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In plants, proteolysis is emerging as an important field of study due to a growing understanding of the critical involvement of
proteases in plant cell death, disease and development. Because proteases irreversibly modify the structure and function of their
target substrates, proteolytic activities are stringently regulated at multiple levels. Most proteases are produced as dormant
isoforms and only activated in specific conditions such as altered ion fluxes or by post-translational modifications. Some of the
regulatory mechanisms initiating and modulating proteolytic activities are restricted in time and space, thereby ensuring precision
activity, and minimizing unwanted side effects. Currently, the activation mechanisms and the substrates of only a few plant
proteases have been studied in detail. Most studies focus on the role of proteases in pathogen perception and subsequent
modulation of the plant reactions, including the hypersensitive response (HR). Proteases are also required for the maturation of
coexpressed peptide hormones that lead essential processes within the immune response and development. Here, we review the
known mechanisms for the activation of plant proteases, including post-translational modifications, together with the effects of
proteinaceous inhibitors.
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FACTS

● Plant proteases are involved in various biological processes,
from organ development to plant biotic and abiotic responses.

● By processing their substrates, proteases control multiple
signaling mechanisms, such as the generation of mature plant
peptide hormones, relevant in plant adaptation to their
environment and cell-to-cell communication.

● Unleashed proteolysis can result in disease and cell death;
therefore, proteases are tightly controlled by different means
in their cellular environment.

● Proteolysis can also be modulated from a substrate-centered
point of view; e.g. post-translational modifications of the
substrates can prohibit their cleavage.

● Proteases take a prominent role in plant-pathogen interac-
tions by modulating the plant defense response often
leading to a type of cell death called hypersensitive
response (HR).

OPEN QUESTIONS

● What are the substrate landscapes for plant proteases and
what are their spatiotemporal dynamics?

● What are the factors triggering protease activities? Extended
knowledge of their regulation will help to pinpoint their roles
in vivo.

● How are the regulatory mechanisms that control plant
protease activity integrated with the spatiotemporal avail-
ability of the substrates?

INTRODUCTION
Proteases are abundant enzymes present in every life kingdom
with the capacity to hydrolyze peptidyl bonds between two amino
acids in their substrates [1]. This irreversible post-translational
modification (PTM) results in the formation of new carboxyl and
amino termini in the cleaved substrate. Through this proteolytic
processing, substrates may lose, gain or alter their function and, in
addition to proteases roles in protein degradation, they are often
key regulatory players within signaling cascades [2–5]. By cleaving
a substrate, proteases can act as molecular “switches” that activate
or inactivate a specific cellular process. In plants, the number of
proteins with a predicted peptidase activity represents a large part
of the genome. For example, in Arabidopsis thaliana (Arabidopsis)
and Populus sp. (poplar) 570 and 955 proteases are annotated,
respectively [6–8]. Plant proteases are involved in a wide pallet of
processes like organellar protein import [9], programmed cell
death [10, 11], growth and development [12, 13] responses to
abiotic stresses, immunity and the hypersensitive response (HR)
[14, 15]. However, in contrast to animal proteases, the number and
identity of plant protease substrates remain largely unknown.
Proteases are often produced as zymogens, inactive proen-

zymes that are activated by a particular trigger in a specific cellular
context. Many zymogens contain a so-called prodomain that
blocks the accessibility to the active site. Removal of this
prodomain generally requires limited proteolysis in cis or trans
of the zymogen [16] and after cleavage, structural changes such as
dimerization or complex assembly are required to permit
proteolytic catalytic activity [17–21]. Reciprocally, proteases can
be controlled by physical interaction with promiscuous protease
inhibitors [22]. Sometimes, like for serpins, this inhibitor-protease
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interaction occurs only after activation of the protease [23, 24].
Other proteases, such as the Tobacco Etch Virus protease, are
limiting their own lifetime and activity by destructive self-
processing [25].
In summary, the proteases are regulated at multiple levels,

starting from spatio-temporal gene expression, enzymatic activa-
tion by cellular stimuli or PTMs, and the tempering or destruction
of their activity by proteinaceous inhibitors. As proteolysis is
irreversible, such a multi-layered control system guards unwanted
or precocious cleavage of substrates and of off-target proteins.
Here, we discuss the current knowledge related to activating
mechanisms and mode of action of plant proteases, together with
their proteinaceous inhibitors that control proteolytic activity,
mainly within the context of signal transduction events.

PROTEASE REGULATION BY CALCIUM, PH AND REDOX
Changes to the cellular environment can activate protease
zymogens. For instance, most plant metacaspases depend on an
elevated concentration of calcium ions for their activation [26–31].
Metacaspases have similar structural features to mammalian
caspases, including a Cys-His catalytic dyad and a caspase-
hemoglobinase fold [32]. However, both the activation mechan-
ism and substrate preference of metacaspases and caspases are
different. Caspases cleave their substrate after Asp residues,
whereas metacaspases prefer to cleave after Arg or Lys [26, 33, 34].
This difference in cleavage specificity is explained by the
conformation of the catalytic pockets; in caspases an Arg, Gln,
Arg triad creates a basic pocket around the substrate binding site
(S1) that efficiently binds to the Asp residue in the substrate [35].
In metacaspases, the catalytic pocket entails Asp, Asp/Glu and Asp,
generating an acidic S1 microenvironment that is well suited to
accept the basic residues Arg and Lys [36, 37]. Most metacaspases
display the p20 and p10 conserved regions of 20- and 10-
kilodalton sizes respectively, which are joined by a linker that
varies in length and primary structure [32, 38–40]. Based on their
p20 and p10 arrangement and presence of additional features,
plant metacaspases are divided in two types. Type-I metacaspases
contain an N-terminal prodomain, which in Arabidopsis was
shown to physically interact with the zinc-finger protein LSD1, a
negative regulator of cell death. In response to bacterial infection,
AtMC1 acts as a positive regulator, whereas a second type-I
metacaspase, AtMC2, has an antagonistic effect on cell death.
Intriguingly, whereas the catalytic activity of AtMC1 is required for
cell death induction, the catalytic residues in AtMC2 are not
necessary for its inhibitory action [41, 42]. The trigger and
mechanism leading to AtMC1 activation in response to bacteria
remain unresolved, but it was demonstrated that the suicide
inhibitor SERPIN1 blocks both AtMC1-mediated cell death and
AtMC1 autocatalytic processing in planta [24]. Type-II metacas-
pases lack a prodomain, but entail a longer linker between the p20
and p10 regions. Most of the studied type-II metacaspases require
Ca2+ concentrations in the millimolar range to be activated.
Recently, the crystal structure of Arabidopsis AtMC4 revealed
critical insights into the Ca2+-dependency of its activation
mechanism [28]. A negatively charged region in the linker region
proximal to an internal Lys is hindering the Cys-His catalytic
pocket. Upon calcium binding, this Lys side chain approaches the
catalytic cysteine, gets cleaved and initiates subsequent cleavages
in other sites of the linker, thereby leading to AtMC4 activation.
Within a biological context, Ca2+ levels in the millimolar range are
observed during wounding stress, which can be caused by
herbivory, insect chewing or stinging, and during mere physical
damage. Cell rupture leads to calcium influxes and accumulation
locally in the wounded and surrounding cell, where AtMC4 first
self-processes and subsequently cleaves the immunomodulatory
peptides PROPEPs, which are damage/danger-associated molecu-
lar patterns (DAMPs) in immunity responses [30, 43]. The mature

PROPEPs, called Peps, bind to the cell-surface receptors PEPR1 and
PEPR2, that with their coreceptor BRI1-ASSOCIATED RECEPTOR
KINASE 1 (BAK1) activate a signaling cascade, leading to the
transcriptional activation of defense/immune response genes [44].
It remains an open question whether other conditions, like
bacterial or fungal infections and exposure to abiotic stresses, can
elicit calcium fluxes that are sufficient to activate Ca2+ -dependent
metacaspases. In Arabidopsis, AtMC9 is involved in xylem
formation, a genetically controlled process in which protoxylem
cells require clearance of their cellular content and thickening of
their cell walls to become suitable vessels within the vascular
tissue [45]. Unlike the other Arabidopsis type-II metacaspases, the
activation mechanism of AtMC9 is calcium-independent and
exhibits optimal processing in acidic conditions between pH 5 and
6 [26]. AtMC9 self-processing is impeded by S-nitrosylation, but
this redox-dependent PTM of the catalytic cysteine is not affecting
its activity towards peptidic substrates. This can be explained by
the role of a second Cys that is not S-nitrosylated and that is
positioned proximal to the catalytic pocket and, together with the
catalytic His, can preserve AtMC9 proteolytic activity [46]. In
addition, AtMC9 can be irreversibly blocked by SERPIN1 [23].
SERPINs contain a reactive center loop, which is cleaved by AtMC9,
resulting in a covalent complex between inhibitor and protease at
the catalytic pocket, and thereby inactivating AtMC9 [47]. Using an
N-terminomic approach, a plethora of potential AtMC9 substrates
was identified and revealed that the cleavage of AtMC9 after Arg
or Lys, is preferentially followed by Glu or Asp residues at the P1
position in proteinaceous substrates [48]. Future structural insights
into AtMC9 will be instrumental to depict a model explaining its
pH-dependent activation, the mode of AtMC9-SERPIN1 interaction
and the redox-dependent control of the catalytic residues. In
summary, plant metacaspases remain inactive in resting condi-
tions, can be activated by calcium or pH changes, and are
regulated by PTMs or SERPINs (Fig. 1A).

PROTEOLYTIC ACTIVITY CHANGE BY MONO/DIMERIZATION
Legumains, like the metacaspases, are also cysteine proteases
structurally related to caspases and preferentially cleave sub-
strates after Asn or Asp residues. In Arabidopsis, four legumains
(AtLEGα, β, γ and δ) have been identified, all with both a ligase
and protease activity [49]. AtLEGγ has a unique activation
mechanism: in neutral pH, an alpha helix, called activation
peptide, is stabilized and dimerization blocks the access to the
pocket of the active site. In these conditions, AtLEGγ acts
predominantly as a ligase. In protonated environments, the forces
acting on the activation peptide repel it from the active site,
diplace it and enables its processed. Surprisingly, after cleavage,
both the catalytic domain and the C-terminal prodomain, referred
to as legumain stabilization and activity modulation (LSAM)
domain, remain together through disulfide bridges. At intermedi-
ate pH levels, both ligase and protease activities coexist. Such a
mechanism with a two-chain intermediate state is unique to plant
legumains. of which the type of enzymatic activity is controlled by
the monomer-dimer protein status, which is mainly affected by
the organellar pH (Fig. 1B).

REDOX REGULATION OF ATG4
Other cysteine proteases, like the autophagy-related protein 4
cysteine proteases A and B (ATG4A/B), are responsible for the
processing of the C-terminal end of the ubiquitin-like protein
ATG8. This cleavage event exposes a glycine residue at the neo-C-
terminus that enables ATG8 cargo binding in the nascent
autophagosome and their transport to the lytic vacuole (Fig. 1C).
ATG4 was the first autophagy-related protein reported to be redox
regulated [50–52]. In Arabidopsis, the in vitro proteolytic activities
of both ATG4A and ATG4B on an ATG8-based synthetic substrate
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are reversibly inhibited by H2O2 [51]. In yeast and the green algae
Chlamydomonas reinhardtii, reduction by thioredoxins of a
regulatory disulfide bond outside the catalytic region was
identified as the regulatory mechanism [53]. Within a more
oxidized cellular context, for instance promoted by adverse
environmental stress conditions, the disulfide bond is formed

and inhibits the ATG4 activity. Mutation of one of the cysteines
involved in the disulfide formation turns ATG4 redox-insensitive
and increases its activity towards its substrate ATG8. In addition,
persulfidation of a Cys residue within the catalytic Cys-His-Asp
triad also inhibits its protease activity in a reversible manner [54].
Here, the regulation of ATG4 activity by its redox status shows the

Fig. 1 Cues affecting proteolytic activity in plants. A Type-II metacaspase activation can occur via calcium increase or pH drop. Calcium-
dependent metacaspases are activated through conformational changes in their structure triggered by stresses such as wounding, whereas
the pH-dependent activation mechanism remains to be elucidated. Metacaspases are also regulated by nitrosylation of their catalytic cysteine,
or by SERPIN after their self-processing. During wound stress, activated metacaspases cleave PROPEPs to Peps, allowing binding of their
receptors PEPR1/2 to the coreceptor BAK1. B Arabidopsis legumains are able to switch from proteolytic to ligase activity. At lower pH,
legumains function as peptidases, while at neutral pH, they mainly act as a ligase. Still, in an intermediate status, they can combine both
activities. This flexibility allows legumains to work as different enzymes depending on the pH of the suborganelle in which they are
located. C The cysteine proteases ATG4A and ATG4B control processing of ATG8, which is induced under environmental stimuli like nitrogen
starvation and osmotic stress. Upon cleavage of ATG8, it can recruit adaptor and cargo proteins to the autophagosome (brown) and direct
these proteins to lytic vacuoles. DArabidopsis S1P (SBT6.1) processes RALF precursors containing a dibasic motif. Processed RALF peptides act
as negative regulators of immune responses binding to its receptor FERONIA (FER) and diminishing the perception and responses in
conjunction with the bacteria-derived peptides elf18 and flg22.
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importance of controlled proteolysis in a conserved process such
as autophagy.

PROTEOLYSIS IN PHYTOCYTOKINE MATURATION
Plant peptide hormones involved in cell-to-cell communication
are known as phytocytokines [55]. Many of these peptides, such as
Pep1, require proteolytic processing prior to maturation before
becoming bioactive [56, 57]. Phytaspase, a subtilisin-like protease,
cleaves substrates after Asp residues, similar to caspases [58].
Tobacco phytaspase can self-cleave its prodomain before proces-
sing and maturation of the propeptide systemin [59]. Systemin is
the first ever identified plant peptide hormone, originally
discovered in Solanum lycopersicum (tomato). The active form
entails 18 amino acids and is induced during wound responses
[60]. Phytaspase-mediated cleavage from its 200-amino acid
precursor prosystemin, releases first the intermediate Leu-
Systemin. For full functional systemin, the leucine at the N-side
requires to be removed, likely by a leucine aminopeptidase, which
is also induced by wounding [61]. Systemin is then recognized by
the systemin receptor like kinase (SYR1), inducing an oxidative
burst and ethylene production [62]. An interesting regulatory
aspect of tobacco phytaspases is that under specific circum-
stances, like cell death, it relocalizes from the apoplast into the
cytoplasm to cleave endogenous substrates [63]. Methyl viologen
treatment and viral infection induce remobilization of the
apoplastic phytaspase to the cytoplasm in clathrin-coated vesicles.
The particularity of this endocytic process is that it seems to be
selective for phytaspase, while other proteases at the extracellular
space, such as cathepsins, are not remobilized [63, 64]. Whether
phytaspase relocalization also takes place during wound
responses has not been reported.
Rapid alkalinization-like factor (RALF) peptides were first

discovered in tobacco as small-size peptides proteolytically
processed after a dibasic substrate motif [65]. In Arabidopsis, a
third of the RALF family members present a canonical cleavage
site processed by site-1 protease (S1P), also named SBT6.1 [66, 67].
Additionally, S1P processes other substrates than RALF peptides,
such as the ER membrane-bound transcription factor bZIP17,
which relocalizes to the nucleus after processing during the ER
stress response [68], and pectin methylesterases, whose
N-terminal regions need to be released from the Golgi in order
to reach their final destination at the cell wall [69]. Arabidopsis
RALF23 is processed by S1P and perceived by the receptor-like
kinase FERONIA and LORELEI-LIKE-GPI-ANCHORED PROTEIN 1.
RALF23 perception represses the complex formation of the
receptors of pathogen-associated molecular patterns flg22 and
elf22, FLAGELLIN-SENSITIVE 2 (FLS2) or EF-TU RECEPTOR (EFR),
respectively, with their coreceptor BRI1-ASSOCIATED RECEPTOR
KINASE (BAK1). By this action, S1P-processed RALF23 negatively
regulates plant immunity, leading to a reduction of the reactive
oxygen species production and increased bacteria colonization
[70, 71] (Fig. 1D).
Sometimes, multiple proteases can act synergistically or

sequentially in order to produce mature peptides. For instance,
the overexpression phenotype of CLAVATA3 EMBRYO SURROUND-
ING REGION (CLE)-like family peptides (CLEL) is controlled by
SBT6.1 (S1P) and SBT6.2 [72]. The curvy root phenotype produced
by the CLEL GOLVEN1 (GLV1) is lost in the subtilase mutants. The
expression patterns of the protease inhibitor SERPIN1 and SBT6.1
partially overlap and both proteins interact. Moreover, SERPIN1
reduces GLV1 processing in vitro and SERPIN1 overexpression in
Arabidopsis reduces GLV1-induced hypocotyl elongation. In an
independent study, CLEL peptide processing at the conserved
motif by S1P/SBT6.1 was reported to occur at the Golgi [73]. After
S1P processing, CLEL3 and CLEL9 are additionally processed in the
apoplastic space by the subtilase SBT3.8, whose activity is regu-
lated by the lower pH in the extracellular space [73].

The trio of subtilases SBT1.4, SBT1.7 and SBT4.13 processes the
precursor of the Arabidopsis CLAVATA3/ESR-RELATED 40 (CLE40) at
two different sites. Mature CLE40 contributes to root stem cell
maintenance and, interestingly, the cleavage of the second site is
blocked by proline hydroxylation, a common PTM in many
secreted peptides, and hence modulating the peptide bioactivity
[74]. This is a nice example on how protease-substrate interactions
are also regulated of a substrate-centric way. Another example of
substrate-centered regulation is SFH8 processing by separase [75].
Separases are cysteine proteases, reported to be part of the
KINESIN-SEPARASE Complex [76]. Both separase and kinesin are
corecruited to the plasma membrane by SFH8, a lipid-like
transferase. Once at their final location, SFH8 is cleaved by
separase. Proteolysis of SFH8 leads to the formation of filamentous
states at polar domains. SFH8 localization in mature cells
resembles a droplet-like structure and a reduced processing,
hinting towards a restriction of proteolysis based on its subcellular
localization.
CASPARIAN STRIP INTEGRITY FACTORs (CIFs) are a family of

sulfated peptides, including TWISTED SEED 1 (TWS1), which are
cleaved at their C-termini by the subtilisin-like serine protease
ABNORMAL LEAF SHAPE 1 (ALE1) [77]. In seeds, ALE1 is expressed
in the endosperm [78], and the TWS1 receptors GASSHO1 and 2
(GSO1/2) are allocated at the opposite side of the nascent cuticle
[79]. The TWS1 precursor and ALE1 are expressed at different cell
types but can encounter each other in a shared extracellular
space, allowing TWS1 processing. Mature TWS1 initiates the
process that through GSO1/2 ends up in cuticle formation,
creating a hydrophobic extracellular barrier that spatially confines
the previously shared space. In such manner, ALE1 and TWS1
interaction is interrupted once the cuticle is built and the process
shuts down itself. Although ALE1 is necessary for TWS1 peptide
maturation, it is not the only protease able to process TWS1. A
recent study shows that Arabidopsis SBT1.8 transcriptionally
coexpresses with ALE1 in developing seeds, and it is capable to
process TWS1 at both flanking sites of the mature peptide [80].
The N-terminal processing by SBT1.8 requires a sulfotyrosine at
the P2 position after cleavage, as the protease is unable to process
TWS1 bearing a natural tyrosine. This PTM dependency is
explained by the interaction of the negatively charged sulfotyr-
osine with an Arg302 in SBT1.8. Interestingly, mutation of this Arg
abolishes N-terminal cleavage but does not affect the SBT1.8
capacity to process the C-terminal part of the peptide. Therefore,
tyrosine sulfation ensures an appropriate docking and processing
in pair with SBT1.8 and increases the processing specificity during
TWS1 maturation. This case illustrates that PTMs of substrates can
be critical in the regulation of their interactions, including
protease accessibility to potential substrates and can condition
their proteolytic hydrolysis.
Abscission of flower organs and other cell separation processes

like lateral root emergence depend on the peptide hormone
Inflorescence Deficient in Abscission (IDA) [81]. Mutant ida plants
fail to drop their sepals and petals after fertilization and revealed a
role of the processed peptide in cell wall loosening during lateral
root emergence [82]. When oomycetic extracellular protease
inhibitors (EPI), that inhibit apoplastic phytaspase in tomato, are
transgenically expressed under control of the IDA promotor in
Arabidopsis, both petal and anther detachments are impaired due
to impaired subtilase activity and consequent IDA maturation
(Fig. 2A). A phenotype that was reconstituted by local application
of mature IDA peptides. Along the same line, gene expression
patterns of a cohort of subtilases (SBT2.2, SBT2.6, SBT3.1, SBT4.6,
SBT4.8, SBT4.10, SBT4.12, SBT4.13 and SBT5.2) overlap with IDA
expression in the basipetal zone during flower development
[83–85]. Timely flower abscission in tomato plants is critical for
optimal fruit production and yield. Flower abscission is controlled
by the drought-inducible SlPhyt2, a subtilisin-like phytaspase, with
proteolytic preference after Asp residues [86]. Drought-induced
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abscission in tomato is independent of the plant phytohormones
auxin and ethylene, but instead depends on the peptide hormone
phytosulfokine (PSK). PSK is cleaved at a conserved Asp by
SlPHYT2 and exogenous addition of the mature PSK to SlPHYT2-
silenced tomato plants presented a normal abscission phenotype
[87] (Fig. 2B). In both abscission processes for tomato flower
organs and Arabidopsis petal drop, cell separation is the final
causative process, showing that peptide maturation of different
peptide hormones and responses through independent receptors
can converge on parallel abscission mechanisms in various plant
organs [88–90].

POST-TRANSLATIONAL MODIFICATIONS AND THEIR SPATIAL
CONTEXT AFFECT PROTEASE ACTIVITIES, SUBSTRATES AND
THEIR RELATIONSHIPS
DA1 is a peptidase, named after the Chinese word “big” (大:
phonetically pronounced “dà”), that together with its family
members DA1-related 1 and 2 affects organ growth by regulating
endoreduplication [91]. Its C-terminus encodes a zinc metallo-
peptidase that is controlled by a “cysteine-switch”: an intramole-
cular complex between a cysteine in the prodomain and a zinc
atom blocking the active site that can be released by mono-
ubiquitination of DA1 at multiple sites by E2 and E3 ligases.
Subsequently, active DA1 can process its substrates like
UBIQUITIN-SPECIFIC PROTEASE 15 (UBP15), TEOSINTE
BRANCHED/CYCLOIDEA/ PCF 14 and 15 (TCP14/15) and TCP22
[92] and BIG BROTHER (BB) [93]. The activity of DA1 and homologs
is further controlled by the ubiquitin proteases UBP12 and UBP13
that can deubiquitinate DA1 [94]. Furthermore, in the presence of
brassinosteroid phytohormones, DA1 is phosphorylated in a BRI1-
BAK1-dependent manner, which deactivates its enzymatic func-
tion and stabilizes its substrates in vivo [95]. More recently, DA1
and homologs were found to cleave TRANSMEMBRANE KINASE 1
(TMK1) at its C-terminus in a motif similar to BB [96]. Accumulation
of the plant growth-regulating hormone auxin leads to the
cleavage of TMK1 and relocalization of the cytosolic part from the
membrane to the nucleus. There it interacts with the

transcriptional repressors INDOLE-3-ACETIC ACID INDUCIBLE 32
(IAA32) and IAA34, ultimately controlling the formation of the
apical hook of a developing seedling [4].

THE ROLE OF PROTEASES IN PLANT-PLANT AND PLANT-
PATHOGEN INTERACTIONS
Some parasitic plants have developed a dependency on other
plants to initiate germination and growth [97]. After attachment and
penetration to their hosts, parasitic plants develop specialized
organs to access the host vasculature and nutrients (Fig. 2C). Recent
studies in P. japonicus identified four subtilases expressed
specifically in these intrusive cells during colonization (SBT1.1.1,
SBT1.2.3, SBT1.7.2, and SBT1.7.3). Inhibition of subtilase activity by
expressing EPIs at the host-parasite contact point leads to reduced
levels of colonization, lower expression of the intrusive cell marker
INTRUSIVE CELL-SPECIFIC LEUCINE-RICH REPEAT RECEPTOR-LIKE
KINASE1 (PjICSL1) and lower auxin levels, necessary for xylem bridge
formation. Hence, proteolytic activity of these subtilases is required
for a successful colonization, through unidentified substrates and
mechanisms facilitating the parasitism relationship [98].
Early detection of pathogen infection and an adequate

response are crucial for plant survival. Plants make use of small
signaling peptides to sense bacteria [55, 99, 100], and proteases,
both at the plant and pathogen side, are involved in the
generation of these peptides. Zip1 (Zea mays immune peptide
1) is a maize peptide that is produced after salicylic acid (SA)
treatment [101]. Mutational analysis and specific inhibitor
applications confirmed that the two papain-like cysteine proteases
(PLCPs) CP1 and CP2 are responsible for Zip1 maturation. Zip1
application induces the expression of SA-dependent genes and
promotes additional cleavage of its precursor, proZip1, by an
unknown positive feedback loop. The authors suggested that Zip1
might work by activating the proteases CP1 and CP2 by binding to
an exosite and promoting cleavage of proZip1. The activation of
SA-like responses could be explained as the evolution of an
independent parallel mechanism that results in the activation of
genes involved in SA responses. In fact, SA responses are often

Fig. 2 Proteases regulating organ abscission and parasitic plant interactions. A A broad protein subtilase inhibitor expressed under the
control of the IDA promoter abolishes dehiscence of petals and anthers during fertilization stages, marked with black arrows. Candidate
subtilases were identified by expression analysis using specific promoter region fusions with the β-glucuronidase (GUS) reporter in the basal
apex of Arabidopsis flowers of possible responsible executors of IDA processing. B Drought-stressed tomato plants produce lower number of
flowers in the inflorescence, marked with black arrows. Drought stress is responsible for the expression of SlPhyt2 in leaves and regions
proximal to flower buds during their development. SlPhyt2 cleaves PSK and initiates a series of processes leading to cell separation and flower
loss. C Subtilases expressed at the contact points of the parasitic plant Phtheirospermum japonicus assist in the early events of plant interaction
with its host and xylem bridge (XB) formation, through expression of PJICSL1 genes and XB formation preserving auxin levels.
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targeted and suppressed by bacterial effectors (Fig. 3A). For
example, some biotrophic pathogens, such as Ustilago maydis,
impair SA accumulation by secreting a chorismate mutase that
lowers SA precursor availability and thereby minimizes plant
defense responses [102]. Maize PLCPs are regulated by other
effectors, including the U. maydis effector Pit2, and endogenous
plant protease inhibitors such as the cystatin ZmCC9 [103, 104].
The existence of multiple PLCP control mechanisms are likely
reflective of their importance in plant pathogen defense.
Infection with P. aeruginosa, an opportunistic pathogen of plants

and animals, can induce an immune response in Arabidopsis plants,
for which a Pseudomonas serine protease (PrpL) and its homolog
ArgC in Xanthomonas are responsible for the induction of a set of
defense genes [105]. Through a screening of a collection of
P. aerigusosa mutants, PrpL was identified to trigger the oxidative
burst and the RECEPTOR FOR ACTIVATED C KINASE 1 (RACK1) was
discovered to work as a scaffold in the phosphorylation cascade,
similar to flg22 responses, upon protease perception (Fig. 3B).
How plants perceive PrpL/ArgC proteases remains an outstanding
question and it is not known whether there is a direct receptor for
PrpL/ArgC or rather a detection mechanism for PrpL/ArgC substrates.
Some plant proteases cleave bacterial proteins to redundantly

control their growth during invasion. This is the case for the
SECRETED ASPARTIC PROTEASES 1 and 2 (SAP1 and SAP2), which
process MucD, a bacterial conserved HtrA-like protease required
for bacterial growth [106]. Although this processing would not
discriminate between pathogenic and beneficial microorganisms
on the surface of the plants, the authors suggested that it could
work as a surveillance mechanism to keep excessive bacterial
growth at bay (Fig. 3C).

DETECTION OF PATHOGEN INFECTION BY PROTEOLYSIS
LEADING TO THE HYPERSENSITIVE RESPONSE
As indicated above, proteolysis during plant-pathogen interac-
tions is used at both sides of the plant-pathogen frontline. Some

bacterial effectors, once injected in the plant host environment,
dampen the plant defense responses to allow the pathogen to
remain unnoticed as long as possible. Undetected pathogens are
more likely to spread through the plant tissues, reproduce and
colonize other parts of the plant. However, plants can recognize
proteolytic products of bacterial or plant origin and thereby
induce a defense response. Within incompatible biotrophic plant-
pathogen interactions, the plant launches an HR [15], with
proteolysis being involved on both sides of the host-pathogen
divide. A case in point is the recognition of pathogenic effectors
via the membrane protein RPM1 INTERACTING PROTEIN 4 (RIN4).
Multiple effectors target RIN4, disrupting its interaction with
RPM1 and its HR induction, and reducing pathogen growth [107].
RIN4 is also a target of AvrRpt2, a bacterial cysteine protease that
is injected in the plant cell through a typical type-3 secretion
system. In the presence of AvrRpt2, RIN4 is degraded, resulting in
the perception of processed RIN4 by the NB-LRR RESISTANT TO P.
SYRINGAE 2 (RPS2), which subsequently activates the HR [108].
RIN4 degradation is caused through direct cleavage by AvrRpt2 at
two conserved motifs at the N and C-terminal parts [109].
Cleavage at the C-terminal site turns out to be indispensable for
RIN4 release from the membrane domain and subsequent
degradation, which activates RPS2, while cleavage of the
N-terminal motif has no effect in the plant response (Fig. 4A).
Another effector protease from P. syringae (AvrPphB) works inside
plant cells where it processes key kinases of pathogen presence
like BOTRYTIS-INDUCED KINASE1 (BIK1), PBS1-LIKE 1 (PBL1) and
PBL2 [110]. Another target of AvrPphB is PBS1, a plant kinase that
triggers HR and whose cleavage products are perceived by
RESISTANCE TO P. SYRINGAE 5 (RPS5) [111]. Immunoprecipitation
experiments showed that both active and inactive versions of
AvrPphB are able to bind PBS1. The cleavage site was determined
using Edman sequencing and identified a glycine-aspartic-lysine
(↓GDK) motif, showing possible preference for glycine after
cleavage, as AvrPphB self-processing occurs between a lysine
and a glycine (K ↓ G). Although the GDK motif is conserved and

Fig. 3 Plant-bacteria interactions entailing proteolysis. A Plant biotrophs induce SA responses in Z. mays, thereby activating the PLCPs CP1
and CP2, which cleave the precursor of Zip1 (ProZip1). Zip1 can provoke similar responses to SA, including transcriptional induction of SA-
dependent genes and activation of their processing proteases CP1 and CP2 in a positive feedback loop. Zip1-proteolytic activation remains to
be confirmed by direct interaction with CP1 and CP2. A Zip1 SA-independent pathway disentangles maize plants from the necessity to
generate SA, which in some situations can be dampened by bacterial effectors such as the Ustillago maydis chorismate mutase 1 (Cmu1).
B PrpL and ArgC bacterial protease homologs from P. aeruginosa and X. campestris trigger phosphorylation of MAPK3 and MAPK6. This novel
mechanism couples G protein interaction with RACK1C and a phosphorylation cascade after PrpL and ArgC proteolysis. C ASP1 and ASP2
process the extracellular bacterial protein MucD, which contributes to bacterial growth. By degrading MucD, plants can keep at bay the
growth of colonizing bacteria in the plant apoplast, maintaining a balance between both pathogenic and commensal bacteria.
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found in other plant kinases, its presence is necessary but not
sufficient for substrate cleavage. RPS5 is a nucleotide-binding
leucine-rich repeat (NLR) protein recognizing AvrPphB upon
infection [112]. RPS5 contains an N-terminal coiled-coil and
nucleotide-binding site domains indispensable for the HR, and a
C-terminal LRR domain that inhibits HR in the absence of infection
and in the presence of uncleaved PBS1. In the absence of the
effector, RPS5 and PBS1 remain in a pre-assembled complex, while
in the presence of the effector, RPS5 detects the complex of the
cleaved PBS1 and AvrPphB (Fig. 4B). The LRR domain binds to the
C-terminal part of PBS1, possibly retaining AvrPphB, which leads
to a change in the structure of RPS5. That physical change
switches RPS5A affinity from ADP to ATP, with subsequent
changes in direct partner interactions that guides the plant
towards HR [113].
In tomato, the fungal effector Avr2 targets the papain-like

cysteine protease REQUIRED FOR C. FULVUM RESISTANCE 3 (RCR3)
[114]. Initially, the secreted RCR3 was thought to be self-activated
in a pH-dependent manner. However, the RCR3 prodomain was
still processed in transgenic plants expressing a catalytically
inactive RCR3. A group of subtilases, including P69B, was reported

to be capable of hydrolyzing the RCR3 prodomain in trans [114].
Mature RCR3 (mRCR3) is capable to interact with the fungal
effector Avr2, shaping a complex that is recognized by the
leucine-rich repeat receptor Cf-2 and culminates in localized cell
death, a process shared in Solanaceae species [115]. Interestingly,
RCR3 activity is not required to establish an Avr2-RCR3 complex,
but removal of the RCR3 prodomain enables Avr2 accessibility
(Fig. 4C). This pathway, including a pallet of subtilases that act as
initiator proteases, described the first real proteolytic cascade in
plants [114], and illustrates the evolutionary complexity of plant
pathogen response.

CONCLUSIONS
Proteases are important actors in multiple cellular pathways
ranging from the recognition of external signals to protein
dismantlers in degradation processes. In animal systems, pro-
teases have extensively attracted researchers’ attention, mainly
due to their functions in cell death and disease, and as potential
drug targets for biomedical applications. In addition, diverse
proteases serve as research tools and are useful enzymes in

Fig. 4 Proteolysis-sensing mechanisms in plants based on effector targets. A RPS2-dependent HR induction after RIN4 cleavage by AvrRpt2.
RIN4 is processed by AvrRpt2 at both the RCS1 and RCS2 sites, leading to the separation of RIN4 from the membrane and subsequent
degradation, and allowing the release of RPS2 to initiate an HR response. B Perception of the cysteine protease AvrPphB from P. syringae pv.
phaseolicola. RPS5 and PBS1 are interacting upon normal conditions in a primed status. During infection, the effector AvrPphB cleaves PBS1,
which triggers a conformational change in the decoy RPS5 and triggers HR after exchange of ADP by ATP. C Perception mechanism of the Avr2
effector of C. fulvum in tomato plants. RCR3 PLCP is secreted to the apoplast as a zymogen, where subtilases like P69B process it by release of
the RCR3 prodomain, generating a mature RCR3 (mRCR3). When Avr2 is secreted to the apoplast from the fungi, it targets the active mRCR3
and forms a complex with it. This complex is recognized by Cf-2 only in the presence of both RCR3 and Avr2 and only then Cf-2 activates HR.
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various industrial applications [116, 117]. In contrast, our current
knowledge of the mechanisms that regulate plant protease
activity remains scarce, as is the functional understanding of the
cleavage of their substrates. In comparison to mammalian
systems, only a handful of plant proteomic studies towards an
unbiased identification of protease targets are reported
[48, 118–120] and only a few activation mechanisms are known
(Table 1). Proteolysis can be validated in an ex situ framework by
in vitro cleavage assays of recombinant proteins or by other
means in alternative model organisms, lysates or reticulocyte
systems [121]. As for some proteases recombinant production and
purification might be challenging, production in cell-free systems
with or without coexpression of their substrate might provide a
good alternative. Although not critical, defining the preferred
substrate-processing sites will facilitate to unravel the mode of
action of proteases. The activation conditions should also be
carefully regarded when looking at enzymatic activity. Some cues
directly modify the structure of proteases, as such activating them,
while other ones rather facilitate the substrate-protease encoun-
ter. PTMs are also important for the protease activation and the
substrate availability for its processing. A hurdle found when
working with protease families is their redundant activity towards
individual substrates. In the last years, protease-class inhibitors
were shown to be effective tools to surpass redundancy and
discover hidden phenotypes that with other means, such as
using single mutant lines, would remain undetectable [85, 87, 98].
Fortunately, nowadays genome editing tools allow to generate
higher-order mutants, for instance targeting several members of
the type-II metacaspase family in Arabidopsis using CRISPR, which
leads to the discovery of an enhanced phenotype when tetra-
mutants were challenged with pathogens [43]. Further unraveling
of plant protease regulatory mechanisms will require comple-
mentary studies on the cellular conditions affecting protease
structure in parallel with the spatiotemporal characterization of
active proteases and their substrates.
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