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Introduction

The activity and lifetime of proteins or peptides in living
organisms are highly dependent on their processing by pro-
teolytic enzymes also known as proteases. Proteases perform
different tasks including post-translational modifications of
proteins (e.g., cleavage of inactive zymogens to the corre-
sponding active enzymes), regulation of peptide functions,
and digestion of proteins into smaller peptides. Some pro-
teases, the exopeptidases, can only cleave a few amino acids
off the C-terminal or N-terminal ends of proteins, while
others, the endopeptidases, can hydrolyze internal peptide
bonds. Most proteases are highly specific and can only process
a limited number of substrates with defined amino acid
sequences. Similarly, some substrates are only processed by
a very small number of proteases. For instance, many bio-
logically active peptides are protected from general proteolytic
degradation by evolutionarily conserved prolines.'> Proline
residues impose conformational constraints and kinks in the
secondary structure and folding of peptides or proteins,’
which in turn require very specific enzymes to process them.
In fact, only a few proteolytic enzymes, referred to as proline-
specific proteases, can accommodate the particular shape of
proline-containing peptides in their active site and cleave off
the amino acid chain adjacent to proline residues. Among
these enzymes, prolyl oligopeptidase (POP,” EC 3.4.21.26) isa
post-proline-endopeptidase, cleaving peptides on the carboxy
side of proline residues located in the core of peptide chains.

Over the past 2 decades, researchers have linked abnormal
mammalian POP activity to neurological disorders. To better
understand and treat these different diseases and to minimize
toxicity and side effects, inhibitors of POP must be potent and
also selective for the target enzyme. Given the many seemingly
similar enzymes grouped under proline-specific proteases, we
aim to first highlight the similarities and differences between a
few of the enzymes of this family. In a subsequent part of this
Perspective, we will focus on one proline-specific peptidase,
POP, and discuss the structure—activity relationship of
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inhibitors developed as potential therapeutic drugs treating
neurological disorders. Furthermore, we will discuss two
possible pharmacophores, one encompassing features to
achieve selectivity for POP over other proline-specific pro-
teases and another one ranking features to improve inhibitor
potency. We believe that the data collected within this review
will guide the future development of novel, selective POP
inhibitors as more effective candidate drugs (CDs).

This Perspective focuses on a selection of reports that
illustrate our discussion on POP inhibitors and their inhibi-
tory potency and selectivity. In no way do we claim to detail an
exhaustive review of all the literature in this domain. How-
ever, most of the key articles and inhibitors are covered and
are representative of the literature and patents as of today.
Mannisto and co-workers recently reviewed several POP
inhibitors evaluated in preclinical animal models, which will
only be mentioned when appropriate.*

Proline-Specific Exo- and Endopeptidases

Proline-Specific Peptidases. Researchers have found pro-
line-specific proteases and peptidases in bacteria, protozoa,
plants, and animals, including mammals. Despite close
similarities between proline-specific peptidases in these
different organisms (most of them belong to the serine—
protease class of enzymes), these enzymes do not seem to
share similar functions. For example, mammalian proline-
specific peptidases can easily process small peptides (such as
small peptide hormones) but can only cleave larger proteins
once other proteases have processed them into smaller
fragments, whereas proline-specific proteases from micro-
organisms can digest larger substrates.>”’ The expression of
proline-specific proteases and peptidases in almost all living
organisms suggests that they play major roles in regulating
biological functions via the processing of critical, biologically
active peptides.

Proline-Specific Exopeptidases: The Family of Pro Amino-
dipeptidases, CD26/DPPIV and FAP-o/Seprase. Dipeptidyl
peptidase IV (DPPIV/CD26, EC 3.4.14.5) is a dimeric type 11
integral membrane glycoprotein (MW = 220 kDa), mainly
expressed by epithelia. DPPIV is a strict exopeptidase that
releases X-Pro (or X-Ala) dipeptide from the free N-termi-
nus of peptides. DPPIV is itself a target of great therapeutic
interest, and inhibitors of DPPIV are clinically used for the
treatment of type 2 diabetes.® Clearly, selectivity for POP
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A5D7C6 MLSFQYPDVYRDETAVQDYHGHKICDPYAWLEDPDSEQTKAFVEAQNKITVPFLEQCPIR 60 A5D7C6_BOVIN
P23687 MLSFQYPDVYRDETAIQDYHGHKVCDPYAWLEDPDSEQTKAFVEAQNKITVPFLEQCPIR 60 PPCE_PIG
Q9QUR6 MLSFQYPDVYRDETSVQEYHGHKICDPYSWLEDPDSEQTKAFVEAQNKITVPFLEQCPIR 60 PPCE_MOUSE
070196 MLSFQYPDVYRDETSVQDYHGHKICDPYAWLEDPDSEQTKAFVEAQNKITVPFLEQCPIR 60 PPCE_RAT
P48147 MLSLQYPDVYRDETAVQDYHGHKICDPYAWLEDPDSEQTKAFVEAQNKITVPFLEQCPIR 60 PPCE_HUMAN
Q5zZMI7 MQAFQYPEVYRDEAAVLDYHGHQISDPYCWLEDPDSEQTKAFVEAQNKLTVPFLEQCPVR 60 Q5ZMI7_CHICK
K ik kkaihAhhhi i s hKAKi i hhK KKK KKK AAAA KKK AA KA K AK KKK KKK 3 K
A5D7C6 GLYKERMTELYDYPKYSCNFKKGKRYFYFYNTGLQNQRVLYVQDSLEGEARVFLDPNTLS 120 A5D7C6_BOVIN
P23687 GLYKERMTELYDYPKYSCHFKKGKRYFYFYNTGLQNQRVLYVQDSLEGEARVFLDPNILS 120 PPCE_PIG
Q9QUR6 GLYKERMTELYDYPKYSCHFKKGKRYFYFYNTGLQNQRVLYVQDSLEGEARVFLDPNTLS 120 PPCE_MOUSE
070196 GLYKERMTELYDYPKYSCHFKKGKRYFYFYNTGLQNQRVLYVQDSLEGEARVFLDPNTLS 120 PPCE_RAT
P48147 GLYKERMTELYDYPKYSCHFKKGKRYFYFYNTGLQNQRVLYVQDSLEGEARVFLDPNILS 120 PPCE_HUMAN
Q5zZMI7 GLFKERMTELYDYPKYSCHFKKGKRYFHFYNTGLQNQRVLYVQDSLDADAKVFLDPNKLS 120 Q5ZMI7_CHICK
B T kI S T
A5D7C6 DDGTVALRGYAFSEDGEYFAYGLSASGSDWVTIKFMKVDGAKELPDVLERVKESCMAWTH 180 A5D7C6_BOVIN
P23687 DDGTVALRGYAFSEDGEYFAYGLSASGSDWVTIKFMKVDGAKELPDVLERVKESCMAWTH 180 PPCE_PIG

Q9QUR6 DDGTVALRGYAFSEDGEYFAYGLSASGSDWVTIKFMKVDGAKELPDVLERVKETCMAWTH 180 PPCE_MOUSE
070196 DDGTVALRGYAFSEDGEYFAYGLSASGSDWVTIKFMKVDGAKELPDVLERVKETCMAWTH 180 PPCE_RAT
P48147 DDGTVALRGYAFSEDGEYFAYGLSASGSDWVTIKFMKVDGAKELPDVLERVKESCMAWTH 180 PPCE_HUMAN
Q5zZMI7 DDGTVALRGYAFSEDGEYFAYGLSSSGSDWVTIKFMKVEGAEELPDTLERVKESCMAWTH 180 Q5ZMI7_CHICK
B P AT P e

A5D7C6 DGKGMFYNAYPQQODGKSDGTETSTNLHQKLCYHVLGTDQSEDILCAEFPDEPKWMGGAEL 240 A5D7C6_BOVIN
P23687 DGKGMFYNAYPQQODGKSDGTETSTNLHQKLYYHVLGTDQSEDILCAEFPDEPKWMGGAEL 240 PPCE_PIG
Q9QUR6 DGKGMFYNSYPQQODGKSDGTETSTNLHQKLCYHVLGTDQSEDILCAEFPDEPKWMGGAEL 240 PPCE_MOUSE
070196 DGKGMFYNSYPQQODGKSDGTETSTNLHQKLCYHVLGTDQSEDVLCAEFPDEPKWMGGAEL 240 PPCE_RAT
P48147 DGKGMFYNSYPQQODGKSDGTETSTNLHQKLYYHVLGTDQSEDILCAEFPDEPKWMGGAEL 240 PPCE_HUMAN

Q5zZMI7 DGKGMFYNCYPKQDGKSDGTETSTNLHQKLHYHVLGTNQSEDILCAEFPDE PKWMGGAET 240 Q5ZMI7_CHICK
Kk kkkk ok Kk ok kKKK KKK KKK KRR KKK KA KR Ak gk kh ko k kKK AR KKKk kKKK o
A5D7C6 SDDGRYVLLSIREGE@DPVNRLWYCDLHQEPNGITGILKWVKLIDNFEGEYDYVTNEGTVF 300 A5D7C6_BOVIN
P23687 SDDGRYVLLSIREGE@DPVNRLWYCDLQQESNGITGILKWVKLIDNFEGEYDYVTNEGTVF 300 PPCE_PIG
Q9QUR6E SDDGRYVLLSIWEG@DPVNRLWYCDLQQEPNGITGILKWVKLIDNFEGEYDYVTNEGTVF 300 PPCE_MOUSE
070196 SDDGRYVLLSIWEG@DPVNRLWYCDLQQGSNGINGILKWVKLIDNFEGEYDYITNEGTVF 300 PPCE_RAT
P48147 SDDGRYVLLSIREGE@DPVNRLWYCDLQQESSGIAGILKWVKLIDNFEGEYDYVTNEGTVF 300 PPCE_HUMAN
Q5zZMI1I7 SDDGRYVLLSIREGE@DPVNRLWYCDLQKESQGISGILQWVKLIDNFEAEYEYVTNEGTVF 300 Q5ZMI7_CHICK
Kk kkkkkkhhk Kk kKA KAk hh kg KKk KAk kkkkk kA KK Kk ki kk Kk K EK
A5D7C6 TFKTNRHSPNYRLINIDFTDPEESRWKVLVPEHEKDVLEWVACVRSNFLVLCYLHDVKNT 360 A5D7C6_BOVIN
P23687 TFKTNRHSPNYRLINIDFTDPEESKWKVLVPEHEKDVLEWVACVRSNFLVLCYLHDVKNT 360 PPCE_PIG
Q9QUR6 TFKTNRNSPNYRLINIDFTDPDESKWKVLVPEHEKDVLEWVACVRSNFLVLCYLHDVKNI 360 PPCE_MOUSE
070196 TFKTNRNSPNYRLINIDFTDPDESKWKVLVPEHEKDVLEWVACVRSNFLVLCYLRNVKNI 360 PPCE_RAT
P48147 TFKTNRQSPNYRVINIDFRDPEESKWKVLVPEHEKDVLEWIACVRSNFLVLCYLHDVKNI 360 PPCE_HUMAN
Q5ZMI7 TFKTNRHSPNYRLINIDFSDPEESKWKVLIPEHERDVLEWVACVRSNFLVLCYLHDVKNI 360 Q5ZMI7_CHICK
Gk kkAk Ak kkkh ki hkkkk Khih ki kkhk ik kA ki hhhk kA Ak Ak kAR AR KA Ay 1 kkx
A5D7C6 LQLHDLATGALLKTFPLEVGSVVGYSGQKKDTEIFYQFTSFLSPGIIYHCDLTKEELEPR 420 A5D7C6_BOVIN
P23687 LQLHDLATGALLKIFPLEVGSVVGYSGQKKDTEIFYQFTSFLSPGIIYHCDLTKEELEPR 420 PPCE_PIG
Q9QUR6 LOQLHDLTTGALLKTFPLDVGSVVGYSGRKKDSEIFYQFTSFLSPGVIYHCDLTKEELEPM 420 PPCE_MOUSE
070196 LOQLHDLTTGALLKTFPLDVGSVVGYSGRKKDSEIFYQFTSFLSPGVIYHCDLTREELEPR 420 PPCE_RAT
P48147 LOQLHDLTTGALLKTFPLDVGSIVGYSGQKKDTEIFYQFTSFLSPGIIYHCDLTKEELEPR 420 PPCE_HUMAN
Q5ZMI7 LQLHDLATGAHLKTFPLDVGSIVGYSGQKKDNEIFYQFTSFLSPGIIYHCDLTKEELEPR 420 Q5ZMI7_CHICK
Kk kkkk s hhKh Kk KAk i AA K A hh Ak s AAA KA KA KA AR AR KK R AKAKK KK 1 K KKK K
A5D7C6 VFREVTVKGIDASDYQTVQIFYPSKDGTKIPMFIVHKKGIKLDGSHPAFLYGMGGEINIST 480 A5D7C6_BOVIN
P23687 VFREVTVKGIDASDYQTVQIFYPSKDGTKIPMFIVHKKGIKLDGSHPAFLYGMGGEINIST 480 PPCE_PIG
Q9QUR6 VFREVTVKGIDAADYQTIQIFYPSKDGTKIPMFIVHKKGIKLDGSHPAFLYGMGGENIST 480 PPCE_MOUSE
070196 VFREVTVKGIDASDYQTIQVFYPSKDGTKIPMFIVHKKGIKLDGSHPAFLYGMGGEINIST 480 PPCE_RAT
P48147 VFREVTVKGIDASDYQTVQIFYPSKDGTKIPMFIVHKKGIKLDGSHPAFLYGMGGEINIST 480 PPCE_HUMAN
Q5zZMI7 VFREVTVKGFDPSVYQTIQVFYPSKDGTKIPMFIIHKKGIKLDGSHPAFLYGHMGGENIST 480 Q5ZMI7_CHICK
T kT
A5D7C6 TPNYSVSRLIFVRHMGGVLAVANIRGGGEYGETWHKGGILANKQNCFDDFQCAAEYLIKE 540 A5D7C6_BOVIN
P23687 TPNYSVSRLIFVRHMGGVLAVANIRGGGEYGETWHKGGILANKQNCFDDFQCAAEYLIKE 540 PPCE_PIG

Q9QUR6 TPNYSVSRLIFVRHMGGVLAVANIRGGGEYGETWHKGGILANKQNCFDDFQCAAEYLIKE 540 PPCE_MOUSE

070196 TPNYSVSRLIFVRHMGGVLAVANIRGGGEYGETWHKGGILANKQNCFDDFQCAAEYLIKE 540 PPCE_RAT

P48147 TPNYSVSRLIFVRHMGGILAVANIRGGGEYGETWHKGGILANKQNCFDDFQCAAEYLIKE 540 PPCE_HUMAN

Q5zZMI7 TPSYSVSRLIFVRHLGGVLAVANIRGGGEYGETWHKGGILANKQNCFDDFQYAAKYLIRE 540 Q5ZMI7_CHICK
B R L e

A5D7C6 GYTSPKRLTINGGENGGLLVATCANQRPDLFGCVIAQVGVMDMLKFHKYT@MGHAWTTDYG 600 A5D7C6_BOVIN

P23687 GYTSPKRLTINGGENGGLLVATCANQRPDLFGCVIAQVGVMDMLKFHKYT@MGHAWTTDYG 600 PPCE_PIG

Q9QUR6 GYTSPKRLTINGGENGGLLVAACANQRPDLFGCVIAQVGVMDMLKFHKFT@GHAWTTDYG 600 PPCE_MOUSE
070196 GYTTSKRLTINGGENGGLLVAACANQRPDLFGCVIAQVGVMDMLKFHKFT@MGHAWTTDYG 600 PPCE_RAT
P48147 GYTSPKRLTINGGENGGLLVAACANQRPDLFGCVIAQVGVMDMLKFHKYT@MGHAWTTDYG 600 PPCE_HUMAN
Q5zZMI7 GYTAPKKLTINGGENGGLLVAACANQRPDLFGCVIAQVGAMDMLKFHKYTEGHAWTTDYG 600 Q5ZMI7_CHICK
Gk ok Kikk kA A ARk kA Kk kA ki kA A Ak KA A A KA Ak hhkk KA Ak ok ok ok ki Ak KA AR KKk K *

A5D7C6 CSDNKQHFEWLIKYSPLHNVKLPEADDIQYPSMLLLTADHDDRVVPLHSLKFIATLQHLV 660 A5D7C6_BOVIN
P23687 CSDSKQHFEWLIKYSPLHNVKLPEADDIQYPSMLLLTADHDDRVVPLHSLKFIATLQYIV 660 PPCE_PIG
Q9QUR6 CSDTKQHFEWLLKYSPLHNVKLPEADDIQYPSMLLLTADHDDRVVPLHSLKFIATLQYIV 660 PPCE_MOUSE
070196 CSDSKQHFEWLLKYSPLHNVKLPEADDIQYPSMLLLTADHDDRVVPLHSLKFIATLQYIV 660 PPCE_RAT
P48147 CSDSKQHFEWLVKYSPLHNVKLPEADDIQYPSMLLLTADHDDRVVPLHSLKFIATLQYIV 660 PPCE_HUMAN
Q5zZMI7 CSDHKEQFEWLCKYSPLHNVKLPEEDGIQYPATLLLTADHDDRVVPLHSLKFIATLQYVV 660 Q5ZMI7_CHICK

Khk Ky hAAK KA AAKRKKRKKA KR K KKKy KA AAAR KA AR AR ARKKRKAK KKK KK 3 3 Kk
A5D7C6 GRSRKQNNPLLIHVDTKAGHGAGKPTAKVIEEVSDMFAFIARCLNIDWIQ 710 A5D7C6_BOVIN
P23687 GRSRKQNNPLLIHVDTKAGHGAGKPTAKVIEEVSDMFAFIARCLNIDWIP 710 PPCE_PIG
Q9QUR6 GRSRKQSNPLLIHVDTKAGHGAGKPTAKVIEEVSDMFAFIARCLNIEWIQ 710 PPCE_MOUSE

070196 GRSRKQSNPLLIHVDTKAGHGPGKPTAKVIEEVSDMFAFIARCLNIEWIQ 710 PPCE_RAT
P48147 GRSRKQSNPLLIHVDTKAGHGAGKPTAKVIEEVSDMFAFIARCLNVDWIP 710 PPCE_HUMAN
Q5zZMI7 GRSRKQTNPLLIHVDTKAGHGAGKPTAKVIEEVSDMFAFIARCLNLDWIE 710 Q5ZMI7_CHICK

Gk xkAK KA A KA A K AAAAARAKF KA A KA AR AR A KR AR A A A AR KA 2 2 KK

Figure 1. Alignment of the primary POP sequences from various species (bovine, pig, mouse, rat, human, chicken). The residues in direct
contact with the bound inhibitor 1 (see below) are highlighted in red.

over DPPIV is critical for the development of POP inhibitors that FAP is a potential therapeutic target.'” The DPPIV

as drugs. family of proline-specific exopeptidases will not be re-
Fibroblast activation protein-o. (FAP-o/seprase)’ is a viewed in detail here, since many recent reviews have been
dimeric type II integral membrane prolyl dipeptidase with published.?*!
a molecular weight and an enzymatic activity comparable to Proline-Specific Endopeptidases: Prolyl Oligopeptidases
those of DPPIV but also displays endoproteolytic gelatinase (POPs). Prolyl oligopeptidases have received different
and collagenase activities®'°~'® comparable to those of POP. names such as post-proline cleaving enzyme (PPCE)****
However, FAP-o/seprase may respond differently to some and proline endopeptidase (PEP)*** before they were
inhibitors developed against POP.'” FAP-o/seprase is a cell named prolyl oligopeptidases. The POP enzyme family
surface antigen of reactive fibroblasts in cancer, such as evolved before the archae, prokaryota, and eukaryota and
melanoma or sarcoma,' found at remodeling stroma, in was highly conserved during evolution (Figure 1). In mam-
tumors and healing wounds,'® and in serum.'” In fact, Santos mals, prolyl oligopeptidase (EC 3.4.21.26) is a post-proline-
and co-workers recently found that they could reduce tumor endopeptidase of 80 kDa, which belongs to the S9a sub-

sizes in mice by inhibiting FAP-a/seprase, demonstrating family."*'>2672® Mammalian POP is widely expressed and
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most highly in the brain.? Proline-specific endoproteases are
also widely distributed in plants, bacteria, and fungi. POP
may be secreted and is involved in the invasive properties of
parasites.”’

Proline-specific serine proteases, including POP, exhibit
similarities in their catalytic behavior: preference for proline
in the substrate’s P1-position, similar rate constants, and a
mechanism of substrate-assisted catalysis, which means that
the interaction between enzyme and substrate promotes
conformational changes in the substrate, a productive bind-
ing resulting in hydrolysis of the prolyl bond.*® Given these
similarities, selective POP inhibition over other proline-
specific exo- and endopeptidases remains a challenge.

POP and Other Proline-Specific Peptidases as Potential
Therapeutic Targets

POP as a Therapeutic Target. Researchers have shown
that POP participates in several aspects and functions of the
central nervous system (CNS), including learning, memory,
mood, hypertension, and eating, and in some neurodegen-
erative diseases such as Alzheimer’s and Parkinson’s dis-
eases. Subsequently, POP has been identified as a potential
target in cognitive function, memory, and neurodegenerative
disorders such as amnesia, Alzheimer’s disease, and depres-
sion (detailed reviews in refs 31—33). As a result, researchers
have designed inhibitors such as Cbz-Pro-prolinal (1)’ tar-
geting POP for its role in neurological diseases. Although
correlations and straightforward conclusions were not
always obvious, preclinical studies suggested promising appli-
cations of POP inhibition to memory and learning disorders
compared to other disorders. We have found little infor-
mation on the potential of such molecules in infectious,
oncological, or inflammatory disorders, and their possible
therapeutic role in these diseases will not be discussed here.

POP and Protein Aggregation. In vitro, POP inhibitors
suppressed the production of S-amyloid in cells.** However,
POP activity may be responsible for generating S-amyloid,
but this activity is inhibitor- or cell-dependent,®® suggesting
either that several proteases with comparable specificity are
acting or that the enzymes are located in different cell
compartments. In vivo, POP inhibitors have been mainly
evaluated in animal models of Alzheimer’s disease (models
such as the brain of aged mouse or aged rat and transgenic
mice expressing human amyloid precursor protein, APP),
generally improving the deteriorated cognitive and memory
functions, as well as decreasing the amyloid deposition.>*~*!
Although seemingly linked with Alzheimer’s disease, POP
was not found to be associated with activated glial cells in
amyloid plaques in the brains of people with the disease.?’ In
addition, conflicting results have been reported in the litera-
ture. For example, Kohsaka and Nakajima showed that the
POP inhibitors 2 (JTP-4819*) and 3 (Y-29794°*) (Figure 2)
abolished the formation of f-amyloid.**** Others demon-
strated that POP inhibitors had no effect on f-amyloid levels
in certain cell types, indicating that other proteases are
involved or that the enzymes producing the S-amyloid pep-
tides, as well as the -amyloid precursor, were located in
different cell compartments than the f-amyloid peptides.®
Researchers noted, through immunostaining, that POP and
amyloid S-peptide were colocalized in the brain of age-
accelerated mice,* although POP activity seems to be asso-
ciated with neuronal damage rather than with S-amyloid
accumulation.® In this latter report, only POP-like activity
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Y aN

2: JTP-48193438.40.41.72,113-116,145
ICso = 0.83 nM (rat brain) 3:Y-2979438.86.135

K; =0.95 nM (rat brain)

4: UAMC-000214°
IC50 = 1.6 NM (pig)

e

6: SUAM-122136.94,108,118,131
IC50 = 2100 nM (bovine brain)
IC50 = 2.2 nM (pig brain)
IC50 = 7.2 nM (rat brain)
1C50 = 4.7 nM (mouse brain)
ICs0 = 76 nM (canine)

5: §-1709235:65.68.72.74
Ki = 1.5 nM (human)
K; = 1.3 nM (rat cortex)

Oy

7: ONO-1603%9.134
Ki=12nM (rat cortex)

Figure 2. Selected POP inhibitors 1—7.

was determined, without precise characterization of the
exact enzyme.

Fragments of several other intracellular proteins of the
CNS, which are also known to aggregate, are potential
substrates for POP,* suggesting that POP inhibitors may
have an effect on neurodegenerative disorders, slowing the
aggregation of a number of proteins. In vitro recombinant
POP accelerated the aggregation of a-synuclein,*” a protein
found in the Lewy body in the brains of people suffering from
Parkinson’s disease. The presence of POP caused a-synu-
clein to aggregate, without truncating o-synuclein. Interest-
ingly, when POP inhibitors were added (for example, 1 and 4
(UAMC-00021%)), a-synuclein aggregation was reversed.
Whereas o-synuclein is not a substrate for POP, POP can
hydrolyze fragments of o-synuclein at the Pro138—Asp139
bonds,** suggesting cooperation between several proteases.

Role of POP in the Central Nervous System (CNS).
Mannisto demonstrated that POP and/or POP-like activity
is distributed throughout the CNS of humans and rats,***’
possibly indicating a role for POP in motor functions,
and also at the cellular level in protein processing and
secretion.®”*® Minnisto colocalized POP with components
of the inositol phosphate pathways*®*” and with several
neuropeptides.*’** From these studies, the interaction of
POP with the components of the inositol phosphate path-
ways has been postulated in neurological diseases. How-
ever, researchers have yet to confirm the exact mode of
action and the peptide mediator(s) involved, postulat-
ing only that several neuropeptides may be involved.**°
In fact, the actual neuropeptide substrates of POP remain
uncertain, although the enzyme has the ability to hydrolyze
several peptide hormones and neuropeptides in vitro
(Table 1).1:$:1227:51-53

Neurons in the brain express POP, but the level of expres-
sion is different in various areas of the brain and is age-
dependent.?” POP is a synaptosomal membrane peptidase’’
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Table 1. Selected Potential Neuropeptide Substrates of POP*>>°
bioactive substrates of POP peptide sequence ref
angiotensin I DRVYIHPFHL 52,54, 55
bradykinin potentiating peptide PGLUGGWPRPGPEIPP 56
bradykinin RPPGFSPFR 52,57
luliberin (LHRH") PEHWSYGLRPGNH, 54,58
melantropin SYSMEHFRWGKPVNH, 59
neurotensin PELYENKPRRPYIL 52, 60
oxytocin CYIQNCPLGNH, 52, 61
substance P RPKPQOQFFGLM 52,55
thyroliberin PEHPNH, 54,62, 63
tuftsin TKPR 59
vasopressin CYFQNCPRG 55

“LHRH: leuteinizing hormone releasing hormone.

localized intracellularly*® mainly in the perinuclear space asso-
ciated with the cytoskeletal tubulin in human neuroblastoma
and glioma cells. POP inhibition does not change the intra-
cellular localization of POP or its association with tubulin.
Thus, association of POP with tubulin is independent of its
peptidase activity. In glioma cells, antisense techniques or POP
inhibition resulted in increased inositol 1,4,5-triphosphate con-
centrations with decreased POP activity, further supporting
that POP is involved in this pathway. Substance P (one of the
substrates of POP in vitro) may mediate this process, binding
to its neurokinin-1 receptor, and may modulate cellular
pathways important in learning and memory function.®*
Thus, the cellular localization of POP suggests functions
such as intracellular trafficking, sorting, and secretion.

POP Inhibition in Animal Models. POP inhibitors showed
beneficial effects, reducing cognitive deficits in monkeys having
Parkinson’s disease symptoms induced by the drug 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MTPT), killing neurons in
specific regions of the brain.> Morain hypothesized that the
inhibitors reduced neuropeptide degradation.*-41:66-68

In animal models from preclinical studies, POP inhibitors
could reverse age-related or neurodegeneration-related memory
loss. Alterations in the inositol pathway explain, at least in part,
the effects of POP inhibitors for bipolar disorders in experi-
mental models. Synthetic POP inhibitors increase concentra-
tions of some neuropeptides, which are potential substrates of
POP, supporting the role of POP in some neurological dis-
orders. POP-like activity decreased in brain extracts of animals
treated with these inhibitors. We note that the preclinical and
clinical evaluations of POP inhibitors suffer from several
problems. The role of POP in the brain may go beyond
neuropeptide processing, including regulating intracellular
pathways, neuroprotection, perhaps even acting as an antia-
poptosis agent. In addition, most published information eval-
uated “POP-like” activity, without detailed characterization of
the actual protease displaying the activity in order to confirm
enzyme identity. Neuropeptides may have multiple hydrolysis
sites and associated peptidases, in addition to a site for POP.

Passage through the Blood—Brain Barrier (BBB). Researchers
have reported many synthetic POP inhibitors, of which most
are substrate-like short pseudopeptides that have little potential
of crossing the BBB, a very unfavorable pharmacokinetics
characteristic. In most preclinical studies, researchers evaluated
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the inhibition of POP-like activity in animal brain extracts
after the animals were treated with POP inhibitors. However,
in their published papers, researchers did not definitely prove
the mechanism of fransport of POP inhibitors across the
BBB. None measured the levels of the inhibitors in brain
extracts and, more importantly, the distribution of the inhibitors
between the brain compartments, in particular the brain vascu-
lature forming the BBB, and the brain parenchyma. Some
authors have used artificial membranes to evaluate permeability
to membrane models, but this is still not representative of the
BBB.%-0

The lone fact that these molecules have an effect on CNS
pathologies does not prove that they were physically trans-
ported into the brain parenchyma: inhibitors may indirectly act
in the blood, they may be trapped in the CNS vasculature where
they exert their action, or they may in fact reach the brain
parenchyma. Techniques to study these possibilities are estab-
lished but not easy to perform: using (mostly radioactive but
not always) inhibitors, animals are bled before their organs are
removed, and the organs and the blood can be separately
evaluated to determine whether the inhibitors are present (or
absent) in each. To differentiate whether inhibitors are trapped
in either the brain vasculature or the brain parenchyma, brain
vessels are separated from brain parenchyma, and again,
researchers can properly determine whether the inhibitors
and enzyme are present (or absent) in the two compartments.
To the best of our knowledge and according to the published
papers, researchers have not systematically separated the
organs from the blood or separated brain vessels from brain
parenchyma nor have they thoroughly characterized and
analyzed the contents of each; therefore, none of them have
definitely proved inhibitor transport across the BBB. The
vascular density of the brain is too high for researchers to
perform autoradiography to localize radioactive molecules.
Although fluorescent reporters could be attached to inhibitors,
these fluorescent tags may alter their biodisposition.

In order for researchers to successfully develop efficient
treatments for the diseases of the CNS, therapeutic agents
must be transported across the specialized vascular system of
the brain, the blood—brain barrier (BBB), a huge obstacle in
the development of therapies of the CNS, preventing the
brain from taking up most (> 98%) small molecules and all
large molecules using transvascular routes after the inhibi-
tors are administered intravenously.”' The BBB is a system
of vascular cellular structures mainly represented by tight
junctions between endothelial cells and an ensemble of
enzymes, receptors, efflux pumps, and transporter systems
that all control and limit the access of molecules to the brain,
by either para-cellular or transcellular pathways. The pre-
sence of tight junctions between cells, precluding molecules
of any size from diffusing para-cellularily, the lack of fenes-
trae, and the low occurrence of pinocytic vesicles differenti-
ate endothelial cells of the BBB from endothelial cells of the
rest of the body. Numerous detoxifying enzymes as well as
drug efflux systems such as the ATP-driven efflux pumps of
the multidrug resistance pathways can expel many hydro-
philic as well as hydrophobic agents. Furthermore, a base-
ment membrane of perivascular cells and the astrocytes’
extended processes, the astrocyte end-feet that cover the
vast majority of the abluminal surface of the BBB capillaries
and that contact the endothelial cells, also help to seal
the interstitial space of the brain from the circulating
plasma. Therefore, all the structures forming the BBB con-
stitute a diffusion barrier not only for large molecules but
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also for small molecules. Also, under normal conditions, the
lack of pinocytosis of endothelial cells of the BBB limits
transcellular transport, which alone can move therapeutic
agents across the BBB.

The BBB is naturally breached in a few sites along the
midline of the brain, known as the circumventricular
organs. Here, the capillaries are fenestrated, allowing
relatively free exchange between the blood and the brain.
Besides these few sites, the BBB is the bottleneck of the
development of drugs for CNS diseases. Transport across the
BBB requires transport across the luminal and abluminal
membranes of the capillaries and the associated cells forming
the BBB and across the basement membrane surrounding
these cells. Whereas passive diffusion allows a few lipid-
soluble molecules to pass freely from the blood to the
interstitium of the brain, ionic solutes are unable to cross.
And even if the brain cerebral endothelium takes them up,
these solutes will be trapped in the endothelium or efflux
pumps will extrude them toward the blood. These ionic
solutes will not reach the brain parenchyma. Therefore, most
therapeutic drugs do not cross the BBB, unless invasive pro-
cesses or chemical modifications of drugs with recognition and
transcytosis ligands open the BBB (for a more detailed review,
see ref 71). Families of influx transporters expressed at the BBB
include the carrier-mediated transporters of small molecules,
the receptor-mediated transporters, or adsorptive-mediated
endocytosis. However, the drugs must structurally resemble
the normal transporter substrates in order to be recognized. A
small molecule that is an inhibitor of POP but also resembling a
natural BBB transporter substrate would have to be designed in
order for the POP inhibitor to cross the BBB in this way.

Clinical Trials. The role of proline-specific peptidase
activity has been almost exclusively studied in preclinical
models of neurological diseases, and clinical data of POP
inhibitors are scarce. Among the very few inhibitors inves-
tigated in humans, 5 (S-170927) and 2 are the most widely
studied (and reported) POP inhibitors. 2 was orally adminis-
tered to young healthy male volunteers as a single daily dose,
or three times per day, for 1 week.”? In this study, the plasma
and urine concentration of 2 were determined; standard
plasma assays were performed, and the plasma level of
several neuropeptides was quantified. Overall, researchers
observed acceptable pharmacodynamics and pharmaco-
kinetics profiles with the only abnormal finding being a
transient elevation in plasma cholinesterase in the multiple-
dose study. They observed no strong evidence of changes in
plasma neuropeptide levels, whereas in a preclinical study in
rats, the researchers noted brain neuropeptide levels in-
creased in animals treated with 2.%°

In another preclinical study, the Morain group found that
60 min after oral administration of 5, POP-like activity was
reduced in all brain regions whereas levels of substance P and
a-melanocyte-stimulating hormone increased.®®’> This
study in rodents was followed by studies in humans. A short
(1 week) human phase I exploratory trial with 5 (Figure 2) at
single and repeated doses in healthy elderly volunteers
showed that circulating POP-like activity was inhibited but
circulating levels of neuropeptides were not measured.”*’*
The inhibitor was rapidly absorbed after oral administration
(within 1 h), and the inhibition of POP-like activity in the
blood lasted from 0.5—1 h (peak) to 12 h. However, the
researchers did not characterize and identify the enzyme
responsible for this POP-like activity in the blood; therefore,
we cannot be sure that this decreased enzyme activity was
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Figure 3. Crystal structure of inhibitor 1 bound to porcine POP
(left). Phel73, Cys255, Tyrd73, Phed76, catalytic Ser554, 1le591,
Trp595, and Arg643 are shown. Structure and affinities for POP
from various species for inhibitor 1 (right).

due to POP inhibition and not inhibition of an enzyme with a
similar function. The percentage of enzyme inhibition was not
obviously different between doses, but the duration of inhibition
was dose-dependent. The inhibitor was well tolerated, and no
abnormalities in standard laboratory parameters were detected.
The Morain group used electroencephalography (EEG) to
measure drug penetration into the human brain, drug efficacy,
and the duration of the drug’s effects. Increased a band in
quantitative EEG and improved cognitive memory tests were
observed in the volunteers, but these effects were not dose-
dependent.

POP Structural Information

A number of crystal structures of POP either unbound
(PDB codes 1vz2,*® 1h2w”) or bound to various ligands
(1h2y,”> 106g"%) have been reported, but the catalytic serine
was mutated to alanine for many of these structures (1uoq,”’
luoo,”” 1h2z"%). Two structures include 1 covalently bound to
porcine POP (1qfs,”® Figure 3, porcine muscle POP, resolution
2.00 A, and 1h2y,” porcine brain POP Y473F, resolution 1.78
A) and another includes Cbz-Ala-prolinal covalently bound
to microbial POP (2bk1,”® Myxococcus xanthus POP, resolu-
tion 1.50 A), resulting in information on the binding mode of
covalent inhibitors. Structures of POP cocrystallized with
noncovalently bound inhibitors (3eq9) have been reported
as well.”

The crystal structure of purified porcine brain POP shows a
cylindrical structure (60 A x 50 A) consisting of an o/f-
peptidase domain, where the central tunnel of an unusual
p-propeller covers the catalytic triad (Ser554, His680, and
Asp641).%® The crystal structure of POP in complex with the
inhibitor 17® suggests conformational changes consistent with
the observation that the rate-limiting step of catalysis involves
a conformational change.®® In this early report, reagents (such
as N-ethylmaleimide) react with an unpaired cysteine
(Cys255) on the propeller domain of the enzyme, impairing
important conformational changes and inhibiting the enzyme.
Interestingly, when crystallized, the rigid seven-bladed pro-
peller acts as a gate that appears to be too narrow to allow
passage of the substrate, thus controlling the selectivity of the
enzyme. In addition, the active site entry is narrower than the
average diameter of most peptides and small proteins, thus
preventing longer sequences from uncontrolled degradation.
The lack of an apparent entrance for the substrate further
supports substantial conformational changes of POP prior to
substrate binding, involving flexible regions of the protein. A
small tunnel between the flexible N-terminal segment of the
peptidase domain and the facing hydrophilic loop of the
propeller domain was identified as a possible entry passage
for the substrate.
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Targeting Proline-Specific Proteases. Researchers have
linked proline-specific protease activity with several human
diseases, such as cancer, neurodegenerative, or immuno-
logical/inflammatory disorders. Thus, modulating the activity
of proline-specific proteases may be a relevant therapeutic
approach. Substrates for proline-specific proteases include
autocrine peptides (produced by the cells expressing the
proteases) or paracrine peptides (produced by cells other
than the cells expressing the proteases). Therefore, inhibitors
may be developed for the inhibition of extracellular pro-
teases, either secreted or whose catalytic site is inserted in the
outer cell membrane, or for the inhibition of intracellular
proteases. While drugs developed for inhibiting extracellular
protease activity have been very successful, targeting intra-
cellular proteases and evaluating inhibitors in intact cells has
been much more difficult.®’

Since comparable proline-specific peptidase activities are
found in many locations in and outside cells, the exact site,
mode of action, and biological target(s) of these inhibitors
cannot necessarily be attributed to inhibition of one enzyme.
To avoid side effects and toxicity of inhibitors, researchers
must develop compounds that selectively inhibit proline-
specific protease activity of one enzyme.

Potent and Selective Inhibition. With data suggesting that
POP inhibitors can modulate memory and other neurologi-
cal disorders, interest in mammalian POP and POP inhibi-
tors increased. To this end, hundreds of natural or synthetic
compounds have been tested.®> Many of them are substrate
analogues, of which 1, 2, 5, 6 (SUAM-1221°%) and 7
(ONO1603%%) are the most studied. However, the reported
inhibitors were evaluated on POP enzymes from several
species, including microorganisms and mammals. For in-
stance, testing 1 on Flavobacterium meningosepticum,’ as well
as rabbit,* mouse,** and bovine origin® revealed species-
dependent K; values (Figure 3). Therefore, comparing inhi-
bitory potency of molecules between species is not recom-
mended as a screening strategy, and published information
must carefully address this. In this article, we will therefore
focus our discussion on mammalian POP inhibitors. All the
available biological data, and the species that these data
apply to, are given.

Inhibitors of POP in Human Diseases. The S1 site of POP
typically accommodates a proline residue. However, POP
sometimes can also accommodate an alanine residue,
although the rate of hydrolysis at this residue is much lower
than with proline. The S1’ site is typically occupied by a
hydrophobic residue, located on the right side of the scissile
bond (Figure 4), although arginine may also be at that
location, as in neurotensin, a substrate of POP.

As reviewed above, brain cell-expressed prolyl oligopepti-
dases (POPs) have been linked to a number of neurological
disorders. The selective inhibition of POPs over other pep-
tide-cleaving enzymes as a therapeutic approach has been
explored, mainly with the development of peptidic and
pseudopeptidic inhibitors, as well as a few nonpeptidic
molecules. To develop more potent and selective POP in-
hibitors, medicinal chemists need to better understand the
key inhibitor sites for selectivity and potency. By highlight-
ing and comparing the beneficial and detrimental changes
to the sites of POP inhibitors, we will define an optimal
pharmacophore of POP inhibitors. In this Perspective,
we will develop this pharmacophore by grouping known
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Figure 4. Interactionsites (Sx) of POP active site with portions (Px)
of substrate or inhibitor.

inhibitors according to their key sites (P3, P2, P1), in relation
to mammalian POP. For the following sections of this article,
we will review all structural changes to each of these key
inhibitor sites (P3, P2, P1). When necessary, we will mention
recent (from 2000 to present), relevant patents, since De
Nanteuil, Portevin, and Lepagnol provided an extensive
review of inhibitors patented prior to 1998.%* Furthermore,
we have noted that many of the patented compounds closely
resemble compounds previously published in journals.
Among several examples, a series of compounds
(structures not disclosed) very similar to 3 were patented as
POP inhibitors in 2009.*

Peptidic, Pseudopeptidic, and Peptidomimetic POP Inhibitors

From as early as 1983, with the discovery by the Wilk group
that 1 selectively inhibited POP from rabbit brain (K; = 14
nM) over a number of other peptidases such as papain,
trypsin, and chymotrpysin,®® researchers have thoroughly
investigated the effects of structural changes at P1, P2, and
P3 of peptidic, pseudopeptidic, and peptidomimetic inhibi-
tors. Early efforts came from academia with groups in the
U.S. 225686 Japan 522238799 Bojgiym 100101 Fpap ce 102-106
and Hungary,”'%” as well as from industrial research groups
(e.g., Zeria Pharmaceuticals,'®'% Ajinomoto,''° Meiji Seika
Kaisha, 1112 Japan Tobacco, 04761137116 pryar 17 and
Servier’®’?). Most of the research efforts, from academia
and the pharmaceutical industry, focused on developing
pseudopeptidic and peptidomimetic POP inhibitors. Re-
cently, a group from Finland has further developed a number
of pseudopeptidic inhibitors,' ¥ 1?® as did industrial efforts
from Genentech'?’ and GlaxoSmithKline.'* Interestingly, to
our knowledge, all the reported inhibitors bind to the S3, S2,
S1 sites of the catalytic site while only one of these reported
small molecule inhibitors (4)** may fill the S1’, S2’, and S3’
pockets of POP.

Modification of P3 for Optimal Binding. We selected
inhibitors with representative variations at P3 and depicted
them in Figure 5. Tight binding of inhibitors to POP often
requires a hydrophobic group at P3 (e.g., Cbz group of 1) to
interact with the hydrophobic S3 pocket lined with several
nonpolar residues such as Phel173, Met235, Cys255, Ile591,
and Ala594.?% In fact, most of the known substrates feature a
polar or hydrophobic residue but no charged residues at this
position. When the Cbz group was replaced with a phenyla-
cyl group of varying chain length (6,%¢'%!3! Figure 2), a
chain length of three carbon atoms (phenylbutanoyl) was
found to be optimal for low nanomolar inhibition of POP
originating from various species. The obtained potency of 6
on bovine brain POP was comparable to the ICsy of 8 having
a shorter Cbz group at P3.”* Clearly, the substitution of
an oxygen by two methylene groups is reasonable.”*!’!
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Figure 5. P3 substitutions.

When the floppy chain of 6 was constrained (9a—d),'* the
observed ICs, on canine brain POP was improved (by 1—2
orders of magnitude). Further investigation of the P3 site
with acyl and alkenyl groups of varying chain length led to
the conclusion that octanoyl (10) was the longest acyl group
that could be tolerated at P3 to favorably fill and interact
with the S3 pocket of POP.'"” Longer alkyl chains lead not
only to poor solubility but also probably to steric clashes in
the S3 pocket and large entropy penalties upon binding,
resulting in less potent inhibitors.'”” Although most of the
reported investigations on P3 inhibitor—enzyme interaction
recommend flexible linkers to properly fill the S3 site of POP
and to avoid any detrimental clashes with the protein, long
and rigid moieties have also been successfully introduced
(11). However, additional changes to these molecules were
also required to achieve potent inhibition, rendering their
direct comparison with other inhibitors difficult.'** Similarly,
the large and bulky fluorescein tag was best tolerated at P3 if a
five-carbon linker was employed, although high nanomolar
activities were still recorded with a single carbon.'?

The Toide group successfully replaced the oxygen of
the Cbz group with a nitrogen (as in 2)."'*'"* This demon-
strates that a hydrogen bond donor (2), a hydrogen bond
acceptor (1), and a methylene group (6) are tolerated at
position P3.
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(porcine kidney)

~<®» N
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e vs
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o

N
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(rat cortex)

\_/ 2277 icg=2.10M
(procine brain)

Researchers also modified the phenyl of the Cbz group of
1. SAR data show that the phenyl ring could successfully be
replaced with isosteric heterocycles (12),'°® large, more rigid
groups such as 3-phenoxybenzoyl (13)°7 or Fmoc (14),%¢
nonaromatic groups such as 3-cyclohexylpropionyl (15)°7
and terz-butyl (16),"*' and also constrained (i.e., cyclized)
moieties such as tetrahydronaphthylacetyl (9a—d) and
indanoylacetyl (17a,b).'% Similarly, Portevin et al. success-
fully introduced (2-phenylcyclopropyl)carbonyl (18) as a
rigidified version of 4-phenylbutanoyl, yielding an even more
potent inhibitor (ICsy of 1.2 nM on POP from rat brain).*®
More recently, Kanai et al. explored different highly rigid
aromatic groups at P3, preparing phthalimido (19), quinox-
alinone (20), and the bulkier hydantoinyl (21) derivatives,”
while Jarho et al. focused on pyridine (22), all with vary-
ing acyl chain lengths.'*” The introduction of an ionizable
group such as pyridine is expected to increase the water
solubility of the otherwise hydrophobic phenyl rings. In
fact, Jarho and co-workers noted that the log P of the
inhibitor dropped significantly while the inhibitor potency
was maintained (ICsq of 2.1 nM on POP from pig brain) when
they substituted the phenyl ring by a pyridine ring.'*” The
introduction at P3 of diaminophosphinyl substituents has also
been investigated as surrogates for the Cbz group of 1 and
analogues.'?



3430 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 9

b A

23%:1C5p=4.2 2498 |C5p = 21nM
(bovine brain) (canine brain)

Qx/f @J’\%N 2 “f

28"17: K, = =24nm™ 0
(mouse brain)

27""7: K;=3nM
(mouse brain)

Na N U
O O O
i 31123 1C5p=1.3nM 3279. ICs0 = 0.81 nM
(porcine brain) (rat brain)

N/\j NHK&;C?\,)"@

(o)
36"28: 1C50 =110 nM
(porcine brain)

O O

35123: 1C5y = 230 M
(porcine brain)

Figure 6. P2 substitutions.

Although size (length, bulk, etc.) has been thoroughly
investigated, only a few reports detail stereochemical re-
quirements of the P3 subsite (17a,b).”>'% These studies
demonstrate that configuration does not have a major im-
pact on potency (1 order of magnitude for 17a vs 17b).

Modification of P2 for Optimal Binding. The S2 pocket of
POP has no distinguishing feature that would entail sub-
strate or inhibitor selectivity at this site, although a few
residues (Asn534, Tyr453, and Arg618) may be key, as they
are conserved in members of the POP family.”® A selection of
inhibitors highlighting some interesting P2 modifications is
given in Figure 6. In most cases, P2 was kept as a proline, a
proline derivative, or a proline mimic. In only a few exam-
ples, researchers investigated replacing the proline residue
at P2 with other amino acid residues (such as valine in
23).%!33The Yoshimoto group substituted the proline at
P2 by thiazolidine S-oxide, increasing inhibitor potency.’*
The potency further increased when thiazolidine was used
(24).7°%19% The combined data indicate that subtle changes
either steric or electronic in nature affect the inhibitor
binding.?3?+100:-1077109 A few oroups searched for a suitable
replacement of the P2 amino acid. A few groups have
successfully replaced proline with some non-natural amino
acids containing perhydroindole (18 and 5), azabicyclo-
[2.2.2]octane (25), and azabicyclo[2.2.1]heptane.*® Similarly,
tetrahydroisoquinoline (26),'°*~'%* cyclohexyl (27),''” and
indoline (28)'"” based POP inhibitors were reported. Wallén
et al. functionalized the proline at P2 with either methyl
or tert-butyl at position 5 of the ring, testing both (R)- and
(S)-configurations (29). Although the substitution did not
lead to drastic increase or loss of potency, they found that the
(R)-stereochemistry was optimal.'?! These results along with
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the results for compound 30° clearly indicate that there is
some unexplored space in the S2 pocket of the POP binding
site that could be filled to improve inhibitor binding. Wallén
et al. later substituted a cyclopent-2-enecarbonyl (31) for the
proline at P2, yielding inhibitors equipotent to 6 but also
more lipophilic which could improve cell permeability.'?
However, the cyclopent-2-enecarbonyl unit of 31 could act as
a Michael acceptor to any nucleophilic species (with, for
example, the thiol of a cysteine side chain), forming a
covalent bond upon binding and leading to undesired side
effects. Very recently, researchers showed that substituting
the y-CH, of proline with a y-CF,-group (32) could enhance
the inhibitory activity by adding an extra hydrogen bond
with the enzyme but also by inducing a slight shift in the
bound pose.”” The opening of the ring and the use of a
succinic acid core led to the development of 7.!3

The carbonyl group between the two pyrrolidine rings of 1
has been shown to interact with the protein binding site
(PDB code 1h2y). In fact, removal of this oxygen led to a
complete loss of potency (33).”*

The stereochemistry at P2 has also been investigated
through a variety of inhibitor structures. The Arai group
showed that the natural proline stereochemistry is crucial for
optimal activity (34 vs 24).!° Replacing the asymmetric
carbon by a flat sp® carbon or amide nitrogen also led to a
significant loss of potency (31 vs 35, 36).'2%1%%

To date, most of the modifications at P2 are designed to
mimic the proline residue of 1 and significant changes should
be made if we aim to develop more “druglike” molecules. In
this context, phenyl rings have been used successfully.>!3
In fact, a closer look at the natural substrates (Table 1)
reveals that a number of other residues can be tolerated at
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Figure 7. P1 substitutions.

this position and should guide the design of novel inhibitors.
In addition, the activity of a series of Fmoc-aminoacylpyrro-
lidine-2-nitriles such as 14 and 37 revealed that an alanine or
acharged arginine residue can suitably replace the P2 proline
of 1 with only a small loss of binding affinity.*®

Modification of P1 for Optimal Binding. The S1 pocket is
lined with several hydrophobic residues (Trp595, Phe476,
Val644, Val580, and Tyr599) allowing the proline ring of its
substrate to fit tightly and stack with the indole ring of
Trp595 and rendering POP very specific for substrates hav-
ing residues that can tightly fit within this pocket.”® A
selection of Pl modifications are given in Figure 7. The
chemical nature of the P1 substituent governs whether the
designed inhibitor will act covalently or noncovalently. If P1
is a pyrrolidine, the inhibitor acts in a noncovalent fashion
(for example, 6). The pyrrolidine mimics the right-hand-side
ring in 1. When noncovalent inhibitors are compared, com-
pounds with a thiazolidine (38) at P1 were found to be more
potent than pyrrolidine- (8) thiazolidine S-oxide- (39), and
oxazolidine- (40) containing compounds.’***!1%* Portevin et
al. further explored nonreactive heterocycles at P1 finding
comparable potency with 2- and 3-pyrrolines (41, 42), pyr-
roles (43), and isoxazolidine (44).%° The amide bond was also
converted into the thioxo amide bond (45) but with signifi-
cant loss of potency.' Addition of an oxygen to 6 led to 46
which demonstrated significantly lower potency.

Once more, the structural modifications at P1 reported to
date focused on proline mimics. However, as we can see from
the structures of the substrates, POP is very selective for
proline residues (alanine residues are tolerated but with a
significant decrease in protease activity) and drastic changes
at Pl are expected to correlate with a loss of inhibitory
potency.'% In fact, the oxygen of the P1 ring in 40 is most
likely facing the catalytic serine oxygen (which reacts
with the carbonyl in 1), leading to severe electrostatic repul-
sions.

P1’ Substitution, Covalent versus Noncovalent Inhibitors. If
the C-terminus at P1 ends with a reactive functional group,
such as an aldehyde, hydroxyacetyl, or nitrile, then the
inhibitor will most likely covalently bind with the catalytic
serine of the active site of the enzyme (Figure 8).'*¢
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Researchers introduced phosphonate esters at P1 (structure
not shown), which they claimed to induce a covalent bond
with the active site serine, resulting in irreversible inhibition
of the enzyme.'*” The formation of a covalent bond has been
hypothesized based on kinetic studies and further confirmed
by X-ray crystallography of POP cocrystallized with 1
(Figure 3). Investigation of active-site specific, covalent
inhibitors of POP can be traced back as early as 1977 with
chloromethyl ketone derivatives of a few dipeptides
(Figure 8, 47°%) and then the discovery of 1in 1983.>%* Later,
SAR studies confirmed that covalent inhibitors were more
potent than noncovalent inhibitors (48 vs 1>190) 121124
Extensive SAR has shown that aldehydes (49) could be
replaced with a-keto heterocycles like in 50, with a concomitant
increase in inhibitory potency.'*!'"112 Other reactive groups,
such as terminal boronates (51)'*’ and hydroxymethyl ketones
(2),"'¢ were also shown to inhibit POP with improved potency
over the corresponding non covalently acting structures.
Acetal derivatives of 1 and thiazolidine analogues were also
prepared as exemplified by 52 (ZTTA'*®) but were less potent,
exhibiting high nanomolar inhibitory activity.'® Further stu-
dies showed that a-keto esters''" exhibited nanomolar inhibi-
tory activity.

Vendeville and co-workers closely examined the impact of
a reactive group attached to 26, showing that aldehydes and
nitriles can be advantageously replaced by a-chloromethyl
ketones and a-hydroxymethyl ketones.'® However, kinetic
studies of analogues of 11 revealed that the association and
dissociation were faster for the nitrile derivative (53, KYP-
2047'%) than for the hydroxymethyl ketone and aldehyde.'*
As a result, the half-life of these covalent inhibitors was
controlled by slow dissociation.'?*!? Similar observations
were made with 9, 54, and 55.'%°

Nonpeptidic POP Inhibitors

Thus far, very few nonpeptidic POP inhibitors have been
reported. From a library of traditional Chinese medicine, the
natural product berberine (Figure 9, 56) was identified as a
weak POP inhibitor (ICs, found to be 145000 nM).'* In
particular, berberine was efficient for the treatment of patients
with bipolar affective disorders, as they present increased
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47%2: K; = 70000 nM
(bovine brain)

48190; |C = 42000 nM
(bovine brain)
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49"1112: IC5 = 8.7 M
(procine kidney)

I1C50 = 14000 nM

50111112 1C5o = 5.0 nM
(porcine kidney)

O O
NC

53126; KYP-2047
K;=0.023 nM
(porcine)

Figure 8. Reactive functional groups.

57: baicalin’®
ICso = 12300 NM

56: berberine’39.140
ICso = 145000 nM

(recombinant hPOP) (recombinant hPOP)
CO,Et
Cl
N

Cl
5869.140: |C = 65000 nM
(recombinant hPOP)

59130 |Cgo = 12 M
(human)

Figure 9. Examples of nonpeptidic POP inhibitors.

levels of POP activity in serum.'*’ Later on, further screening
of plant extracts led to the discovery of baicalin (57) from
Scuttellaria baicalensis. Baicalin was found to act as a prodrug
with the sugar moiety being hydrolyzed in the gut. Rat gut
pB-glucuronidase cleaves baicalin, releasing the active poly-
phenol portion (baicalein) which can potentially cross the
blood—brain barrier and other biological barriers, according
to parallel artificial membrane permeability assay data, and
inhibit POP in the brain. Baicalin showed POP selectivity,
exhibiting significantly less inhibition of DPPIV.” The major
advantage of compounds like berberine and baicalin is that
they have been used in humans for years without notice-
able side effects. This is a clear advantage over novel synthetic
inhibitors with a priori unknown pharmacokinetic and
toxicokinetic profiles.

(human perlpheral blood mononuclear cells)
o}
HN
SN
(¢}

51129 K, =22 nM
(recombinant hPOP)

(rat brain)
N
N N
O O
H (¢}

54'9%: 1Cy, = 0.45 nM
(canine brain)

¢ %ﬁ
MeO OMe

(HO),B
52: ZTTA'%
K; = 2900 nM

N

O O

NC

55109 |C5o=1.2nM
(canine brain)

Inspired by the structure of berberine, isoquinolium deri-
vatives, like 58, were prepared as potential POP inhibitors and
other analogues (structures not disclosed) were patented as
POP inhibitors in 2008.'*’ In addition to being POP inhibi-
tors, these compounds also crossed parallel lipid artificial
membranes.® Very recently, Haffner chose to step away from
peptidic POP inhibitors by constraining them into pyrrolidi-
nylpyridone and pyrazinone analogues. All the reported
analogues exhibited nanomolar inhibitory potency for POP,
and 59 could be cocrystallized with the enzyme, showing the
key interactions formed in the bound complex."** To our
knowledge 3 (Figure 2) is the only druglike POP inhibitor that
has been discovered by screening a collection of molecules and
not through rational design starting from 1.'%

Compounds 3, 56, and 57 are structurally different from the
other inhibitors described above. In fact, the authors do not
give details on whether these bind to the active site of POP or
an allosteric site.

Selectivity of POP Inhibitors. There are three levels of
selectivity important in the design of POP inhibitors. The
first is that the inhibitors are selective for POP over all other
proteases and peptidases. Yoshimoto et al. verified that their
covalent inhibitor (47) was selective for POP over other
serine proteases like trypsin, chymotrypsin, elastase, and
papain (Figure 10).22 Second, the inhibitors must bind
selectively to POP and must not bind to other enzymes
cleaving peptides at sites adjacent to proline residues, such
as dipeptidyl aminopeptidase 2 and IV (DPP2 and DPPIV),
aminopeptidase P, and others. For example, selectivity
of 2 for POP over DPPIV, proline iminopeptidase, APP,
prolidase, and prolyl-carboxypeptidase was noted, although
no explanation for this observation was given.''® Similarly,
synthesized Fmoc-aminoacylpyrrolidine-2-nitriles (14) selectively
inhibited POP over DPPIV (no DPPIV inhibition detected at
5 uM inhibitor), but no rationalization was given.*® Poor selec-
tivity for FAP-o/seprase and POP against DPPIV was achieved
with synthesized boronate inhibitors (60, 61) but better selec-
tivity for POP versus DPPIV with decreased FAP-a/seprase
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Kobs/[l] = 55.6 M's™ (lamb kidney POP)
Kops/[1] = 0.00 M's™" (o-chymotrypsin)
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Kops/[I] = 0.00 M's™" (elastase)
Kops/[I] = 0.00 M's™" (papain)
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Figure 10. Selective POP inhibitors.

inhibitory activity as demonstrated by Wolf and co-workers.'*'#!

Lawandi et al. successfully developed a series of bicyclic scaffold-
based inhibitors (like 62) to selectively inhibit POP activity
over other proline-specific peptidase activity.'* Finally, as
for the third level of selectivity, inhibitors should be able to
discriminate between POP from different species (not discussed
here).

Structure-Based Design of POP Inhibitors

The available structural information was further exploited
to understand the ligand binding process. For instance, dock-
ing inhibitors to the crystal structure 1gfs using GOLD in
combination with CoMSIA analysis of the ligands shed
light on the key interactions between the ligands and the
protein binding site'** while docking inhibitors to the crystal
structure 1h2w (porcine POP) with AutoDock provided hints
on the binding of benzimidazolium derivatives.®” Using the
linear interaction energy method (LIE),'*'* Kdnai et al.
have attempted to derive binding free energies from computa-
tions.”” Applied to six different ligands, this molecular-
dynamics-based method not only identified the weakest
binder (no inhibition at 0.1 M) and the strongest binder
within the set but also predicted the 1Csq within 2 orders of
magnitude (binding free energies within 2.5 kcal). More
recently, Lawandi et al. have reported the successful develop-
ment of novel, potent, and selective inhibitors (62), guided
by docking with the program FITTED, which considers
covalently bound inhibitors.'*

Conclusions and Prospects

POP and POP-like Inhibition. Researchers focused on
developing POP inhibitors because they hypothesized that
compounds able to positively modulate the brain levels of
neuropeptides, which are important in cognitive process,
neurodegeneration, or age-related cognitive decline, may
be of clinical and therapeutic interest. Researchers have
demonstrated some of these positive effects, in vivo, in
preclinical animal models of these diseases of the CNS and
in the few reported phase 1 clinical trials, and none of the
inhibitors showed any toxicological or safety problems.
Toward this goal of treating diseases of the CNS, researchers
have studied behavioral pharmacology in animals, evaluated

234,38,40,41,72,113-116,145

IC50 = 0.83 nM (rat brain POP)
IC50 > 100,000 nM (DPPIV)
IC5o > 100,000 nM (proline iminopeptidase)
1C5o > 100,000 nM (APP)
1C50 > 100,000 nM (prolidase)
IC50 > 100,000 nM (carboxypeptidase P)
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HO™ P oy
60128.141
Ki =211 nM (recombinant POP)

Ki = 23 nM (recombinant FAP-o/seprase)
Ki = 377 nM (recombinant DPPIV)

62142

IC50 = 200 M (human brain POP)

IC50 > 10,000 nM (FAP-o/seprase)
ICsq > 10,000 nM (DPP8)
I1C50 > 10,000 nM (DPP9)

enzyme inhibition, either in human or in animal blood, and
in animal brain extracts, and for some studies, researchers
even quantified how POP inhibitors affected brain levels of
neurotransmitters. Most studies extracted the whole brain
from animals and then measured POP activity without
thoroughly characterizing the enzyme affected. Further-
more, in many cases of potentially effective POP inhibitors,
no in vivo testing has been reported for their potential
application in other diseases where in vitro cell models
suggested a role for POP in infectious, oncological, or
inflammatory disorders. In this Perspective, we restricted
our evaluation of their possible clinical interest to CNS
disorders.

Despite promising preclinical and clinical results, re-
searchers have yet to evaluate POP inhibitors in large human
clinical trials for memory disorders. Furthermore, several
aspects of the physiology of POP and its inhibitors are
missing and must be addressed before their therapeutic
involvement can be clearly evaluated:

1. Where is (are) the exact target enzyme(s) of POP

inhibitors located?

2. Are these enzymes intracellular or extracellular?

3. Which are the exact biological substrates of POP and

POP-like enzymes?

4. Do these POP inhibitors pass the BBB? And, if yes,

how?

5. Are these inhibitors trapped in the cerebral vascula-

ture, where they may exert their effects?

6. What is the role and the impact of other POP-like

activities in the evaluation of inhibitors in biological
models?

A number of biological processes and diseases are linked
to POP and will most likely motivate more research on this
enzyme toward the development of POP inhibitors. POP
activity may lead to both quantitative and qualitative
changes in the signaling potential of bioactive peptides,
and inhibitors of POP activity may be developed as valuable
chemotherapeutic agents for neurological disorders. For
instance, the use of 2 has shown promising applications for
the treatment of sensorimotor dysfunctions caused by brain
trauma.'* A combination of physical therapy with drug
treatment with 2 induced enhanced functional recovery in
rats with focal forebrain ischemia.'*> However, the observed
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effects may originate from families of proline-specific en-
zymes having comparable activity but having either related
or unrelated sequence and structure homology. Researchers
have yet to pinpoint the exact origin of the observed effects of
these inhibitors. The published information on neurological
diseases reviewed here suggests multiple targets for the
inhibitors of the proline-specific proteases and peptidases.
The effects of the reported inhibitors may result from an
indirect effect regulating other pathways than those initially
targeted.

Given the expression of these proline-specific enzymatic
activities in most tissues, if not in most cells, an approach to
consider for future development includes the preparation of
prodrugs, combining, for example, a POP inhibitor with a
cell-targeting agent (for examples, see refs 71 and 146) in
order to improve the delivery of these potential therapeutic
agents to the cells to be treated.

DPPIV, DPP8, DPP9 POP FAP-a/seprase
R O R 0O R
HZN/H('Q YJ\N/H(Q YJ\N)\H/'Q
o X H o X H o X
R = bulky R = bulky or not R = not bulky (H best)

Y = aromatic or
hydrophobic

Y = aromatic or
hydrophobic

Terminal amine

Figure 11. General considerations to design inhibitors of DPPIV,
DPP8, DPP9, POP, or FAP-a/seprase.

bulky
R'
(e}
R)LNJ\WQ
: H
hydrophobic, (@) "
aromatic R

reactive or non-reactive
functional groups

Figure 12. Achieving selectivity for POP over DPPIV, DPPS,
DPP9, and FAP-a/seprase.

(S) stereochemistry favored

but not crucial

Aromatic and non aromatic
(Cbz, Boc, Fmoc, Heptyl)

Hydrogen not essential

H

H/'H/

No restriction —
(Arg, Pro) 0
_Hydrophobic N N
No size restriction > !

Z-T-----0

Lawandi et al.

Both natural and synthetic compounds have been evalu-
ated for their effects on proline-specific endoproteases.
However, in most cases, enzymes from different species,
either from microorganisms or from mammals, have been
used to evaluate many of the reported inhibitors. Translating
inhibitor potentials measured on POP from one species to a
different species must be done very carefully, knowing that
differences exist between proline-specific endoproteases of
different origin. Furthermore, the therapeutic potential of
the known proline-specific endoprotease inhibitors and of
future generations of inhibitors can only be exploited if we
can develop an inhibitor exhibiting a high level of selectivity
for an enzyme of one species.

Selective and Potent Inhibitors. In order to guide the design
of novel selective inhibitors, we summarized the necessary
SAR data in Figures 11, 12, and 13. We can combine the
information from Figure 11 into a first pharmacophore
(Figure 12) to develop inhibitors selective for POP over other
proline-specific proteases including FAP-a/seprase, DPPIV,
DPP8, and DPP9.!2%:147:198 Wwe have also combined all the
information from the structure—activity relationship data
into a schematic representation of the functional/structural
requirements of a peptidomimetic POP inhibitor that can be
visualized and used for the design of future generations of
potent, selective inhibitors.

Covalent inhibitors are more potent than the noncovalent
inhibitors developed thus far, although subnanomolar
noncovalent inhibitors have been discovered (20). This is
not surprising given the trends in drug design toward in-
corporating covalent modifiers highlighted in a few recent
reviews. ' 4150

Generally, there is a need to direct future drug design
toward more druglike, nonpeptidic compounds. Very few
studies on druglike molecules have been reported. In fact,
only 37, analogues of 37, and 3'* have been derived from a
hit discovered by screening while most of the other inhibitors
mimic 1. Given the availability of crystal structures,”®’® we
were surprised to find that only a few potent POP inhibitors

/—S>CH2>SOX|O
/_

(S) stereochemistry
highly desired

N Reactive group (covalent inhibitors)
favored over non reactive groups
CHO, C(O)CH,0OH, CN>H

Carbonyl groups essential
(interacts with hydrogen

bond donors of POP)
p595
T\
Phe476
HO
\—Ser554

No
H ® "Arg643

Figure 13. Optimal pharmacophore for achieving potency for POP (top) and key interactions between inhibitors and POP (bottom).
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were developed using computational methods based on these
structures. For example, druglike candidates could be ob-
tained by virtual screening, a strategy we are currently
exploring in our laboratories.
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