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Proteases are enzymes that hydrolyze the peptide bond of peptide sub-
strates and proteins. Despite significant progress in recent years, one of the
greatest challenges in the design and testing of substrates, inhibitors and
activity-based probes for proteolytic enzymes is achieving specificity toward
only one enzyme. This specificity is particularly important if the enzyme is
present with other enzymes with a similar catalytic mechanism and sub-
strate specificity but completely different functionality. The cross-reactivity
of substrates, inhibitors and activity-based probes with other enzymes can
significantly impair or even prevent investigations of a target protease. In
this review, we describe important concepts and the latest challenges, focus-
ing mainly on peptide-based substrate specificity techniques used to distin-
guish individual enzymes within major protease families.

Introduction

Proteases are enzymes that hydrolyze peptide bonds
within endogenous substrates and peptides. They play
regulating many physiological

a key role in

Abbreviations

conditions, and protease activity is dysregulated in
many diseases, including cancer, diabetes and neuro-
logical disorders [1,2]. To date, five major families of

AAT, o-T-antitrypsin; Abu, aminobutyric acid; ABP, activity-based probe; ABZ, aminobenzoic acid; ACC, 7-amino-4-carbamoylmethylcoumarin;
ACT, antichymotrypsin; AMC, 7-amino-4-methyl-coumarin; AOMK, acyloxymethylketone; CatG, cathepsin G; CLiPS, cellular libraries of
peptide substrates; CoSeSuL, counter selection substrate library; DUB, deubiquitylating enzyme; Gr, granzyme; hK, human kallikrein; hLeu,
homoleucine; HyCoSuL, hybrid combinatorial substrate library; IQF, internally quenched fluorescent substrate; LtA4h, leukotriene A4
hydrolase; MALT1, mucosa-associated lymphoid tissue lymphoma translocation protein 1; Met(O),, methionine sulfone; MMP, matrix
metalloproteinase; NE, neutrophil elastase; Nle(O-Bzl), 2-amino-6-benzyloxyhexanoic acid; Nle, norleucine; NSP4, neutrophil serine proteinase
4; NSP, neutrophil serine protease; Oic, octahydroindole-2-carboxylic acid; Pal, pyridyl-L-alanine; PR3, proteinase 3; PSA, prostate-specific
antigen; PS-SCL, positional scanning synthetic combinatorial library; SAR, structure activity relationship; SAS, substrate activity screening;
SENP, human desumoylating enzyme; Tic, 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid; UCH, ubiquitin C-terminal hydrolase.
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proteases have been described: serine, cysteine, met-
allo-, aspartyl and threonine proteases (Fig. 1). The
most abundant and explored families are the serine
and cysteine proteases, named after the reactive
nucleophilic groups in their active sites — the hydroxyl
group in serine and thiol group in cysteine [3]. Mech-
anistically, proteases hydrolyze peptide bonds in the
substrate (endopeptidases) or at the N or C termini
(exopeptidases) [3]. Proteinases belonging to the same
family, such as caspases, neutrophil serine proteases,
aminopeptidases, cathepsins or kallikreins, typically
have similar functions and process the same naturally
occurring substrates. However, little is known about
the individual physiological and pathophysiological
functions of some proteases [4-7]. To answer these
questions, chemical tools including substrates, inhibi-
tors and activity-based probes (ABPs) have become
essential for monitoring changes in the activity of
proteolytic enzymes in cells or even in whole organ-
isms (Fig. 2) [8-10].

Despite the significant progress in recent years, one
of the greatest challenges in the design and testing of
substrates, inhibitors and ABPs is achieving specificity
toward only one enzyme [1]. This specificity is particu-
larly important if the enzyme is in the presence of
other enzymes with a similar catalytic mechanism but
completely different functions. This cross-reactivity of
substrates, inhibitors and ABPs with other enzymes
significantly impairs or even prevents investigations of
a target protease [4]. The specificity of the substrates,
inhibitors and ABPs for proteolytic enzymes is opti-
mized by selecting the appropriate amino acid
sequences that interact with the binding pockets of the
protease [8,11].

Many different approaches have been proposed and
used to investigate substrate specificity, including posi-
tional scanning synthetic combinatorial libraries (PS-
SCL), phage display, hybrid combinatorial substrate
libraries (HyCoSuL), counter selection substrate
libraries (CoSeSul), internally quenched fluorescent

Separation methods for indistinguishable proteases

substrate (IQF) libraries (also called fluorescence reso-
nance energy transfer libraries) and proteomics, with
varying results (Fig. 3) [8,11-15].

The first broad chemical approach to study protease
substrate specificity was proposed by Thornberry and
colleagues in 1997 [16,17]. In this concept, the PS-SCL
(Fig. 3), the substrate library comprises three ‘subli-
braries’ to study protease preferences at the P4, P3
and P2 positions. For instance, in the P4 sublibrary,
this position was fixed with one of the natural amino
acids (1-19), the P3-P2 positions were randomized
with equimolar mixtures of natural amino acids (mak-
ing this library useful to study various caspases), and
the P1-P1’ positions were occupied by Asp—7-amino-4-
methyl-coumarin (AMC). The caspase specificity pref-
erences in the active site pockets were obtained by
screening each position separately, making this
approach ‘positional profiling’. Shortly after, the Ell-
man and Craik groups utilized a bifunctional 7-amino-
4-carbamoylmethylcoumarin (ACC) fluorophore as a
reporter group in PS-SCL, making introducing various
amino acids at the P1 position much more effortless
[18]. To date, over 100 proteases have been profiled
with the PS-SCL approach, ranking this technology
among the most useful tools in protease substrate
specificity investigations [8]. However, traditional PS-
SCL has been demonstrated to be insufficient when
analyzing proteases with overlapping substrate speci-
ficity profiles (e.g. caspases, cysteine cathepsins, neu-
trophil proteases and deubiquitylating enzymes
(DUBs)). The use of only natural amino acids in a PS-
SCL reduces the chance of finding a specific (and/or
very active) peptide toward the protease of interest.
This drawback was overcome by a novel approach
developed in the Drag laboratory [19]. This concept,
the HyCoSuL, relies on the use of a broad panel of
unnatural amino acids in the substrate sequences,
which explore the protease active site much more accu-
rately than a set of 20 natural analogues alone
(Fig. 3). The wuse of unnatural amino acids in
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Fig. 1. Schematic representation of the reviewed proteases and their catalytic properties.
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1998 — MMP-1 substrate (1Q) [Mucha et al.] =

2000 — NE and PR3 specific inhibitor (Sivelestat) [Ohmoto et al.] =
2003 — UCHL1 specific inhibitor [Liu et al.] =

2005 — MMP-14 inhibitor DX-2400 [Hoet et al.] =

2006 — hK14 inhibitor (phage display) [Felber et al.] =

2010 - GranzymeA specificity (proteomics) [Van Damme et al.] =
2010 - APN, M1, M17 (defined substrates) [Drag et al., Byzia et al.] =
2013 - PR3 specific substrate (1Q) [Popow-Stelmaszczyk et al.] =

2013, specific legumain probe LE28 [Blum et al.] =

2014 - PR3 selective phosphonate ester inhibitor [Guarino et al.]

Separation of inseparable proteases

2015 - MALT1 probe (PS-SCL) [Hachmannetal.] =

2016 — legumain substrate and probe (CoSeSul) [Poreba et al.]

2016 - proteasome substrate (1Q) [Gruba et al.]

P. Kasperkiewicz et al.

1997 —three major groups of caspases (PS-SCL) [Thornberry et al.]
1998 — Granzymes specificity (PS-SCL and 1Q) [Harris et al.]

2000 - PSA specific peptide (cyclic phage display) [Wu et al.]
2004 - hK2 inhibitor (phage display) [Cloutier et al.]

2006 — hK2 peptide inhibitor (phage display) [Hekim et al.]

2009 - Granzyme K specificity (proteomics) [Bovenschen et al.]
2011 - cathepsin B and cathepsin L inhibitors [Katunuma et al.]
2013 — caspase - 7 specific probe [Vickers et al.]

2014 — NE substrate and probe (HyCoSulL) [Kasperkiewicz et al.]

2014 — caspases substrates (HyCoSul) [Poreba et al.]

2015 — NSP4 substrate and probe (HyCoSul) [Kasperkiewicz et al.]
2015 — CatS probe BMV157 [Oresic Bender et al.]
2016 — distinguish between P. falciparum and human proteasome [Li et al.]

2016 — KLKS inhibitor (defined peptides) [Veer et al.]

Fig. 2. Notable achievements in the development of chemical tools for indistinguishable proteases. See text for details.

fluorogenic substrate libraries was also applied in the
CoSeSuL [12]. This approach is restricted to proteases
that display very broad substrate specificity in one (or
more) active site pockets. By comparing such a speci-
ficity matrix with other proteases displaying narrower
specificity in corresponding pocket(s), it becomes pos-
sible to distinguish between enzymes. PS-SCL, HyCo-
SuL and CoSeSuL are valuable tools to study protease
substrate specificities; however, they are all limited to
the non-prime pockets of the enzyme active site. IQF
substrates offer an excellent platform to study protease
preferences in both prime and non-prime regions
(Fig. 4) [20]. In brief, IQF substrates are peptides of
various lengths flanked by a fluorescence group
(donor) and a quencher group (acceptor). Such intact
peptides are in a quenched state, as the fluorescence
from the donor is quenched by an appropriate accep-
tor. Once the peptide is cleaved by the protease, the
peptide fragment with the fluorophore is separated
from the quencher, and the fluorescence is liberated.
Currently, there is no single, unified technology using
IQF substrates in protease screenings, and the archi-
tecture of an IQF substrate library is tailored to the
protease being investigated. To date, various donor—
acceptor pairs have been described in the literature
and are reviewed elsewhere [8].

1520

As an alternative to chemical-based approaches, a
phage display technology of biological origins has also
been extensively developed and studied on proteolytic
enzymes. This methodology was pioneered by Smith,
who expressed a diverse pool of peptides on the sur-
face of bacteriophage M13 [21]. This technique was
initially oriented to studying protein—protein interac-
tions; however, it was later modified and adapted for
protease substrate specificity profiling (Fig. 3) [22].
The main advantage of phage display is the generation
of a very large and diverse pool of substrates (up to
10" individual peptides), which would be very chal-
lenging through chemical synthesis. Another important
feature of this technique is that these peptides are sub-
jected to protease analysis after each round of expres-
sion/selection; thus, in subsequent cycles, peptides of
increasing quality are generated. One of the main
drawbacks of these methods is that the peptides are
label-free. Therefore, the kinetic analysis of the best
substrates requires these peptides to be resynthesized
with an appropriate reporter group. Since Matthews
and Wells first described the use of phage display in
protease screening, multiple enzymes have been pro-
filed with this technique [23].

In this review, we describe important concepts and
the latest challenges, focusing mainly on peptide-based

The FEBS Journal 284 (2017) 1518-1539 © 2017 Federation of European Biochemical Societies
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Fig. 3. Scheme of different approaches that have been proposed and used to investigate substrate specificity, including PS-SCL, HyCoSuL,

CoSeSuL and exopeptidase fingerprint.

substrate specificity techniques used to distinguish indi-
vidual enzymes within major protease families (Figs 3
and 4).

Endopeptidases

Serine proteases

Chymotrypsin-like neutrophil serine proteases from
primary granules

Neutrophil serine proteases (NSPs) of primary gran-
ules are some of the most abundant serine proteases
present in almost all organisms. The NSP family
includes neutrophil elastase (NE), cathepsin G
(CatG), proteinase 3 (PR3) and neutrophil serine pro-
teinase 4 (NSP4) [24-26]. Among others, these
enzymes are involved in Kkilling bacteria via the for-
mation of neutrophil extracellular traps [27,28]. NSPs
evolved from a common ancestor by gene

The FEBS Journal 284 (2017) 1518-1539 © 2017 Federation of European Biochemical Societies

duplication, and they reveal a new branch of the chy-
motrypsinogen superfamily of serine proteases [29].
NSPs consist of five exons and four introns. Along
with the genes for NE and PR3, the NSP4 gene lies
on chromosome 19p13.3 outside of the ZU1-PRTN3-
ELANE-CFD cluster [30-32], while CatG is located
on chromosome 14ql1.2 [33]. Regarding primary
structure, the amino acid residues that determine the
substrate recognition sites for NSPs are quite similar,
and catalytic residues and substrate-binding pockets
are located in a crevice between two [-barrels [32].
Therefore, these enzymes share similar catalytic pref-
erences and recognize the same endogenous inhibitors
belonging to the serpin (serine protease inhibitors)
family, such as antitrypsin or a-1 proteinase inhibitor
and human monocyte/neutrophil elastase inhibitor,
which inhibit PR3, NE and CatG [34,35].

Chemically, NSPs can be divided into groups: NE
and PR3 recognize small aliphatic amino acid residues
(Val and Ala) at the P1 position, CatG recognizes
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A Internally quenched fluorescent substrate

Protease

B Fluorescent substrate

Protease
(o) eo
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C Quenched activity based probe
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Fig. 4. Schematic representation of the proteolysis mechanisms for commonly used types of substrates and probes for protease
investigations: internally quenched fluorescent substrates (A), fluorescent substrates (B), quenched activity-based probes (C), and activity-

based probes (D).

bulky, hydrophobic, aliphatic or aromatic amino acids
(Phe, Leu and sometimes Arg) and NSP4 has
restricted Pl-specificity for Arg [26,36]. NE and PR3
also have overlapping primary substrate specificity at
P4-P2; therefore a specific substrate, inhibitor or activ-
ity-based probe was not reported for these enzymes
for many years. This specificity issue was confirmed in
an elegant approach toward the global identification
of neutrophil protease specificity that was recently
described by O’Donoghue ef al. [37]. In this method, a
rapid multiplex substrate profiling analysis using liquid
chromatography—tandem mass spectrometry sequenc-
ing was applied to profile the substrates of neutrophil
serine proteases in human neutrophil extracellular
traps. The obtained data clearly showed that each
enzyme had overlapping, yet distinct, endopeptidase
activities, suggesting overlapping functions and sub-
strate preferences between neutrophil serine proteases
[24].

Recently, the Lesner group reported the design and
synthesis of an internally quenched (IQF) PR3 substrate
with the structure ABZ-Tyr-Tyr-Abu-Asn-Glu-Pro-Tyr

1522

(3-NO,)-NH, and an enzyme catalytic efficiency (kc.(/
K.) of 1534 x 10° m~'s™!. The keat/Km value for NE
was not calculated using this substrate [38].

In 2014, Drag and colleagues enriched the classic
PS-SCL with a broad range of unnatural amino acids
in an approach known as the HyCoSuL [19] (Fig. 3).
This technology allows researchers to explore the P4—
P2 binding sites in various structures. Surprisingly, in
contrast to previously known NE substrates with
sequence Ac-AAPV-AMC (Fig. 5), the HyCoSuL P4
screen identified the bulky 2-amino-6-benzyloxyhexa-
noic acid (Nle(O-Bzl)) residue. This result was con-
firmed later by Lechtenberg, who presented a crystal
structure of an NE ABP containing Nle(O-Bzl) at the
P4 position [39] and demonstrated the fit of unnatural
amino acids in the enzyme pockets in the active site.
Moreover, methionine sulfone (Met(O),) was identified
at the S3 site, which suggested a potential post-
translational modification of natural NE substrates. Not
surprisingly, both NE (octahydroindole-2-carboxylic
acid, Oic) and PR3 prefer proline derivatives at the P2
position [19]. Crucially, a comparison of the k../Kpy

The FEBS Journal 284 (2017) 1518-1539 © 2017 Federation of European Biochemical Societies
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values for the synthesized substrate against both NE
and PR3 showed that the Ac-Nle(O-Bzl)-Met(O),-Oic-
Abu-ACC (Fig. 5) substrate is approximately 900-fold
more specific for NE compared with PR3, exhibiting a
relatively small K, of 0.28 um for NE. An ABP for
neutrophil elastase based on the optimal NE sequence
was then used in in vitro studies, allowing researchers
to discriminate between NE and PR3 and monitor the
activity of neutrophil elastase in neutrophil traps for
the first time [19].

CatG bears dual P1 chymotrypsin- and trypsin-like
substrate specificity [36]. Due to the shape of the S1
pocket, CatG hydrolyzes the peptide bond after Phe
and, with less potency, after Arg; therefore, this enzyme
might cross-react with NSP4 substrates. In 2015, Kas-
perkiewicz et al. used the HyCoSuL technology to
search for NSP4-specific molecules and investigate
NSP4 primary specificity. Using this technology, specific
NSP4 substrates and ABPs were synthesized and tested
in in vitro assays. NSP4 recognized large hydrophobic
residues at the P4 position (homocyclohexylalanine),
large basic residues at the P3 (4-guanidynophenylala-
nine) and the proline derivative Oic at the P2 position
(Fig. 5). The most successful substrate was potent (k¢a/
K 32000 M 's7") and approximately 70-fold more
specific for NSP4 compared with CatG. This discovery
prompted the synthesis of ABPs, and resulted in the first
covalently binding NSP4-specific ABP, which exhibited
approximately 1000-fold more specific binding to NSP4
compared with CatG [40].

NSP4 peptide sequences

P J\WNQk 7NJ%

Ac- AIa Ala-Pro- Arg )\
NH,

Separation methods for indistinguishable proteases

NSPs are involved in many diseases, particularly
diseases associated with the lungs; thus, they are
considered valuable drug targets. Moreover, a few
drug trials have been conducted to discriminate ser-
ine proteases using inhibitors. Although a few of
these inhibitors have been used in clinical trials [41],
to date, only one compound, sivelestat (ONO-5046,
Ono Pharmaceuticals), was approved for use as a
drug [42]. This competitive inhibitor is specific for
NE over trypsin, thrombin, chymotrypsin, CatG and
plasmin with a relatively small half-maximal inhibi-
tory concentration (ICsg) of 44 nm and K; of 0.2 um
toward NE.

The best-known in vitro serine protease inhibitors
are peptidyl derivatives of a-aminoalkylphosphonate
diphenyl esters, covalent inhibitors that bind to the
hydroxyl group of serine in the active site [43].
These compounds mimic natural amino acids, and
they are some of the most frequently used NE inhi-
bitors in in vitro studies. Oleksyszyn and colleagues
modified the esters in this inhibitor class and subse-
quently found that an S-methylsulfodiphenyl di-ester
was more potent than the unmodified ester [44,45].
Unfortunately, this approach was not sufficient to
distinguish NE and PR3. Recently, Guarino et al.
designed di(chlorophenyl) phosphonate esters charac-
terized by an unexpected structure containing Asp at
the P2 position, instead of Pro, which was described
as the best-fitting amino acid in this pocket. They
used a probe with PEGg [aminoomega-carboxy poly

NE peptide sequences
o 00 Hyum
H 7 :
AN
H o ° L/

Ac-Ala-Ala-Pro-Ala

L O

HE¢YIN

H N
HN 2
NH

HoN
Ac-hCha-Phe(guan)-Oic-Arg

°Jk>/

Ac-Nle(Bzl)-Met(02)-Oic-Abu

Fig. 5. Examples of specific peptide sequences used in substrates and inhibitors for neutrophil serine proteases. hCha, homocyclohexylalanine;

Phe(guan), 4-guanidynophenylalanine.
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(ethylene glycol)] as a linker and biotin as a tag
characterized by a relatively small second-order inhi-
bition constant (kops/[I]) against proteinase 3, which
showed weak binding with NE, as a probe to detect
PR3 in permeabilized neutrophils. The authors sug-
gested that this probe may be used to monitor,
detect and control PR3 activity in inflammatory dis-
eases; however, no control was performed [46].

Granzymes

Human granzymes (Gr) were named from ‘granule
enzymes’ in 1987 by Masson and Tschopp [47]. They
are closely related proteases with a nucleophilic serine
residue stabilized by histidine and aspartic acid at the
enzyme’s active site and are expressed in cytotoxic T
lymphocytes and natural killer (NK) cells. Those pro-
teases are packed into cytoplasmic granules, and simi-
larly to NSPs, they are secreted during stimulation. In
humans, five Grs are distinguished (A, B, H, K and
M) [48]. However, granzyme genes were found on
three chromosomes in three clusters (GrA, GrB and
GrM clusters). The GrA cluster on chromosome 5
includes GrA [48,49] and GrK; the GrB cluster on
chromosome 14 includes GrB and GrH [50]; and the
GrM cluster on chromosome 19 includes GrM [51].
Grs share distinctive structural features, such as the
presence of a signal peptide and pro-dipeptide, which
are removed during activation. Although there are
subtle differences in the crystal structures of Grs, their
detection remains challenging because of the similari-
ties between them. For instance, anti-GrB binds both
GrA and GrH. This problem is magnified since it was
shown that Grs recognize and cleave the same natural
substrates; for instance, 80 GrA substrates are
reported to be GrB substrates as well, and among
them, 22 have the same cleavage site [52]. To date, no
specific tool to distinguish between active and inactive
Grs has been found; however, a few elegant
approaches have been published and are discussed in
this review.

GrA is the most abundant of all the granzymes [53].
The effects of GrA and K on caspase-independent cell
death remain unclear [54]; thus, it is necessary to dis-
tinguish between these enzymes to understand their
individual roles. GrA and K primarily act in inflam-
mation by promoting the secretion of cytokines, inter-
leukins and tumor necrosis factor, and these enzymes
recognize the same natural substrates [54-56]. The
extended substrate specificity for these enzymes is
almost identical. These enzymes recognize Tyr, Asp
and Val at the P3 position, Phe and Pro at the P2
position, and Asp and Met at the P4 position. GrK

P. Kasperkiewicz et al.

also recognizes Leu, Phe and Trp at the P4 position
and prefers Glu and Gln at P3. These results reveal
substantial differences between GrA and K, particu-
larly at the S3 and S4 subsites. Few differences
between the substrates cleaved by these enzymes
in vitro have been identified, and GrA and K might
have different physiological functions [56]. Van
Damme et al. [52] also explored and identified GrA
substrate preferences in 2010 using a proteomic
approach, with similar results. The utility of pro-
teomics in granzyme specificity determination is
reviewed elsewhere [15].

Granzyme B (GrB) is the only known serine pro-
tease with restricted specificity for Asp at the P1 posi-
tion [57]. This feature is common in caspases, which
belong to the cysteine protease family. GrB and cas-
pases have similar key functions, including the induc-
tion of apoptosis, although they belong to different
protease families with different evolutionary origins
[57]. In 1998, Harris and colleagues analyzed the
extended substrate specificity of GrB using filamentous
(M13) phage display and explored the P3, P1’ and P2’
positions with an [-P3-P-D-P1’-P2’ library with only
one defined position; the other sites were fixed. Based
on the results, GrB recognizes Glu at the P3 position
and Gly at the P2’ position [58].

Unlike GrA and K, GrM and H have different pref-
erences at the P1 position, thereby facilitating their dif-
ferentiation. Several methods have been used to study
GrM and H, including positional scanning libraries of
coumarin substrates as well as screens of individual p-
nitroanilide and coumarin substrates [59]. GrM hydro-
lyzes the peptide bond after the aliphatic amino acids
Ile and Met and does not hydrolyze the bond after Phe.
GrH also prefers hydrophobic amino acids at the P1
position, including Phe, but does not hydrolyze the
peptide bond after Met [59-61]. Powers and colleagues
used a series of peptide thiobenzyl esters to determine
the primary specificity of GrM, which exhibited a pref-
erence for Pro at P2 and Ala, Ser and Asp at the P3
position [62]. Using P1-Leu and P1-Met PS-SCL, Mah-
rus et al. [59] explored the P2-P4 subsites and showed
that the substrate specificity profiles of the two libraries
were similar at the P4 and P2 positions, but were
slightly different at the P3 position, which might be an
effect of subsite cooperativity. Further studies on the
extended P4-P4’ specificity were also conducted [63].

Mahrus et al. [64] used the PS-SCL approach to
analyze GrM, K, H, B and A, and they identified dif-
ferences in substrate preferences, allowing further
investigations of specific inhibitors and ABPs.

In summary, a few peptide sequences for granzymes
have been identified using PS-SCL, phage display and

1524 The FEBS Journal 284 (2017) 1518-1539 © 2017 Federation of European Biochemical Societies
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proteomics, which will aid future research into discrim-
inating their individual physiological functions. The
Van Damme group performed hierarchical clustering
of the surface surrounding the granzyme active sites
using proteomics, which confirmed observations based
on chemical methods, that the S1 pocket is the most
restrictive and binds Asp for GrB, Arg for GrA and
K, Met/Leu for GrM and Phe for GrH, while the S2—
S4 pockets bind a broad range of amino acid residues
[15], due to subtle differences in the primary specificity
profiles. However, more research is necessary to distin-
guish among the granzymes, particularly GrA and K.

Kallikreins

The human tissue kallikrein family comprises at least
15 serine proteases (hK1-hK15), which are encoded by
the largest protease gene cluster and are expressed in
almost every tissue, including brain, breast and skin,
among others [65]. These enzymes possess at least
30% sequence identity, a similar molecular size (25—
30 kDa) and (chymo)trypsin specificities [7].

Debela et al. determined the extended substrate
specificity of seven human tissue kallikreins, hK3/pros-
tate-specific antigen (PSA), hK4, hKS5, hK6, hK?7,
hK10 and hK11, using a combinatorial peptide library.
Based on their data, hK3 and hK7 show chy-
motrypsin—trypsin-like activity and hydrolyze peptide
bonds after large hydrophobic (Tyr), aliphatic (Ala
and Nle) or polar amino acids (Arg and Lys). The kal-
likreins hK4, hK5 and hK6 exhibit trypsin-like speci-
ficity, with a strong preference for Pl-Arg, whereas
hK10 and hK11 display dual specificity and hydrolyze
P1 peptide bonds after both aliphatic (Nle, Met, and
Ala) and basic amino acid residues (Lys and Arg). All
investigated enzymes demonstrate broad specificity at
the P4 and P3 subsites, but hK4 does not recognize
Pro and hKS5 does not recognize Asp at P3. All inves-
tigated kallikreins demonstrate subtle differences at the
P2 and at the P1 positions, but hK3/hK7 and hK10/
hK12 have similar substrate specificities [7]. The PS-
SCL results agree with the structural data, and there-
fore might be helpful in future research. However,
specific substrates for selected kallikreins have not
been synthesized and characterized using these promis-
ing specificity profiles. Thus, subsite cooperativity has
not been excluded and additional validation is neces-
sary. Nevertheless, the presented data are valuable pre-
liminary results.

PSA and hK2 display 79% sequence identity, which
hinders the development of specific substrate, inhibi-
tors and antibodies for these enzymes. In 2000, Wu
et al. used a cyclic phage display peptide library to
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identify peptides specific for active PSA over other ser-
ine proteases, including chymotrypsin, CatG, kallik-
reins, trypsin and hK2 [66]. The identified sequence
binds to the active site of PSA, allowing us to distin-
guish between active and inactive PSA, in contrast to
antibody labeling, which binds both forms. Wu and
colleagues used this discovery to developed new
immunopeptidometric assays with unique specificities
[67].

In addition, Hekim et al. used phage display to
identify the specific sequence of a peptide inhibitor of
hK2. In this approach, 10- and 11-amino-acid libraries
were used and peptides binding to hK2 were isolated.
A specific cyclic peptide substrate with no inhibitory
activity and a linear peptide inhibitor (RFKXWW or
ARRPXP) with no overlapping specificity toward
PSA, chymotrypsin and various trypsin isoenzymes
were obtained. These peptides differentiate between
PSA and hK2, which was not previously possible [68].

In another approach, de Veer ef al. [69] used a
sparse matrix library consisting of 125 defined peptides
to explore hK5 substrate specificity. GRSR, YRSR
and GRNR were reported as the most active
sequences, and an inhibitor was subsequently engi-
neered by substituting the substrate sequences in the
binding loop (P1, P2 and P4 residues) of sunflower
trypsin inhibitor-1. However, despite their high activ-
ity, the designed inhibitors lacked selectivity. The
authors then substituted the P2’ residue, which gener-
ated a specific hK5 inhibitor with the kinetic constant
K; = 4.2 £ 0.2 nm. The inhibitor displayed low activity
toward hK7 and 12-fold selectivity over hK 14 [69].

One of the most interesting and successful
approaches for investigating specific molecules for kal-
likreins was described by Cloutier et al. [70] and Fel-
ber et al. [71]. Both groups used the same strategy to
modify serpins (endogenous inhibitors of serine pro-
teases), the reactive center loop of which is crucial for
inhibiting serine proteases. The amino acids near the
scissile bond of the reactive center loop were modified
in another approach by extracting structural fragments
to obtain specific recombinant hK2 [70] and hK14 [71]
inhibitors. In these approaches, phage display method-
ology was used to select peptide sequences for hK?2
(six variants) and hK14 (two variants). hK14 has a
dual (chymo)trypsin-like substrate specificity, and Fel-
ber et al. described four variants of recombinant
mutant serpins (two variants for serpin): o-1-antitrypsin
(AAT) and antichymotrypsin (ACT). In both ACT
and AAT, five residues surrounding the scissile bond
were replaced with a pentapeptide sequence that was
previously obtained using phage display [72]. Speci-
ficity was tested against enzymes with a broad range
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of specificity, such as elastase, chymotrypsin, trypsin,
plasma kallikreins and thrombin, and then tested
against enzymes belonging to the same family, i.e.
hK2, hK3, hK5, hK6, hK8 and hK13. One of the two
variants of ACT and AAT displayed selectivity for
hK14 (with the exception of chymotrypsin). All the
variants specifically inhibited hK14, but two ACT-
derived inhibitors formed more stable complexes with
hK14, in contrast to the other AAT inhibitors [71].
For hK2, sequences were inserted into ACT and the
resulting inhibitors were screened against human neu-
trophil elastase, as well as proteases with chy-
motrypsin-like (chymotrypsin, PSA) and trypsin-like
(hK2, hK1, plasma kallikrein, urokinase-type plasmi-
nogen activator) activity; two variants of modified
ACT retained specific activity against hK2 [70]. Using
this clever mixed strategy — modification of reactive
center loop of serpins with different peptide sequences
— the authors were able to distinguish between hK14
or hK2 and a broad range of serine proteases, with
the exception of chymotrypsin.

Cysteine proteases
Caspases and paracaspases

Caspases are cysteine proteases that display very nar-
row preferences at the P1 position, primarily recogniz-
ing aspartic acid (with some exceptions) [73]. Such
primary specificity is quite rare among proteases.
However, Wells and colleagues have recently shown
that these enzymes can also cleave substrates after glu-
tamic acid and phosphoserine residues, shedding new
light on their physiological functions [74]. Since the
discovery and characterization of caspases 20 years
ago, hundreds of papers have been published on their
substrates and inhibitors [9,75]. Unfortunately, their
exclusive specificity for Asp at the P1 position makes
it very difficult to distinguish these enzymes [76].
Using PS-SCL as a tool, Thornberry and colleagues
determined the substrate preferences of the S4-S2
pockets of nine human caspases [17]. Based on these
profiles, caspases were divided into three groups: cas-
pase-1, -4 and -5, which prefer the (W/L)EHD
sequence, caspase-3, -7 and -2, which recognize DE(V/
H)D peptides, and caspase-6, -8 and -9, which favor
(V/L)EHD motifs. Nevertheless, the specificity matrix
clearly shows that these proteases display overlapping
substrate specificity, and the ‘optimal sequences’ pro-
posed by the authors may not be specific for only one
enzyme. Indeed, later work by other groups has
shown that short inherent substrates containing
tetrapeptide motifs display cross-reactivity among the
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caspases, making it very difficult to use these sub-
strates in cell extracts that contain different concentra-
tions of several caspases [4,77]. In another approach
to design caspase-specific substrates, Stennicke and
colleagues synthesized a panel of IQF substrates
(Fig. 4) [78]. This strategy also allowed the authors to
screen caspase preferences in the prime region (i.e. to
the right of the scissile bond). A kinetic analysis
revealed that all tested caspases (1, 3, 6, 7 and 8) pre-
ferred small residues (Gly, Ser and Ala) at P1l’, which
could not be used as a discrimination factor to
improve the specificity of the synthesized substrates.
The inability to design caspase-specific substrates
using a PS-SCL approach or by scanning internally
quenched substrates could be due to their simple
architecture. In these chemical approaches, the sub-
strates are short linear peptides selected from a pool
of peptide mixtures without an in-depth caspase sub-
site cooperativity analysis. Biological approaches rep-
resent an  alternative strategy for  substrate
identification. One such strategy tested on caspases
was the application of cellular libraries of peptide sub-
strates (CLiPS), developed by Boulware et al. [79], in
which potential caspase substrates were randomly syn-
thesized by bacteria and then subjected to fluores-
cence-activated cell sorting analysis. This technique
not only provided a general map of caspase prefer-
ences but also revealed detailed kinetic analyses of the
substrates. However, the obtained results only con-
firmed that the preferred caspase-3 cleavage motif is
DXVD/G, and new specific sequences were not identi-
fied. The main limitation of the described methods
(using both synthetic and natural substrates) is that
all of these peptides contain only natural amino acids
in their structure. A potential solution is an approach
that has been recently proposed by Poreba et al. [80].
In the HyCoSuL approach, P4-P2 peptide mixtures
are enriched with over 100 unnatural amino acids,
which provides a better exploration of the chemical
space in the caspase active sites and attenuates the
issue of overlapping specificity. The specificity of six
human apoptotic caspases (3, 6, 7, 8 9 and 10)
toward the P4-P2 positions were screened using this
approach. A detailed kinetic analysis of their prefer-
ences allowed the development of peptides containing
unnatural amino acids that had much greater selectiv-
ity indices than the previously reported substrates
(Fig. 6). One of these substrates was then used to
specifically monitor caspase-9 activation in HEK293F
cytosolic extracts, in which apoptosis is triggered by
cytochrome C [80].

Another challenging issue in distinguishing between
caspases is the development of specific inhibitors.
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Caspase-3 peptide sequences
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Legumain peptide sequences
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Fig. 6. Examples of specific peptide sequences used in substrates and inhibitors for cysteine proteases.

Because potent and selective caspase inhibitors appear
as potential drug candidates, this area of research has
been explored more rigorously than the identification
of caspase substrates. To date, thousands of caspase
inhibitors have been synthesized and evaluated [9].
Some caspase inhibitors have been synthesized and
used to study apoptosis in vitro and in vivo, whereas
others are primarily used in pharmaceutical research
[81-83]. In general, almost all strategies for developing
caspase-specific inhibitors focus on (a) optimizing a
peptide (or peptidomimetic) scaffold (non-prime
region), (b) exploring the S1’ pocket by introducing
various warheads (cysteine traps) into PS-SCL-derived
peptides (mostly DEVD, IETD and YVAD), or (c)
optimizing lead non-peptide scaffold structures, such
as isatins, indolones and quinolines. In previous stud-
ies, synthetic caspase inhibitors were simple peptides
equipped with an electrophilic warhead (e.g. acy-
loxymethylketone (AOMK), fluoromethyl ketone, or
an aldehyde) [9]. The peptide motifs were based on the
PS-SCL results reported by Thornberry et al. [17].
However, these tools were subsequently shown to dis-
play only limited selectivity toward individual caspases
[84,85]. As the inclusion of natural amino acids in the
P4-P1 positions has not produced specific inhibitors,
unnatural amino acids have been introduced into pep-
tide scaffolds. This work was pioneered by Bogyo and
colleagues, who synthesized a P4-P2 combinatorial
library of AOMK inhibitors containing 41 unnatural
amino acids at each position [86]. The same approach
was further applied by Wolan and colleagues, who
synthesized a P5-P2 peptide library containing an
aldehyde as an electrophilic warhead [87-89]. The

introduction of unnatural amino acids into the peptide
sequence resulted in increased inhibitor selectivity.
Chemical approaches for developing caspase-specific
inhibitors and ABPs have recently been reviewed by
Poreba et al. [9].

Mucosa-associated  lymphoid tissue lymphoma
translocation protein 1 (MALTI1) is a paracaspase and
belongs to the cysteine protease family. MALTI con-
tains a domain homologous to caspases, and hence it
was defined by Dixit ef al. as a ‘paracaspase’ [90].
MALTI, along with caspases, belongs to the CD clan
and has the catalytic His—Cys diad characteristic of
caspases. To date, only a few reports have described
MALT]1 substrates and probes. Probes were used on
Jurkat cells, but extensive selectivity studies toward
other enzymes have not been performed [91-93]. Inter-
estingly, the probes proposed by Xin et al. bind to
MALTI, but a few other signals were also observed.
Therefore, there is a need to distinguish between
MALTI and other proteases that share Arg P1 speci-
ficity. It is necessary to determine the precise substrate
specificity to design optimal substrates and inhibitors.
The Salvesen group used PS-SCL to identify a few
interesting features of MALT1. MALTI1 has narrow
specificity at the P4 and P1 positions, hydrolyzing Leu
and Arg, respectively, but it has broad specificity at P3
and P2 [91]. This finding was helpful in the design of
an ABP for this enzyme [92]. However, this ABP only
contains natural amino acid residues and its specificity
toward other proteases remains unclear. It might be
beneficial to use unnatural amino acids to further opti-
mize this probe to reduce potential cross-reactivity
with other proteolytic enzymes.
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Cysteine cathepsins

Similar to caspases, cathepsins are group of cysteine
proteases that display overlapping substrate specificity.
A broad study of the substrate preferences of these
enzymes was first described by Choe et al. [7], who
used a PS-SCL approach to dissect the P4-P1 sub-
strate specificity of six human cysteine cathepsins (L,
V, K, S, F and B). The six cathepsins exhibited similar
substrate preferences; the only significant difference
was that cathepsin K recognized Pro at P2, whereas all
other cathepsins did not. This distinguishing feature
was sufficient to develop a cathepsin K-specific
tetrapeptide substrate that was not hydrolyzed by
other family members. However, an AOMK inhibitor
with this sequence displayed off-target activity by also
inhibiting cathepsin B. Another strategy for the rapid
development of cathepsin substrates was substrate
activity screening (SAS), proposed by Patterson et al.
[94-96]. In this method, a library of aminocoumarin
derivatives with various N-acyl groups was screened
for activity against cathepsin S and the most active
substrates were further converted into inhibitors. With
the exception of PS-SCL and SAS, no other rapid
methods for the discovery of selective cathepsin sub-
strates have been reported. Most substrates developed
for cathepsins are the result of extensive SAR studies,
in which individual fluorogenic peptide substrates with
variations in only one position were screened against a
panel of cathepsins and the best candidates were
selected for further optimization [97-99].

Similar to other proteases, the development of
cathepsin-specific inhibitors mostly relies on studying a
peptide or peptidomimetic backbone in the unprimed
site or the investigation of electrophilic warheads at
P1’; some of these examples have recently been
reviewed [100]. One classic example for distinguishing
between cathepsins is the optimization of E-64, a natu-
ral broad-spectrum inhibitor. Katunuma and col-
leagues have developed several highly selective
cathepsin B (CA-030 and CA-074) and cathepsin L
(CLIK-148 and CLIK-195) inhibitors by replacing the
substituents in the epoxide electrophilic warhead and
changing the non-prime recognition group [101]. Other
cathepsin S- (CLIK-060) and cathepsin K-specific inhi-
bitors (CLIK-163) were developed based on the struc-
tures of leupeptin and pyridoxal phosphate,
respectively [101]. These examples clearly show that
optimization of lead structures (mostly broad spectrum
inhibitors) is an excellent strategy for distinguishing
closely related enzymes. Another strategy for the
development of potent and selective cathepsin inhibi-
tors is the previously mentioned SAS, in which the
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best substrates are converted into potent inhibitors by
replacing the aminocoumarin reporter group with an
electrophilic pharmacophore [95]. One such seminal
example is the cathepsin S probe (BMV157) developed
by Oresic Bender et al. [102]. BMV157 is a near-infrared
quenched-activity-based probe that becomes fluores-
cent only when bound to the cathepsin S active site.
This molecule contains a Cy-5 fluorophore attached to
a Pl-Lys residue, a peptidomimetic fragment in the
P3-P2 region and an acyloxymethylketone warhead
equipped with QSY21, a bulky quenching group. The
specificity of this probe toward cathepsin S was tested
in both in vivo and in vitro models, demonstrating the
wide range of its biological applications.

Legumain

Legumain (asparaginyl endopeptidase) is a cysteine
protease that is up-regulated in inflammatory diseases
and multiple human cancers. Legumain is also very
active in the tumor microenvironment; thus, it is
thought to promote tumorigenesis. This protease
shares some similarities with both previously described
protease groups, caspases and cysteine cathepsins. An
analysis of the tertiary structure of legumain assigned
it to the CD clan (together with caspases, gingipains
and separases). However, the localization of this
enzyme is mainly lysosomal/endosomal, overlapping
with cysteine cathepsins [103]. Thus, to specifically tar-
get legumain, there is a need to distinguish this pro-
tease from caspases and cysteine cathepsins. However,
this goal is very challenging as legumain displays nar-
row specificity at the Pl position, recognizing only
Asn and Asp residues. The first (quenched) activity-
based probe that specifically targeted legumain in vivo
(LE-28) was developed by the Bogyo group [104]. It
contained a three-peptide scaffold (Glu-Pro-Asp)
equipped with an acyloxymethylketone warhead and
flanked by two bulky groups (Cy-5 as a fluorophore
and QSY21 as a fluorescence quencher) (Fig. 4). As
Glu-Pro-Asp is the preferred motif of caspases, the
specificity of LE-28 was obtained not by sequence
itself, but by introducing bulky groups that drive LE-
28 cellular uptake into the lysosomes. Another
approach to distinguish legumain from caspases was
recently proposed by Poreba et al. [12]. Using HyCo-
Sul, the authors demonstrated that the legumain
specificity at the P4 position was very broad, tolerating
even p-amino acids (Fig. 6). Thus, it was possible to
use counter selection to extract a P4-P1 tetrapeptide
motif (with Asp at P1) that was not recognized by
apoptotic caspases. This motif was then used to
develop a legumain-specific substrate, inhibitor, and
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activity-based probe for tracking legumain activity in
various biological models. This study provided proof
of principle for the use of the CoSeSuL approach to
develop specific tools for proteases that display broad
substrate specificity.

Deubiquitylating and desumoylating enzymes

The human genome encodes approximately 100 DUBEs,
representing more than 15% of all human proteases.
These enzymes also display some similarities in sub-
strate preferences. High-throughput screening has been
one of the most successful strategies applied to differ-
entiate these enzymes. The screening of over 40 000
compounds against the closely related ubiquitin C-
terminal hydrolase L1 (UCH-L1) and L3 (UCH-L3)
enzymes allowed the development of a UCHLI1-specific
inhibitor based on an isatin O-acyl oxime scaffold
[105]. In another approach, Borodovsky and col-
leagues used a chemical ligation method (intein strat-
egy), in which the C terminus of the ubiquitin protein
was modified with different warheads [106,107].
Depending on the type of warhead, these probes
exhibited some level of specificity toward different
DUBs. In another approach, Drag et al. used PS-SCL
to identify the precise substrate specificity of three
human DUBs, ovarian tumor 1, isopeptidase T and
UCH-L3, and one viral ubiquitin-specific protease, the
papain-like protease from the severe acute respiratory
syndrome coronavirus [108]. A kinetic analysis of the
P4-P2 positions revealed differences between these
enzymes that can be further exploited in the design of
specific substrate candidates. The PS-SCL library
approach was also used to analyze the substrate speci-
ficity of human desumoylating enzymes (sentrin-specific
proteases; SENPs). The results from the screen of this
library clearly showed similar substrate specificities for
natural amino acids in the P4, P3 and P2 positions
between SENPs. The design of specific probes for
DUBs and SENPs remains a substantial challenge.

Metalloproteinases
Matrix metalloproteinases

Matrix metalloproteinases (MMPs) include the 23
members of the zinc-dependent endopeptidase family
in the metzincin class of metalloendopeptidases that
share a common domain structure [109]. The most
common classification of MMPs is based on the his-
torical assessment of their catalytic preferences and
their cellular localization. Therefore, one can distin-
guish four groups of MMPs: collagenases, gelatinases,
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stromelysins and membrane-type MMPs. Nevertheless,
there are several MMPs that are not classified into
these traditional groups [110,111].

MMPs were initially associated with cancer progres-
sion due to their ability to degrade connective tissues
between the linings of blood vessels and between cells.
These enzymes are involved in a wide variety of bio-
logical processes, such as tissue remodeling associated
with angiogenesis, morphogenesis and tissue repair
[112]. Due to their important roles in humans, MMPs
are subjected to very precise spatial and temporal con-
trol to prevent them from becoming destructive [109].
Over the last 15 years, many studies have focused on
identifying selective molecules to discriminate between
MMPs. The application of the high-throughput pro-
teomic identification of protease cleavage site method,
which investigates primary and extended substrate
specificity, profiled MMPs 1, 2, 3, 7, 8, 9, 12, 13 and
14 using 4300 biologically diverse peptides. This study
allowed the general specificity features shared by most
MMPs to be determined and explored features charac-
terizing particular MMPs [110,111]. However, the
greatest challenge in distinguishing between MMPs in
the above-mentioned groups, as well as between these
groups, is the ability of MMPs to hydrolyze similar
peptide substrates. In 2003 MMP-2 and MMP-9 were
shown by Chen et al. to exhibit overlapping substrate
recognition, but they could be distinguished by their
S2 pocket preferences [113]. Precise kinetic studies of
the synthetic peptides showed that replacement of one
amino acid residue in the P2 position can convert a
relatively selective MMP-2 substrate into an MMP-9
substrate. This finding underlined the significance of
the P2 position and suggested that the S2 subsites of
MMP-2 and MMP-9 interact with substrates differ-
ently [113].

In 2014, Ratnikov et al. compared the MMP cleav-
age yield of a selected and extended set of phage pep-
tide substrates from approximately 64 million
sequences and quantified the structure-function depen-
dence of eight different MMPs representing three phy-
logenetic subfamilies [114]. The chosen proteases
included MMP-2 and -9 from the gelatinase subfamily,
transmembrane MMPs 14, 15, 16 and 24; and MMP-
17 and -25 from the GPI-MMP subfamily that contain
a glycophosphatidyl inositol (GPI) cell surface anchor.
The calculated second-order rate constants (kgps) con-
stitute a good distance measure of the functional simi-
larities between the matrix metalloproteinase branches
[114].

Based on the pathological role of MMPs in disease,
attempts have been made to identify drugs that har-
ness the therapeutic potential of MMP inhibition.
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More than 50 inhibitors targeting MMP activity have
been developed, but all have failed during clinical trials
due to a lack of specificity toward the targeted
enzymes [1].

Preliminary trials to develop MMP inhibitors have
focused on compounds that chelate the catalytic Zn>"
ion and possess backbones mimicking the natural pep-
tide substrate for the individual MMPs. The first-gen-
eration MMP inhibitors were composed of a collagen
backbone and a hydroxamic acid (—C(O)NHOH)
[115]. Based on this scaffold, several collagen-based
peptidomimetic hydroxamates were developed, includ-
ing ilomastat, marimastat and batimastat. Batimastat,
the first MMP inhibitor to enter clinical trials [116],
showed strong inhibition toward MMP-1
(ICso = 3 nm), -2 (ICsg = 4 nm), -7 (IC59 = 6 nm) and -
9 (ICso = 1 nm); however, the low specificity observed
in the clinical trials was disappointing. A new genera-
tion of hydroxamate-based MMP inhibitors consisting
of a substituted aryl, a sulfonamide and a zinc-binding
group was proposed. MMI-270 and MMI-166 were
identified as selective inhibitors of MMP-2, -9 and -14
[117].

Reverse hydroxamates and non-hydroxamate inhibi-
tors were developed to avoid the limitations associated
with hydroxamate-based inhibitors, such as metabolic
inactivation and cross-reactivity with other metallopro-
teases. As the structures of MMPs were revealed by
crystallography, the next generation of MMP inhibitors
was no longer restrained to substrate-like compounds
and new molecules with diverse peptidomimetic and
non-peptidomimetic scaffolds were designed [118]. The
investigation of numerous different structures led to the
identification of selective MMP inhibitors. For example,
the thiol-based inhibitor SB-3CT, which is composed of
a deep-pocket-binding diphenylether scaffold, was
specific for MMP-2 and -9 with inhibition constants (K;)
of 14 and 600 nm, respectively [119].

Due to the high structural homology between differ-
ent members of the MMP family, it is difficult to dis-
tinguish the enzymes. Recent studies have turned to
targeting less conserved sites of MMPs instead of the
previously targeted catalytic sites. MMPs, like all pro-
teolytic enzymes, possess prime and non-prime sub-
sites. However, the S1’ pocket was the most important
site for substrate recognition [109], and thus exhibits
the greatest degree of variability among MMPs in
terms of the amino acid sequence and pocket shape.
Based on this knowledge, a number of S1’ pocket-
specific inhibitors were designed that showed improved
selectivity for MMP-2 over MMP-9 [120].

Another trend in distinguishing between members of
the MMP family is the application of antibody-based

P. Kasperkiewicz et al.

therapeutics that utilize highly selective and potent
function-blocking antibodies. An extremely selective
MMP-14 inhibitor, DX-2400, was identified using a
human antibody phage display library and automated
selection strategies [121]. Further examples can be
found in the literature [122,123].

Almost all previous studies that focused on distin-
guishing MMPs constitute a useful starting point for
future research. In the 1998 study by Mucha et al., the
use of unusual amino acids improved MMP substrate
specificity [124] and provided further perspectives for
this type of study.

Exopeptidases

Metallo-aminopeptidases

Aminopeptidases are exopeptidases that hydrolyze one
or two amino acid residues from the N-terminal frag-
ment of the substrate [125,126]. Enzymes belonging to
the aminopeptidase M1 family share several common
features that are important for catalytic activation,
such as the highly conserved HEXXH(X)I8E zinc-
binding and GAMEN motifs [127]. Until recently,
aminopeptidase studies using selective substrates were
generally neglected, mainly due to the lack of specific
chemical tools, and only a few generic substrates were
used in aminopeptidase studies. Classic examples
include alanine and leucine substrates used for the M1
and M17 family, respectively [3]. The aminopeptidase
fingerprint approach published by Drag et al. over-
came this limitation [128] and led to the first scrupu-
lous analysis of aminopeptidase N specificity in
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Fig. 7. Examples of specific peptide sequences used in substrates
for aminopeptidases. LtA4h, leukotriene A4 hydrolase.
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Table 1. Examples of strategies used in substrates, inhibitors and activity-based probes design for indistinguishable proteases.
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Specific
Enzyme Strategy tool Specificity Reference
Neutrophil serine  I1QF + Within the enzyme family; in biological extracts [38,150,151]
proteases HyCoSuL v Within the enzyme family; activity-based probe [19,40]
can be used in cellular assays
Multiple non-peptide inhibitors + Within the enzyme family, in vitro assays [42]
Peptide inhibitors + Within the enzyme family [43,44]
Granzymes Phage display + Within the enzyme family [58]
Proteomics + Within the enzyme family [52]
PS-SCL + Within the enzyme family [64]
Kallikreins PS-SCL + Within the enzyme family [71
Phage display I Within the enzyme family [66-68,152]
Sparse matrix library and modification of Within the enzyme family [69]
sunflower trypsin inhibitor-1
Serpin modifications I Within the enzyme family [70,71]
Caspases PS-SCL + Within the enzyme family [17]
IQF substrates + Within the enzyme family [78]
CLiPS - — [79]
HyCoSuL 7 Within the enzyme family; starting point for [80]
selective probe design, in vitro assay (cell lysates)
PS-SCL-based inhibitors + Within the enzyme family [84,85]
Peptide inhibitors with unnatural amino + Within the enzyme family [86-89]
acids
P1" (warhead) SAR studies (peptide and + Within the enzyme family Reviewed in
peptidomimetic) [9]
Non-peptide, SAR studies on lead + Within the enzyme family
structures
Cathepsins PS-SCL + Within the enzyme family [7]
SAS + Within the enzyme family [94,95]
IQF and peptide—fluorophore substrates + Within the enzyme family Multiple
examples
Optimization of broad-spectrum lead v Within the enzyme family, in vitro assays, Reviewed in
structure imaging of cathepsin S [101,102]
Case-by-case optimization of + Within the enzyme family Reviewed in
electrophilic warhead [100,153]
Proteomics + Within the enzyme family [154,155]
DUBs PS-SCL screening + Within the enzyme family [108]
High-throughput screening I Within the enzyme family [105]
Metallo- PS-SCL enriched with unnatural amino [ Within the enzyme family; in cell lysates [6,129,130]
aminopeptidases  acids
MMPs Phage display Within the enzyme family [114]
Substrate profiling + Within the enzyme family [113]
Proteomic identification of protease — Within the enzyme family [110,111]
cleavage site
Synthetic substrates with unnatural - Within the enzyme family [124]
amino acids
Proteasome 20S  PS-SCL + Within the enzyme family [141]
IQF v Within the enzyme family [142,143]
Natural inhibitor modifications + Within the enzyme family [144-146]
Unnatural amino acids in peptide v Within the enzyme family; cellular assays [147]

scaffold

(P. falciparum schizonts)

different species. A defined fluorogenic library with the
sequence NH,-X-ACC, where X represents amino acid
residues enriched with 42 unnatural amino acid deriva-
tives, was applied. Subsequently, the library was later

expanded with the addition of several new derivatives
and has been applied to several aminopeptidases from
humans and other organisms (e.g. bacteria, animals
and plants) [129-131]. These studies have led to the
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general conclusion that unnatural amino acids are
more preferred by aminopeptidases than natural amino
acids (Fig. 7). Moreover, this approach was applied to
distinguish aminopeptidases in cell lysates and provide
clear information about the presence of individual
aminopeptidases, which was not previously possible
[5]. To date, this aminopeptidase fingerprint approach
using unnatural amino acids is the best-known method
to distinguish between aminopeptidases.

Carboxypeptidases

Carboxypeptidases are enzymes responsible for the
hydrolysis of C-terminal amino acids of their peptide
substrates, and this attribute underlies their participa-
tion in various essential biological processes. To date,
there are 30 known representatives of human car-
boxypeptidases or peptidases with established car-
boxypeptidase activity (reported in the MEROPS
database) [132,133]. They are classified by the chemical
nature of their active site. Therefore, one can distin-
guish metallo-carboxypeptidases (families M2, M14,
M20 and M28), serine carboxypeptidases (families S10
and S28) and cysteine carboxypeptidases (family Cl1).
The substrate specificity of numerous carboxypepti-
dases has been determined using various techniques,
primarily kinetic analyses of synthetic substrates and
biologically relevant peptides [134], as well as pro-
teome-derived peptide libraries [135]. In 2002, Barinka
et al. used a novel assay to determine the hydrolytic
activity of recombinant human glutamate carboxypep-
tidase II, which was based on the fluorimetric detec-
tion of released o-amino groups, and adopted
obtained results for enzyme characterization [136].
Dipeptide libraries were synthesized via solid-phase
peptide synthesis, and the action of pure recombinant
enzymes on a panel of dipeptides was tested. The
release of a C-terminal amino acid residue was deter-
mined fluorometrically utilizing OPA derivatization
[136]. The substrate specificity of carboxypeptidase M
was determined in similar way by Deiteren ef al. in
2007, the difference being the utilization of a series of
benzoyl-Xaa-Arg substrates [137]. Not long after,
Fricker and colleagues defined the enzymatic prefer-
ences of carboxypeptidase A4 and A6 for the first time
by using the overlapping strength of three interdepen-
dent approaches — a kinetic analysis of chromogenic
substrates, the individual cleavage of synthetic peptides
and a quantitative peptidomics mass spectrometry-
based approach [138,139]. To date, there have been
many further studies of carboxypeptidases and their
substrate specificities, which can be found in the litera-
ture [140].

P. Kasperkiewicz et al.

One enzyme, few catalytic activities

Proteasome

The ubiquitin—proteasome system plays a pivotal role
in the controlled degradation of proteins in eukaryotic
cells. Its proteolytic action on regulatory proteins
makes it one of the most important enzyme systems,
and it is involved in almost all biological processes,
including cell development and differentiation. Proteol-
ysis of the substrates occurs within the 20S proteasome
core particle, which is a barrel-shaped protein complex
containing four stacked rings that are composed of
seven o subunits and seven B subunits, all of which are
unique. Only three of these subunits possess the cat-
alytic threonine residue required for proteolytic cleav-
age: the 1, B2 and B5 subunits [141].

To date, studies conducted by Harris ez al. have
been the most important because they provided pri-
mary knowledge of the substrate specificity of individ-
ual proteasome subunits. The primary N-terminal and
extended substrate specificity of the human 20S protea-
some were defined in the presence of 11S proteasome
activators using a comprehensive, composite set of flu-
orogenic substrates. The data promoted the full char-
acterization of proteasome activity and the dissection
of the proteolytic effects of the individual proteasome
subunits, information that is essential for the design of
more specific substrates and inhibitors [141]. This
approach constituted a powerful tool to determine the
non-prime residues of a peptide substrate. Other meth-
ods were employed to examine prime-side substrate
specificity. For example, Lesner et al. employed combi-
natorial chemistry with internally quenched fluorescent
peptide substrates to synthesize peptide substrates opti-
mized at both the prime and non-prime regions of the
peptide chain. This approach was used to determine
the trypsin-like subunit substrate specificity and select
the best substrates (ABZ-Val-Val-Ser-Arg-Ser-Leu-
Gly-Tyr(3NO,)-NH,, kea/Km = 934 000 v~ 's~!; and
ABZ-Val-Val-Ser-GNF-Ala-Met-Gly-Tyr(3NO,)-NH,,
keat/Km = 1 980 000 M~ 's™"), which showed signifi-
cant selectivity over different proteasome units [142].
Later, the Lesner group investigated the chymotrypsin-
like activity of the 20S proteasome subunit (B5) and
identified the selective substrate ABZ-Val-Val-Ser-Tyr-
Ala-Met-Gly-Tyr(3NO,)-NH, and determined its
kinetic parameters (kcat/ K = 9.7 X 10° m—Ls7l,
keat = 8 s71). These were the first studies on the chy-
motrypsin-like activity alone, leading to the optimiza-
tion of the prime area of the substrate and avoiding
non-selective processing by other proteases with over-
lapping specificity [143].
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Many natural or synthetic compounds can inhibit
protein degradation by the proteasome. Natural inhibi-
tors include lactacystin, epoxyketones and the TMC-
95 cyclic peptides. The first synthetic compounds
reported to inhibit proteasome activity were peptide
aldehydes such as Z-Leu-Leu-Leu-al (MG132), Z-Ile-
Glu(OBut)-Ala-Leu-al (PSI), or peptide vinyl sulfones.
These compounds bind to the active sites within the
20S core particle. However, these reactive compounds
have many drawbacks, including a lack of specificity
toward individual proteasome active subunits. Addi-
tionally, most of these compounds are also known to
inhibit serine and cysteine proteases (e.g. calpains and
cathepsins); therefore, it would be inadvisable to use
these compounds as drugs [144].

To date, the three most important proteasome inhibi-
tors that have been approved as drugs are bortezomib
[145], carfilzomib [146] and ixazomib [147]. All three
preferentially bind to the B5 subunit, which is responsi-
ble for the chymotrypsin-like activity of the protea-
some, but they also inhibit the caspase- and trypsin-like
proteolytic sites at higher doses. G. de Bruin and col-
leagues reported the most significant attempt to distin-
guish particular proteasome subunits. Based on a
previous study, this group presented a set of ABPs that
promoted the gel-based detection of all catalytic human
proteasome subunits and also developed specific inhibi-
tors for individual proteasome activities [148].

Recently, the Bogyo group designed inhibitors based
on amino acid preferences specific to Plasmodium falci-
parum and not the human proteasome [149]. This ele-
gant work showed that proteasome orthologs can be
distinguished using natural amino acids; in this case,
the bulky tryptophan was a key amino acid. The
human proteasome showed chymotrypsin-like (bulky
amino acids), trypsin-like (basic amino acids) and cas-
pase-like (acidic, Asp) activity, whereas the P. falci-
parum proteasome preferred aromatic Trp at the S2
and S3 pockets [149].

Summary

Our knowledge about proteases has increased dramati-
cally over the years (Table 1). However, studies were
typically restricted to one particular group of enzymes,
not individual enzymes, due to the lack of specific sub-
strates, inhibitors and ABPs. For several years, many
studies have attempted to identify specific molecules
that act on different enzymes with similar substrate
preferences (Fig. 2). A number of modern design tech-
niques have been applied to identify protease-specific
sequences, including phage display, PS-SCL, CLiPS
and proteomics. However, these methods are limited

Separation methods for indistinguishable proteases

to natural amino acids, which are not always sufficient
to distinguish between closely related enzymes such as
caspases, neutrophil serine proteases, aminopeptidases
or cathepsins. The recently described HyCoSuL and
CoSeSuL techniques incorporate a broad range of
unnatural structures and are currently the methods of
choice to distinguish between enzymes with similar
substrate specificities that cannot be successfully tar-
geted with chemical tools possessing only natural
amino acids.
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