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Proteases have an important role in homeostasis, and dysregulation of protease function can lead to
pathogenesis. Therefore, proteases are promising drug targets in cancer, inflammation, and
neurodegenerative disease research. Although there are well-established pharmaceuticals on the market,
drug development for proteases is challenging. This is often caused by the limited selectivity of currently
available lead compounds. Proteinaceous plant protease inhibitors are a diverse family of (poly)peptides
that are important to maintain physiological homeostasis and to serve the innate defense machinery of
the plant. In this review, we provide an overview of the diversity of plant peptide- and protein-based
protease inhibitors (PIs), provide examples of such compounds that target human proteases, and discuss
opportunities for these molecules in protease drug discovery and development.

Introduction
Plants have evolved diverse mechanisms to fend off pathogens,
such as viruses, bacteria, or herbivores. These defense strategies
often comprise plant chemicals, including secondary metabolite
small molecules and gene-derived peptides [1,2]. Most of the
reported plant-derived PIs (here, this abbreviation applies solely
to protein- or peptide-based protease inhibitors) are organic
molecules as well as amino acids or derivatives thereof (reviewed
in detail elsewhere [1-4]). However, peptide- and protein-based
PIs are abundantly expressed in plants: for instance, PIs in the
seeds of legumes account for ~1-10 % of the total soluble protein
content, which exemplifies their importance for plant physiology
and defense [5]. Plant PIs fulfill two major functions: (i) they
prohibit proteolytic degradation of storage proteins in seeds or
kernels to enable the controlled mobilization of nutrients in the
form of amino acids or small peptides; and (ii) they protect the
plant against herbivores, leading to starvation of these pests by
inhibition of digestive enzymes or hemolysis of the gastrointes-
tinal tract [5,6].

The most comprehensive classification of PIs was conducted by
the Sanger Institute, which launched the MEROPS inhibitor data-
base, covering known inhibitors of microbes, plants, and animals.
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According to MEROPS, there are 82 PI families that have been
classified by sequence homology and subdivided into 39 clans
based on secondary and tertiary structure similarities as well as
inhibitor function [7,8]. For this review we additionally analyzed
public web databases (i.e., www.cybase.org; www.dsimb.inserm.
fr/KNOTTIN/; and www.uniprot.org/). Primary scientific litera-
ture searches of www.ncbi.nlm.nih.gov/pubmed were conducted
using search terms, such as ‘plant protease inhibitor’ or the PI
family names, and no restriction to publication date was set.
Overall, there are reportedly >6700 plant-derived proteinaceous
PIs, which can be classified by structural similarity or sequence
homology into at least 12 distinct families. Few of these have
been investigated at the protein level and many PIs have been
identified by homology via in silico analysis of nucleic acid
sequences. Plant PIs are a heterogenous group including proteins
(>15 kDa) such as serpins, phytocystatins, Kunitz inhibitors, as
well as peptides (<15 kDa), such as Bowman-Birk inhibitors
(BBIs), a-amylase-trypsin, mustard-type, potato type-1, potato
type-II inhibitors, potato metallocarboxypeptidase inhibitors
(MCPIs), squash, and cyclotide inhibitors (Fig. 1a). Overall, 104
plant families have been identified to express PIs, with differences
in the diversity (Fig. 1b).

In this review, we summarize the 12 common types of plant
PI and provide an overview of their structural characteristics

1359-6446/© 2019 Elsevier Ltd. All rights reserved.
https://doi.org/10.1016/j.drudis.2019.05.026

www.drugdiscoverytoday.com 1877

=
w
w
3
v
wv
-
(%]
o
-8
o
wv
=
Z
>
[
oc


http://www.cybase.org
http://www.dsimb.inserm.fr/KNOTTIN/
http://www.dsimb.inserm.fr/KNOTTIN/
http://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/pubmed
http://crossmark.crossref.org/dialog/?doi=10.1016/j.drudis.2019.05.026&domain=pdf
mailto:christian.w.gruber@meduniwien.ac.at
https://doi.org/10.1016/j.drudis.2019.05.026

el
)

<.
]

=

wv

o
(©]
w0
-
(%)
(a)
X
m
m
2

REVIEWS Drug Discovery Today * Volume 24, Number 9« September 2019
10 I Serpins
(@) - (b) - Phytocystati
a-Hairpinins; 14; 0.2% ﬂ ytocystatins
Mustard-type; 39; 0.6% | Squash-TI; 93; 1.4% L Kunitz-type
Metallopeptidase Cyclotides; 423; 6.3% |1 Bowman-Birk
inhibitors; 33; 0.5% — ins: . =
o \S\\erplns, 1063; 15.8% U H AAIAATIHype
Potato type-II; 209; 3.1%4S N
\ I Potato Type-I
Potato type-l; l M Potato Type-Il
887;13.2% [ Metallopeptidase
inhibitor
AAI/AATI-type; B Mustard-type
218;3.2% B o-Hairpinin
Phytocystatins; h-TI
Bowman-Birk; 611; 9.1% 2152; 32.0% 0.0 W Squas
& & & F & & M cyclotides
&£ & & & &£ &
Kunitz-type; 978; 14.6% Q «® %&'b 00\\}0\ Q‘ﬁ‘d& $°
)
© Serine proteases Cysteine proteases
Families: 2/19 A - R ' Families: 2/28
Proteases: 147/200 >, | SO1 Chymotrypsin, tryp- €01 Cysteine cathepsin Proteases: 16/169
i sin, elastase family Serpins family
S09 Prolyl oligopeptidase |_Phytocystatins ) )
.. | family Kunitz C13 Legumain family
Bowman-Birk |
AAIAATI |
| Potato type-l |
Potato type-l! |
Metallopeptidases Metallocarboxypeptidase Aspartic acid proteases
Mustard-type |
— Families: 1/3
Families: 1/56 o-Hairpinin | Proteases: 10/23
Proteases: 22/202 .
M14 Carboxypeptidase \ Squash T | AO1 Pepsin famil
| family ‘ Cyclotides | epsin family
Drug Discovery Today

FIGURE 1

Overview of the diversity and distribution of plant protease inhibitors (Pls). (a) In total, 6720 inhibitors were identified; the percentage and number of inhibitors
for the 12 main plant Pl families are illustrated. Proteinaceous plant Pls account for almost half of Pls and peptide-like Pls result in a higher structural diversity.
Overall, 81 plant families have been reported to express at least one PI. Importantly, four plant families account for ~66% of all known plant PlIs to date: grasses
(Poaceae 2139 Pls; 32% of all known PIs), legumes (Fabaceae 933 Pls, 14%), night shade (Solanaceae 732, 10%), and cabbage plants (Brassicaceae 632 Pls, 9%).
The most important 22 plant families account for ~93.4% of all recorded plant Pls (these are in addition to those mentioned before: Violaceae 237 Pls, 3.5%;
Saliaceae 218, 3.3%; Cucurbitaceae 192, 2.9%; Rosaceae 191, 2.9%; Malvaceae 138, 2.1%; Rubiaceae 120, 1.8%; Rutaceae 117, 1.7%; Asteraceae 116, 1.7%;
Euphorbiaceae 93, 1.4%; Prymaceae 71, 1.1%; Amaranthaceae 50, 0.7 %; Moraceae 46, 0.7%; Lythraceae 45, 0.7%; Myrtaceae 44, 0.7%; Vitaceae 38, 0.6%;
Musaceae 36, 0.5%; Nelumbonaceae 36, 0.5%; and Cannabaceae 35, 0.5%). The remaining 59 plant families contain <33 (~0.5%) inhibitors per plant, which in
total accounts for approximately 6.6% of all recorded plant Pls. (b) For six plant families, an overview of the (normalized) distribution for the 12 inhibitor classes is
shown. Many plant families are a rich source for multiple inhibitor types [e.g., Fabaceae and Solanaceae (seven different classes of Pls) or Poaceae and
Cucurbitaceae (six different classes of Pls)]; other plant families exclusively express one to three plant Pl types, for instance, violet plants (Violaceae), which are
thought to contain only cyclotides, or the lopseed family (Phrymaceae), which contain phytostatins, serpin, and potato-type | inhibitors. Interestingly, Violaceae
(cyclotides are the only inhibitors reported so far for this peptide class), Solanaceae (the prime source for potato type-Il), and Cucurbitaceae (the major source for
squash-Tl) show a preference for a single to a few compound classes. (c) Plant Pls have been characterized for inhibition of prototypic proteases, including
trypsin-, chymotrypsin-, elastase-, aspartic acid-like, and blood coagulation proteases. Representative inhibitors for each plant Pl class were used to elucidate the
previously tested inhibitory spectrum of the compound class, as indicated by connecting lines. Where applicable, inhibitory activity toward a nonhuman
protease was converted to the human protease homolog in this illustration. In total, 200 human serine proteases comprise 19 families with numerous
subfamilies, of which the SO1 and S09 serine protease families are targeted by plant Pls; 28 families with a total of 169 cysteine proteases are known, of which
plant Pls reportedly inhibit enzymes belonging to the CO1 and C13 families. The metallocarboxypeptidase family M14 was reported as a protease target for plant
Pls (56 families and 202 proteins). The A01 family of aspartic acid proteases is inhibited by plant Pls (three families, including 23 proteases). Human threonin
proteases have not been reported as molecular targets for plant-derived Pls. Abbreviations: AAI/AATI, ai-amylase and bifunctional trypsin inhibitors.

regarding their protease inhibitory motifs. We also highlight
the value of plant peptide PIs as interesting bioactive
molecules for drug discovery. We describe plant-derived
PIs wunder investigation as anticancer therapies, in

immunopharmacology, as well was targeting proteases in-
volved in neurodegenerative diseases. Finally, we discuss the
opportunities for plant-derived PIs in PI drug discovery and
development.
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Diversity of plant protease inhibitors

Plants produce a range of PIs, including polyphenols, terpenes,
flavones, saponins, alkaloids, tannins, amino acids, di- and
tripeptides, and derivatives thereof as well as plant peptide- or
protein-based PIs [2]. The functionality of the proteinaceous
plant PIs usually requires well-structured domains; therefore,
most of these molecules incorporate stabilizing motifs [9,10].
Larger proteinogenic plant PIs comprise several domains, includ-
ing one or several inhibiting units. By contrast, there are many
plant PIs with a molecular weight typical for peptides (i.e., 5-100
amino acids). They are commonly referred to as ribosomally
synthesized and post-translationally modified peptides [11].
Peptide plant PIs are often molecules with a single inhibiting
domain (Fig. 2). These domains include: (i) secondary protein
structural elements, which are generally less susceptible to
proteolytic degradation compared with unstructured domains
(i.e., a-helices or B-sheets); (ii) post-translational modifications
(i.e., pyroglutamate to protect the susceptible N-terminus from
aminopeptidases); (iii) cysteine-stabilizing motifs (e.g., cystine-
knot); or (iv) cyclization (e.g., cyclotides), which protects the
peptide termini from carboxypeptidases as well as aminopepti-
dases [5,8,10,12,13]. Here, we discuss the unique structural
diversity of 12 plant PI families.

Serpins

Serpins are found in many higher plants, but rarely in chlorophytes.
They arelarge PIs of ~50 kDa with acommon scaffold constructed by
three B-sheets and up to nine a-helices [8,10,14] (Fig. 2a). Serpins are
referred to as ‘suicide inhibitors’, because they form a covalent
complex with serine or cysteine proteases. The reactive center loop
of the inhibitor docks into the catalytic site of the protease. Upon
cleavage of the scissile bond (P1-P1’), an acyl ester intermediate is
formed between the inhibitor and the y-oxygen atom of a serine
residue of the protease. As a consequence, the serpin reactive center
loop adopts a ‘superstable’ 3-sheet conformation, which leads to an
irreversible distortion of the protease structure [15]. The main
function of serpins is the deactivation of endogenous proteases.
Hence, these peptides mainly fulfill a regulatory role in plant ho-
meostasis, but are also described to fend off insects and pathogens by
inhibiting their digestive proteases [6].

Phytocystatins

Phytocystatins are plant PIs ranging in molecular weight from 10
kDa to 23 kDa [6,16]. The phytocystatin structure comprises anti-
parallel B-sheets wrapped around a central a-helix. The inhibitory
domain includes two hairpin loops with conserved motifs; these
are a central GIn-Xaa-Val-Xaa-Gly (Xaa can be any amino acid)
and a Pro/Leu-Trp in the C-terminal region, respectively [16]. They
inhibit cysteine proteases in a noncatalytically competent manner
(i.e., these inhibitors still block access to the catalytic site, but they
do not bind to the protease in a strictly substrate-like manner) [17].
Both hairpin motifs of the inhibitor interact with the active sites of
proteases. The N-terminal conserved region does not bind to the
active site cleft, but is essential for the tight interaction as well as
the specificity of these inhibitors for cysteine proteases (Fig. 2b).
Phytocystatins are endogenous regulators of plant proteases and
also function ex planta to abolish cysteine proteases activity in
feeding enemies.

Kunitz-type protease inhibitors

Kunitz-type inhibitors comprise one to several inhibitory domains.
Plant Kunitz-type inhibitors generally range in size from 18 kDa to
24 kDa, but a few smaller peptides (~8 kDa) have been also described
in plants and animals [18]. The characteristic Kunitz motif is domi-
nated by a universal 3-trefoil structure, which is formed by up to 12
antiparallel 3-strands organized in a barrel-like domain with up to
three disulfide bonds connecting this subdomain [10] (Fig. 2c). They
were originally discovered in soybean as potent serine PIs (e.g., of the
S01 chymotrypsin superfamily) and for aspartic acid protease inhi-
bition (i.e., human cathepsin D) [6]. Kunitz PI from barely
(‘Hordeum-type’) exhibit a-amylase inhibitory activity. Kunitzinhi-
bitors function as competitive inhibitors and bind to proteases in a
classical ‘key-to-lock’ fashion. In plants, Kunitz-type inhibitors are
known as regulators of physiological homeostasis and also function
as inhibitors of pathogen proteases.

Bowman-Birk inhibitors

BBIs range in molecular weight from 5 kDa to16 kDa and contain
one or two inhibitory domains. An antiparallel 3-sheet domain
contains two inhibiting loops on opposite sides of the molecule.
Seven disulfide bonds function as stabilizing elements for BBI pro-
teins (Fig. 2d). The two-domain structure of the inhibitor can form a
stochiometric 1:1:1 complex with two distinct protease molecules
[6,10]. They function in a competitive protease inhibition manner
following the standard mechanism for substrate-like binding to the
catalytic center of the protease. BBI expression and biosynthesis are
reportedly strongly inducible by pathogen invasion [19-21].

The sunflower trypsin inhibitor (TT) from Helianthus annuus is
the smallest known BBI peptide (14-mer). It is a head-to-tail
cyclized peptide, stabilized by a single disulfide bond and an
intramolecular hydrogen bond network between the antiparallel
[3-strands [10,22]. The cyclic backbone of the peptide is formed by
asparagine endopeptidase, also known as legumain [23]. Given the
plasticity and straightforward synthesis of this scaffold, it has been
explored as a model peptide for drug design studies [22-24].

a-Amylase inhibitors and bifunctional trypsin inhibitors

In plants, six proteinaceous a-amylase inhibitor (AAI) subtypes are
reported: the +y-thionin-like, chloroform-methanol (CM)
extractable proteins, knottin-like, Kunitz-type, thaumatin-like,
and legume lectin-like inhibitors [25]. Bifunctional a-amylase/
TIs (AATI) are 10-15kDa in size and have been discovered in
important starch-containing crop plants, such as barley,
amaranth, wheat, and maize (Fig. 2e). These molecules comprise
several cystine-spanning loops and several a-helical segments.
Their inhibiting loops adopt canonical substrate-like confirma-
tions and, therefore, these peptides function as competitive PIs.
a-Amylase inhibitors from the Amaranthaceae and Apocynaceae
plant families are small cystine-knot peptides of ~32 residues with
antiviral activity [25,26]. a-Amylase inhibitors have a physiologi-
cal role in the regulation of endogenous oi-amylase activity. In
addition, they often have high specificity for insect amylases and,
hence, are important in herbivore defense [25,27].

Potato-type inhibitors
Potato-type PIs are not exclusive to solanaceous herbs (as the name
would suggest) but also occur in other plants [6,28]. Potato type-I
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FIGURE 2

Representative structural models of plant protease inhibitors (Pls). (a) At-serpin1 from Arabidopsis thaliana (PDB code: 3LE2) [63], (b) oryzacystatin-I from Oryza
sativa (1EQK) [68], () Kunitz inhibitor from Cicer arietinum (5X0Z) [117], (d) soybean BBI from Glycine max (5J4Q) [118], (e) bifunctional ct-amylase/trypsin
inhibitor corn Hageman factor from Zea mays (1BEA) [89], (f) CMTI-V from Cucurbita maxima (1TIN) [93], (g) TI-ll from Solanum lycopersicum (1PJU) [98], (h)
potato CPI from Solanum tuberosum (1H20) [119], (i) mustard-TI from A. thaliana (1JXC) [120], (j) VcTI (2PLX) from Veronica hederifolia [107], (k) EETI-Il from
Ecballium elaterium (21T7) [121], and (1) kalata B1 from Oldenlandia affinis (INB1) [122]. Helices are shown in blue, 3-sheets in red, disulfide bonds are indicated in
yellow in stick representation, and connecting amino acid loops in gray. N- and C-termini are labeled, and the asterisk in (1) indicates the cyclization point of
cyclotides. The inhibiting loops or other important sites for protease inhibition are marked with an arrow and explained further in the main text.

inhibitors contain a single polypeptide domain of ~7-9 kDa
[10,28]. They consist of four parallel and antiparallel (3-sheets, a
single a-helix, and a hydrophobic core, which is located opposite
to the reactive loop. Potato type-I inhibitors lack any, or contain
one disulfide bond. They are classical canonical inhibitors that

bind to proteases in a substrate-like manner (Fig. 2f). Potato type-II
inhibitors are reported to have two inhibiting domains that are
able to adopt a ternary complex simultaneously with two pro-
teases. They have a molecular weight of ~20 kDa (Fig. 2g). Potato
type-II inhibitors are generally molecules with little secondary
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structure, apart from three antiparallel 3-sheets, several turns, and
four stabilizing disulfide bonds in each of the two domains.
However, when bound to the target protease, they undergo a
conformational switch to a more rigid form, which enables tight
binding to the active site of the protease (classical competitive
inhibition mode).

Metallocarboxypeptidase inhibitors

MCPIs from potato are ~3-4 kDa. Their structure does not com-
prise typical elements, such as [3-sheets or a-helices, but instead
they contain several turns, smaller strands, and short 3;¢-helix
type segments. MCPIs are glFig. 2obular peptides comprising a
T-knot motif, which is a cystine-knot in the growth-factor config-
uration (h) [6,10,13]. Potato MCPIs bind to the protease in a
substrate-like manner, although the inhibitory segment is located
on the C-terminal tail rather than in a stabilized loop or another
secondary structural motif. After cleavage of the P1-P1’ bond in the
potato carboxypeptidase inhibitor, the newly formed C-tail coor-
dinates with the Zn>* of the carboxypeptidase active site to block
the catalytic site of the protease [6]. However, secondary
interactions outside of the protease binding cleft contribute to
the strength and the specificity of the PI inhibition [10,28].

Mustard-type trypsin inhibitors

Protease inhibitors from Brassicaceae are reported as mustard-type
TIs. They are ~7-kDa large polypeptides, which strongly inhibit
proteases from the chymotrypsin superfamily and their expression
isinduced upon wounding of the plant. A few sequences have been
reported comprising a structural fold of a single a-helix, a single
antiparallel 3-sheet with two (3-strands in a a-hairpin conforma-
tion, stabilized by four disulfide bonds. The orientation of the
reactive site loop putatively indicated a noncanonical mode of
action for mustard-type TIs (Fig. 2i) [6,29].

a-Hairpinin inhibitors

The a-hairpinin inhibitors are single-strand polypeptides of 3-5
kDa. Only a few members have been described in plants and they
comprise two antiparallel oriented a-helices (helix-loop-helix
motif) connected by two disulfide bonds with the specific cystine
motif C'X3C%X,C3X3C* (Fig. 2j) [27]. Their N- and C-tails appear
disordered. They are reported to inhibit trypsin proteases via a
classical substrate-like mode of action. The binding regions of
plant PIs usually are located at the end of a B-strand, but the
interacting Arg in the prototypic TI peptide VhTI from Veronica
hederifolia is located within a helix-to-helix motif [10,27].

Squash trypsin inhibitors and cyclic Momordica-type trypsin
inhibitors

Squash TIs, also known as Cucurbitaceae-type peptides, are 3-5
kDa in size. They belong to the knottin peptide family, and
contain the characteristic structural feature of three intercon-
nected disulfide bonds in a knot fold topology. They typically
also contain a-helical and B-sheet secondary elements and their
N-termini are often protected with pyroglutamate. Squash TIs are
potent trypsin, chymotrypsin, and elastase protease inhibitors
occupying the active site of the protease (Fig. 2k). A few N- to
C-terminally cyclized TI peptides have been isolated from
Momordica cochichinensis (MCoTI) [30]. They are thought to be a

product of an ancestral gene precursor homologous to that
reported for squash TIs [12]. Momordica-type peptides are well-
characterized model peptides. Their stabilizing scaffolds have
found application in bioactive epitope grafting studies to develop
drug leads for pharmaceutical targets [31,32].

Cyclic cysteine-rich peptides
Referred as to ‘cyclotides’, this family of peptides contains a cyclic
cystine-knot motif. Cyclotides (as well as Momordica-type inhibi-
tors) are processed in planta by asparagine endopeptidase to form
the head-to-tail connected backbone [12].! Two antiparallel
[-sheets in the core of the molecule and an optional a-helical
segment supplement the cystine-knot (Fig. 21). Cyclotides have
been isolated from plants from the coffee (Rubiaceae), violet
(Violaceae), legume (Fabaceae), potato (Solanaceae), and grass
(Poaceae) families [33]. Interestingly, cyclotides are expressed in
all plant tissues, including root, stems, and leaves. However, their
reported concentration in seeds is low, which is atypical compared
with other plant PIs [5,10]. Cyclotides are reported to be resistant
to degradation by endo- and exoproteases, but lack the ability to
inhibit trypsin or chymotrypsin activity [31,32]. Few cyclotides are
known to inhibit post-proline cleaving endoprotease activity, but
their mode of action has not yet been determined [34,35].
Following this overview of the structural characteristics and
endogenous function of plant PIs, we continue to describe the
importance of proteases as therapeutic drug targets.

Human proteases as drug targets
Approximately 1.7 % of the human genome encode proteases
(referred to as hydrolases of peptide bonds) and they are the largest
family of enzymes in humans, with at least 588 members [36,37].
Five protease families are distinguished in humans (brackets show
the number of reported proteases): aspartic acid (21), cysteine
(164), serine (184), threonine (27), and metallo- (192) proteases.
These enzymes have a significant role in cellular signaling, for
instance in neuropeptide and peptide hormone maturation as well
as in protein turnover. Malfunctional protease activity can lead to
disease and, thus, proteases are common drug targets [37,38].
Several validated protease targets are irreplaceable in human dis-
ease therapy: for instance, renin and angiotensin converting en-
zyme (hypertension), blood coagulation proteases, <y- and
[3-secretases (Alzheimer’s disease), dipeptidyl peptidase-IV (hyper-
glycemia, type 2 diabetes mellitus, and cardiovascular disorders),
HIV aspartyl protease (HIV), cathepsin K (osteoporosis), and
matrix metalloproteases (cancer) [38-40]. We reviewed the liter-
ature and databases and identified several prototypic plant-derived
peptide PIs that have been characterized to target human proteases
and modulate their functionality. Table 1 provides a list of these
peptides.

Representative examples and applications for plant PIs in
autoimmune disorders, cancer, and neurodegenerative diseases

! Cyclized trypsin inhibitor peptides from Momordica cochichinensis are often
referred to as a subfamily of cyclotides. They share the cyclic cystine-knot
motif; however, MCoTl genes have higher sequence homology with squash-
derived Tls and, hence, are classified as squash Tls in this review.
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TABLE 1

N3IJYUDS 1SOd * smainsy

Representative prototypic plant Pls of 12 Pl families.

Name Pl class Plant species Plant family Protease Pharmacology?® PDB code References
At-serpin1 Serpin Arabidopsis thaliana Brassicaceae Trypsin n.d. 3LE2 [63]
Papain-like protease RD21 n.d. (Fig. 2a)
HorvuZx (BSZx)® Serpin Hordeum vulgare Poaceae Trypsin ks 3.9 x 10° M 57! n.d. [64,65]
Chymotrypsin ka 94 x 10° M7 57"
Factor Xa k.69 x 10°M™' ™"
Cathepsin G ko 39 x 10° M s’
Thrombin k, 8.0 x 10> M" 57!
Plasma kallikrein ky 1.3 x10° M 57!
Factor Xlla weak
m-Plasminogen activator weak
Leukocyte elastase ka 1.3 x 10° M7
CmPS-1 Serpin Cucurbita maxima Cucurbitaceae Pancreatic elastase, porcine ka 3.5 x 10° M' 57" n.d. [66]
Cathepsin G
WSZ1 Serpin Triticum aestivum Poaceae Chymotrypsin ky 1.3 x 10°M~' 7! n.d. [64,67]
Cathepsin G ko 7.6 x 10° M 57"
Oryzacystatin-| Phytocystatin Oryza sativa Poaceae Cathepsin B Ki 7.9 x 108 M 1EQK [68,69]
Cathepsin H K 1.0 x 10° M (Fig. 2b)
Cathepsin L K73 x107°M
Legumain n.d.
Oryzacystatin-Il Phytocystatin O. sativa Poaceae Cathepsin H Ki 25 x 108 M n.d. [68,69]
Cathepsin F n.d.
Legumain n.d.
Corn cystatin-I Phytocystatin Zea mays Poaceae Cathepsin H Ki 57 x10° M n.d. [70]
Cathepsin L Ki1.7 x 108 M
SQAPI Phytocystatin Cucurbita maxima Cucurbitaceae Pepsin Ki 5.1 x108M 2 KXG [71]
Cruzipain inhibitor Kunitz Bauhinia bauhinioides Fabaceae Leukocyte elastase Ki 53 x 10° M 2 GZB [72]
(BbCl) Pancreatic elastase Ki 40 x 10° M (Fig. 2¢)
Cathepsin L Ki 22 x 10° M
PCPI 6.6 Kunitz Solanum tuberosum Solanaceae Cathepsin B K; 9.0 x 108 M n.d. [2,73]
Cathepsin H K; 40 x 107 M
Cathepsin L K 6.0 x 107" M
PCPI 8.3 Kunitz S. tuberosum Solanaceae Cathepsin L K70 x 107" M 3TC2 [74]
Cathepsin B Ki32x 107 M
Dipeptidyl peptidase | Ki >>5x 107 M
Clostripain Ki >>5x 107 M
Kunitz inhibitor CPTI® Kunitz Cicer arietinum Fabaceae Trypsin ICso <107 M 5X0zZ [75]
SKTI-3' Kunitz Glycine max Fabaceae Trypsin ICs0 02 x 10° M T1AVU, 1AVW [76,77]
Chymotrypsin K 7.0 x 108 M
Plasma kallikrein, human K; 5.7 x 10° M
Plasmin, human K 1.9 %107 M
Factor Xlla Ki14 x 10°M
Enterolobium EcTI Kunitz Enterolobium Fabaceae Trypsin K; 8.0 x107°M 4)2 K, 4)2Y [77]
contortisiliquum Chymotrypsin Ki 1.1 x10° M
Factor Xlla K82 x 108 M
Plasma kallikrein, human K; 6.1 x 10° M
Plasmin, human Ki 9.4 x 10°M
Neutrophile elastase, human K 55 x 108 M
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TABLE 1 (Continued)

Name Pl class Plant species Plant family Protease Pharmacology® PDB code References
Tamarind Kunitz Kunitz Tamarindus indica Fabaceae Trypsin Ki32x107°M n.d. [78]
inhibitor Factor Xa K22 x 107 M
Potato PCI Kunitz S. tuberosum Solanaceae Cathepsin D K 1.0 x 10° M 5DzU [2,79]
Soybean BBI (Isotype BBIs G. max Fabaceae Trypsin Ki ~4 x 107° M 5J4Q [80-83]
2-11,8 kDa)b Chymotrypsin K; 2.9 x 108 M (Fig. 2d)
Matriptase n.d.
Mast cell chymase, human Ki 5.0 x107'°Mm
Cathepsin G Ki 6.4 x 10° M
Leukocyte elastase, human Ki23x10°M
Duadenase K 40 x 107" M
SFTI-I BBIs H. annuus Asteraceae Trypsin K 1.7 x107°M 1SFI, 3P8F [84-86]
Matriptase K20 x 107 M
Kallikrein 5 K14 x 107 M
Kallikrein 7 Ki7.4 x 107 M
Kallikrein 14 Ki25x10°%M
Cathepsin G Ki7.3x107 M
Elastase ICso ~1 X 10° M
Bl-I (seven isotypes |- BBIs Ananas comosus Bromeliaceae Trypsin n.d. n.d. [2,75]
viyP Chymotrypsin n.d.
Bromelain n.d.
Cathepsin L n.d.
Papain n.d.
AAl o-Amylase inhibitors Amaranthus Amaranthaceae Trypsin n.d. 1QFD, THTX [87,88]
and bifunctional Tls hypochondriacus (Fig. 2e)
Corn Hageman factor o-Amylase inhibitors Z. mays Poaceae Trypsin Ki23x108M 1BEA [89,90]
inhibitor and bifunctional Tls Factor Xlla Ki 20 x 107° M
RATI @-Amylase inhibitors Eleusine coracana Poaceae Trypsin Ki12x107°M 1B1U [91]
and bifunctional Tls
SOTI- a-Amylase inhibitors Spinacia oleracea Amaranthaceae B-Trypsin, bovine Ka 1.8 x 10" M n.d. [92]
and bifunctional Tls
CMTI-V Potato type-I C. maxima Cucurbitaceae Trypsin Ki1.6 x 108 M 1TIN [93,94]
Factor Xlla Ki41x108M (Fig. 2f)
ATSI Potato type-I Amaranthus caudatus Amaranthaceae Trypsin Ki3.4x107'°M n.d. [95]
Chymotrypsin Ki4.1x107°Mm
Factor Xlla K44 x 107 M
Cathepsin G Ki1.2x 107 M
Plasmin K;3.8x 108 M
Cl-I Potato type-I H. vulgare Poaceae Trypsin n.d. n.d. [2,96]
Chymotrypsin Ki~3x10°M
Neutrophil elastase Ki 20 x 10° M
Subtilisin Ki20x 107°M
BWI-1 Potato type-I Fagopyrum Polygonaceae Trypsin Ki~1x10°M n.d. [97]
esculentum o-Chymotrypsin Ki~3x 107" M
Cathepsin G K1 x 1077 M
TI-II Potato type-ll Solanum Solanaceae Trypsin K 8.0 x 10 M 1PJU [98,99]
lycopersicum Subtilisin K; 9.0 x 10° M (Fig. 2g)
Chymotrypsin Ki 3.0 x 10° M
PI-2 Potato type-Il S. tuberosum Solanaceae Trypsin K; 40 x 107° M n.d. [100]
Chymotrypsin Ki 9.0 x 107'°Mm
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TABLE 1 (Continued)
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Name Pl class Plant species Plant family Protease Pharmacology?® PDB code References
PSI-1.1 Potato type-Il Capsicum annuum Solanaceae Trypsin K; 48 x 108 M n.d. [101]
Chymotrypsin Ki47 x 108 M
Potato CPI MCPI S. tuberosum Solanaceae Carboxypeptidase A K ~2x 10° M 4CPA, 1H20 [102,103]
Carboxypeptidase B Ki ~4 x 107° M (Fig. 2h)
Carboxypeptidase (mast cell) n.d
Carboxypeptidase E n.d
Carboxypeptidase M n.d
Cathepsin A/L n.d
MCPI MCPI S. lycopersicum Solanaceae Carboxypeptidase A n.d. n.d. [2]
Carboxypeptidase B n.d.
Cabbage TI Mustard-type PI Brassica oleracea Brassicaceae Trypsin ICs0 2.0 x 107 M n.d. [2,104]
Thrombin n.d. (Fig. 2i)
Factor Xa n.d.
Factor Xlla n.d.
Plasmin n.d.
RTI-I Mustard-type Pl Brassica napus Brassicaceae B-Trypsin, bovine Ko ~2 x 1077° M n.d. [105]
a-Chymotrypsin, bovine Ko 4.1 x 107 M
MTI-2 Mustard-type PI Sinapis alba Brassicaceae B-Trypsin, bovine K 1.0x 107" M n.d. [2,29,106]
«-Chymotrypsin K, 2.0 x 106 M~
VhTI o-hairpinin V. hederifolia Plantaginaceae Trypsin Ki<1x10°M 2PLX (Fig. 2j) [107]
EETI-I Squash PI Ecballium elaterium Cucurbitaceae Trypsin K, 80 x 10" M~ 1W7Z (Fig. 2k) [108,109]
MCoTI-lI Squash PI M. cochichinensis Cucurbitaceae Trypsin Ki 23 x 1072 M 4GUX [61,110,111]
Kallikrein 2-3 K 1.0 x 10° M
Kallikrein 4 K 1.6 x 10° M
Plasmin K 2.8 x 108 M
Factor Xlla Ki 7.5 x107 M
B-tryptase Ki 6.0 x 107 M
Matriptase K; 9.0 x 10° M
CMTI-I Squash PI C. maxima Cucurbitaceae B-Trypsin, bovine Kp 1.3 x 108 M 1PPE [94,112]
Hageman factor Ko 4.1 x 108 M
Plasmin K, 2.0 x 107 M™"
Plasma kallikrein K, 94 x 10* M™
Factor Xa K, 4.1 x 10> M™
Factor Xlla K, 4.0 x 10" M™
CMTI-INI Squash PI C. maxima Cucurbitaceae B-Trypsin, bovine K, 68 x 10" M nd. [2,113]
Factor Xlla ICso 7.0 x 107° M
Kallikrein ICsp 3.0 x 1072 M
CPTHI Squash PI Cucurbita pepo Cucurbitaceae Plasmin Ky 1.7 x 10" M™ 2BTC [2,112]
Plasma kallikrein K, 3.8 x 10> M~
Factor Xa K, >10° M~
Factor Xlla K, 1.3 x 106 M~
ELTI-I Squash PI Echinocystis lobata Cucurbitaceae B-Trypsin, bovine K, 6.6 x 10" M~ nd. [114]
Cathepsin G Ka 3.1 x 10 M
LLDTI-NI Squash PI Lagenaria leucantha Cucurbitaceae Trypsin, bovine K 9.6 x 107" M n.d. [2,115]
Factor Xa K; 41 x 10> M
Factor Xlla Ki1.4 x 10°M
Plasma kallikrein K27 x 10> M
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are described in Box 1. Here, we discuss opportunities for plant PIs
as starting points for PI drug discovery and development.

References
[2,115]
[2,115]
[116]

[35]
[35]

Opportunities for plant protease inhibitors in drug
discovery and development

Proteases are important drug targets with many clinical applica-
tions. For instance, serine proteases are in the top ten of all protein
targets. Nevertheless, there are several challenges associated with
the intrinsic druggability of these enzymes. Above all, there is a
limited ligand specificity of existing protease-targeting drugs and
drug candidates. Many protease drug discovery efforts build on
small molecules [1,38,39]. However, these chemical entities with a
small surface area and a low number of contact sites often exhibit
limited selectivity for structural and functional homologues pro-
teases [41,42]. As an alternative to small molecules, peptides have
gained remarkable interest in drug discovery over the past few
years. They cover a unique chemical space, which differs from that
of small molecules. In particular, macrocyclic peptides are
considered promising drug-like molecules because they combine
some of the advantages of traditional small-molecule drugs
(e.g., conformational restriction) with those of larger biologics
(e.g., target specificity) [17,22,24,31]. There are currently >70
peptides approved as drugs, >150 under clinical investigation,
and many thousands in preclinical development [36,43,44]. The
intrinsically high target selectivity of peptide-derived drugs has
been well documented by some approved peptide and/or
peptidomimetic PI drugs; for instance, captopril and enalapril
(angiotensin-converting  enzyme  inhibitors),  bivalirudin
(thrombin inhibitor), and carfilzomib (inhibitor of proteases from
the chymotrypsin superfamily in the 20S proteasome).

Potential peptide drugs have been discovered from natural
sources, such as venom-derived peptide toxins. However, plant-
derived peptide PIs have received little attention from the protease
drug development community so far [44], although these
molecules cover a large spectrum of modes of action compared
with small molecules [38,39]: Most plant PIs exhibit a canonical-
competitive inhibition mode via ‘substrate-like’ binding to the
catalytic domain of the targeted protease (e.g., BBIs and Kunitz
inhibitors), or they make use of a noncatalytically competitive
inhibition (e.g., cystatins or mustard-type PI). Some plant PIs act
via a mixed mode, where the primary competitive binding to the
active site is supported by a secondary binding event (e.g., MCPIs).
Other plant PIs utilize an irreversible inhibition of proteolytic
activity (e.g., serpins) [17,39-41]. Importantly, protease exosites,
for instance in the blood coagulation enzymes thrombin and
factor Xa, are amenable for targeting by natural peptide inhibitors,
such as hirudin isolated from leeches [45]. The modulation of
protease activity through exosite binding is a promising concept in
PI development and could serve as valuable model for the
discovery of plant PIs with interesting mechanisms of
action [1,46].

In our opinion, a second challenge associated with protease
drug development is a reduced motivation to consider the
diversity of this drug target family in early drug discovery. The
community was built on ‘model proteases’, such as trypsin,
chymotrypsin, pancreatic elastase, or several blood coagulation
factors, which became the work horses for the discovery and initial
characterization of PIs. However, many protease families,
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Ki3.0x 107°Mm
Ki1.9 x 10° M
Ki42 x 10°M
K; 2.0 x 107* M
Ki 7.8 x 10 M
K75 x 108 M
Ki9.6 x 107" M
K; 40 x 10° M
ICso ~6 x 10° M
ICs0 2.5 X 107> M

Prolyl endopeptidase, human
Prolyl endopeptidase, human

Plasma kallikrein

Protease
Factor Xa
Factor Xlla
Factor Xa
Factor Xlla
Kallikrein
Porcine elastase

Trypsin

Cucurbitaceae

Plant family
Cucurbitaceae
Cucurbitaceae
Rubiaceae

Rubiaceae

Plant species

L. leucantha
Lagenaria cylindrica
Momordica charantia
Oldenlandia affinis
Psychotria
solitudinum

Pl class
Squash PI
Squash PI
Squash PI
Cyclotide
Cyclotide
?k, _ apparent rate constant M~ s7"); K, — association equilibrium constant [M~"]; K; — inhibition constant (also referred to as equilibrium dissociation constant, Kp) [M]; n.d. not determined; ICs,, concentration required to produce half

maximum inhibition of enzyme activity [M].
P Kunitz, phytocystatin as well as BB inhibitors are often present as isotypes in plants, and only differ in a few amino acids to each other. Whether an isolated isotype or a mixture of two or more Pls has been used is often not reported.

TABLE 1 (Continued)

Name
MCEI-HI
Kalata B1
Psysol-2

LLTDI-IN
LCTI-I
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BOX 1
Plant protease inhibitors target human disease relevant proteases

Immune system and autoimmunity

Proteases are ubiquitously involved in immune system regulation. They can function as processing enzymes of effector molecules
(e.g., tumor necrosis factor-a, interferon-+y, linterleukin-1 (IL-1), IL-18, IL-33, or peptide hormones) as well as surface recognition motifs for
cell-cell communication (i.e., in antigen presentation or as CD10 or CD26). The dysregulation of plasmin, thrombin, thymus-specific serine
protease, or chymase protease can be associated with the pathogenesis of autoimmune disorders [21]. In two studies using the
experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis, the soybean BBI significantly reduced progression of disease
severity and ameliorated demyelination and inflammatory markers after intraperitoneal or peroral application [123]. An IL-10-dependent
mode of action was identified [20,123]. The observed therapeutic effect is promising, because the compound reduced the infiltration of
encephalomyelitic cells into the spinal cord and the central nervous system, as well as the inflammatory response by Th, and Th,; effector T
cells [21]. Another plant PI, the cyclotide analog [T20 K]kalata B1, exhibited immunosuppressive effects in the EAE model in an IL-2-
dependent mechanism [35,57,124].

Cancer

Proteases are relevant drug targets for cancer therapy, because tumor progression, cancer cell migration, and metastasis formation are
influenced by proteolytic processes. Plasma and cell surface proteases, for instance, matrix metalloproteases, cathepsin B, kallikreins, hepsin,
and matriptase, have been established as drug targets for plant Pl inhibitors in antitumor therapies, because these proteins are accessible
via systemic delivery of Pl drugs [125]. Soybean BBI was reported as nanomolar inhibitor for several proteases: matriptase, human neutrophil
elastase, chymase, cathepsin G, or duadenase [126]. In HT-29 colon cancer and MCF-7 breast cancer cell lines, the BBI interrupted cell
proliferation, causing cell cycle arrest and apoptosis [56]. The soybean BBI concentrate (a mixture containing several BBl molecules, usually
defined by its chymotrypsin-inhibiting units) was also reported as a cancer chemopreventive agent for neoplastic polyps it was applied in
clinical trials for oral hyperplasia and oral leukoplakia as well as preclinically for prostate cancer detection [9,127,128]. Furthermore,
Macrotylmoa axillare-derived peptides suppressed colorectal neuroplasia in the 1,2-dimethylhydrazine (DMH) mouse model [129]; protease
inhibitors from Phaseolus acutifolius and Phaseolus vulgaris, Medicago scutellate, and Pisum sativum modulate matrix metalloprotease activity
(i.e., MMP-2 and -9), resulting in vitro in reduced cancer cell invasion [9,39,56].

Neurodegenerative diseases

Neurodegenerative diseases are progressive illnesses with a growing incidence in Western populations. The development and cause of
disease are often not fully understood; however, proteases are involved in the turnover and processing of malfunctioned proteins
[38-40,47,130]. For example, secretases process amyloid-3 precursor protein in Alzheimer’s disease and several proteases, such as prolyl
oligopeptidase (POP) or asparagine endopeptidase, are involved in the maturation of ai-synuclein (aSyn) in Parkinson’s disease and other
Lewy pathologies [17,130-133]. The plant Pls kalata B1 and psysol-2 from the cyclotide family have been reported as the first nature-derived
kalata-type inhibitors for the human serine endopeptidase POP. The peptides ameliorate postproline cleavage activity in vitro, but do not
inhibit trypsin or chymotrypsin activity [35]. Whether cyclotides are inhibitors of serine proteases with Pro-specific catalytic activity has not

yet been investigated.

including clinically relevant proteases, have received too little
attention and there is a lack of established proteases for preclinical
inhibitor drug-screening studies [38,47]. This focus on a few
prototypic proteases restricts the discovery of novel inhibitors
(and drug leads) and has hampered PI drug development previ-
ously. Therefore, most human proteases are still under- or even
unexplored as drug targets. For instance, only single to a few serine
proteases of two subfamilies are reportedly targeted by at least one
plant PI, but the other 53 proteases (classified in 17 subfamilies)
remain unexplored regarding plant PI discovery. Similarly, cyste-
ine proteases (two of 28), aspartic acid proteases (one of three), and
metalloproteases (one of 56 subfamilies) appear even less
researched to date. Given that the latter protease family is among
the largest and despite their medical value as drug targets in
immunological, pulmonary, or cardiac disease (e.g., matrix metal-
loproteases), there are few peptide and/or protein-derived
inhibitors targeting these proteases, which provides an opportu-
nity for future plant PI drug discovery (Fig. 1c, Table 1) [48].
Importantly, only 1-5% of plant species of the top-ten PI-
expressing plant families have been investigated and reported to
express at least one of these molecules to date (all species of the
assigned category reported in www.theplantlist.org/ have been
considered). Thus, we are only beginning to understand the natu-
ral diversity of plant PIs. An advantage for future plant PI discovery
projects is that they are readily available for in silico analysis and,
therefore, the identification of promising drug candidates can be

guided by genome or transcriptome mining (i.e., 1KP or 10KP
consortia) [35,49-51]. In addition, because many structures of
prototypic plant PI as well as of disease-relevant protease drug
targets have been solved, structure- and ligand-based drug design
or similar computational approaches could be applied to screen for
likely inhibitors in combinatorial peptide libraries from plants or
to provide a basis for the chemical optimization of identified
molecules [35,50,52,53].

Plant PIs could provide functionalized scaffolds, which address
key features for therapeutic peptide development (i.e., stability,
delivery, and specificity) [11,43,54]. Plant PI structures convey
high stability towards proteolysis, heat, or acidic conditions,
which offers advantages compared with linear peptides [34]. BBIs
(e.g., soybean BBI), knottins (e.g., MCoTI-II), or cyclotides
(e.g., kalata B1) were successfully tested for therapeutic applica-
tions via oral delivery [55-58]. These results are encouraging and
support the use of cysteine-stabilized peptide PIs for the
development of orally active therapeutic drugs [24,32,57].
Furthermore, peptide therapeutics are also considered ‘safe’,
because they are metabolized and degraded to nontoxic amino
acids and smaller peptide fragments. Moreover, plant PI-derived
drug candidates offer high target selectivity, which would reduce
the risk of off-target adverse effects [22,24,31]. However, peptides
also have certain limitations such as low bioavailability, possible
immunogenic reactions, and relatively high synthetic costs
compared with small organic compounds.
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Importantly, plant peptide PIs (e.g., squash TIs, mustard TIs,
potato-type inhibitors, a-hairpinins, and cyclotides) are amenable
to solid-phase peptide synthesis, which is essential in the design of
lead compounds [24,32], and could present an opportunity to use
plant-derived peptide PIs as a starting point for drug engineering
[31]. For instance, the MCoTI-II or sunflower trypsin inhibitor-I
peptidesareable toincorporate nonendogenous protease-inhibiting
motifs into their stabilized framework [59,60]. These new chimeric
molecules conserve the potency and selectivity of the binding
epitope and utilize the exceptional stability provided by the tem-
plate scaffold to yield promising drug candidates [22,24]. As an
example, the important cancer target kallikrein 4, a serine protease,
has been targeted by an engineered inhibitor derived from the
MCOoTI-II squash-TI with an inhibitory affinity of K; =0.1 nM and
a selectivity of >100 000-fold for other related kallikreins [61].
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Concluding remarks

To conclude, there is a long road ahead until native or ‘engineered’
plant-derived peptide PIs can be developed as pharmaceuticals,
but we predict that, within the next years, the growing interest of
the pharmaceutical community in peptide scaffolds for drug de-
sign and novel plant PIs will offer opportunities for these peptides
to enter clinical development [24,31,44]. Nevertheless, the major
challenge of peptide pharmaceuticals also holds true for plant-
derived PI drug candidates: their low oral bioavailability limits
their clinical use, and it will be imperative to find solutions for
improvement [62].
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