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Abstract

The objective of this review is to highlight the proteases required for regulated cell death
mechanisms in animals and plants. Our aim is to be incisive, and not inclusive of all the animal
proteases that have been implicated in various publications. We aim to focus on instances when
several publications from disparate groups have demonstrated the involvement of an animal
protease, and also when there is substantial biochemical, mechanistic and genetic evidence. In
doing so we can cull the literature to a handful of proteases, covering most of the known regulated
cell death mechanisms — apoptosis, regulated necrosis, necroptosis, pyroptosis, and NETosis in
animals. In plants the literature is younger and not as extensive as for mammals, but the molecular
drivers of vacuolar death, necrosis, and the hypersensitive response in plants are becoming clearer.
Each of these death mechanisms has at least one proteolytic component that plays a major role in
controlling the pathway, and sometimes they combine in networks to regulate cell death/survival
decision nodes. Some similarities are found among animal and plant cell death proteases, but
overall the pathways that they govern are kingdom-specific with very little overlap.
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Introduction

Proteases are probably one of the most ancient families of enzymes. Almost every organism,
including viruses, has at least one protease. Although one could surmise that the earliest
proteases were probably degrading enzymes that recycled amino acids, most of the proteases
in the genomes of modern day organisms, especially complex metazoans like ourselves,
don’t spend their time degrading proteins. Mostly they create very limited cuts in target
proteins as essential components of signaling pathways and networks. Classic examples of
such limited proteolysis would be blood coagulation, complement activation, and apoptosis.
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So if we are going to review proteases and their role in cell death we should distinguish
those proteases that participate in cell death by degrading components of the cell from those
that precipitate cell death by either initiating, amplifying, or effecting changes in the
morphology and physiology to mediate cell death. The nomenclature commission on cell
death recognizes a large and variable number of physiologically distinct forms of cell death
[1, 2]. However, we are going to stick to just a handful of regulated forms of cell death that
have been well-characterized with respect to their engagement of proteolytic systems in the
outcome of death. We will cover animal metazoan and plant cell death, comparing and
contrasting the role of proteases and proteolytic systems that drive the distinct outcomes in
these two divisions of the biotic universe.

Protease families and catalytic mechanisms

By way of a little biochemistry, proteins are one of the most stable biological polymers
known. Their core constituent, the peptide bond, is postulated to exist in interstellar space,
and therefore predates the origin of life [3]. Cleavage (hydrolysis) of a peptide bond takes
years in neutral aqueous solution, but has a half-life of milliseconds in the presence of a
good protein catalyst — a protease (also called a peptidase). The vast acceleration in
hydrolysis (formally keai/Kuncat Values in excess of 10%) comes from a protease’s ability to
destabilize the highly stable trigonal geometry of a peptide bond while adding water, with or
without covalent participation by the protease [4].

Five mechanistic classes of proteases are recognized: cysteine, serine, and threonine
proteases (forming covalent enzyme intermediates) and aspartic and metalloproteases (do
not form covalent enzyme intermediates) — Fig 1. Catalysis by cysteine, serine or threonine
proteases depends on the interplay of a nucleophile (the eponymous Cys, Ser or Thr
residues) and a general base (usually His) - sometimes with the help of an acid (often Asp)
to create the classic “catalytic triad”. In the second category general acid/base catalysis via
catalytic Asp residues (in aspartic proteases) or enzyme bound Zinc (in metalloproteases)
polarizes a water molecule that directly adds to a peptide bond to perform the hydrolytic
reaction. In proteases of different clans (different folding types with no obvious common
ancestor) within the same catalytic type, similar spatial arrangements of catalytic residues
are observed, but the order of the residues in the sequence is different. This illustrates how
different groups and different protein structures can achieve the same reaction [5].

For biologists these distinctions in catalytic mechanism are less important than
understanding the biological function of proteases, but for chemists and drug manufacturers
they are essential since they dictate the type of chemistry that can be employed to devise
inhibitory compounds. A fundamental property of the different catalytic types that is often
overlooked is that the chemistry of the catalytic center can dictate where proteases are likely
to be active. Although there are specific and important exceptions, in general the different
catalytic types are environmentally restricted as follows:

. Cysteine proteases — catalytic thiol readily oxidized, thus they are highly
restricted to the reducing environment inside cells. Classic exception clostripain.
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. Serine proteases — found primarily outside cells, either as secreted or membrane
associated enzymes — similar to metalloproteases. Classic exception
mitochondrial rhomboids.

. Threonine proteases — found exclusively inside cells. Classic exception gamma-
glutamy!| transferase.

. Aspartic proteases — generally found in acidic or highly protected environments
due to a requirement for partial protonation of the catalytic Asp dyad. Classic
exception renin.

. Metallo proteases — found primarily outside cells, either as secreted or membrane
associated enzymes — similar to serine proteases. Classic exception Farnesylated-
protein converting enzyme.

Proteases and death signaling

In reviewing which proteases could induce regulated cell death we noticed that
endopepetidases (which can cleave the peptide bonds internal to proteins) are much more
frequently mentioned than exopeptidases (which can only cleave peptide bonds near the end
of proteins) as participants in signaling pathways — Table 1. We speculate that exopeptidases
simply wouldn’t be capable of cutting in the right place to drive forward conformational
changes and separate domains — typical of signaling pathways [6, 7]. There are two notable
exceptions to this observation: 1) dipeptidyl peptidase 1 (DPP1 - also known as cathepsin C)
and 2) the proteasome. The former is directly involved in the activation of hematopoietic
serine proteases (HeSPs) - see later - and the latter is involved in the degradation of many
cellular proteins that regulate cell death/survival decisions. Thus one could define the
proteasome as a cell death protease, but that’s about all we will say about it and readers are
directed to extensive reviews on the proteasome and its relation to cell death [8-12].
However, we note that one of the earliest described forms of programmed cell death to be
characterized from a genetic viewpoint is the loss of intersegmental muscles of the moth
Manduca sexta at the end of metamorphosis, and this form of cell death requires the
ubiquitin/proteasome system [13, 14]. More recently it has been revealed that the death of
insect cells during metamorphosis integrates this system with autophagy — see [15] for a
detailed review.

Proteases participate in cellular signaling, including cell death signaling, by cleaving protein
substrates. The functional outcome of substrate cleavage is particular to the signaling
pathway, the nature of the protein substrate itself, and the site of proteolysis. Proteases
generally have more than one physiological substrate, cleaving these proteins at specific
sites according to the specificity of the protease. Sometimes one can predict with some
degree of confidence whether a protein is likely to be cleaved by a given protease, but this
depends heavily on knowing the detailed specificity of the protease. The frequent occurrence
of sequences within proteins that match individual protease consensus substrate specificities
suggests a multitude of substrates in vivo — somewhere in the order of several thousand in
humans alone, and the list of proteins that are reported to be cleaved by proteases in vitro
proliferates rapidly. Modern focused proteomics technologies have revealed a massive
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database of proteins whose cleavage is observed under experimental conditions [6, 7, 16—
18].

The problem is that only a few of these proteins have been rigorously established as
biologically or pathologically relevant, bona fide substrates in vivo. It’s likely that most of
them simply represent “innocent bystanders”, or even erroneous assignments [6]. In this
review we focus on the proteases themselves, not the substrates, and we point readers to
resources that discuss and report on the substrates in more detail in Table 2.

Most publications on cell death focus on animals, and so a question arises as to whether cell
death mechanisms are conserved across kingdoms. Is plant cell death related to animal cell
death, and if so how? Plants do not contain caspases, instead they contain a series of
distantly related proteases known as metacaspases, which are absent in animals (Fig 2). Are
these cell death effectors? Towards the end of this review we focus on the place of proteases
in plant cell death, comparing and contrasting with animal cell death mechanisms.

Apoptosis
Caspases

The biochemical events that lead to the characteristic morphology of apoptosis include
membrane blebbing, cell shrinkage, nuclear fragmentation, chromatin condensation,
chromosomal DNA fragmentation to oligonucleosome-sized fragments, and eventually cell
death. In vivo, apoptotic cell fragments are rapidly cleared by macrophages via “find me”
and “eat me” signals [19, 20], but in cell culture many of the full morphologies described as
definitive can be observed. The concept is that apoptosis is an immunologically silent cell
demise, indeed it may be anti-inflammatory, and therefore a complex network of events is
required to dismantle and package cells for removal [20-22]. This network absolutely
requires the participation of caspases.

Caspases are intracellular proteases that trigger a cascade of signaling events in programmed
cell death, proliferation and inflammation. Their name derives from their defining enzymatic
property as cysteine-dependent aspartate-specific protease. They can be roughly grouped
into the categories of apoptotic and pro-inflammatory, wherein the apoptotic caspases can be
further distinguished into initiator (caspases-8, -9 and -10) and effector (caspases-3, -6 and
-7) caspases. As is common to several other protease families, caspases use a Cys side chain
as nucleophile during peptide bond hydrolysis. However, they have a rare primary specificity
for Asp in the P1 residue and small and uncharged residue at P1’.

Caspases are widely expressed, caspase-14 being the exception as it is limited to
keratinocytes [23]. They are synthesized as single chain zymogens with an N-terminal
prodomain followed by a catalytic domain. Activation or maturation of the protein leads to
cleavage of the catalytic domain into a large and small subunit (Fig. 3). Both subunits
interact with each other to form the active protease: The catalytic dyad residues Cys and His
reside in the large subunit while the substrate binding groove is formed through residues
from the small subunit.
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Initiator caspases are inert monomers in the off state and require homodimerization for
activation. This is achieved through the assembly of oligomeric activation platforms
following an apoptotic signal. Caspases are specifically recruited to those platforms by
adaptor molecules. The local increase in concentration forces proximity-induced
dimerization and therefore activation [24]. Most structural and biochemical work on
activation of apical caspases has focused on caspases-8 and 9, but the same concept is
thought to hold true for the activation of pro-inflammatory caspases.

Knockout of caspase-9, the apical caspase of the mitochondrial pathway (intrinsic pathway),
reveals severe developmental defects and resistance to a subset of apoptotic stimuli in
thymocytes, consistent with a role for this caspase in development and immune cell function
[25]. Interestingly, thymocytes defects can be corrected later by an unknown mechanism,
[26] leading to the realization that compensation can obscure the function of caspases and
other apoptotic mediators in mouse ablation studies [27]. Tissue specific knockouts of
caspase-8, the apical caspase of the death receptor pathway (extrinsic pathway), reveal an
expected role for caspase-8 in T and B cell clonal expansion, and also for lymphocyte
homeostasis, confirming a role in promoting apoptosis — reviewed in [28]. However, total
knockout of caspase-8 discloses an unexpected role for this caspase in survival (see section
on necroptosis below). It is generally accepted that the main substrates for the apoptotic
initiator caspases are the zymogens of the executioner caspases, providing a two-step
proteolytic activation pathway (Fig 4). Why there must be two steps is a mystery since C.
elegans seems to do fine with a single apoptotic caspase, CED3 [29, 30].

Executioner caspases are already dimeric shortly after their synthesis and are restrained by a
linker separating the large and small subunit. Proteolytic processing of the linker allows
formation of the catalytic site through rearrangement of characteristic mobile loops. (Auto-)
proteolysis can follow activation via additional cleavage of the intrasubunit linker as well as
trimming or removal of the pro-domain. This process is important for caspase stability and
downstream regulatory events [24, 31].

It has proven much easier to characterize caspases, make chemical tools, and obtain detailed
structural information than to find out what they actually do. Mouse knockouts of
executioner caspases provide coarse level information about their role in physiology, but not
much about what the key substrates that help them to orchestrate cell death actually are [6].
To date, hundreds of proteins are reported in proteomic databases to be caspase substrates,
but very few have been verified by the complex logic of replacing cleavage sites in vivo [32].
Likely the complex biochemistry of apoptosis requires a number of proteins to take on gain-
of-function or loss-of-function to drive the pathways needed to neatly dismantle a cell and
prepare it for removal by phagocytes.

The term Granzyme was coined by Masson and Tschopp to define a family of serine
esterases in lytic granules of cytolytic T lymphocytes [33]. Although the reagents used at the
time could not distinguish between proteases and general esterases, it is now known that the
granzymes represent a subset of the hematopoietic serine proteases (HeSPs) found
throughout white blood cells. These proteases probably originated in tetrapods and evolved
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as distinct groups before the separation of tetrapods from the ray-finned fish [34].
Characteristic of the HeSPs in general, granzymes are evolving rapidly and there are
substantial differences between the complement of these proteases between mice and
humans. HeSPs have an unusually plastic S1 pocket (primary specificity pocket), and the
ancestral protein is considered to have a despecialized specificity compared to the trypsin-
like proteases that preceded it [35]. The architecture of the S1 pocket allows for rapid and
radical changes in primary specificity during short evolutionary timescales. HeSPs are not
found in plants, and the closest plant relatives are members of the DEG/HtrA family
contained in organelles such as mitochondria and chloroplasts [36]

Granzyme B is probably the most well known of the granzyme family, and there is ample
biochemical evidence that it is directly involved in apoptosis, acting primarily in a similar
capacity to an apical apoptotic caspase. Indeed, granzyme B is a good example of
convergent evolution where a specific biological function is subsumed by proteins with no
structural similarity — the granzyme (HeSP) fold is completely unrelated to the caspase fold
(Fig 1). The general concept is that granzyme B is delivered from a cytotoxic lymphocyte
(CTL or NK cell) directly to the cytosol of a target cell via the pore forming perforin
complex, although the exact mechanism of this delivery is still debated [37]. Upon delivery
granzyme B can process executioner caspases [38] and the pro-apoptotic Bcl2-family
member BID much in the same way as caspase-8 to initiate extrinsic apoptosis. This
simplistic view is confounded by several studies that demonstrate cleavage of peripheral and
matrix-derived proteins on the exterior of cells [39], and by the finding that the specificity of
mouse and human caspases is sufficiently different in vitro [40] that clear cross-species
conclusions cannot be firmly drawn. Nevertheless it is clear from mouse knockout studies
that granzyme B is essential for CTL-mediated apoptosis of target cells, and from the
perspective of this review we can conclude that this enzyme is a bone fide apoptotic cell
death protease.

CTLs from mice deficient in granzyme B retain the ability to kill target cells, but with
slower kinetics and non-apoptotic morphology compared to those from control wild type
mice. Mice with a double deletion of granzymes A and B show even slower death kinetics,
revealing that Granzyme A has a role to play in cell death, but not via apoptosis [41]. If we
go along with the general concept that apoptosis must involve caspase-like cleavages after
Asp residues it makes complete sense that granzyme A can’t induce apoptosis since it is
Arg-specific, so the question then becomes how does Granzyme A kill? This is still
somewhat of a controversial subject, much complicated by the classic observation that
injecting trypsin into a cell will kill it [42].

The seminal paper from Williams and Henkart [42] showing that unrestrained proteolytic
activity introduced into a recipient cell can lead to that cell’s demise complicates attempts to
understand the role of granzymes. Granzymes are proteases, so does the artificial
introduction into cells simply recapitulate the Williams and Henkart effect? They might also
have redundant functions, and it has been difficult to translate in vitro experiments into in
vivo settings. Granzyme concentrations used by different groups in vitro vary over orders of
magnitude and it is unclear how these relate to in vivo settings where granzymes are
delivered from a cytotoxic cell granule into the cytosol of a target. Quantitative experiments
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are not the only thing lacking since granzymes are different between mice and humans [37],
and even within different mouse strains [43], and one would thus also expect differences in
their substrates.

Dipeptidyl peptidase 1 (DPP1)

All HeSPs, like many proteases, are activated by removal of an N-terminal peptide (Fig. 3).
Their main activator is DPP1 [44] — also known as cathepsin C - which is actually a cysteine
protease related to the cysteine lysosomal cathepsins (Fig. 1). Activation takes place during
packaging into specialized granules in hematopoietic cells where the fully active proteases
await release to a cognate compartment — in the case of granzymes this is probably a target
cell (see above). As its name signifies, DPP1 removes dipeptides sequentially from the N-
terminus of a protein. Since the activation peptide of many (but not all) HeSPs is a dipeptide,
there is a priori reason to think that DPP1 has co-evolved with the HeSPs. Actually,
phylogenic analysis suggests that DPP1 predates the HeSPs, so it’s more likely that the
HeSPs utilized a dipeptide activation sequence for the extant DPP1.

The structural fold of the cysteine cathepsins is adapted to confer different modes of
substrate binding and cleavage [45]. This means that the family of cysteine cathepsins can
act as endopeptideses, carboxypeptidases and/or aminopeptidases, and they accomplish this
by evolving loops that block regions of the extended substrate-binding cleft [46]. DPP1 is an
extreme example of this mechanistic plasticity since an additional domain (the exclusion
domain) transforms the fundamental endopeptidase scaffold by excluding approach of a
folded protein substrate and allows only an N-terminal peptide to accommodate the catalytic
cleft [45]. Most endopepetidases can’t also be exopeptidases because the charged groups at
protein termini preclude binding into the substrate cleft. DPP1, based on the cysteine
cathepsin scaffold, overcomes this by providing the carboxylic group of Aspl to counteract
the positive charge on the N-terminal amino group of the substrate.

Mouse knockout studies implicate DPP1 as an important activator of many HeSPs and
granzymes, but it is apparent that backup strategies for activation of (at least) granzyme B
must exist since DPP1-/- mice retain residues active granzyme B [47]. Perhaps more
tellingly, humans with mutations in the DPP1 gene suffer from Papillon-Lefevre syndrome, a
rare autosomal disorder characterized by severe periodontitis and palmar plantar
hyperkeratosis [48]. If DPP1 is the only granzyme B activator, one would expect these
patients to have defects in the cytotoxic lymphocyte compartment. Revealingly, an analysis
of cells from Papillon-Lefevre patients in vitro revealed that loss of DPP1 activity is
associated with severe reduction in the activity and stability of neutrophil-derived HeSPs,
but retain substantial granzyme activities in cytotoxic lymphocyte compartments [49]. Thus
human DPP1 seems to be a major activator of neutrophil HeSPs, but a backup strategy must
exist for granzymes.

Calpains and Cathepsins

Although it is expected that many proteases can kill a cell when introduced into the cytosol,
as evidenced by the Williams and Henkart experiment [42], only a few can do this by
participating in, triggering, or hijacking apoptosis. Candidates for endopeptidases that reside
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inside cells and therefore could have access to the apoptotic machinery are cytosolic calpains
and lysosomal cathepsins. There is substantial controversy about whether these proteases

can and/or do induce apoptosis under normal conditions [50], but there is more robust
evidence that they participate in pathology [51]. One of the original hypothetical points at
which these proteases could engage apoptosis was through activation of executioner
caspases-3 and -7. Since the highly frangible intra-domain loop of these proteases needs to
be cleaved for activation [52], the initial suspicion was that this would be a point of entry.
However, although unstructured and highly flexible [53, 54], the intra-domain loop is
surprisingly resistant to cleavage by calpains and lysosomal cathepsins [55-57]. Indeed the
only cathepsin that could cleave and activate pro-caspase-7 was cathepsin G — which is not a
lysosomal protease, nor a cysteine protease, but is a hematopoietic serine protease (HeSP —
see Fig 1) found almost exclusively in neutrophils. It almost seems as though the executioner
caspase activation loops are under negative selection for cleavage by calpains and lysosomal
cathepsins in contrast to Granzyme B, which seems to have evolved for this purpose — an
interesting conjecture that is evident, but difficult to test.

Calpains seem to play no clear role in developmental or physiologic forms of apoptosis, but
are implicated in neurodegenerative disorders [58]. The most likely pro-apoptotic targets for
the most common (ubiquitous) calpains 1 and 2 are Bcl-2 family proteins and the argument

has been made that cleavage of these proteins would unleash the intrinsic apoptotic pathway
upstream of mitochondria [56].

Cathepsin B has been implicated in promoting apoptosis induced by TNFa [59] but there
seems to be no direct involvement of any lysosomal cathepsin in apoptosis mediated by
other death receptors such as TRAIL- and CD95 [60]. Thus there may be a minor role, if
any, for lysosomal cysteine cathepsins in triggering events in the extrinsic apoptosis
pathway. Interestingly, the pepsin family aspartic lysosomal protease cathepsin D may
participate in the extrinsic pathway through cleaving caspase-8 leading to a more robust
activation on extrinsic pathway adapter platforms [61, 62]. Although caspase-8 is activated
by dimerization and not by proteolysis, prior cleavage within the intradomain loop may
stabilize the enzyme and therefore promote extrinsic apoptosis to some extent [63].

Naturally, and because of the highly organized topology of protein compartmentalization,
any scenario involving lysosomal protease in any form of cell death, including apoptosis,
requires that they are somehow released from the lysosomal compartment into the cysosol,
or that they participate in an outside-in mechanism by cleaving cell surface proteins. In vitro
evidence implicates lysosomal cathepsins in promoting apoptosis via a similar mechanism to
calpains — cleavage of Bcl2 family proteins, but also XIAP, thereby removing controls on the
progression of apoptotic pathways [57, 64]. But a more recent study using pharmacologic
inhibitors has failed to find a role for lysosomal cysteine cathepsins in apoptosis in several
different cell lines [60], highlighting the uncertainty in the field.

The term necrosis is a catch-all definition, basically of cell deaths that are not apoptotic.
Necrosis is highly diverse and defined mainly at a microscopic level by cell swelling and

FEBS J. Author manuscript; available in PMC 2017 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salvesen et al.

Page 9

plasma membrane rupture [2]. Consequently it is difficult, if not futile, to try to apportion all
necrotic deaths into categories, but certain ones lay themselves out nicely because we
recognize them as regulated by specific gene products. These currently include necroptosis
and pyroptosis, and maybe NETosis. In addition to these regulated cell demises (see later)
there is clear evidence for protease-regulated necrosis in humans, and animal genetic model
organisms.

Genetic and siRNA screens in C. elegans have produced the best evidence to date for a
pathway to necrotic cell death, and interestingly the main culprits identified are proteases.
Linker cell death employs a cell-autonomous death program that is independent of apoptosis
genes, and has morphologic characteristic of necrosis, and which is controlled by
components of the C. elegans developmental timing pathway [65]. Gain-of-function
mutations in specific ion channel genes in C. elegans produce a degenerative (necrotic-like)
cell death that is independent of apoptotic genes. This necrotic degeneration requires the
activity of calpain-like proteases and aspartic proteases, revealing that two catalytically-
distinct classes of proteases are involved in necrotic cell death [66—68]. An orthogonal study
revealed that the necrotic response of C. elegansto hypo-osmotic shock is controlled by a
protease inhibitor, srp-6, that has the capacity to regulate a number of cysteine proteases of
the calpain family, among other possible targets [69]. These analyses in C. elegans indicate
that calpains and autophagy genes act within the same pathway (Fig. 5), but the involvement
of cathepsins and cytosol acidification act synergistically with autophagy [70]

The endosomal/lysosomal compartment may play an amplifying or supporting role in
pathologic apoptosis [71] but studies in C. elegans and D. melanogaster suggest it may play
a foundational role in promoting regulated necrosis [70]. It has been proposed that necrosis,
unlike apoptosis, does not engage biochemical mechanisms that evolved to specifically
facilitate cell death [68]. The proteins of both the apoptotic pathway and necrosis are highly
conserved throughout multicellular animals [72, 73], but the necrotic effectors are likely
involved in mechanisms that operate within the cell under normal conditions. Only when
cells become abnormally stressed, and apoptosis somehow inactivated, do cells undergo a
necrotic fate and this had once been thought to be irreversible. However, the studies in C.
elegans tend to refute this argument because inhibition of presumptive necrotic effectors,
proteases, rescues the cell, and in the case of srp-6, the organism. In D. melanogaster
lysosomal proteases have been implicated in a non-apoptotic, non-autophagic removal of
nurse cell remnants from late stage egg chambers [74]. Finally, moving to mammals, mouse
mammary gland involution is dependent on Stat3-regulated cell death involving leakage of
cathepsins culminating in cell death [50].

Necroptosis

Signaling by the TNF type | receptor (TNFR-I) is quite complex. Depending on the
availability of intracellular adapters (and maybe even the strength of the TNFa signal) the
receptor can engage survival and inflammatory effects through gene transcription mediated
by NFKB, or it can engage extrinsic apoptosis. A third outcome discovered in the mid 1990s
was a necrotic outcome that depended on caspase inhibition [75] - see [76] for an extensive
review. The mechanism behind this puzzling triumvirate of outcomes was deciphered a
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decade later when it became clear that Receptor Interacting Protein (RIP) kinases were also
engaged by TNFR-I activation, and the necrotic-like outcome of this RIPK-dependent death
was coined necroptosis [77].

The somewhat unexpected development that caspases could prevent cell death has been
explored most intensively in the field of lymphocyte physiology where caspases, in addition
to their role in mediating cell death, also play a critical and positive role in B and T cell
activation and proliferation. Activation of some caspases can be detected early after T cell
activation and some caspase substrates are cleaved in the absence of any signs of cell death
[78-80]. Humans with mutant caspase-10 display an autoimmune lymphoproliferative
syndrome caused by defective lymphocyte apoptosis [81]. Humans with mutant caspase-8,
while also exhibiting defects in lymphocyte apoptosis, have pronounced defects in their
ability to activate lymphocytes, with resulting immunodeficiency [82]. Importantly, the latter
study revealed that caspase-8 deficiency is compatible with development in humans,
although it is embryonic lethal in mice [83], and the argument made in the study is because
mice lack caspase-10 [84]. These data reveal a role for mouse caspase-8 in cell survival,
clearly distinct from its pro-apoptotic role.

The survival (non-death) role of caspase-8 has been most extensively explored in mice,
where genetic ablation of caspase-8, its inactive homolog (FLIP| ), and its adaptor molecule
FADD has provided striking data that these central components of the extrinsic pathway
confer a pro-life, rather than a pro-death function in certain cells. Mice ablated in any of
these three genes exhibit a similar embryonic lethal defect with impaired heart muscle
development [83, 85, 86]. The cause of the defect likely involves substantial
underdevelopment of the cardiovascular or placental systems, implying a pro-life role for the
extrinsic pathway [87].

How an apparently lethal pathway such as caspase-8 activation could paradoxically result in
survival is a mystery at present, but the hypothesis has been raised that the activity of
caspase-8 may be altered, or diverted, by selective cleavage of caspase substrates. Non
proteolytic roles for caspase-8 in epithelial cell survival have been proposed [88, 89], but
rescue of caspase-8 deficiency in the hematopoietic compartment requires the catalytically
active form [90]. It was initially thought that caspase-8 is required for lymphocyte expansion
through NFKB signaling [91, 92], but it now seems that caspase-8 impacts a RIPK signaling
to alternative death pathway [93, 94]. It appears that caspase-8 prevents RIPK3-dependent
necrosis without inducing apoptosis by functioning in a proteolytically active complex with
FLIP., and this complex is required for the protective function [95]. Indeed, the caspase-8/
FLIP_ heterocomplex has a distinct protease specificity compared to the caspase-8/caspase-8
homocomplex, consistent with the cleavage of pro-survival proteins [96]. Importantly, only
inferential data implicates the caspase-8/FLIP heterocomplex as the direct driver of
survival, and mechanistic studies are required to define how the switch of caspase-8 for a
death to a survival role occurs at the biochemical level.
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Pyroptosis

Pyroptosis was first observed in response to intracellular infection of macrophages with
Shigella flexneri [97] or Salmonella typhimurium [98]. Activation of this programmed cell
death pathway was found to be dependent on caspase-1 [99] and was only later on
recognized as morphologically and mechanistically distinct from apoptosis. Due to its highly
inflammatory nature this process was termed ‘pyroptosis’ from the Greek ‘pyro’ for fire or
fever and ‘ptosis’ for falling [100].

Pyroptosis is dependent on the inflammatory caspases and the pyroptotic phenotype
manifests in rapid cell swelling and lysis, resulting in the release of inflammatory cellular
contents, a process in clear contrast to apoptosis in which membrane integrity is observed.
Neutrophils take up bacteria released during pyroptotic cell lysis and then the bacteria are
destroyed through the NADPH oxidase system in the secondary mechanism of phagocytotic
clearance [101]. Additionally, the release of proteolytically-processed mature members of
the interleukin (IL) cytokine family induces further recruitment of innate immune cells and
the innate immune response.

Pyroptosis is dependent on the activation of the inflammatory caspases-1, and -11 in mice,
and 1 and 4 in humans (caspase-4 is probably orthologous with caspase-11, and mice do not
contain a caspase-5 ortholog), also termed cytokine activators. The roles of the other
presumptive pro-inflamatory caspases-5 and -12 are enigmatic — see below. These caspases
show a similar domain structure with an N-terminal caspase-recruitment domain (CARD)
followed by the large and small subunit. The CARD mediates recruitment into activation
complexes or facilitates direct dimerization for activation in the same way as apical
apoptotic caspases (Fig. 3).

Caspase-1 is activated in inflammasomes, which induce dimerization to an initial
catalytically-competent enzyme and subsequent self-processing of capase-1 into its fully-
active form [102, 103]. This process requires two distinct biochemical signals: signal 1 - a
transcriptional signal, induces expression of inflammasome components, followed by signal
2 - a post-translational molecular signal that leads to assembly of inflammasomes and
activation of caspase-1 [104].

The earliest studied downstream substrates of caspase-1 are the proinflammatory cytokines
IL-1beta and I1L-18 [102], whose expression is also upregulated during signal 1 and are
processed upon caspase-1 activation after signal 2. The nature of how these mature cytokines
are released from the cell had been a puzzle, as they accumulate in the cytosol for lack of an
export sequence for direct secretion and many non-classical secretion mechanisms have been
proposed [105]. Even though IL-1b—/-1L-18-/- mice are more susceptible to diverse
pathogens, caspase-1~/~ mice are even more sensitive to infection [101], highlighting other
important substrates of caspase-1 during pyroptosis. Such a substrate is the recently
discovered Gasdermin D, which is cleaved by caspases-1 and 11 to engage a lytic signal,
providing a route for release of processed cytokines from inflammatory macrophages by cell
lysis [106, 107].
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Caspase-11 was initially described as an interaction partner and activator of caspase-1 [108]
and further studies showed it to be activated in a non-canonical inflammasome-dependent
manner [109]. However, caspase-1 is still required for clearing extracellular replicating
facultative intracellular pathogens through the innate immune system [110]. Caspase-4, -5,
and -11 have been proposed to bind LPS directly through their CARD domain and therefore
act as cytoplasmic LPS receptors [111]. Subsequent oligomerization and cell death are a
mechanism markedly different from LPS sensing and inflammasome-dependent activation
of caspase-1.

Caspase-12 on the other hand seems to be expressed with a premature stop codon in the
majority of the human population [112]. In mice, the expression pattern of caspase-12 is
substantially different from that of caspase-1 and -11 [113]. Additionally, a residue that
helps define the Asp specificity of caspases, Arg-341, is replaced by a Lys in mice.
Furthermore, caspase-12 reduces the inflammatory response in mice in a mechanism similar
to cFLIP [114], so it is possible that caspase-12 is not a protease per se, but rather a protease
modulator.

Neutrophils, the first cellular responder to infection, have a short half life of a few hours
upon release into circulation, and die by apoptosis if they do not engage pathogens [115].
Upon recognition of bacteria neutrophils attempt to engulf a pathogen for delivery to a
highly degradative phagosome that includes a number of HeSPs, initiate an oxidative burst
that essentially bleaches engulfed pathogens, and ultimately extrude their nucleus to form
NETSs (neutrophil extracellular traps), by a process dubbed NETosis [116]. NETSs are
reported to use antimicrobial proteins bound to DNA to neutralize pathogens and the process
of NET formation has been proposed to be dependent on the activity of the HeSP neutrophil
elastase [117, 118]. The idea put forward is that elastase contributes to chromatin
decondensation by cleaving histones to facilitate DNA release [117]. Indeed, NETSs observed
in vitro are decorated by elastase [119], but this elastase is not catalytically active [120].
Elastase appears to be inhibited on NETs, and the catalytically active protease is found only
in granular compartments of neutrophils that have undergone NETosis [120]. This
disconnect, and the mechanisms of NETosis, remain unexplained. Nevertheless, neutrophils
contain three other HeSPs in addition to elastase, all highly restricted to neutrophils, with
overlapping substrate specificities [121, 122], and the jury is still out as to whether these all,
or just some of them, are implicated in driving the unique morphology of NETosis. All of
these proteases requite activation by DPP1, so one could assume a two-step proteolytic
cascade as part of this intriguing cell death mechanism.

Plant cell death proteases

Plant regulated cell death

Programmed cell death is fundamental for plant development and for the interactions
between plants and the environment. Although plant cell death shares some similarities with
animal cell death, obvious structural differences between plants and animals underscore the
morphological divergence that can be observed during programmed cell death processes in
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both kingdoms. Plant cells are surrounded by rigid cell walls, precluding formation of
apoptotic bodies. In addition, plants do not have a circulatory system with phagocytes that
can dispose of cell remnants after death. This leaves plants with three main types of cell
death [123]: vacuolar, necrotic and mixed, the latter combining features of both vacuolar and
necrotic to different extents.

Vacuolar cell death involves massive vacuolization of the cell followed by digestion of the
cytosolic content that results in complete cell clearance. Developmental cell death during
morphogenesis (embryo, organs, tissues and reproductive structures) and senescence is
typically vacuolar. Necrotic cell death in plants is comparable to animal necrosis, involving
loss of plasma membrane integrity, mitochondrial swelling and increases in cytoplasmic
calcium concentration. In contrast to animals, where early plasma membrane
permeabilization results in cytosolic swelling, in plants it causes shrinkage due to the
presence of the cell wall. Abiotic stress is the most common trigger of necrotic cell death in
plants. Necrotic cell death with vacuolar features (mixed type of cell death) is a widespread
type of programmed cell death in plants. It is typical of plant-pathogen interactions leading
to cell death [124, 125] and has also been observed during pollen-pistil incompatible
interactions [126].

At the molecular level, plant cell death pathways remain poorly characterized and there is a
very long way to go to reach the level of detail and complexity that has been achieved in
animal cell death research. Cell death receptors, “deathosomes” or executioners that lead to
the dismantling of the cell have yet to be identified — and perhaps they do not exist in plants,
at least as we know them in animals. In addition, although the substrates of some putative
death proteases have been identified, their link to regulated cell death remains to be
established [127, 128]. Thanks to a growing community of plant cell death researchers
[129], characterization of this process at the molecular level has started taking off in recent
years bringing to light many key regulators of developmental and pathogen-induced cell
death, including proteases [130, 131].

In plants, as in animals, proteases play a key role in regulated cell death. In the next two
sections we focus on the current knowledge about plant cell death proteases highlighting
metacaspases, proteases with caspase-like activities in plants, and other plant proteases
reported to be involved in regulated cell death.

Plant Metacaspases

Plant genomes do not encode caspases. However, a variety of caspase-like activities have
been typically associated with many plant cell death types [132]. At the time of their
discovery, metacaspases emerged as ideal candidates behind all these caspase-like activities.
The cysteine-dependent proteinases termed metacaspases were identified in the year 2000 on
a refined in silico search targeting proteins that possessed homology with caspases [133].
They share with caspases the presence of a caspase-hemoglobinase fold containing the Cys-
His catalytic dyad, a defining characteristic of clan CD proteases (Fig. 2). In plants,
metacaspases have been classified as Type | if they have an N-terminal prodomain or Type Il
if they lack the prodomain and have a long linker between the p20 and p10 chains of the
catalytic domain. In the following years after their discovery, several independent reports
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showed that metacaspases preferentially cleave their substrates after an arginine or a lysine,
instead of aspartic acid characteristic of caspases [134-137]. In addition, metacaspases do
not cleave typical caspase substrates and their activity is not blocked by caspase inhibitors
[138]. Crystallization of yeast and protozoan metacaspase revealed a structure that precludes
dimerization — reviewed in [139]. Thus, metacaspases were finally not the long-sought
“plant caspases”. However, metacaspases have been functionally linked to developmental
cell death as well as death triggered by biotic or abiotic stimulus.

The model plant Arabidopsis encodes 9 metacaspases: AtMC1-3 are Type | and AtMC4-9
are Type Il metacaspases (Figs. 2 and 5). The type Il metacaspase AtMC4 was shown to act
as a positive regulator of cell death mediated by oxidative stress and pathogen attack.
Pathogen-triggered cell death — commonly known as the hypersensitive response (HR) - is a
plant-specific, highly localized response that occurs upon pathogen recognition resulting in
the death of the cells at attempted infection sites [140]. The highly homologous Type |
metacaspases AtMC1 and AtMC2 display opposite functions during HR [141]. AtMC1 was
shown to act as a positive regulator of HR cell death acting antagonistically to AtMC2,
which negatively regulates AtMC1. These two proteins do not interact with each other and
the specifics of their interplay remain to be elucidated. Interestingly, removal of the
prodomain enhanced the function of both AtMC1 and AtMC2. Catalytic activity was only
required for AtMC1, implying a templating role of some kind for AtMC2 — somewhat
reminiscent of the pro-survival role of vertebrate FLIP and caspase-8 (see section on
necroptosis). HR cell death in AtMC1 knock-out mutants was reduced only to half of the
wild-type, indicating that other processes act in concert with AtMCL1 to kill the cell. In this
regard, it has been shown that autophagy functions additively to AtMC1 during this process
[141]. Induction of autophagy has been observed during HR [142, 143], which is not
surprising given the oxidative burst and massive protein synthesis that accompanies this
defense response, dramatically changing the intracellular environment. Since the central
vacuole is the main protease storage of the plant cell one could speculate that vacuole
overloading due to autophagy induction during HR could lead to tonoplast rupture, resulting
in the massive release of the stored proteases.

Regarding cell death processes triggered by abiotic stress stimulus, AtMC8 has been shown
to function as a positive mediator of UV- and hydrogen peroxide-induced cell death [136].
Another Type 1l metacaspase, AtMC9, was involved in xylem formation, an essential
developmental cell death process in plants [144]. AtMC9 contributes to clearance of the
cytosolic contents from dead cells that constitute xylem vessels. However, the mechanism by
which AtMC9 exerts this function has not yet been defined. Global analysis of AtMC9
substrates by N-terminal combined fractional diagonal chromatography did not point
towards any cell death-related process [128]. The Type Il metacaspase from Norway spruce
mcll-Pa was shown to share a phylogenetically conserved substrate with caspase-3, TSN
(Tudor staphylococcal nuclease) [127]. Caspase-3 and mcll-Pa processed the protein at
different sites, in line with their cleavage specificities. In plants, this cleavage occurred
during both developmental and stress-induced cell death, which may indicate that TSNs are
common substrates of programmed cell dismissal. Autophagy was shown to act downstream
of mcll-Pa during developmental cell death, contributing to cell clearance during this
process [145].
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Interestingly, plant metacaspases seem to be involved not only in death-related events, but
also in pro-survival processes. Evidence for a pro-survival role of metacaspases emerged
first from work on protozoa and yeast, where Type | metacaspases can also be found. In
these organisms, metacaspases have been not only been implicated in cell death, but also in
cell cycle dynamics [146-151], cell proliferation [152] and protein quality control [153,
154]. In plants, besides the negative regulator of pathogen-triggered cell death AtMC2,
AtMC1 appears to also have a pro-survival role that is developmentally regulated. In
senescing plants, AtMC1 has been shown to participate in clearance of the aggregates that
accumulate as part of normal aging [141].

Proteases with caspase-like activities in plants

Abundant examples of caspase-like activities associated with cell death in plants can be
found in the literature over the last two decades - see [132] for review. Up to now, several
enzymes have been found to be associated to these activities: phytaspases, saspases, vacuolar
processing enzymes (VPE) and the proteasome.

The subtilisin-like proteins (subtilases) phytaspases and saspases are serine proteases [155].
Saspases were identified from oat treated with a death-inducing pathogen, the fungus
Cochliobolus victoria [156]. As a necrotroph, C. victoriafeeds from dead plant tissue and to
induce cell death it secretes victorin, a toxin that binds the defense-associated thioredoxin
TRX-h5 and triggers an HR-like response mediated by LOV1, an atypical NLR (nucleotide-
binding leucine-rich repeat) [157]. Activity of the two saspases was inhibited by a pan-
caspase chloromethyl ketone inhibitor and they were able to cleave a fluorogenic pan-
caspase substrate, showing no activity against caspase-2, -3, -5 and -6 substrates and only a
low level for caspase-1 and -4. The natural substrates of saspases remain to be elucidated.
On the other hand, tobacco phytaspase, cleaved the VirD2 protein from the phytopathogenic
bacterium Agrobacterium tumefaciens upon HR induction [158]. Both tobacco and rice
phytaspases were active against diverse caspase synthetic substrates, with maximum activity
observed against the caspase-like substrate sequence IWLD in rice [159]. Phytaspases have
been shown to be involved in cell death triggered both by biotic and abiotic stresses [158,
160]. Interestingly, both saspases and phytaspases are located both intracellularly and in the
extracellular fluid (apoplast). The apoplastic localization of saspases increased upon death
induction, which might be linked to their activation in that compartment [156]. In contrast,
phytaspases were shown to be constitutively processed to their mature form and secreted to
the apoplast, and only enter the cell after induction of cell death [158, 160]. The exact role of
these two enzymes in the apoplastic fluid remains to be established. It is worth noting that
most phytopathogens are extracellular, which leaves the apoplast as one of the main
battlegrounds for plant-pathogen interactions wherein most proteases present await to be
characterized.

Like caspases and metacaspases, VPEs (also known as legumains) are clan CD cysteine
proteases. VPEs contain a signal peptide that directs them to the vacuole once synthesized.
Although VPEs preferentially cleave after an asparagine residue, they have been shown to
process substrates after an aspartic acid and have been linked to caspase-like activities in
plants [161-163]. In particular, VPES were active against caspase-1 substrates and were
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blocked by a caspase-1 inhibitor, much as seen in their mammalian counterpart [164]. In
addition, VPEs were shown to act as positive regulators of virus- or bacteria-induced HR
cell death [162, 163] and to participate in seed coat formation, a developmental process
featuring cell death [165].

Still, caspase-3-like activities observed in plants during cell death remain to be assigned to a
particular protease. A few years back, the subunit PBA1 of the proteasome was shown to
display DEVDase (caspase-3-like) activity during HR triggered upon bacterial infection
[166]. HR was abolished both by caspase-3 and proteasome inhibitors, indicating that the
proteasome was behind the caspase-3-like activities previously observed in this particular
context. Similarly, proteasome inhibition prevented xylem differentiation [167] and isolation
of caspase-3-like activities detected during this process were later assigned to the
proteasome [168]. Together, these findings strongly support the notion that in plants the
proteasome has caspase-like activity on small substrates, similar to its mammalian
counterpart [169], and this likely has led to much confusion.

The fact that most caspase-like activities in plants can be assigned to proteases which are
structurally unrelated to caspases is extremely exciting and opens the door to discover other
unpredicted players in cell death among the vast protease repertoire of plants with many of
their members are of unknown function. Moreover, the exact role of the caspase-like
enzymes identified so far in plants needs to be better defined: up to now it is not clear what
their molecular triggers and in most cases, their natural substrates are, nor whether these are
linked to any kind of cell death.

Other protease activities involved in plant programmed cell death

Beyond caspase-like proteins and metacaspases, several other plant proteases have been
implicated in plant cell death. For instance, many vacuolar papain-like cysteine proteases of
clan CA related to the mammalian lysosomal cysteine proteases (Fig. 5) have been
implicated in plant developmental and pathogen-triggered HR [170]. Among them, RD21A
(Responsive to Dehydration 21A) from Arabidopsis has been shown to participate in defense
against necrotrophic fungi [146, 171]. To avoid uncontrolled cell death when changes in the
vacuolar membrane permeability occur, RD21A activity is contained by direct interaction
with the protease inhibitor Serpinl [146]. RD21A also interacts with PDI5 (Protein
Disulfide Isomerase), a positive regulator of seed endothelium cell death, which indicates a
potential role in this developmentally regulated process [172]. Another bipartite module
controlling cell death in plants is composed by the cathepsin H homolog from tobacco,
NtCP14 and its inhibitor, the cystatin NtCYS [173]. NtCP14 is a positive regulator of
suspensor cell death, a developmental process that takes place during the late stages of
embryogenesis. The suspensor is a structure that connects the embryo with its feeding
source, the endosperm. When no longer needed, the suspensor undergoes cell death. To
prevent early degradation of the suspensor, NtCYS binds and inhibits NtCP14. Other PLCPs
involved in developmental cell death include the Xylem Cysteine Proteases 1 and 2 (XCP1
and XCP2), which together with AtMC9 were shown to participate in the cellular autolysis
of the xylem [144, 174]. The cysteine endopeptidase 1 (CEP1) has been recently implicated
in tapetal cell death, a form of developmental cell death that takes place during pollen
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development [175]. CEP1 was shown to be processed into its mature, processed form in the
vacuole, where the protease is transported before vacuolar bursting.

Aspartic proteases have also been commonly associated with developmental cell death
processes. For example, Arabidopsis UNDEAD controls timing of cell death during tapetum
development [176]. Tapetum cell death in rice has been shown to be promoted the aspartic
proteases AP25 and AP37 and their transcription is tightly and dynamically regulated to
prevent unfettered cell death [177]. The expression of the Plant Aspartic Protease A3
(PASPA3) is upregulated in several developmental cell death contexts [178]. Its function in
cell death awaits elucidation. Finally, there is at least one plant aspartic protease that acts as
a negative regulator of developmental cell death. Promotion of Cell Survival (PCS1) is an
aspartic protease that acts as a negative regulator of cell death during embryogenesis and
reproductive organ formation in Arabidopsis. Its absence leads to excessive cell death in
these contexts [179].

Concluding Remarks

In reviewing the literature we find substantial similarities between cell death in plants and
animals. Both utilize aspartic and lysosomal-type cysteine proteases to execute necrotic-type
cell deaths, but whether these are actually regulated types of death, rather than pathologic
“accidental” deaths in animals is still under investigation. Certainly C. elegans models speak
to forms of regulated necrosis and there is early data for related pathways in vertebrates.
Both kingdoms utilize proteasomal degradation via the ubiquitin/proteasome pathway to
“dissolve” specific cells — in animals this is seen in the moth M. sexta via the loss of
intersegmental muscles during adult development and in plants it is seen in xylem
differentiation. Whether the involvement of similar proteases in necrotic deaths is an
example of conservation of mechanism or convergent evolution remains unknown.

The differences between plants and animals are also clear, with apoptosis and pyroptosis
confined to animals. This is entirely due to the absence of caspases in plants, required to
execute these animal-specific pathways. The closest plant homologs of caspases — the
metacaspases — are involved in an intricate network of death/survival signals and pathways,
and it is interesting that, just as plants don’t contain caspases, metazoan animals don’t
contain metacaspases (although they are found in some animal parasites).

We know that apoptosis and the specialized protein machinery of apoptosis (including
caspases) is ancient, going back to some of the earliest metazoans (the cnidarians) and seems
to have been a development timed with the origin of animals with specialized organs [72,
73]. But we don’t know when this apoptotic machinery was adapted to serve a role in
inflammation and pyroptosis. Indeed, it’s pretty strange that apoptotic caspases could evolve
to become inflammatory caspases, substituting an anti-inflammatory death with a
supposedly patent inflammatory death — pyroptosis.

Clearly lots of mysteries remain, and it’s worthwhile to keep an open mind because the
apparent similarities between death pathways in disparate organisms may be superficial.
Popular reagents that are thought to report on one kind of cell death or one kind of
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biochemical pathway, but actually report entirely different phenotypes in different organisms
[180], can further confound apparent similarities.

No matter what the regulated cell death mechanism, proteases frequently play a role as
signaling proteins. Since most pathologies in animals and plants involve too much or too
little cell death, following the protease routes should provide outstanding opportunities to
modulate pathology for therapeutic outcome as well as enhance the yield and quality the
crops that we and our animals eat.
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Fig. 1.
Human Protease Landscape. Protease catalytic types come from unrelated evolutionary

origins. The intent of this map is to show the diversity of human proteases, based on
phylogenetic relationships of most human protease catalytic domains collected from the
MEROPS database. Family relationships are gathered by the grey lines, and evolutionary
divergence by the blue mainlines (not to an evolutionary scale). Within a catalytic class
some families and clans have no common origin — shown by disconnected blue mainlines.
The thickness and spacing of the grey lines does not signify anything, and is just a device to
cluster some protease families with a large number of members. A. thaliana metacaspases
(green) are overlaid on this human map to display their relation to caspases. Red boxes
highlight some of the human proteases considered in this review as playing roles in
regulated cell death.
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Fig. 2.
Vertebrate and Plant clan CD Proteases. In addition to the proteases identified here, plants

and mammals contain two clan CD members in common: legumain and separase (not
shown). Members specific for each kingdom are human caspase family, which can be
divided into apoptotic caspases (red) and inflammatory caspases (orange). We have not
included caspase-2 in the apoptotic caspases, as some would do, simply because the
evidence for its role is so bewildering with many conflicting reports [181-185]. Caspase-14
is not an apoptotic caspase, and the closest relative to the caspases, the paracaspase MALT1
is a survival protease that operated via the NFKkB pathway [186]. Two types of metacaspases
can be distinguished in A. thaliana: Type | (AMC1-3) and Type 1l (AMC 4-9).
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ZYMOGEN STABILIZATION MECHANISMS

* active site » active site ordered * active site
disordered « cleavage removes dislocated

» cleavage blocking peptide * dimerization
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=0

EXAMPLES
* executioner caspases + cathepsins * apical caspases
+ granzymes (all HeSPs) * metacaspases » paracaspase MALT1
* coagulation proteases » subtilisins * HIV protease

Fig. 3.
Protease Zymogen Activation Mechanisms. Schematic of most common activation

mechanisms with examples covered in the review, plus other classic examples in italics. The
cartoon explains the mechanism of zymogen stabilization, and the processes required to
activate each example.
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Fig. 4.

Regulated Cell Death Pathways. The schematics illustrate the involvement of cysteine
proteases in most regulated cell death pathways, with the exception of NETosis, which
requires the serine protease neutrophil elastase. Different sets of caspases are important for
either apoptotic or pyroptotic cell death. In addition to its role in initiating the extrinsic
pathway of apoptosis, caspase-8 regulates necroptosis by forming a complex with the
pseudocaspase FLIP. Although the story is still quite murky in humans, regulated necrosis
has been shown in C. elegansto depend on calpains and lysosomal cathepsins.
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A. PATHOGEN-TRIGGERED PCD
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B. DEVELOPMENTAL PCD
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Fig. 5.

Proteases identified during different types of plant cell death. A) Pathogen-triggered cell
death. The plant subtilases phytaspases and saspases, with caspase-like activity are activated
during pathogen-triggered cell death. Whereas phytaspases enter the cytosol from the
apoplast upon induction, saspases relocalize from the cytosol to the apoplast. The
Arabidopsis metacaspase 1 (AtMC1) acts as a positive regulator of the hypersensitive
response triggered upon NLR activation. AtMC2 negatively regulates this process.
Autophagy acts additively to AtMC1, contributing to HR. The vacuolar VPE and the
proteasome subunit PBAL display caspase-1 and -3 activities, respectively during pathogen-
triggered cell death. RD21 is a positive regulator of necrotroph-triggered cell death. The
protease inhibitor SERPIN1 binds and blocks RD21 activity in the cytoplasm, which might
ensure timely activation of the protease. B) A few representative types of developmental cell
death are displayed with the associated proteases identified to date. The cysteine proteases
XCP1, XCP2 and AtMC9 have been shown to jointly regulate post-mortem cell clearance
during xylem formation. Elimination of the embryo suspensor has been shown to involve the
metacaspase mcll-Pa which operates upstream of autophagy to orchestrate this type of cell
death. The positive regulator of suspensor cell death NtCP14 is negatively regulated by the
cystatin NtCYS, to avoid uncontrolled activation of the protease. Finally, the cysteine
protease CEP1 and the aspartic proteases UNDEAD and OsAP25 and OsAP37, shown to
positively regulate tapetum cell death during pollen development are highlighted. PASPAS is
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included in the scheme as it is common to several types of developmental cell death. Serine
proteases are displayed in yellow, cysteine proteases in orange, aspartic proteases in pink
and threonine proteases in green in accordance with Fig 1.
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Table 2

Protease resource websites

General protease resources

Merops Well annotated universe of proteolytic enzymes including experimentally determined substrates — the most comprehensive of all
protease databases

CutbB Focuses on the annotation of individual proteolytic events, both actual and predicted

PoPS A set of computational tools for investigating protease specificity

PROSPER | An integrated feature based server for the prediction of novel substrates and their cleavage sites

TopFIND An integrated knowledgebase focused on protein termini, their formation by proteases and functional implications

Toppr A store of high quality proteomics based proteolytic processed events

Proteasix An open source peptide centric tool that can be used to predict in silico the proteases involved in naturally occurring peptide
generation

Caspase-specific resources

Casbah Comprehensive list of caspase substrates and a searchable web resource

CaspDB Machine learning prediction model including structural data for caspase cleavages

Degrabase | A description of caspases substrates found in healthy and apoptotic human cells
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