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Mechanism of Action of Prolyl
Oligopeptidase (PREP) in
Degenerative Brain Diseases: Has
Peptidase Activity Only a Modulatory
Role on the Interactions of PREP
with Proteins?

Pekka T. Ménnisté and J. Arturo Garcia-Horsman *

Division of Pharmacology and Pharmacotherapy, Faculty of Pharmacy, University of Helsinki, Helsinki, Finland

In the aging brain, the correct balance of neural transmission and its regulation is of
particular significance, and neuropeptides have a significant role. Prolyl oligopeptidase
(PREP) is a protein highly expressed in brain, and evidence indicates that it is related
to aging and in neurodegenration. Although PREP is regarded as a peptidase, the
physiological substrates in the brain have not been defined, and after intense research,
the molecular mechanisms where this protein is involved have not been defined. We
propose that PREP functions as a regulator of other proteins though peptide gated direct
interaction. We speculate that, at least in some processes where PREP has shown to
be relevant, the peptidase activity is only a consequence of the interactions, and not the
main physiological activity.

Keywords: prolyl oligopeptidase, neuropeptides, aging neuroscience, neurodegeneration, proten-protein
interactions

INTRODUCTION

Processes leading to the brain aging are complex, and scarcely known. A popular current view
is that the housekeeping mechanisms in the cells get faulty and damage starts to accumulate,
leading eventually to cell degeneration. An increase of redox stress is important in aging, as are the
processes involved in the managing cellular waste, and the maintenance of homeostatic turnover of
biological molecules, especially of proteins. In fact, all regulatory mechanisms within cells, among
cell-cell communication and those for organ homeostasis are susceptible of aging (Knight, 2000).
In the brain, the correct balance and regulation of neural transmission are of particular significance,
and neuropeptides play a significant role.

Prolyl oligopeptidase, also known as post-proline cleaving enzyme or prolyl endopeptidase,
abbreviated PO, PE, PEP, or POP (here called PREP) was discovered on the early 70’ as an
oxytocin cleaving enzyme (Walter et al., 1971) and further described as a peptidase able to cleave
short peptides (<30 a.a.) with a high specific cleavage at the C-side of proline (Szeltner and
Polgar, 2008). A relevant role of PREP in the brain was proposed when a number of neuroactive
peptides were described to be its substrates. Early experiments indicated that PREP seemed to be
involved in learning and memory and studies on animal amnesia models showed PREP inhibitors
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to be beneficial but not in all experiments (reviewed in
Garcia-Horsman et al, 2007; Méinnistd et al., 2007). On
the other hand, altered PREP activity levels in the brain of
neurodegenerative disease patients seemed to be associated with
dementia. Furthermore, indications that PREP expression in the
brain increases with age were reported (Rampon et al., 2000).
Accordingly, search and development of potent and specific
inhibitors boomed, several patents were filed, and pharmaceutical
companies started clinical trials with PREP inhibitors as memory
enhancers for senile- or neurodegeneration- associated dementia
(Ménnisto et al., 2007; Lambeir, 2011b). Despite the intense
research on the biological relevance of PREP inhibition, a
consensus has not been reached on the identity of the substrate
peptides, or on the specific molecular brain pathways where
PREP would be exerting its role (Lambeir, 2011b).

The evidence of protein-protein interactions of PREP with
a-tubulin, GAP-43, and a-synuclein, independent of peptidase
activity (Schulz et al., 2005; Di Daniel et al., 2009; Lambeir,
2011a), has led to the idea that PREP has not only a role in
cleaving off physiologically active peptides, but probably also in
modulating the function of protein partners.

In this perspective, we propose that the physiological role of
PREP results from its direct interaction with partner proteins,
which in turn is modulated by peptides and their hydrolysis.
We speculate that, at least in some processes where PREP has
shown to be relevant, the peptidase activity is a consequence of
the protein-protein interactions, and not the main activity. In this
paper, we only describe briefly some of the distinct research on
PREP in the brain, which we found relevant for this proposal.
We do not aim to comprehensively review the recent literature
on PREP, and fine studies dealing with peripheral actions of PREP
and its role in metabolic-inflammatory diseases, including cancer,
are not discussed in this paper.

PREP EXPRESSION/REGULATION IN THE
BRAIN

In the healthy adult brain, PREP is expressed in the cytoplasm
of the neurons, at low or high level, with no specific preference
in terms of associations with neurotransmitter specific fibers
(Myohinen et al., 2009). PREP levels are particularly high in
pyramidal neurons, especially those of the cortical layers II to
VI, or those composing the hippocampal CA1 layer. Neuronal
populations with hippocampal projections at indusuim griseum
and lateral septal area are enriched with PREP. Also, high levels
of PREP are present in cerebellar Purkinje cells (Myohanen et al.,
2009). In healthy brain, glial cells are practically devoid of PREP.

It is worth noticing that there is not always a correlation
between the protein levels assayed by immunohistochemistry
with the PREP peptidase activity measured in enzymatic assays
on tissue homogenates (reviewed in Mydhinen et al.,, 2009).
Nevertheless, studies on rodents have shown that the levels of
PREP fluctuate in several areas of the brain during embryogenesis
and aging, being highest at birth and significantly decreasing
in the adult brain (Agirregoitia et al., 2007), but increased
again by old age (Rampon et al., 2000). Regulatory mechanisms

controlling PREP expression are not known. However, there
is evidence that PREP mRNA transcription is controlled by
retinoic acid, which support a role of PREP in development
(Moreno-Baylach et al, 2011). Furthermore, during neural
differentiation in vitro (Moreno-Baylach et al., 2008) and in
vivo (Hannula et al., 2011) PREP is localized within neuronal
nuclei of undifferentiated cells, or at early stages of prenatal
development. The localization is cytoplasmic in mature neurons,
mainly perinuclear and in interaction with cytoskeletal proteins
(Schulz et al., 2005). This, combined with the previous discovery
that PREP is involved in the regulation of the inositol turnover
in several systems (Williams et al., 1999; Schulz et al., 2002), led
to the conclusion that there were new intracellular functions of
PREP, not related with the extracellular neuropeptide metabolism
(Schulz et al., 2005). On the other hand, PREP immunoreactivity
(Fukunari et al., 1994), and gene expression (Jiang et al., 2001)
have been reported increased in the brains of healthy senescent
mice. These findings indicate that PREP participates in age-
dependent processes.

In sick or lesioned brain, PREP expression has been shown
to be changed. In experimental neuroinflammation, PREP is
dramatically overexpressed in glial cells (Penttinen et al., 2011;
Tenorio-Laranga et al., 2015), and possibly secreted to the
extracellular space. PREP secretion from reactive microglia in
vitro, has been shown to be toxic to neurons in culture in
an inhibitory sensitive manner (Klegeris et al.,, 2008). On the
other hand, in post-mortem analysis of the brains from patients
with Alzheimer’s or Parkinson’s disease, PREP co-localized with
pathological plaque deposits (Hannula et al., 2013).

EFFECT OF PREP INHIBITORS IN
BEHAVIOR, MEMORY AND LEARNING

The effects of PREP inhibitors on learning and memory have been
extensively studied (reviewed in Minnisto et al., 2007; Lambeir,
2011b). JTP-4819 is the best studied PREP inhibitor in the animal
models of cognitive functions. It has improved memory in many
animal models (Toide et al., 1995, 1997; Shinoda et al., 1997, 1999;
Miyazaki et al., 1998), but the effects have rarely been robust
or dose-dependent. Another intensively studied PREP inhibitor
S$-17092 has been even in clinical studies (Morain et al., 2002).
Obviously S-17092 has not been promising enough, since the
latest reports from the human studies date back to year 2007
(Morain et al., 2007). In the radial-arm maze, a very potent PREP
inhibitor, KYP-2047, have shown no effects in scopolamine-
treated old and young rats (Peltonen et al., 2010), but their
performances were age-dependent; KYP-2047 alone had effects
on motility, increasing it in young rats, but decreasing in older
ones. On the other hand, in the water maze test (Jalkanen et al.,
2007), KYP-2047, dose-dependently improved performance of
scopolamine-treated young rats but not in older animals.

It is fair to conclude that the role of PREP in improvement of
memory and learning is inconsistent and where an effect has been
observed, the underlying mechanisms have not been identified
(Méannisto et al.,, 2007). A common theory to explain the role
of PREP in memory and learning has been the increase in the
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levels of cognition-enhancing neuropeptides, such as substance
P, TRH, and AVP, by PREP inhibition. However, this has been
more like an assumption than a proven fact. The effects of
PREP inhibitors on neuropeptide levels have been tested, but
the results have varied with the PREP inhibitor used, the length
of the treatment and the brain area studied (Méinnisto et al.,
2007). It has been speculated that there are many enzymes
participating in the neuropeptide metabolism that blocking one
enzyme, like PREP, may not be sufficient to increase the levels
of neuropeptides (Jalkanen et al., 2007). Therefore, there are
no strong experimental evidence supporting that PREP would
participate in cognitive, or other behavioral processes, through
neuropeptide metabolism.

In other experiments, lesioning the dopaminergic medial
forebrain bundle by 6-OHDA did not affect the activity or
expression of PREP in the striatum and PREP inhibitors had
no effect (Peltonen, 2012). However, the single i.p. treatment
with KYP-2047 decreased the levels of dopamine in the striatum
and increased the levels of dopamine metabolites in the VTA
(Myohidnen et al., 2007). A recent study, found changes in the
levels of phosphorylated dopamine transporter (DAT) in mice,
dependent on PREP levels of expression (Julku et al., 2016).
The data suggests that PREP modulates DAT internalization,
which in turn modifies extracellular dopamine levels. The
mechanism of this regulation is not known, but the study did
not investigate changes on any specific neuropeptide (Julku et al.,
2016).

BEHAVIOR OF PREP KNOCK-OUT MICE

Di Daniel et al. (2009) demonstrated a disturbed control of
growth cone and synaptic function in a full PREP knock out
mice. These mice were aggressive and hyperactive but no other
behavioral findings were reported. A gene trap (GT) mouse
with PREP significantly knocked down was reported by Warden
et al. (2009). Interestingly, this study reported a decrease on
a-melanocyte-stimulating hormone levels; opposite of what it
would have been predicted if this peptide was a substrate of
PREP. Also in this work, an evidence was found of disruption
of processes where vasopressin and oxytocin are involved, but no
evidence of changes of the levels of these peptides was reported.
Using the same GT strain, D’agostino et al. (2013), detected a
decrease of long term potentiation in GT animals consistent with
the spatial memory impairment in the Morris water maze test.
A more detailed behavioral phenotyping of the PREP deficiency
seems to affect mouse motor activity and anxiety-like behavior
(Hofling et al., 2016).

Other studies on PREP-KO mice showed association of
PREP and neuroplasticity modulation probably mediated by
inflammatory response where polysialylated-neural cell adhesion
molecule (PSA-NCAM) levels are altered in the brain (Hofling
et al., 2016). Recent findings, using PREP overexpressing
neuroblastoma cells, indicate that PREP is implicated in the
regulation of PS-NCAM, most probably by modulating the
proteases which normally degrade NCAM forms (Jaako et al.,
2016).

PREP IN PSYCHIATRIC DISORDERS

There are several reports describing fluctuations on PREP
levels in patients suffering from depression, anxiety and bipolar
disorder (for reviews see e.g., Garcia-Horsman et al, 2007;
Lambeir, 2011b). However, no peptides, which would link PREP
with those disorders have been identified. The most notable
finding in this area is the opposite action of PREP and lithium, a
well-known mood stabilizer, showing that that PREP is involved
in the regulation of inositol signaling, interacting with some
of the enzymes which control the levels of neuronal inositol
(Williams et al., 1999; Harwood, 2011). Again, no peptide
substrate of PREP has been related to any of these findings.
This fact could be taken as an argument of ignorance. However,
in view that the search for these peptides has been actively
pursued, it also stimulates the thinking to other directions. A lack
of correlation between neuropeptide levels, behavior and PREP
inhibition, described above, adds fuel to the fire.

ENZYMATIC ACTIVITY

PREP has endopeptidase activity. It cleaves short peptides at the
carboxyl side of proline, with the exception of the prolyl-prolyl
bond. There are few cases where PREP cleaves (in vitro) after
alanine and cysteine, but with much lower efficiency (Polgar,
1992; Szeltner et al., 2002a; Bar et al., 2006).

There are many proline containing biologically active
peptides, often neuropeptides. Because proline is the only amino
acid with a secondary amine group, it confers special secondary
structure to peptides, and its presence in the peptide chain
confers resistance to degradation by most proteases. Thus, PREP
has been considered to be the specific hydrolyser of proline-
containing neuropeptides. In fact, any short proline-containing
peptide will be degraded by PREP in vitro, and indeed, there
are dozens of peptides reported to be substrates of PREP (for
reviews see Garcia-Horsman et al., 2007; Brandt et al., 2007).
Table 1 summarizes the data on the few neuropeptides where
more extensive research has been conducted on relation to
PREP activity. In all, a validation of PREP being responsible
for the metabolism of those peptides in vivo has not been
conclusive. There have been fine efforts to identify the
physiological substrates of PREP in the brain, using sophisticated
mass spectrometric techniques on hypothesisless experimental
approaches (Brandt et al, 2005; Nolte et al., 2009; Tenorio-
Laranga et al.,, 2009, 2011, 2012; Lone et al.,, 2010). However,
the results have been scanty. These findings, combined with the
inconsistency of those obtained from in vivo behavioral data
described above, rise concern on the physiological relevance of
the peptidase activity of PREP.

Compared with other proteases, the enzymatic peptide
cleavage activity of PREP is relatively poor. Depending on the
peptide substrate, the turnover numbers of mammalian PREP are
around one per second, and the catalytic efficiencies are below 1
M~! per second; the Km for substrates are in the order of 10~*
M or higher (METROPS the peptidase database, http://merops.
sanger.ac.uk/; Rawlings et al., 2016). At physiological conditions,
peptide concentrations are usually much below those levels,
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and then the cleavage of the peptides would be much slower.
Moreover, and to complicate the scenario, endogenous systems
which inhibit PREP have been identified (Tenorio-Laranga et al.,
2013). Thus, the peptide substrates would have to compete with
them to be efficiently hydrolysed by PREP. Notably, the levels of
protein expression of PREP seldom correlates with the activity
levels or with its mRNA levels. This strongly suggests that there
are processes controlling PREP’s transcription, translation, and
enzymatic activity, and the actual modulation in PREP protein
levels might not be meant to alter the peptidase activity. Finally,
PREP is a large protein if it is considered to have only the protease
activity.

PROTEIN-PROTEIN INTERACTIONS, PPIS

In earlier experiments, a particular intracellular distribution of
PREP was described (Rossner et al., 2005; Schulz et al., 2005),
which prompted to propose a role of PREP in protein secretion
and/or axonal transport within the neurons, probably through

tight interactions with structural proteins (Table 2). In fact, an
evidence of a direct interaction of PREP with a-tubulin was
found (Schulz et al., 2005). Consistent with this proposal, further
experiments with PREP-null mutations found altered growth
cone dynamics (Di Daniel et al., 2009). These alterations were
reversed in the PREP-null cells by virally expressed wild type
PREP. Surprisingly, a full reconstitution of activity was observed
also when the cells were transfected with a catalytically inactive
PREP mutant. That study also showed an interaction of PREP
with growth associated protein 43 (GAP-43), a regulator of neural
plasticity.

It has been reported that a POP inhibition suppressed
the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), decreased age-induced apoptosis and also prevented
GAPDH nuclear translocation in cultured neurons (Katsube
et al., 1999). Effects on GAPDH translocation was also found
in fibroblasts (Puttonen et al., 2006). Another study described
physical interaction of PREP with GAPDH, and suggested that
this would modulate GAPDH translocation to the nucleus

TABLE 1 | Most researched peptides as substrates of PREP in the brain and the evidence in vivo and in vitro.

Evidence of physiological PREP digestion

Neuropeptide in vivo

in vitro

Substance P (SP)

Levels of SP, or peptide derivatives, in brain after in vivo PREP

SP degradation sensitive to specific PREP inhibitors in tissue

inhibition, have been found changed?® or unchangedb. Increase of SP
immunoreactivity levels after PREP inhibition in vivo®. No changes of
SP in rat striatum by in vivo microdialysisd. Potentiation® of SP activity.

homogenatesf. Evidence that SP is degraded by fibroblast
activation protein o9. No immuno co-localization of PREP
with SP, or NK-1 receptorsh.

Thymosin B4 (TB4)

TB4 fragments (Ac-SKDP) levels altered in whole animalsa. Inhibition of
Ac-SDKP action in whole animals by PREP inhibition'.

Increase on Ac-SKDP release from TB4 upon‘.

Thyrotropin releasing

hormone (TRH)

PREP inhibitors increase TRH immunoreactivity in some areas of the rat
brain/. PREP inhibitors did not changed effect of administrated TRHK,

Increased or unchanged TRH immunoreactivity upon PREP
inhibitors.

Gonadotropin releasing

hormone (GnRH)

No in vivo evidence'.

PREP inhibitor sensitive in vitro degradation of GnRH in tissue
homogenates'.

aNolte et al. (2009).

bTenor/o—Laranga et al. (2009, 2012).
®Bellemére et al. (2003).
9Jalkanen et al. (2011).

eSchulz et al. (2002).

fSaidi et al. (2016).

9Keane et al. (2011).

"Myobhanen et al. (2008).

My6hénen et al. (2011).

IBellemére et al. (2005).

kKl azcano et al. (2012).

'Reviewed in Garcia-Horsman et al. (2007).

TABLE 2 | Proteins that have protein interactions with PREP.

Protein

Evidence

References

a-tubulin

a-synuclein

GAP-43
a-2-macroglobulin

Detected by two-hybrid screen. Immunohistochemical colocalization.

Inferred by a-synuclein anti-aggregation effect of PREP. Detected by
protein-fragment complementation assays and microscale thermophoresis

Interaction by yeast-two-hybrid, co-precipitation and ELISA assays
Co-purification

Schulz et al., 2005
Van der Veken et al., 2012; Lambeir, 2011a; Savolainen et al., 2015

Di Daniel et al., 2009; Szeltner et al., 2011

Tenorio-Laranga et al., 2013
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during apoptosis in neuroblastoma cells (Matsuda et al,
2013).

The most studied interaction of PREP is with a-synuclein
(Di Daniel et al.,, 2009), reviewed by Lambeir (2011a). Brandt
et al. (2008), found that PREP was able to interfere with the
aggregation process of a-synuclein in vitro. In those experiments,
it was relevant that the stimulation of the aggregation of a-
synuclein by PREP was not due to peptide cleavage, but it
was occurring independent of PREP activity by a process that
was anyhow sensitive to PREP inhibitors, since catalytically
inactive mutants of PREP showed same effect. The interaction
of PREP with a-synuclein aggregates was also observed in
cellular models and in in vivo mouse models over-expressing o-
synuclein (Myohanen et al., 2012; Savolainen et al., 2014). The
mechanism of how PREP inhibitors are promoting a-synuclein
disaggregation is not known, but it certainly seems not to be due
to the inhibition of peptide cleavage activity of PREP. Rather it
happens by modulating PPIs with a-synuclein, or other partners,
probably in a chaperone-like process.

As mentioned, it has been proposed that PREP might be
involved in the protein secretion (Schulz et al., 2005; Morawski
et al,, 2011). Indications that PREP participates in the secretion
of hormones that control glucose homeostasis have been reported
(Kim et al., 2014). Secretion, and protein clearance mechanisms
have been explored to try to define the process where PREP
inhibitors may be involved in decreasing a-synuclein aggregation
in the brain. The results indicate that PREP might be involved
in the control of autophagy (Savolainen et al., 2014), by still
unknown mechanisms, without indications of specific hydrolysis
of a peptide substrate of PREP.

PROTEIN STRUCTURE/MOLECULAR
MODELING

Structural information indicates that PREP has two distinctive
structural components (Figure 1): the protease catalytic domain,
with a classic a-p hydrolase fold (residues 1-71 and 436-710),
and a seven-bladed p-propeller domain (residues 72-435). When
the crystal structure of PREP was solved (Fiilop et al., 1998),
it seemed evident that the propeller domain might function as
a substrate gate. Very detailed kinetic studies supported this,
showing that the propeller may acts as a gating filter, allowing
the access of only short peptides to the active site (Fiilop et al.,
2000; Szeltner et al., 2000; Szeltner and Polgar, 2008). Molecular
dynamic studies have predicted an important role of the p-
propeller in substrate gating, but they also have shown that the
domain experience conformational changes that expose or hide
certain residues upon ligand binding (Kaushik and Sowdhamini,
2011; Kaszuba et al., 2012; Lopez et al., 2016; Van Elzen et al.,
2017). Further studies have indicated that PREP seems to exist
naturally in three conformations, with different catalytic and PPIs
features, in which the loops at the interface of both catalytic and
propeller domains are crucial components (Szeltner et al., 2011,
2013).

The pB-propeller folding is present in a large variety of proteins,
and in most cases the function of this domain is to mediate PPIs

> Catalytic domain

>~ Propeller domain

FIGURE 1 | 3-Dimentional model of porcine PREP based on its crystal
structure (Fiilop et al., 1998, 2001; Rea and Fiilop, 2011). The figure
shows the catalytic domain (a/p-hydrolase fold) and the propeller domain
(7-bladed B-propeller fold).

(Chen et al., 2011). Therefore, it is feasible to think that the main
function of this domain in PREP is to interact with large proteins.
Molecular dynamics of PREP has revealed that ligand binding
modifies the protein dynamics of the domain interface, probably
favoring one of the three conformations (Szeltner et al., 2011;
Kaszuba et al., 2012; Lopez et al., 2016).

All this information along with the fact that there have been
no definitive conclusions on “the substrates” of PREP, a different
hypothesis could be presented on the function of PREP. Shortly:
PREP interacts with a protein partners, and the strength of
the interaction will depend on the conformation of PREP. This
conformation will be in turn mainly dictated by the presence of a
ligand, a peptide, and the control of this switch will be mediated
by cleavage of the peptide (Figure 2).

In the Figure 2 we propose a scheme of this novel scenario.
PREP would interconvert among three basic conformations. The
closed form I is inactive and closed to ligand/peptide binding.
Stabilization of this form is caused at least by two factors. One
is the redox environment. It has been recognized that PREP
responds to redox conditions so that reductants activate the
enzyme (Szeltner et al., 2002b, 2003; Agusti-Cobos and Tenorio-
Laranga, 2011). Furthermore, redox conditions also change the
interaction with lipids and other partners (Tenorio-Laranga et al.,
2008; Szeltner et al., 2011, 2013). The second is an endogenous
inhibitor (Figure 2). Such inhibitors have indeed been described
in the literature (Soeda et al., 1986; Salers, 1994; Tenorio-Laranga
et al,, 2010, 2013; Telford et al., 2011). The open, or active form
may exist in different species: form A is open when empty, and
the population of this species is probably very low, especially
when appropriated concentrations of the peptide substrate (S)
are present and tightly bound to PREP to produce the form
A-S. The A-S form may also be a very transient species since
it turns to the form A*-S, which has a conformational change
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FIGURE 2 | A proposed functional cycle for PREP. PREP in an active form (A) can bind a substrate peptide (S) to become the form A-S. This form is
prone to produce a conformational change in PREP, depicted as a red area, becoming A*-S. This is a stable complex driving the equilibrium A to A-S to the formation
of A-S. The A*-S form, due to the particular conformation, is now able to interact with a protein partner (P) forming a tertiary complex A*-S-P, which is the biologically
active form. The tertiary complex A*-S-P can be broken by substrate cleavage, regenerating the form A, with low affinity by the partner P. The form active A can be
deactivated by interaction with an endogenous inhibitor (El) or/and reactive oxidative species (ROS). The form A*-S could slowly lead to substrate cleavage.
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around the propeller region, induced by the ligand (substrate or
inhibitor) binding. Conformational changes in this domain, upon
ligand binding, have been demonstrated (Szeltner et al., 2000,
2004; Kiss et al., 2004). We suggest that the form A*-S is able
to interact with a PPI partner (P in Figure 2), and subsequently
form a stable tertiary complex, the form A*-S-P. This form may
have a particular biological activity which prevails as long as it
is stable. Its stability may be broken by the hydrolysis of the
peptide by PREP. PREP inhibitors may have different activities.
One may stabilize the PPI active forms of PREP (A*-S, and in
turn also A*-S-P), or stabilize the form A-S, which is not able to
interact with the PPI partner. Fine kinetic studies have indicated
that PREP inhibitors show a complex kinetics, and allosteric-like
interaction have been proposed (Fiilop et al., 2001; Szeltner et al.,
2004; Fuxreiter et al., 2005; Juhasz et al., 2005). In the absence
of a PPI partner, e.g., in vitro, the cycle could short circuit from
form A*-S (or A-S) to form A, through a catalytic cleavage by
peptidase, but this is predicted to be a slow process. The relative
low activity of PREP in vitro, compared with other peptidases,
support this notion. In fact, despite appreciable amounts detected
in circulation, some researchers are not able to detect any activity
at all (Lee et al,, 2011). In this cycle, we would like to point that
it is the formation of a complex PREP-Partner (form A*-S-P)
which might be physiologically relevant, and peptide binding and
cleavage, are only regulatory factors.

It is interesting to note that PREP-like protein (PREPL),
a member of prolyl oligopeptidase family, has a structure
highly homologous to PREP (Szeltner et al., 2005) including a

pB-propeller and a catalytic domain. Even if PREPL is catalytically
active, no peptides/proteins have been found to be cleaved by
it, in spite of the great efforts to find them (Martens et al.,
2006; Boonen et al., 2011). PREPL deletion produces severe
growth impairment (Lone et al., 2014), and indeed it has been
speculated that its function is to interact with other proteins
important in growth, in a similar fashion to PREP (Boonen et al.,
2011), probably through a mechanism here proposed. In fact, the
intracellular localizations of PREPL and PREP are very similar
(Morawski et al., 2013), which has led to the suggestion that
both proteins have a redundant function. On the other hand,
similar PPI function mechanism could be speculated for two
enzymatically inactive dipeptidyl peptidases DPP6 and DPP10.
Although structurally less homologous to PREP than PREPL,
they are implicated in a number of neuronal processes in health
and disease (McNicholas et al., 2009), and ligands (peptides?)
may be proposed to regulate their PPI activities even in the
absence of an active center.

CONCLUSIONS

PREP has been implicated in several of brain processes, like
memory, learning, secretion, plasticity, and aging. Since PREP
has an enzymatic activity for cleaving short peptides, it has been
logically related in regulation of the neuropeptide levels (Garcia-
Horsman et al., 2007; Mannistd et al., 2007; Lambeir, 2011b).
However, extensive research has not been able to definitively
identify the physiological substrate peptides. Potent and selective
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PREP inhibitors have not robustly elevated the putative substrate
levels, and even inactive PREP mutants have retained some
functions, suggesting that peptidase activity is evidently not
always required for some of the processes where PREP has been
associated to. We here propose that rather than the peptidase
activity, it is the direct PREP-other protein interaction that is
primarily involved in the several processes mentioned (Figure 2).
We suggest that PREP regulates through this interaction the
activity of other proteins such as proteases, transport proteins
and chaperones, according to the biological conditions and type
of the cell in question, and according to the prevalent peptide
homeostasis. Enzymatic activity of PREP may act only as a
regulator of its interactions with other proteins.

REFERENCES

Agirregoitia, N., Casis, L., Gil, J., Ruiz, F., and Irazusta, J. (2007). Ontogeny of
prolyl endopeptidase and pyroglutamyl peptidase I in rat tissues. Regul. Pept.
139, 52-58. doi: 10.1016/j.regpep.2006.10.004

Agusti-Cobos, E., and Tenorio-Laranga, J. (2011). Enhancement of
fibrinolysis by inhibiting enzymatic cleavage of precursor o2-
antiplasmin: a rebuttal. J. Thromb. Haemost. 9, 1266-1267; 1268-1269.
doi: 10.1111/j.1538-7836.2011.04294.x

Bar, J. W., Rahfeld, J. U., Schulz, 1., Gans, K., Ruiz-Carrillo, D., Manhart, S., et al.
(2006). Prolyl endopeptidase cleaves the apoptosis rescue peptide humanin and
exhibits an unknown post-cysteine cleavage specificity. Adv. Exp. Med. Biol.
575, 103-108. doi: 10.1007/0-387-32824-6_11

Bellemére, G., Morain, P., Vaudry, H., and Jégou, S. (2003). Effect of S 17092,
a novel prolyl endopeptidase inhibitor, on substance P and a-melanocyte-
stimulating hormone breakdown in the rat brain. J. Neurochem. 84, 919-929.
doi: 10.1046/j.1471-4159.2003.01536.x

Bellemére, G., Vaudry, H., Morain, P., and Jégou, S. (2005). Effect of prolyl
endopeptidase inhibition on arginine-vasopressin and thyrotrophin-releasing
hormone catabolism in the rat brain. J. Neuroendocrinol. 17, 306-313.
doi: 10.1111/j.1365-2826.2005.01308.x

Boonen, K., Régal, L., Jacken, J., and Creemers, J. W. (2011). PREPL, a prolyl
endopeptidase-like enzyme by name only?-Lessons from patients. CNS Neurol.
Disord. Drug Targets 10, 355-360. doi: 10.2174/187152711794653760

Brandt, I, De Vriendt, K., Devreese, B., Van Beeumen, J., Van Dongen, W.,
Augustyns, K., et al. (2005). Search for substrates for prolyl oligopeptidase in
porcine brain. Peptides 26, 2536-2546. doi: 10.1016/j.peptides.2005.05.016

Brandt, L., Gérard, M., Sergeant, K., Devreese, B., Baekelandt, V., Augustyns, K.,
et al. (2008). Prolyl oligopeptidase stimulates the aggregation of a-synuclein.
Peptides 29, 1472-1478. doi: 10.1016/j.peptides.2008.05.005

Brandt, I, Scharpé, S., and Lambeir, A. M. (2007). Suggested functions for
prolyl oligopeptidase: a puzzling paradox. Clin. Chim. Acta 377, 50-61.
doi: 10.1016/j.cca.2006.09.001

Chen, C. K., Chan, N. L., and Wang, A. H. (2011). The many blades of the B-
propeller proteins: conserved but versatile. Trends Biochem. Sci. 36, 553-561.
doi: 10.1016/j.tibs.2011.07.004

D’agostino, G., Kim, J. D., Liu, Z. W., Jeong, J. K., Suyama, S., Calignano,
A, et al. (2013). Prolyl endopeptidase-deficient mice have reduced synaptic
spine density in the CAl region of the hippocampus, impaired LTP, and
spatial learning and memory. Cereb. Cortex 23,2007-2014. doi: 10.1093/cercor/
bhs199

Di Daniel, E.,, Glover, C. P, Grot, E, Chan, M. K, Sanderson, T. H.,
White, J. H., et al. (2009). Prolyl oligopeptidase binds to GAP-43 and
functions without its peptidase activity. Mol. Cell. Neurosci. 41, 373-382.
doi: 10.1016/j.mcn.2009.03.003

Fukunari, A., Kato, A., Sakai, Y., Yoshimoto, T. Ishiura, S., Suzuki, K,
et al. (1994). Colocalization of prolyl endopeptidase and amyloid B-peptide
in brains of senescence-accelerated mouse. Neurosci. Lett. 176, 201-204.
doi: 10.1016/0304-3940(94)90082-5

Aging is a complicated process where both genes and
environment play key roles and interact.

However, the mechanisms of how these factors influence
longevity is still not understood. There is some evidence that
cellular systems of housekeeping, repair and stress responses
are crucial. Regulation of these processes is still mostly
unknown. New hypothesis may be a useful starting point to fill
the gaps.

AUTHOR CONTRIBUTIONS

JG developed the idea. PM participated in the discussion of the
idea. JG and PM wrote the manuscript.

Filop, V., Bocskei, Z., and Polgar, L. (1998). Prolyl oligopeptidase: an
unusual B-propeller domain regulates proteolysis. Cell 94, 161-170.
doi: 10.1016/50092-8674(00)81416-6

Filop, V., Szeltner, Z., and Polgér, L. (2000). Catalysis of serine oligopeptidases
is controlled by a gating filter mechanism. EMBO Rep. 1, 277-281.
doi: 10.1093/embo-reports/kvd048

Fulop, V., Szeltner, Z., Renner, V., and Polgir, L. (2001). Structures of prolyl
oligopeptidase substrate/inhibitor complexes. Use of inhibitor binding for
titration of the catalytic histidine residue. J. Biol. Chem. 276, 1262-1266.
doi: 10.1074/jbc.M007003200

Fuxreiter, M., Magyar, C., Juhasz, T., Szeltner, Z., Polgar, L., and Simon, I
(2005). Flexibility of prolyl oligopeptidase: molecular dynamics and molecular
framework analysis of the potential substrate pathways. Proteins 60, 504-512.
doi: 10.1002/prot.20508

Garcia-Horsman, J. A., Minnist6, P. T., and Venildinen, J. I. (2007). On the
role of prolyl oligopeptidase in health and disease. Neuropeptides 41, 1-24.
doi: 10.1016/j.npep.2006.10.004

Hannula, M. J., Ménnistd, P. T., and Myo6hinen, T. T. (2011). Sequential
expression, activity and nuclear localization of prolyl oligopeptidase protein in
the developing rat brain. Dev. Neurosci. 33, 38-47. doi: 10.1159/000322082

Hannula, M. J., Myé6hinen, T. T., Tenorio-Laranga, J., Mannisto, P. T., and
Garcia-Horsman, J. A. (2013). Prolyl oligopeptidase colocalizes with o-
synuclein, p-amyloid, tau protein and astroglia in the post-mortem brain
samples with Parkinson’s and Alzheimer’s diseases. Neuroscience 242, 140-150.
doi: 10.1016/j.neuroscience.2013.03.049

Harwood, A. J. (2011). Prolyl oligopeptidase, inositol phosphate signalling
and lithium sensitivity. CNS Neurol. Disord. Drug Targets 10, 333-339.
doi: 10.2174/187152711794653779

Hofling, C., Kulesskaya, N., Jaako, K., Peltonen, I., Mannisto, P. T., Nurmi, A.,
et al. (2016). Deficiency of prolyl oligopeptidase in mice disturbs synaptic
plasticity and reduces anxiety-like behaviour, body weight, and brain volume.
Eur. Neuropsychopharmacol. 26, 1048-1061. doi: 10.1016/j.euroneuro.2016.
02.015

Jaako, K., Waniek, A., Parik, K., Klimaviciusa, L., Aonurm-Helm, A., Noortoots,
A., et al. (2016). Prolyl endopeptidase is involved in the degradation of neural
cell adhesion molecules in vitro. J. Cell Sci. 129, 3792-3801. doi: 10.1242/jcs.
181891

Jalkanen, A. J., Hakkarainen, J. J., Lehtonen, M., Venildinen, T., Kdaridinen, T.
M., Jarho, E., et al. (2011). Brain pharmacokinetics of two prolyl oligopeptidase
inhibitors, JTP-4819 and KYP-2047, in the rat. Basic Clin. Pharmacol. Toxicol.
109, 443-451. doi: 10.1111/j.1742-7843.2011.00747.x

Jalkanen, A. J., Puttonen, K. A., Venildinen, J. I, Sinervi, V., Mannila, A.,
Ruotsalainen, S., et al. (2007). Beneficial effect of prolyl oligopeptidase
inhibition on spatial memory in young but not in old scopolamine-treated rats.
Basic Clin. Pharmacol. Toxicol. 100, 132-138. doi: 10.1111/§.1742-7843.2006.
00021.x

Jiang, C. H., Tsien, J. Z., Schultz, P. G., and Hu, Y. (2001). The effects of aging on
gene expression in the hypothalamus and cortex of mice. Proc. Natl. Acad. Sci.
U.S.A. 98, 1930-1934. doi: 10.1073/pnas.98.4.1930

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2017 | Volume 9 | Article 27


https://doi.org/10.1016/j.regpep.2006.10.004
https://doi.org/10.1111/j.1538-7836.2011.04294.x
https://doi.org/10.1007/0-387-32824-6_11
https://doi.org/10.1046/j.1471-4159.2003.01536.x
https://doi.org/10.1111/j.1365-2826.2005.01308.x
https://doi.org/10.2174/187152711794653760
https://doi.org/10.1016/j.peptides.2005.05.016
https://doi.org/10.1016/j.peptides.2008.05.005
https://doi.org/10.1016/j.cca.2006.09.001
https://doi.org/10.1016/j.tibs.2011.07.004
https://doi.org/10.1093/cercor/bhs199
https://doi.org/10.1016/j.mcn.2009.03.003
https://doi.org/10.1016/0304-3940(94)90082-5
https://doi.org/10.1016/S0092-8674(00)81416-6
https://doi.org/10.1093/embo-reports/kvd048
https://doi.org/10.1074/jbc.M007003200
https://doi.org/10.1002/prot.20508
https://doi.org/10.1016/j.npep.2006.10.004
https://doi.org/10.1159/000322082
https://doi.org/10.1016/j.neuroscience.2013.03.049
https://doi.org/10.2174/187152711794653779
https://doi.org/10.1016/j.euroneuro.2016.02.015
https://doi.org/10.1242/jcs.181891
https://doi.org/10.1111/j.1742-7843.2011.00747.x
https://doi.org/10.1111/j.1742-7843.2006.00021.x
https://doi.org/10.1073/pnas.98.4.1930
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Méannistd and Garcia-Horsman

Is PREP a Peptidase?

Juhasz, T., Szeltner, Z., Filép, V., and Polgar, L. (2005). Unclosed B-propellers
display stable structures: implications for substrate access to the active site of
prolyl oligopeptidase. J. Mol. Biol. 346, 907-917. doi: 10.1016/j.jmb.2004.12.014

Julku, U. H., Panhelainen, A. E., Tiilikainen, S. E., Svarcbahs, R., Tammimaki, A.
E., Piepponen, T. P., et al. (2016). Prolyl oligopeptidase regulates dopamine
transporter phosphorylation in the nigrostriatal pathway of mouse. Mol.
Neurobiol. doi: 10.1007/s12035-016-0339-8. [Epub ahead of print].

Kaszuba, K., Rog, T., Danne, R, Canning, P., Fiilop, V., Juhasz, T., et al.
(2012). Molecular dynamics, crystallography and mutagenesis studies on the
substrate gating mechanism of prolyl oligopeptidase. Biochimie 94, 1398-1411.
doi: 10.1016/j.biochi.2012.03.012

Katsube, N., Sunaga, K., Aishita, H., Chuang, D. M., and Ishitani, R. (1999).
ONO-1603, a potential antidementia drug, delays age-induced apoptosis and
suppresses overexpression of glyceraldehyde-3-phosphate dehydrogenase in
cultured central nervous system neurons. J. Pharmacol. Exp. Ther. 288, 6-13.

Kaushik, S., and Sowdhamini, R. (2011). Structural analysis of prolyl
oligopeptidases using molecular docking and dynamics: insights into
conformational changes and ligand binding. PLoS ONE 6:€26251.
doi: 10.1371/journal.pone.0026251

Keane, F. M., Nadvi, N. A, Yao, T. W., and Gorrel, M. D. (2011).
Neuropeptide Y, B-type natriuretic peptide, substance P and peptide YY are
novel substrates of fibroblast activation protein-a. FEBS J. 278, 316-332.
doi: 10.1111/j.1742-4658.2011.08051.x

Kim, J. D., Toda, C., D’agostino, G., Zeiss, C. J., Dileone, R. J., Elsworth, J. D.,
et al. (2014). Hypothalamic prolyl endopeptidase (PREP) regulates pancreatic
insulin and glucagon secretion in mice. Proc. Natl. Acad. Sci. U.S.A. 111,
11876-11881. doi: 10.1073/pnas.1406000111

Kiss, A. L., Szeltner, Z., Fiilop, V., and Polgar, L. (2004). His507 of acylaminoacyl
peptidase stabilizes the active site conformation, not the catalytic intermediate.
FEBS Lett. 571, 17-20. doi: 10.1016/j.febslet.2004.06.054

Klegeris, A., Li, J., Bammler, T. K,, Jin, J., Zhu, D., Kashima, D. T., et al.
(2008). Prolyl endopeptidase is revealed following SILAC analysis to be a novel
mediator of human microglial and THP-1 cell neurotoxicity. Glia 56, 675-685.
doi: 10.1002/glia.20645

Knight, J. A. (2000). The biochemistry of aging. Adv. Clin. Chem. 35, 1-62.
doi: 10.1016/S0065-2423(01)35014-X

Lambeir, A. M. (2011a). Interaction of prolyl oligopeptidase with a-synuclein. CNS
Neurol. Disord. Drug Targets 10, 349-354. doi: 10.2174/187152711794653878

Lambeir, A. M. (2011b). Translational research on prolyl oligopeptidase
inhibitors: the long road ahead. Expert Opin. Ther. Pat. 21, 977-981.
doi: 10.1517/13543776.2011.587803

Lazcano, L, Uribe, R. M., Martinez-Chavez, E., Vargas, M. A., Matziari, M., Joseph-
Bravo, P., et al. (2012). Pyroglutamyl peptidase II inhibition enhances the
analeptic effect of thyrotropin-releasing hormone in the rat medial septum. J.
Pharmacol. Exp. Ther. 342, 222-231. doi: 10.1124/jpet.112.192278

Lee, K. N., Jackson, K. W., Christiansen, V. J., Dolence, E. K, and
Mckee, P. A. (2011). Enhancement of fibrinolysis by inhibiting enzymatic
cleavage of precursor o2-antiplasmin. J. Thromb. Haemost. 9, 987-996.
doi: 10.1111/j.1538-7836.2011.04195.x

Lone, A. M., Leidl, M., McFedries, A. K., Horner, J. W., Creemers, J., and
Saghatelian, A. (2014). Deletion of PREP] causes growth impairment and
hypotonia in mice. PLoS ONE 9:¢89160. doi: 10.1371/journal.pone.0089160

Lone, A. M., Nolte, W. M., Tinoco, A. D., and Saghatelian, A. (2010). Peptidomics
of the prolyl peptidases. AAPS J. 12, 483-491. doi: 10.1208/s12248-010-9208-y

Lopez, A., Herranz-Trillo, F., Kotev, M., Gairi, M., Guallar, V., Bernado,
P., et al. (2016). Active-site-directed inhibitors of prolyl oligopeptidase
abolish its conformational dynamics. Chembiochem 17, 913-917.
doi: 10.1002/cbic.201600102

Minnistd, P. T., Venildinen, J., Jalkanen, A., and Garcia-Horsman, J. A. (2007).
Prolyl oligopeptidase: a potential target for the treatment of cognitive disorders.
Drug News Perspect. 20, 293-305. doi: 10.1358/dnp.2007.20.5.1120216

Martens, K., Derua, R., Meulemans, S., Waelkens, E., Jaeken, J., Matthijs, G., et al.
(2006). PREPL: a putative novel oligopeptidase propelled into the limelight.
Biol. Chem. 387, 879-883. doi: 10.1515/BC.2006.111

Matsuda, T., Sakaguchi, M., Tanaka, S., Yoshimoto, T., and Takaoka, M. (2013).
Prolyl oligopeptidase is a glyceraldehyde-3-phosphate dehydrogenase-binding
protein that regulates genotoxic stress-induced cell death. Int. J. Biochem. Cell
Biol. 45, 850-857. doi: 10.1016/j.biocel.2013.01.009

McNicholas, K., Chen, T., and Abbott, C. A. (2009). Dipeptidyl peptidase (DP) 6
and DP10: novel brain proteins implicated in human health and disease. Clin.
Chem. Lab. Med. 47, 262-267. doi: 10.1515/CCLM.2009.061

Miyazaki, A., Toide, K., Sasaki, Y., Ichitani, Y., and Iwasaki, T. (1998). Effect
of a prolyl endopeptidase inhibitor, JTP-4819, on radial maze performance
in hippocampal-lesioned rats. Pharmacol. Biochem. Behav. 59, 361-368.
doi: 10.1016/S0091-3057(97)00420-6

Morain, P., Boeijinga, P. H., Demazieres, A., De Nanteuil, G., and Luthringer, R.
(2007). Psychotropic profile of S 17092, a prolyl endopeptidase inhibitor, using
quantitative EEG in young healthy volunteers. Neuropsychobiology 55, 176-183.
doi: 10.1159/000107070

Morain, P., Lestage, P., De Nanteuil, G., Jochemsen, R., Robin, J. L., Guez, D.,
etal. (2002). S 17092: a prolyl endopeptidase inhibitor as a potential therapeutic
drug for memory impairment. Preclinical and clinical studies. CNS Drug Rev.
8,31-52. doi: 10.1111/j.1527-3458.2002.tb00214.x

Morawski, M., Nuytens, K., Juhasz, T., Zeitschel, U., Seeger, G., Waelkens, E.,
et al. (2013). Cellular and ultra structural evidence for cytoskeletal localization
of prolyl endopeptidase-like protein in neurons. Neuroscience 242, 128-139.
doi: 10.1016/j.neuroscience.2013.02.038

Morawski, M., Schulz, I, Zeitschel, U., Blosa, M., Seeger, G., and Rossner,
S. (2011). Role of prolyl endopeptidase in intracellular transport and
protein secretion. CNS Neurol. Disord. Drug Targets 10, 327-332.
doi: 10.2174/187152711794653805

Moreno-Baylach, M. J., Felipo, V., Minnist6, P. T., and Garcia-Horsman,
J. A. (2008). Expression and traffic of cellular prolyl oligopeptidase are
regulated during cerebellar granule cell differentiation, maturation, and aging.
Neuroscience 156, 580-585. doi: 10.1016/j.neuroscience.2008.06.072

Moreno-Baylach, M. J., Puttonen, K. A., Tenorio-Laranga, J., Venildinen, J. I,
Storvik, M., Forsberg, M. M., et al. (2011). Prolyl endopeptidase is involved
in cellular signalling in human neuroblastoma SH-SY5Y cells. Neurosignals 19,
97-109. doi: 10.1159/000326342

Myohinen, T. T., Garcia-Horsman, J. A., Tenorio-Laranga, J., and Ménnisto, P.
T. (2009). Issues about the physiological functions of prolyl oligopeptidase
based on its discordant spatial association with substrates and inconsistencies
among mRNA, protein levels, and enzymatic activity. . Histochem. Cytochem.
57, 831-848. doi: 10.1369/jhc.2009.953711

Myo6hianen, T. T., Hannula, M. J., Van Elzen, R., Gerard, M., Van Der Veken,
P., Garcia-Horsman, J. A., et al. (2012). A prolyl oligopeptidase inhibitor,
KYP-2047, reduces a-synuclein protein levels and aggregates in cellular and
animal models of Parkinson’s disease. Br. J. Pharmacol. 166, 1097-1113.
doi: 10.1111/j.1476-5381.2012.01846.x

Myéhinen, T. T., Tenorio-Laranga, J., Jokinen, B., Vazquez-Sénchez, R., Moreno-
Baylach, M. J., Garcia-Horsman, J. A., et al. (2011). Prolyl oligopeptidase
induces angiogenesis both in vitro and in vivo in a novel regulatory
manner. Br. ]. Pharmacol. 163, 1666-1678. doi: 10.1111/j.1476-5381.2010.
01146.x

Myo6hénen, T. T., Vendldinen, J. I, Garcia-Horsman, J. A., Piltonen, M., and
Minnist6, P. T. (2008). Cellular and subcellular distribution of rat brain prolyl
oligopeptidase and its association with specific neuronal neurotransmitters. J.
Comp. Neurol. 507, 1694-1708. doi: 10.1002/cne.21642

Myohinen, T. T., Veniliinen, J. I, Tupala, E., Garcia-Horsman, J. A., Miettinen,
R, and Minnisto, P. T. (2007). Distribution of immunoreactive prolyl
oligopeptidase in human and rat brain. Neurochem. Res. 32, 1365-1374.
doi: 10.1007/511064-007-9316-y

Nolte, W. M., Tagore, D. M., Lane, W. S., and Saghatelian, A. (2009). Peptidomics
of prolyl endopeptidase in the central nervous system. Biochemistry 48,
11971-11981. doi: 10.1021/bi901637¢

Peltonen, I. (2012). New Insights to the Brain Functions of Prolyl Oligopeptidase.
Ph.D. Thesis, University of Helsinki.

Peltonen, 1., Jalkanen, A. J., Sinerva, V., Puttonen, K. A., and Minnisto, P. T.
(2010). Different effects of scopolamine and inhibition of prolyl oligopeptidase
on mnemonic and motility functions of young and 8- to 9-month-old
rats in the radial-arm maze. Basic Clin. Pharmacol. Toxicol. 106, 280-287.
doi: 10.1111/j.1742-7843.2009.00484.x

Penttinen, A., Tenorio-Laranga, J., Siikanen, A., Morawski, M., Rossner, S., and
Garcia-Horsman, J. A. (2011). Prolyl oligopeptidase: a rising star on the stage
of neuroinflammation research. CNS Neurol. Disord. Drug Targets 10, 340-348.
doi: 10.2174/187152711794653742

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2017 | Volume 9 | Article 27


https://doi.org/10.1016/j.jmb.2004.12.014
https://doi.org/10.1007/s12035-016-0339-8
https://doi.org/10.1016/j.biochi.2012.03.012
https://doi.org/10.1371/journal.pone.0026251
https://doi.org/10.1111/j.1742-4658.2011.08051.x
https://doi.org/10.1073/pnas.1406000111
https://doi.org/10.1016/j.febslet.2004.06.054
https://doi.org/10.1002/glia.20645
https://doi.org/10.1016/S0065-2423(01)35014-X
https://doi.org/10.2174/187152711794653878
https://doi.org/10.1517/13543776.2011.587803
https://doi.org/10.1124/jpet.112.192278
https://doi.org/10.1111/j.1538-7836.2011.04195.x
https://doi.org/10.1371/journal.pone.0089160
https://doi.org/10.1208/s12248-010-9208-y
https://doi.org/10.1002/cbic.201600102
https://doi.org/10.1358/dnp.2007.20.5.1120216
https://doi.org/10.1515/BC.2006.111
https://doi.org/10.1016/j.biocel.2013.01.009
https://doi.org/10.1515/CCLM.2009.061
https://doi.org/10.1016/S0091-3057(97)00420-6
https://doi.org/10.1159/000107070
https://doi.org/10.1111/j.1527-3458.2002.tb00214.x
https://doi.org/10.1016/j.neuroscience.2013.02.038
https://doi.org/10.2174/187152711794653805
https://doi.org/10.1016/j.neuroscience.2008.06.072
https://doi.org/10.1159/000326342
https://doi.org/10.1369/jhc.2009.953711
https://doi.org/10.1111/j.1476-5381.2012.01846.x
https://doi.org/10.1111/j.1476-5381.2010.01146.x
https://doi.org/10.1002/cne.21642
https://doi.org/10.1007/s11064-007-9316-y
https://doi.org/10.1021/bi901637c
https://doi.org/10.1111/j.1742-7843.2009.00484.x
https://doi.org/10.2174/187152711794653742
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Méannistd and Garcia-Horsman

Is PREP a Peptidase?

Polgar, L. (1992). Unusual secondary specificity of prolyl oligopeptidase and the
different reactivities of its two forms toward charged substrates. Biochemistry
31, 7729-7735. doi: 10.1021/bi00148a038

Puttonen, K. A., Lehtonen, S., Raasmaja, A., and Ménnisto P. T. (2006). A prolyl
oligopeptidase inhibitor, Z-Pro-Prolinal, inhibits glyceraldehyde-3-phosphate
dehydrogenase translocation and production of reactive oxygen species in
CV1-P cells exposed to 6-hydroxydopamine. Toxicol. In Vitro 20, 1446-1454.
doi: 10.1016/j.tiv.2006.07.001

Rampon, C,, Jiang, C. H., Dong, H., Tang, Y. P., Lockhart, D. J., Schultz, P. G,,
et al. (2000). Effects of environmental enrichment on gene expression in the
brain. Proc. Natl. Acad. Sci. U.S.A. 97, 12880-12884. doi: 10.1073/pnas.97.23.
12880

Rawlings, N. D., Barrett, A. J., and Finn, R. (2016). Twenty years of the MEROPS
database of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids
Res. 44, D343-D350. doi: 10.1093/nar/gkv1118

Rea, D., and Fiilop, V. (2011). Prolyl oligopeptidase structure and dynamics. CNS
Neurol. Disord. Drug Targets 10, 306-310. doi: 10.2174/187152711794653850

Rossner, S., Schulz, I, Zeitschel, U., Schliebs, R., Bigl, V., and Demuth,
H. U. (2005). Brain prolyl endopeptidase expression in aging, APP
transgenic mice and Alzheimer’s disease. Neurochem. Res. 30, 695-702.
doi: 10.1007/s11064-005-6863-y

Saidi, M., Kamali, S., and Beaudry, F. (2016). Characterization of substance
P processing in mouse spinal cord S9 fractions using high-resolution
Quadrupole-Orbitrap mass spectrometry. Neuropeptides 59, 47-55.
doi: 10.1016/j.npep.2016.06.002

Salers, P. (1994). Evidence for the presence of prolyl oligopeptidase and its
endogenous inhibitor in neonatal rat pancreatic p-cells. Regul. Pept. 50,
235-245. doi: 10.1016/0167-0115(94)90004-3

Savolainen, M. H., Richie, C. T., Harvey, B. K., Ménnist6, P. T., Maguire-
Zeiss, K. A., and Mydhinen, T. T. (2014). The beneficial effect of a prolyl
oligopeptidase inhibitor, KYP-2047, on a-synuclein clearance and autophagy
in A30P transgenic mouse. Neurobiol. Dis. 68, 1-15. doi: 10.1016/j.nbd.2014.
04.003

Savolainen, M. H., Yan, X., Myohidnen, T. T., and Huttunen, H. J. (2015). Prolyl
oligopeptidase enhances a-synuclein dimerization via direct protein-protein
interaction. J. Biol. Chem. 290, 5117-5126. doi: 10.1074/jbc.M114.592931

Schulz, I, Gerhartz, B., Neubauer, A., Holloschi, A., Heiser, U. Hafner,
M., et al. (2002). Modulation of inositol 1,4,5-triphosphate concentration
by prolyl endopeptidase inhibition. Eur. J. Biochem. 269, 5813-5820.
doi: 10.1046/j.1432-1033.2002.03297 x

Schulz, I, Zeitschel, U., Rudolph, T., Ruiz-Carrillo, D., Rahfeld, J. U,
Gerhartz, B., et al. (2005). Subcellular localization suggests novel functions
for prolyl endopeptidase in protein secretion. J. Neurochem. 94, 970-979.
doi: 10.1111/.1471-4159.2005.03237 x

Shinoda, M., Miyazaki, A., and Toide, K. (1999). Effect of a novel prolyl
endopeptidase inhibitor, JTP-4819, on spatial memory and on cholinergic
and peptidergic neurons in rats with ibotenate-induced lesions of
the nucleus basalis magnocellularis. Behav. Brain Res. 99, 17-25.
doi: 10.1016/S0166-4328(98)00005-9

Shinoda, M., Toide, K., Ohsawa, I, and Kohsaka, S. (1997). Specific inhibitor
for prolyl endopeptidase suppresses the generation of amyloid B protein
in NG108-15 cells. Biochem. Biophys. Res. 235, 641-645.
doi: 10.1006/bbrc.1997.6730

Soeda, S., Yamakawa, N., Shimeno, H., and Nagamatsu, A. (1986). Effects of
polyamines on proline endopeptidase activity in rat brain. J. Neurochem. 46,
1304-1307. doi: 10.1111/.1471-4159.1986.tb00654.x

Szeltner, Z., Alshafee, I, Juhdsz, T., Parvari, R, and Polgir, L. (2005). The
PREPL A protein, a new member of the prolyl oligopeptidase family, lacking
catalytic activity. Cell. Mol. Life Sci. 62, 2376-2381. doi: 10.1007/s00018-005-
5262-5

Szeltner, Z., Juhasz, T., Szamosi, I, Rea, D., Fillop, V., Modos, K., et al. (2013).
The loops facing the active site of prolyl oligopeptidase are crucial components
in substrate gating and specificity. Biochim. Biophys. Acta 1834, 98-111.
doi: 10.1016/j.bbapap.2012.08.012

Szeltner, Z., Morawski, M., Juhasz, T., Szamosi, L., Liliom, K., Csizmok, V.,
et al. (2011). GAP43 shows partial co-localisation but no strong physical
interaction with prolyl oligopeptidase. Biochim. Biophys. Acta 1804, 2162-2176.
doi: 10.1016/j.bbapap.2010.09.010

Commun.

Szeltner, Z., and Polgar, L. (2008). Structure, function and biological
relevance of prolyl oligopeptidase. Curr. Protein Pept. Sci. 9, 96-107.
doi: 10.2174/138920308783565723

Szeltner, Z., Rea, D., Juhasz, T., Renner, V., Fiilop, V., and Polgar, L. (2004).
Concerted structural changes in the peptidase and the propeller domains of
prolyl oligopeptidase are required for substrate binding. J. Mol. Biol. 340,
627-637. doi: 10.1016/j.jmb.2004.05.011

Szeltner, Z., Rea, D., Juhasz, T., Renner, V., Mucsi, Z., Orosz, G., et al. (2002a).
Substrate-dependent competency of the catalytic triad of prolyl oligopeptidase.
J. Biol. Chem. 277, 44597-44605. doi: 10.1074/jbc.M207386200

Szeltner, Z., Rea, D., Renner, V., Fiilép, V., and Polgar, L. (2002b). Electrostatic
effects and binding determinants in the catalysis of prolyl oligopeptidase.
Site specific mutagenesis at the oxyanion binding site. J. Biol. Chem. 277,
42613-42622. doi: 10.1074/jbc.M208043200

Szeltner, Z., Rea, D., Renner, V., Juliano, L., Fillop, V., and Polgar, L. (2003).
Electrostatic environment at the active site of prolyl oligopeptidase is
highly influential during substrate binding. J. Biol. Chem. 278, 48786-48793.
doi: 10.1074/jbc.M309555200

Szeltner, Z., Renner, V., and Polgar, L. (2000). The noncatalytic B-propeller domain
of prolyl oligopeptidase enhances the catalytic capability of the peptidase
domain. J. Biol. Chem. 275, 15000-15005. doi: 10.1074/jbc.M000942200

Telford, G., Brown, A. P, Kind, A., English, J. S., and Pritchard, D.
I. (2011). Maggot chymotrypsin I from Lucilia sericata is resistant to
endogenous wound protease inhibitors. Br. J. Dermatol. 164, 192-196.
doi: 10.1111/.1365-2133.2010.10081.x

Tenorio-Laranga, J., Coret-Ferrer, F., Casanova-Estruch, B., Burgal, M.,
and Garcfa-Horsman, J. A. (2010). Prolyl oligopeptidase is inhibited
in relapsing-remitting multiple sclerosis. . Neuroinflamm.  7:23.
doi: 10.1186/1742-2094-7-23

Tenorio-Laranga, J., Ménnists, P. T., and Garcia-Horsman, J. A. (2011).
Hunting for peptide substrates of prolyl oligopeptidase: classical versus non-
classical bioactive peptides. CNS Neurol. Disord. Drug Targets 10, 319-326.
doi: 10.2174/187152711794653841

Tenorio-Laranga, J., Mannisto, P. T., Storvik, M., Van Der Veken, P., and Garcia-
Horsman, J. A. (2012). Four day inhibition of prolyl oligopeptidase causes
significant changes in the peptidome of rat brain, liver and kidney. Biochimie
94, 1849-1859. doi: 10.1016/j.biochi.2012.04.005

Tenorio-Laranga, J., Montoliu, C., Urios, A., Hernandez-Rabaza, V., Ahabrach,
H., Garcia-Horsman, J. A, et al. (2015). The expression levels of prolyl
oligopeptidase responds not only to neuroinflammation but also to systemic
inflammation upon liver failure in rat models and cirrhotic patients. J.
Neuroinflamm. 12, 183. doi: 10.1186/s12974-015-0404-7

Tenorio-Laranga, J., Peltonen, I., Keskitalo, S., Duran-Torres, G., Natarajan, R.,
Minnisto, P. T., et al. (2013). Alteration of prolyl oligopeptidase and activated
a-2-macroglobulin in multiple sclerosis subtypes and in the clinically isolated
syndrome. Biochem. Pharmacol. 85, 1783-1794. doi: 10.1016/j.bcp.2013.
04.018

Tenorio-Laranga, J., Valero, M. L., Minnistd, P. T., Sanchez Del Pino, M., and
Garcia-Horsman, J. A. (2009). Combination of snap freezing, differential
pH two-dimensional reverse-phase high-performance liquid chromatography,
and iTRAQ technology for the peptidomic analysis of the effect of prolyl
oligopeptidase inhibition in the rat brain. Anal. Biochem. 393, 80-87.
doi: 10.1016/j.ab.2009.06.019

Tenorio-Laranga, J., Venaldinen, J. I., Mannisto, P. T., and Garcia-Horsman, J. A.
(2008). Characterization of membrane-bound prolyl endopeptidase from brain.
FEBS J. 275, 4415-4427. doi: 10.1111/j.1742-4658.2008.06587.x

Toide, K., Iwamoto, Y., Fujiwara, T., and Abe, H. (1995). JTP-4819: a novel prolyl
endopeptidase inhibitor with potential as a cognitive enhancer. J. Pharmacol.
Exp. Ther. 274, 1370-1378.

Toide, K., Shinoda, M., Fujiwara, T., and Iwamoto, Y. (1997). Effect of a novel
prolyl endopeptidase inhibitor, JTP-4819, on spatial memory and central
cholinergic neurons in aged rats. Pharmacol. Biochem. Behav. 56, 427-434.
doi: 10.1016/S0091-3057(96)00238-9

Van der Veken, P., Fiilop, V., Rea, D., Gerard, M., Van Elzen, R., Joossens,
J., et al. (2012). P2-substituted N-acylprolylpyrrolidine inhibitors of prolyl
oligopeptidase: biochemical evaluation, binding mode determination, and
assessment in a cellular model of synucleinopathy. J. Med. Chem. 55,
9856-9867. doi: 10.1021/jm301060g

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2017 | Volume 9 | Article 27


https://doi.org/10.1021/bi00148a038
https://doi.org/10.1016/j.tiv.2006.07.001
https://doi.org/10.1073/pnas.97.23.12880
https://doi.org/10.1093/nar/gkv1118
https://doi.org/10.2174/187152711794653850
https://doi.org/10.1007/s11064-005-6863-y
https://doi.org/10.1016/j.npep.2016.06.002
https://doi.org/10.1016/0167-0115(94)90004-3
https://doi.org/10.1016/j.nbd.2014.04.003
https://doi.org/10.1074/jbc.M114.592931
https://doi.org/10.1046/j.1432-1033.2002.03297.x
https://doi.org/10.1111/j.1471-4159.2005.03237.x
https://doi.org/10.1016/S0166-4328(98)00005-9
https://doi.org/10.1006/bbrc.1997.6730
https://doi.org/10.1111/j.1471-4159.1986.tb00654.x
https://doi.org/10.1007/s00018-005-5262-5
https://doi.org/10.1016/j.bbapap.2012.08.012
https://doi.org/10.1016/j.bbapap.2010.09.010
https://doi.org/10.2174/138920308783565723
https://doi.org/10.1016/j.jmb.2004.05.011
https://doi.org/10.1074/jbc.M207386200
https://doi.org/10.1074/jbc.M208043200
https://doi.org/10.1074/jbc.M309555200
https://doi.org/10.1074/jbc.M000942200
https://doi.org/10.1111/j.1365-2133.2010.10081.x
https://doi.org/10.1186/1742-2094-7-23
https://doi.org/10.2174/187152711794653841
https://doi.org/10.1016/j.biochi.2012.04.005
https://doi.org/10.1186/s12974-015-0404-7
https://doi.org/10.1016/j.bcp.2013.04.018
https://doi.org/10.1016/j.ab.2009.06.019
https://doi.org/10.1111/j.1742-4658.2008.06587.x
https://doi.org/10.1016/S0091-3057(96)00238-9
https://doi.org/10.1021/jm301060g
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Méannistd and Garcia-Horsman

Is PREP a Peptidase?

Van Elzen, R., Schoenmakers, E., Brandt, I., Van Der Veken, P., and Lambeir, A.
M. (2017). Ligand-induced conformational changes in prolyl oligopeptidase:
a kinetic approach. Protein Eng. Des. Sel. doi: 10.1093/protein/gzw079. [Epub
ahead of print].

Walter, R., Shlank, H., Glass, J. D., Schwartz, I. L., and Kerenyi, T. D. (1971).
Leucylglycinamide released from oxytocin by human uterine enzyme. Science
173, 827-829. doi: 10.1126/science.173.3999.827

Warden, C. H., Fisler, J. S., Espinal, G., Graham, J., Havel, P. J., and
Perroud, B. (2009). Maternal influence of prolyl endopeptidase on fat
mass of adult progeny. Int. ]. Obes. 33, 1013-1022. doi: 10.1038/ijo.20
09.129

Williams, R. S., Eames, M., Ryves, W. J., Viggars, J., and Harwood, A. J. (1999).
Loss of a prolyl oligopeptidase confers resistance to lithium by elevation of

inositol (1,4,5) trisphosphate. EMBO J. 18, 2734-2745. doi: 10.1093/emboj/18.
10.2734

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Minnisto and Garcia-Horsman. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 10

February 2017 | Volume 9 | Article 27


https://doi.org/10.1093/protein/gzw079
https://doi.org/10.1126/science.173.3999.827
https://doi.org/10.1038/ijo.2009.129
https://doi.org/10.1093/emboj/18.10.2734
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	Mechanism of Action of Prolyl Oligopeptidase (PREP) in Degenerative Brain Diseases: Has Peptidase Activity Only a Modulatory Role on the Interactions of PREP with Proteins?
	Introduction
	PREP Expression/Regulation in the Brain
	Effect of PREP Inhibitors in Behavior, Memory and Learning
	Behavior of PREP Knock-out Mice
	PREP in Psychiatric Disorders
	Enzymatic Activity
	Protein-protein Interactions, PPIs
	Protein Structure/molecular Modeling
	Conclusions
	Author Contributions
	References


