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a b s t r a c t

Despite its thorough enzymological and biochemical characterization the exact function o

prolyl oligopeptidase (PO, E.C. 3.4.21.26) remains unclear. The positive effect of PO inhibitor

on learning and memory in animal models for amnesia, enzyme activity measurements i

patient samples and (neuro)peptide degradation studies link the enzyme with neurode

generative disorders. The brain protein a-synuclein currently attracts much attentio

because of its proposed role in the pathology of Parkinson’s disease. A fundamenta

question concerns how the essentially disordered protein is transformed into the highl

organized fibrils that are found in Lewy bodies, the hallmarks of Parkinson’s disease. Usin

gel electrophoresis and MALDI TOF/TOF mass spectrometry we investigated the possibilit

of a-synuclein as a PO substrate. We found that in vitro incubation of the protein with PO di

not result in truncation of full-length a-synuclein. Surprisingly, however, we found a

acceleration of the aggregation process of a-synuclein using turbidity measurements tha

was reversed by specific inhibitors of PO enzymatic activity. If PO displays this activity als

in vivo, PO inhibitors might have an effect on neurodegenerative disorders through

decrease in the aggregation of a-synuclein.

# 2008 Elsevier Inc. All rights reserved

avai lable at www.sc iencedi rec t .com

journal homepage: www.e lsev ier .com/ locate /pept ides
1. Introduction

a-Synuclein is a small, 140 amino acid long protein, which

appears to be natively unfolded and represents about 1% of the

cytosolic protein in the brain [27].

The protein has recently attracted much attention because

of its involvement in neurodegenerative disorders. There is an
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important link between a-synuclein and Parkinson’s disease

(PD), based on several observations. First of all a-synuclein-

derived fibrils were found to be the major filamentous

component of Lewy bodies and Lewy neuritis [41]. These

intracellular proteinaceous aggregates are hallmarks of

neurodegenerative diseases such as PD [32]. Lewy bodies also

occur in brains of patients with the classic clinical and
rtment of Pharmaceutical Sciences, University of Antwerp, Uni-
8202727; fax: +32 3 8202734.
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pathological features of Alzheimer’s disease (AD) [44]. A

second observation is that point mutations (A53T, A30P or

E46K) in the a-synuclein gene or a-synuclein gene duplication

or triplication cause rare autosomal dominant forms of PD

[5,20,35,40,50]. The three point mutations have been shown to

accelerate the fibril and/or oligomer formation in vitro

[6,25,33]. It has been suggested that the severity of the

phenotype and the distribution of the neurodegeneration

increase with the number of copies of the gene, since

heterozygous triplication produces diffuse Lewy body disease,

whereas heterozygous duplication results in a phenotype

indistinguishable from idiopathic PD [5,16]. Finally the over-

expression of wild-type and mutated human a-synuclein in

rats, mice and Drosophila has been used to generate animal

models of PD [7,18,23,24,27].

As the purified human a-synuclein is unstructured in

aqueous solution [46], a fundamental question concerns how

the essentially disordered protein is transformed into the

highly organized fibrils with characteristic crossed b-sheet

conformation [45]. The a-synuclein aggregation fulfills all

criteria of a nucleation-dependent polymerization process: a

lag phase, a seeding effect and a critical concentration of

monomer at equilibrium. Once a-synuclein nuclei are present,

fibril elongation is predicted to proceed via the deposition of

soluble a-synuclein units onto the existing templates provided

by these nuclei. The critical concentration for wild-type a-

synuclein is estimated to be 28 mM [48]. The natively unfolded

character of a-synuclein arises from its low intrinsic hydro-

phobicity and high net charge at neutral pH. A decrease in pH,

an increase in temperature or in ionic strength transforms a-

synuclein into a partially folded conformation and the

presence of this intermediate strongly correlates with the

enhanced formation of a-synuclein fibrils [45].

Prolyl oligopeptidase (PO, E.C. 3.4.21.26) hydrolyses peptide

bonds at the carboxyl side mainly of L-proline. It has been

purified and characterized from various mammalian and

bacterial sources. In mammals PO was shown to have the

highest concentration among brain peptidases. The exact

function of the enzyme remains unclear, but several reports

associate PO with various neurological disorders such as

neuropsychiatric diseases [43], AD [17,28,36] and PD [14].

Furthermore, PO inhibitors have been shown to have a positive

effect on learning, memory and memory-related behavior

[30,31,39]. Known in vitro substrates of the enzyme, for

example, thyroliberin, beta-endorphin, substance P and

arginine–vasopressin are extracellular [34], while PO is most

commonly reported to be cytosolic [8]. In order to elucidate the

function of this enzyme, we looked for endogenous substrates

in porcine brain homogenates [3]. We found a small peptide

appearing upon incubation of one of the brain fractions with

recombinant porcine PO. The peptide was sequenced by

MALDI-TOF/TOF MS/MS and found to be a perfect match of

porcine a-synuclein residues 133–138 using Mascot. This

fragment, YQDYEP-EA, was cleaved after the proline. It is

located at the end of the C-terminal tail of a-synuclein – which

contains five prolines in a span of 30 amino acids – suggesting

cleavage of a larger part of the polypeptide by this enzyme.

PO, being a prolyl-specific endo-peptidase, shares sub-

strates with the immunophilins, enzymes that bind to

immunosuppressant drugs and have a peptidylprolyl isomer-
ase (PPIase) activity [12]. So both PO and the immunophilins

can bind a proline residue in a polypeptide and either break

the peptide bond after it or change its conformation.

Within the immunophilins, three different families are

recognized: the FK506 binding proteins (FKBP), the cyclophi-

lins and the parvulins. FKBP12, a 12 kD member of the FKBP

family, has been shown to accelerate the aggregation of

a-synuclein [9] and different reports suggest the involvement

of FKBPs and their inhibitors in PD [1,4,10,11,13,19].

So the common property of PO and the immunophilins to

bind prolines in peptides, the potential links between

neurodegenerative diseases and both PO and the immuno-

philins, together with the fact that a C-terminal fragment of

a-synuclein was found to be a PO substrate, prompted us to

investigate the influence of PO on the aggregation of

a-synuclein and the possibility that a-synuclein is a substrate

of PO.
2. Experimental

2.1. Enzymes

A clone of the wild-type porcine PO and the S544A variant were

kindly provided by Prof. L. Polgár (Institute of Enzymology,

Hungarian Academy of Sciences). The proteins were

expressed in E. coli strain JM109. The enzyme was purified

using published methods [42]. Enterokinase (E.C.3.4.21.9) and

Bovine pancreas chymotrypsin (E.C.3.4.21.1) were purchased

from Roche Diagnostics. Human recombinant Glutathione S-

transferase-FKBP12 (GST-FKBP12) protein was kindly provided

by Dr. Bultynck (Laboratory for Physiology, K.U. Leuven,

Belgium). It has been shown that the properties of FKBP12

are not altered by the fusion of GST [49]. Therefore, GST-

FKBP12 was used in our experiments. We will further refer to it

as FKBP12.

2.2. a-Synuclein

a-Synuclein was expressed and purified as described before [9].

The incorporation of a his-tag at the N-terminus of the

polypeptide does not substantially affect its aggregation rate [9].

2.3. Visualization of putative a-synuclein cleavage by
means of SDS-PAGE

SDS/PAGE (15%) was carried out in the presence of 2-

mercaptoethanol essentially according to the Laemmli

method in 25 mM Tris/HCl, 190 mM glycine, pH 8.3, and

0.5% (w/v) SDS using a Mini Protean II apparatus (Bio-Rad) [22].

The gels were standardized with pre-stained broad-range

molecular-mass-marker proteins from Bio-Rad. The gel was

stained by a neutral silver-staining procedure modified after

Heukeshoven and Dernick [15].

2.4. Visualization of putative a-synuclein cleavage by
means of MALDI TOF/TOF

The following incubation mixtures were prepared: (1) 5 mL

500 mM a-synuclein, 15 mL 20 mM Tris–HCl pH 7.4 and 5 mL



Fig. 1 – No cleavage of his-tagged recombinant a-synuclein

by PO (SDS-PAGE). (Lane 1) Pre-stained broad-range

markers (size indicated in kDa). (Lane 2) 42 mM a-

synuclein and 40 U/L PO incubated for 1 h. (Lane 3) 42 mM

a-synuclein and 40 U/L PO incubated for 3 h. (Lane 4)

42 mM a-synuclein and 40 U/L PO incubated for 24 h. (Lane

5) 42 mM a-synuclein and 700 U/L PO incubated for 2 h.

(Lane 6) 42 mM a-synuclein and 700 U/L PO incubated for

24 h. All incubations proceeded at room temperature. After

incubation 5 mL of sample buffer (2T) was added to 5 mL of

the incubation mixture and loaded on the gel. The band at

approximately 18 kDa is the his-tagged a-synuclein, the

band at approximately 80 kDa is the recombinant porcine

PO.
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ultra pure water; (2) 5 mL 500 mM a-synuclein, 15 mL 20 mM

Tris–HCl pH 7.4 and 5 mL enterokinase (0.3 mg/mL); (3) 5 mL

500 mM a-synuclein, 15 mL 20 mM Tris–HCl pH 7.4, 5 mL ultra

pure water, 1 mL PO (1000 U/L) and 1 mL 25 mM DTT; (4) 5 mL

500 mM a-synuclein, 15 mL 20 mM Tris–HCl pH 7.4, 5 mL

enterokinase (0.3 mg/mL), 1 mL PO (1000 U/L) and 1 mL 25 mM

DTT. The mixtures were incubated at room temperature for

6.5 h. A dilution series was made in 0.1% TFA.

One microliter of sample (diluted to 1, 5 and 10 pmol) was

mixed with 1 mL of alpha-cyano-4-hydroxycinnamic acid

(8 mg/mL in 50% acetonitrile and 0.1% TFA) and vortexed.

One microliter of this mixture was applied on a 192-well

stainless steel target plate and air-dried at room temperature.

The target was then introduced into a MALDI TOF/TOF mass

spectrometer, a 4700 Proteomics Analyzer (Applied Biosys-

tems, Framingham, MA). The samples were measured in the

linear mode. During analysis, the instrument was internally

calibrated. The laser energy was adjusted until an optimal

resolution and signal to noise ratio were obtained. The results

of 2000 shots were averaged to obtain the final spectrum.

2.5. Turbidity measurements

140 mM of a-synuclein was incubated with different amounts

of PO in 50 mM HEPES pH 7.4 with 1 mM DTT at room

temperature for 30 min. If necessary, 1 mM of PO inhibitors, Z-

Pro-Prolinal (ZPP) or UAMC-00021, were added to the sample.

Then the sample (100 mL) was placed in the microtiterplate

reader (Safire2, Tecan Austria) at 37 8C and shaken (orbital,

amplitude 5 mm,�240 rpm). Shaking was continued for 1000 s

followed by an absorbance reading at 350 nm. The change in

turbidity was thus monitored every 1000 s during 160 h. The

microtiterplate was covered with a transparent sealing film to

prevent evaporation.

2.6. Peptidylprolyl cis/trans isomerase activity

For the determination of the cis/trans isomerase activity of

purified PO, the method described by Küllertz et al. [21] was

used. 80 mL of chymotrypsin solution (1 g/L chymotrypsin in

35 mM HEPES pH 7.8) was added to 7 mL of sample or 35 mM

HEPES pH 7.8 (blanc). Reaction was started by adding 50 mL of

125 mg/L succ-Phe-Pro-Phe-4-nitroaniline (Bachem) in 35 mM

HEPES pH 7.8. After mixing for 5 s, absorbance was measured

every 10 s during 20 min. Measurements were performed

at room temperature (�22 8C). Data were fitted to

y = (A0(1 � e(�kt))) + B0 in order to obtain the rate constants (k).

2.7. Prolyl-specific endopeptidase activity

PO catalyses the transformation of the substrate Z-Gly–Pro-p-

nitroaniline (colorless) to Z-Gly–Pro and p-nitroaniline (yel-

low). The amount of product formed can be followed by the

absorption at 405 nm (20 min at 37 8C, Spectramax, Molecular

devices). One unit of PO activity is defined as the amount of

enzyme responsible for the formation of 1 mmole p-nitroani-

line per minute.

For the quantification of the inhibition of recombinant PO

by UAMC-00021 in vitro, samples were incubated with

different concentrations of inhibitor for 15 min at 37 8C prior
to enzymatic activity assay. IC50 values were calculated based

on activity measurements with an enzyme concentration of

2 U/L, a substrate concentration of 0.25 mM and at 8 different

inhibitor concentrations (0, 0.25, 0.5, 1, 2, 2.5, 10, 25 and 50 nM).

Z-Pro-Prolinal was purchased from Bachem. The PO inhibitor

UAMC-00021 [4-phenyl-1-((S)-2-((S)-2-(5-phenylisoxazole-3-

carbonyl) pyrrolidine-1-carbonyl)pyrrolidin-1-yl)butan-1-one]

was synthesized as described for analogous compounds [2].
3. Results

3.1. PO does not cleave intact purified recombinant a-
synuclein

Since a-synuclein, like PO, is a cytosolic protein and contains

five proline residues in its C-terminal part (P108, P117, P120,

P128 and P138), we decided to incubate the recombinant

enzyme with the purified a-synuclein and look for possible

degradation products.

Recombinant purified his-tagged a-synuclein (1 g/L) was

incubated with different amounts of purified recombinant

porcine PO in 35 mM HEPES pH 7.8 with 1 mM DTT at room

temperature. No cleavage of this his-tagged protein was

observed under these circumstances, not after 24 h incubation

(Fig. 1) nor after longer time periods up to 160 h in the same

conditions as the aggregation experiments (data not shown).

The N-terminal his-tag of the a-synuclein construct

includes an enterokinase cleavage site. The incorporation of



Fig. 2 – No cleavage of his-tagged recombinant a-synuclein

by PO (MALDI TOF/TOF). (A) Control incubation of his-

tagged a-synuclein. The peaks at 18,652 and 9321.9

represent single and doubly charged his-tagged a-

synuclein, respectively. Other peaks result from an

instability in the protein: 8065 (aa 1–76), 8227 (aa 1–77),

10,434 (aa 78–178) and 10,595 (aa 77–178). (B) His-tagged a-

synuclein incubated with PO. The resulting peaks are the

same as in the control incubation. No additional peaks

pointing at PO-induced degradation were found.

Fig. 3 – Concentration dependency of a-synuclein

aggregation upon addition of PO. Turbidity measurement

of the aggregation of 140 mM of a-synuclein in the

presence of (a) 10, 20 and 160 nM PO and (b) 20 nM inactive

mutant PO. Samples were incubated at 37 8C under

continuous shaking; turbidity was measured at 350 nm,

every 1000 s. (c) Acceleration of the aggregation is not

observed in presence of PO inhibitors (1 mM Z-Pro-Prolinal

(ZPP) or 1 mM UAMC-00021 in the presence of 20 nM PO).
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a his-tag at the N-terminus of the polypeptide does not seem

to affect its aggregation rate [9], but as size is an important

criterion in the substrate selectivity of PO, the rather big N-

terminal extension containing the his-tag (4 kDa) was

removed from the protein by incubating it with enterokinase.

The resulting protein, however, was also resistant to proteo-

lysis by PO (data not shown).

The experiments were repeated using a MALDI-TOF-TOF

mass spectrometer to detect peptide fragments. Again no PO-

induced cleavage of the intact his-tagged a-synuclein by PO

could be detected (Fig. 2).

3.2. PO enhances the aggregation rate of recombinant
a-synuclein in vitro

Next we investigated whether PO could influence the

aggregation of a-synuclein. Turbidity experiments with

different a-synuclein protein preparations revealed that the

aggregation rate of the protein was enhanced by addition of PO

(Fig. 3a). Different concentrations of PO were used and a

maximal effect was reached at around 20 nM of the enzyme.

Thereafter, the effect was saturated and higher enzyme

concentrations did not have a further positive effect on the

aggregation of a-synuclein (Fig. 3a). Using a similar concen-

tration of the S554A PO mutant, lacking prolyl oligopeptidase

activity, did not result in an increased aggregation rate (Fig. 3b)

but the turbidity vs. time curve differed in certain aspects from

the control (broader, shorter lag phase, smaller final ampli-

tude).

3.3. The effect of PO on a-synuclein aggregation can be
prevented by inhibitors of PO enzymatic activity

Z-Pro-Prolinal (ZPP) is a classic prolyl endopeptidase inhibitor

with high potency but relatively poor stability [47] and UAMC-

00021 is a recently developed specific PO inhibitor, belonging



Fig. 4 – Investigation of the peptidylprolyl cis/trans isomerase activity of PO. The rate constants were measured following the

microtiter plate assay as described by Küllertz et al. [21], but the assays were conducted at room temperature. Data were

exported to Grafit and fitted to y = (A0(1 S e(Skt))) + B0. The rate constant for the blanc reaction was 0.011 sS1, 0.011 sS1 for the

reaction with PO and 0.043 sS1 for the reaction with FKBP12.
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to a series of ketoisoxazoles [2] which has not been described

before. Using the PO assay described in Section 2, we

determined that the IC50 of UAMC-00021 for PO is

1.6 � 0.1 nM and classified UAMC-00021 as a slow tight binding

inhibitor. Both in the presence of 1 mM ZPP or UAMC-00021, the

accelerating effect of 20 nM PO on a-synuclein aggregation

disappeared (Fig. 3c), suggesting that this effect is caused by

the PO enzymatic activity.

3.4. Peptidylprolyl cis/trans isomerase activity of PO

We further investigated whether PO itself displayed peptidyl-

prolyl cis/trans isomerase activity. The coupled assay exploits

the high conformational selectivity of chymotrypsin towards

chromogenic substrates of the type X-Pro-Phe-pNA. The

hydrolysis of the C-terminal p-nitroanilide bond by chymo-

trypsin selectively occurs only in the trans X-Pro conformer.

The assay is based on monitoring the time course of the

chymotryptic cleavage of the 4-nitroanilide bond, which is

kinetically coupled to the cis/trans isomerization of the

peptidylprolyl bond of the substrate. As can be seen in

Fig. 4, PO does not increase the rate constant of the release of p-

nitroaniline under the circumstances used in our experiments

while the same amount of FKBP12, a member of the

peptidylprolyl cis/trans isomerase family and used as a control,

did improve this rate constant.
4. Discussion

The intracellular localization of a-synuclein and the link

between this protein and neurodegenerative disorders such as

Parkinson’s disease, makes it an interesting candidate as a PO

substrate. However, in this study we show that purified

recombinant a-synuclein is not cleaved by PO. This is not

surprising considered that PO is known to cleave peptides of

maximally 30 amino acids long. His-tagged a-synuclein (178

amino acids) and the enterokinase-truncated form (140 amino

acids) do not meet this size restriction. The C-terminal part of

a-synuclein that was detected as a PO cleavage product in the

brain peptidomics experiment [3] may have been released

from a proteolytic fragment of a-synuclein already present in
the brain homogenate prior to the incubation with porcine PO.

The truncation of a-synuclein has been reported before as a

normal cellular process, enhanced in familial PD conditions

[26]. So it is possible that the reported truncated variants and

not the full-length a-synuclein protein serve as substrates for

PO.

In vitro incubation of the full-length protein with PO did not

result in truncation of a-synuclein, but, surprisingly, in an

acceleration of the aggregation process. This effect was

saturated upon addition of 20 nM PO. Incubation of a-

synuclein with the inactive mutant S554A of PO did not cause

such an acceleration, implicating the catalytic serine in the

process. This was corroborated by the fact that two inhibitors

of PO activity could prevent the accelerating effect of PO on a-

synuclein aggregation. A plausible scenario to explain that the

effect is saturated at a catalytic concentration of PO would be

that a minor component of the a-synuclein preparation is

proteolytically converted to a form that induces the formation

of nuclei. At low PO concentration the proteolytic process is

slow compared to the nucleation rate but at higher concen-

trations the substrate is rapidly and completely converted and

the aggregation kinetics become independent of the enzyme

concentration. Although outside the scope of this study, our

result highlights the issue that really very little is known about

the molecular events leading to aggregation and fibril

formation in the in vitro (turbidity) model.

We also investigated other scenario’s of how the enzyme

may cause this intriguing phenomenon. Members of the FKBP

family were reported to have a similar aggregation accelerat-

ing effect on a-synuclein [9]. It was hypothesized that, upon

addition of FKBPs, through facilitation of the cis to trans

isomerization of the prolines in the C-terminus, a-synuclein

can rapidly adopt a partially folded conformation, which is a

key step in the aggregation process. But in contrast to FKBP12,

PO did not show peptidylprolyl cis/trans isomerase activity

using the synthetic substrate. However, we cannot exclude

that PO might display this activity towards natural proteins or

protein fragments.

Since PO does not exert any proteolytic activity on full-

length a-synuclein, another option is that its effect on the

aggregation is due to stable or transient binding of PO to

monomeric or aggregated a-synuclein. This binding could
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shift the aggregation equilibrium to the right. The binding site

on PO must then be located at or near its catalytic center, as

both a mutation in this center and the presence of inhibitors

binding to that center reverse the effect of PO on a-synuclein

aggregation. It has been suggested that intrinsically unstruc-

tured proteins such as a-synuclein bind to grooves on protein

surfaces and the ensemble of extended substrate binding sites

on PO may represent such a binding site [29].

A report by Schulz et al. [38] suggests that PO might display

chaperone functions, which have also been reported for the

FKBPs. They found that PO is primarily localized in the

perinuclear space and that it is associated with the micro-

tubule cytoskeleton in human neuroblastoma and glioma cell

lines. PO was found to bind to the C-terminus of tubulin in a

yeast two-hybrid screening experiment. In the same report it

was stated that tubulin itself and microtubuli-associated

proteins bound to its C-terminus participate in protein

folding due to their chaperone-like properties. We could

not show chaperone activity of PO using classical tests with

denatured lysozyme and rhodanese (data not shown).

However, folding coupled to binding is a common element

in interactions involving intrinsically unstructured proteins

[37], as is the transient formation of differently structured

forms. Since the folding of a-synuclein can lead to the

initiation of its aggregation [45], the observed effect may

originate in the nature of a-synuclein rather than PO. Current

insights in the functions of intrinsically unstructured

proteins correlate their ability to engage in a variety of

protein–protein interactions with their roles as hubs, linkers

or intermediates in signaling networks [37]. Therefore, our

observation implicates PO, literally by association, in the

deregulated pathways leading to pathological a-synuclein

deposition.

Obviously, understanding the molecular basis and the

function of the interaction between PO a-synuclein requires

additional study. However, if we can validate PO as an

accelerator of a-synuclein aggregation in the cell and

UAMC-00021 as an inhibitor of this effect, as our in vitro

results suggest, these findings might open new perspectives

for the treatment of PD.
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