2), CYPA (lane 4), FKBP38 (lane 6), FKBP65 (lane 8), or FKBP12 (lane 10).
Middle panel, stable a-SYN overexpression is shown. Lower panel, a-tubulin is shown as the loading control. Semiquantitative estimates of CYPA, Pin1, FKBP12,
FKBP38, and FKBP65 overexpression levels are shown in D. Relative density values show x-fold overexpression of different PPlases compared with endogenous

levels (absorbance units (au) = 1). S.E. is shown for each condition (n = 3).

the number of late apoptotic cells the most, whereas CYPA and
Pinl had no effect (Fig. 5B). Thus, under these experimental
conditions, we observe a positive correlation between a-SYN
aggregation and apoptosis. Again, in the absence of oxidative
stress, no differences in the number of apoptotic cells were
observed between the different cell lines (data not shown).
Stainings for other cell death markers (immunocytochemical
staining for activated caspase-3 or propidium iodide staining
for loss of plasma membrane integrity) showed the same effects
(data not shown). Because DAPI staining is less time-consum-
ing and proved specific and sensitive enough to detect apopto-
tic effects, we chose DAPI-based nucleus fragmentation as the
standard parameter for cell death for all experiments.

FK506 Inhibits a-SYN Aggregation in FKBP-overexpressing
Cells—Next, we tested the effect of FK506, an FKBP inhibi-
tor, in the different FKBP overexpression cell lines after oxida-
tive stress treatment. We incubated a-SYN-overexpressing
SHSY5Y cells (NC) that overexpress FKBP12, FKBP38, or
FKBP65 for 3 days with Fe?>" and H,0, and different concen-
trations of FK506. The FKBPs increased a-SYN aggregation,
whereas FK506 dose-dependently reduced the percentage of
a-SYN aggregate-positive cells in all cell lines (Fig. 6). This
effect was accompanied by a decrease in the number of late
apoptotic cells (data not shown). Variations between the repli-
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cates rendered accurate IC,, calculations based on a sigmoidal
fit difficult. Still, the graphs suggest an apparent IC, between 1
and 100 nM for all cell lines (Fig. 6). This is in accordance with
the IC,, values/inhibition constants of FK506 determined for
inhibiting PPIase activity (K; = 1 nM for FKBP12 (30), K = 48
nuM for Ca®*/CaM/FKBP38 (30), and IC;, = 45 nm for FKBP65
(66)), suggesting that the effect on a-SYN aggregation seen here
is dependent on the PPlase activity of the FKBPs. Fig. 6 also
shows that FKBP12 overexpression has the strongest effect on
aggregation among the three FKBPs tested. This is reflected in
the highest percentage of a-SYN aggregate-positive cells.
Neither FKBP38, FKBP52, nor FKBP65 Can Fully Reverse the
Effect of FKBP12 Knockdown on a-SYN Aggregation and Cell
Death—W e have previously demonstrated that knockdown of
FKBP12 reduces the number of a-SYN aggregates and protects
against cell death, whereas overexpression has the opposite
effect (15). Because overexpression of FKBP52 (15), FKBP38, or
FKBP65 also enhanced a-SYN aggregation and apoptosis in our
synucleinopathy model, we decided to test the effect of
FKBP38, FKBP52, and FKBP65 overexpression in an FKBP12
knockdown cell line to verify whether the overexpression of
either of these three FKBPs could reverse the phenotype caused
by FKBP12 knockdown. As a control, we included a FKBP12
back-complementation cell line. Therefore, we generated sta-
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FIGURE 6. Effect of FK506 on a-SYN aggregation in different FKBP over-
expression cell lines. The percentage of a-SYN aggregate-positive cells after
72 h of oxidative stress induction and FK506 treatment in a-SYN-overexpress-
ing SHSY5Y cells (NC) co-expressing FKBP12 (A), FKBP38 (B), or FKBP65 (C) is
shown. S.E. is shown for each condition (n = 8).

ble cell lines by combined transduction of a-SYN-overexpress-
ing SHSY5Y cells with LVs encoding an shRNA sequence
against FKBP12 together with LV encoding either FKBP38,
FKBP52, FKBP65, or FKBP12. A Western blot (Fig. 7A) and
semiquantitative estimates of the relative FKBP expression lev-
els (Fig. 7B) confirmed the knockdown of FKBP12 and the over-
expression of the specific transgenes in the respective cell lines.
In agreement with previous results, a-SYN aggregation was sig-
nificantly inhibited in the FKBP12 knockdown cell line
(shFKBP12) compared with the control a-SYN overexpression
cell line (Fig. 7C). In addition, the percentage of apoptotic
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nuclei was significantly reduced by stable FKBP12 depletion
(Fig. 7D). When FKBP52 or FKBP65 were overexpressed in the
FKBP12 knockdown cell line, no significant increase in a-SYN
aggregation was observed (Fig. 7C). FKBP38 overexpression in
the shFKBP12 cells did significantly increase the number of
a-SYN inclusions but not to the levels observed in the FKBP12
back-complementation cell line (shFKBP12-FKBP12) (Fig. 7C).
On the contrary, introduction of FKBP38 or FKBP65 in the
shFKBP12 cell line did increase the percentage of late apoptotic
cells to the same level as the control a-SYN overexpression cell
line and the shFKBP12-FKBP12 cell line (Fig. 7D). When
FKBP52 was overexpressed in the shFKBP12 cell line, no signif-
icant increase in apoptosis was observed (Fig. 7D). Again, we
could not detect any differences in percentage of a-SYN aggre-
gate-positive and apoptotic cells between the cell lines in
unstressed conditions (data not shown).

Presence of PPlases in Human Lewy Bodies—To further cor-
roborate the possible in vivo relevance of our findings, we
decided to investigate the presence of the studied PPlases in LB
of PD patients. Therefore, we performed immunofluorescent
double staining on human PD brain tissue Braak stage 6 (sup-
plemental Fig. S2). Confocal analysis revealed that 80 -90% of
the LB stained positive for ubiquitin, as expected (supplemental
Fig. S2A). In addition, in some LB, we could detect weak stain-
ing for FKBP12 or Pinl in the dense core and/or halo (supple-
mental Fig. S2, B and G, respectively). However, no co-localiza-
tion between any of the other PPlases and a-SYN was detected.
In sections of a healthy control, no LB could be detected with
either antibody (data not shown). Of note, in aged Thyl human
A30P-a-SYN transgenic mice (67), the a-SYN inclusions co-lo-
calized with all PPlases tested: FKBP12, FKBP38, FKBP52,
FKBP65, CYPA and Pinl (data not shown).

DISCUSSION

FKBP ligands, such as FK506, are clinically approved drugs
(22, 68). Because FK506 not only inhibits the enzymatic activity
of FKBPs but also the protein phosphatase activity of calcineu-
rin (20), interpretation of biological effects in cell culture and
animal models is complex due to the added immunosuppres-
sive effect. We recently demonstrated that FK506 inhibits
a-SYN aggregation in cell culture induced by oxidative stress
(15). Likewise, FK506-mediated inhibition of a-SYN aggrega-
tion was shown in mouse brain. Still, the identity of the FKBP
representing the primary target of FK506 as an inhibitor of
a-SYN aggregation remained enigmatic.

As part of the target validation process, we have now studied the
effect of various PPlases from the FKBP, the cyclophilin, and the
parvulin family on the aggregation of a-SYN in vitro and in cell
culture. Although FK506 inhibits a-SYN aggregation dose-depen-
dently in FKBP12-, FKBP38-, and FKBP65-overexpressing cells,
we provide strong evidence that FKBP12 is the main FKBP mod-
ulating a-SYN aggregation and related cell death.

Our data provide conclusive evidence that acceleration of the
aggregation of a-SYN is not a common property of all proteins
with a PPlase activity. We first measured the effect of different
PPlases in vitro.

For CYPA, high concentrations stimulated a-SYN aggrega-
tion and fibrillation as measured by turbidity and Thio T fluo-
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rescence under conditions of continuous shaking. However, the
increase in Thio T fluorescence, a measure of amyloid fibrils, by
10 um CYPA was merely 3% of the increase caused by 10 um
FKBP12. Therefore, we consider this effect of CYPA as negligi-
ble. Furthermore, in the absence of shaking, CYPA had abso-
lutely no effect on a-SYN aggregation within the observed time
frame (30 days). These in vitro data are consistent with results
obtained in the cellular a-SYN aggregation model, where we
also do not observe an effect of CYPA.

Pin1 has been shown to specifically bind motifs containing a
phosphorylated serine or threonine preceding a proline residue
(Ser(P)/Thr(P)-Pro) (69, 70). These motifs are absent in the
a-SYN protein. On the other hand, it has also been published
that Pin1 does isomerize peptide bonds in which Pro is imme-
diately preceded by Glu or Asp, which can mimic Ser(P)/
Thr(P)-Pro (58). The amino acid sequence of a-SYN contains
such a peptide bond at position 138 (Glu-Pro). Our results
clearly show that the presence of a Glu-Pro peptide bond is not
sufficient for Pinl to strongly modulate the a-SYN aggregation.
Comparable with CYPA, the stimulating effect of 10 um Pin1 on
a-SYN aggregation was negligible in in vitro experiments with
shaking. Furthermore, non-shaken a-SYN samples with Pinl
were still not aggregating after 1 month. Again, these observa-
tions were confirmed by our cell culture experiments; Pinl did
not influence a-SYN inclusion formation. These results are
somewhat at odds with a report from Ryo et al. (38) as men-
tioned earlier, where they convincingly demonstrated that Pinl
binds synphilin-1 via its Ser(P)-211-Pro and Ser(P)-215-Pro
motifs. This binding enhances the interaction between synphi-
lin-1 and a-SYN, facilitating the formation of a-SYN inclu-
sions. The discrepancy with our data could be due to the
cellular aggregation model used. We subjected SHSY5Y neuro-
blastoma cells to oxidative stress conditions according to a pro-
tocol adapted from Ostrerova-Golts et al. (52) to induce a-SYN
aggregation, whereas Ryo et al. (38) co-expressed a-SYN and
synphilin-1 proteins, which results in the formation of cyto-
plasmic a-SYN inclusions in a subset of cultured 293T cells (71,
72). In addition, although a-SYN is overexpressed in our sys-
tem, synphilin-1 levels are endogenous. Therefore, their pro-
posed mechanism-of-action of Pinl on a-SYN aggregation is
indirect, involving a positive regulation of the interaction
between a-SYN and synphilin-1 (38). This could explain why
we do not observe a direct effect of Pinl on a-SYN aggregation.

We provide strong evidence that FKBP12 is the main FKBP-
stimulating a-SYN aggregation based on the following obser-
vations. First, only FKBP12 showed an important accelerating
effect on a-SYN fibril formation in vitro at subnanomolar con-
centrations as demonstrated previously (55). Second, in an in
vitro model of spontaneous a-SYN aggregation (without shak-

The Role of PPlases in a-Synuclein Pathology

ing), FKBP12 enhanced the fibril formation rate the most com-
pared with FKBP52 or FKBP65. Third, of all FKBPs and PPIases
tested, FKBP12 shows the best co-localization with a-SYN in
cells. Fourth, FKBP12 was the strongest stimulator of a-SYN
aggregation and apoptosis in the cellular synucleinopathy
model. Fifth and finally, overexpression of neither FKBP38,
FKBP52, nor FKBP65 could fully rescue a-SYN aggregation in a
FKBP12 knockdown cell line.

There are several indications that PPlases in general and
FKBP12 in particular play a physiologically relevant role in neu-
rodegenerative diseases (for review, see Ref. 73). In an attempt
to translate our findings to the human condition, we performed
a pilot study on brain tissue from a PD patient, Braak stage 6. In
some LB, we could detect a weak co-localization of Pinl and
a-SYN or of FKBP12 and a-SYN in the dense core or halo, as
previously reported (27, 38). In contrast, no co-localization of
CYPA, FKBP38, FKBP52, or FKBP65 and a-SYN was observed.
Although this pilot study on human PD brain tissue is too small
to formally exclude the presence of the other FKBPs in LB, our
results indicate that FKBP12 can indeed be found in LB, which
is in agreement with our conclusion that FKBP12 is the most
physiological modulator of a-synuclein aggregation. The fact
that not all LB stain positive for FKBP12 is consistent with our
in vitro data that show FKBP mediates acceleration of the first
steps of the aggregation of a-SYN. Therefore, FKBP12 does not
necessarily interact with the amyloid fibrils. In fact, we previ-
ously failed to detect fluorescent FKBP12 in precipitated
a-SYN aggregates in vitro, suggesting that the interaction with
a-SYN is transient (14).

We pinpoint FKBP12 as the most important accelerator of
a-SYN aggregation, but of course we cannot disregard the fact
that the other tested FKBPs also have an effect, although less
pronounced. Indeed, we previously reported that overexpres-
sion of both FKBP12 and FKBP52 enhances a-SYN aggregation
and cell death, whereas knockdown of FKBP12 and FKBP52
reduces the number of a-SYN inclusions and protects against
cell death (15). Here, we show that FKBP38 and FKBP65, which
are also highly expressed in the human brain, as well enhance
a-SYN aggregation and apoptosis in cell culture. The weaker
effect of FKBP52 (15), FKBP38, and FKBP65 versus FKBP12 in
vitro and in cell culture suggests that these FKBPs interact more
weakly with a-SYN or influence its aggregation in an indirect or
less efficient way. In agreement with the cellular data, in vitro
FKBP52 (15) and FKBP65 only decreased the half-time of
aggregation at micromolar instead of subnanomolar concen-
trations as seen with FKBP12. This points toward a binding
effect of these FKBPs to a-SYN rather than to an enzymatic
effect. Furthermore, overexpression of neither FKBP38,
FKBP52, nor FKBP65 could restore a-SYN aggregation to con-

FIGURE 7. Rescue of FKBP12 knockdown in cell culture. A Western blot (A) shows stable knockdown of FKBP12 and stable overexpression of a-SYN, FKBP12,
FKBP38, FKBP52, or FKBP65 after transduction with respective LVs. In each lane, cell extract containing 10 ug of total protein was loaded, and a-SYN, FKBP12,
FKBP38, FKBP52, or FKBP65 expression was visualized with specific antibodies. All SHSY5Y cell lines overexpress a-SYN as demonstrated by the NCs (Lane 1, 5,
and 8). The FKBP12 knockdown (lanes 2, 6, and 9) was complemented by FKBP38 (lane 3), FKBP65 (lane 4), FKBP52 (lane 10), or FKBP12 (lanes 7 and 11). The upper
panels show stable a-SYN, FKBP12, FKBP38, FKBP52, or FKBP65 overexpression. In the lower panel, a-tubulin is shown as the loading control. Semiquantitative
estimates of relative FKBP expression levels (B) in stable FKBP12 knockdown cells overexpressing a-SYN and FKBP38, FKBP52, FKBP65, or FKBP12 are shown.
Relative density values show X-fold overexpression of different FKBPs (7, FKBP12; 2, FKBP38; 3, FKBP65; 4, FKBP52) compared with endogenous level (absorb-
ance units (au) = 1). S.E. is shown for each condition (n = 3). High content analysis of a-SYN aggregation (C) and nucleus fragmentation (D) in stable FKBP12
knockdown cells stably overexpressing a-SYN and FKBP12, FKBP38, FKBP52, or FKBP65 is shown. Data are shown for cell lines after 3 days of oxidative stress.

Error bars show the S.E.
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trol levels after stable FKBP12 knockdown. In contrast, cell sur-
vival was significantly decreased by FKBP38 or FKBP65 but not
by FKBP52. The observed effect on apoptosis may not be
directly related to a-SYN aggregation but rather to the interfer-
ence of FKBP38 and FKBP65 with other cell death-related path-
ways. As mentioned above, earlier reports have linked FKBP38
and FKBP65 intimately with apoptosis and cell survival (30, 31,
74, 75). FKBP38 localizes to the membranes of mitochondria,
where it can influence neurodegeneration (30, 74). As stated
above, FKBP38 becomes enzymatically active only after associ-
ation with Ca®>" and calmodulin, which allows association of
the PPlase domain of FKBP38 with Bcl-2, an anti-apoptotic
protein localized at the mitochondrial membrane. Conse-
quently, Bcl-2 is released from the mitochondria, which initi-
ates the apoptotic pathway through efflux of cytochrome ¢ from
the mitochondrial intermembrane space. Another possible rea-
son for the effect of FKBP38 on apoptosis is its mitochondrial
localization (Fig. 4F) (29). FKBP38 overexpression, in associa-
tion with oxidative stress, may disturb the mitochondrial
metabolism and trigger a pathological state that leads to cell
death. The interaction of FKBP65 with Hsp90 and c-Raf-1
implicates this immunophilin in signal transduction processes
and marks it as an important intermediate in the Raf signaling
pathway, which is intimately linked to cell survival and tran-
scriptional activation (31, 75). Moreover, FKBP65 is an ER-lo-
calized PPlase (Fig. 4G) predicted to play a role in the folding
and trafficking of secretory proteins (65). Overexpression of
FKBP65 may possibly lead to incorrect folding of these pro-
teins. Accumulation of unfolded or wrongly folded proteins in
the ER is a severe form of stress that will induce apoptosis if ER
function cannot be restored (76, 77).

In conclusion, we have shown that (i) not all PPIases stimu-
late a-SYN aggregation, (ii) stable overexpression of FKBP12,
FKBP38, FKBP52, or FKBP65 enhances a-SYN aggregation and
cell death in cell culture, an effect that is inhibited by FK506,
and (iii) FKBP12 is the strongest modulator. All data together
put FKBP12 forward as the main PPlase modulating a-SYN
aggregation and validate the protein as an interesting novel
drug target for Parkinson disease.

To further validate our hypothesis, future studies are
planned to assay overexpression or knockdown of FKBP12 in
rodent PD models. If the observed effect of FKBP12 can be
confirmed in vivo, specific FKBP12 inhibitors ought to be devel-
oped as a novel and rational therapeutic strategy against PD and
other synucleinopathies. As a first screening assay for possible
inhibitors, we propose the in vitro aggregation assay without
shaking, as this assay reliably reproduces the effects that have
been observed in cell culture.
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