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Plant proteomes contain hundreds of proteases divided into different families based on
evolutionary and functional relationship. In particular, plant cysteine proteases of the C1
(papain-like) and C13 (legumain-like) families play key roles in many physiological processes.
The legumain-like proteases, also called vacuolar processing enzymes (VPEs), perform
a multifunctional role in different plant organs and during different stages of plant
development and death. VPEs are similar to animal caspases, and although caspase
activity was identified in plants almost 40 years ago, there still remains much research to
be done to gain a complete understanding of their various roles and functions in plants.
Here we not only summarize the current existing knowledge of plant VPEs, including
recent developments in the field, but also highlight the future prospective areas to
be investigated to obtain a more detailed understanding of the role of VPEs in plants.
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INTRODUCTION
Plant vacuolar processing enzymes (VPEs), or legumains, were named because of their role
in the proteolytic processing of various vacuolar proteins (Hara-Nishimura and Nishimura,
1987). While they belong to the family of cysteine proteases, they have little sequence similarity
to other cysteine proteases apart from the cysteine (Cys) and histidine (His) residues in the
active site. VPEs have properties similar to animal caspases and perform limited proteolysis
after asparagine (Asn) and aspartic acid (Aps) residues (Abe et al., 1993; Becker et al., 1995;
Hiraiwa et al., 1999). They are also able to carry out unlimited proteolysis depending on the
protein conformation of the substrate (Müntz et al., 2002). This caspase-like asparagine-specific
catalytic activity was first detected in plants almost 10 years before the first successful isolation
of VPEs from the cotyledons of Vicia sativa, then named Proteinase B (Shutov et al., 1982),
and later shown to belong to the legumain family (Becker et al., 1995).
Plant VPEs are not solely expressed in seeds but also in vegetative organs (Hara-Nishimura
et al., 1998; Nakaune et al., 2005). Although VPEs have been shown to play a central role
in storage protein mobilization (Grudkowska and Zagdanska, 2004; Liu et al., 2018), plant
development, and environmental stress responses (Christoff and Rogerio, 2014), detailed research
on plant VPEs is still rather limited. To date, only a single review is available specifically
focusing on their different functions in plants published 17 years ago (Müntz and Shutov,
2002) and a furthermore recent one on the contribution of a VPE to plant PCD and its role
in vacuole-mediated cell death (Hatsugai et al., 2015). Recently, research relating to VPE
biology has been increasing and is driven from two largely uncoupled research areas, the
mammalian and the plant VPE fields (Dall and Brandstetter, 2016).
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In this mini-review, we summarize the current knowledge
of plant VPEs, including recent developments in the field, and
highlight the future prospective areas to be investigated to
obtain a better understanding of the role of VPEs in plants.

As transcriptomic data have become available, the range of
tissues in which a specific gene is expressed has increased,
although the expression of some genes is still restricted (Ariizumi
et al., 2011). In tomato, SlVPE1 and 2 were both fruit restricted,
but SlVPE3–5 were also expressed in leaves and flowers (Ariizumi
et al., 2011). As the genomic and transcriptomic data are
further analyzed, the full range of activities of VPE genes
with respect to plant development and response to biotic and
abiotic stresses will become clearer.

CLASSIFICATION AND GENOMICS
Evolutionary VPEs originate from prokaryote pro-legumains
descending from Parabasalia and Alveolata before splitting in
their separate branches of Chlorophyta and Placozoa (Shutov
et al., 2012). Plant VPEs are similar to mammalian caspases,
with both involved in regulating programmed cell death (PCD)
pathways. In animals, one isoform is encoded and the mature
enzymes are located in the cytosol. Plants, however, encode
at least four functional isoforms, which are located in the
vacuole (Zauner et al., 2018). Plant VPEs have been separated
into three subfamilies: a seed type (β-VPE), a vegetative type
(α-VPE and γ-VPE), and an uncharacterized type, only found
in dicots, called δ-VPE (Müntz et al., 2002; Yamada et al.,
2005). The δ-VPE group, which originated early during
dicotyledonous diversification, is related to seed coat formation
(Nakaune et al., 2005).
The grouping of VPEs into seed and vegetative types is
related to the classification of vacuoles as either protein storing
or lytic. Protein-storing vacuoles contain large amounts of
defensive and storage proteins used during seed germination
and growth, while lytic vacuoles contain hydrolytic enzymes
(Christoff and Rogerio, 2014). Caution is necessary when using
this grouping as there is no substantial sequence difference
between the two types of legumains nor is the distinction
enough to assign specific roles for each member of this family.
This grouping also does not exclude their expression and activity
in other tissues or developmental stages (Kinoshita et al., 1995;
Gruis et al., 2004; Santos-Silva et al., 2012). In barley, it has
been demonstrated that members of both the vegetative and
seed types are almost ubiquitous and perform a multifunctional
role in different organs (Julián et al., 2013).
The number of VPE genes in various plants seems to differ
markedly. Four genes have been described in Arabidopsis
(Kuroyanagi et al., 2005), eight in barley (Julián et al., 2013),
five in rice (Hatsugai et al., 2015), and 14 in tomato (Wang
et al., 2017). Recently, transcriptome sequence information
has also permitted the identification of new VPE genes. The
detection of additional genes by homology searches has also
identified a second class of genes related to the VPEs that
have a cyclization function rather than a protease function
(Jackson et al., 2018). These genes have a marker of ligase
activity (MLA). The MLA represents an easily identifiable
marker of asparaginyl endopeptidases (AEPs) capable of posttranslational cyclization of ribosomal synthesized peptides. The
MLA as a diagnostic tool permits the detection of an asparaginyl
endopeptidase ligase from the Violaceae plant family and has
identified leads from a selection of non-cyclotide producing
plant families. Although six VPE proteins were identified in
the flax genome, none had the MLA region, even though flax
does produce at least 21 cyclopeptides (Shim et al., 2014).
Frontiers in Plant Science | www.frontiersin.org

PROTEIN PROCESSING,
ACTIVATION, AND ACTIVITY
In plants, VPE genes code for a pre-prolegumain precursor
with an N-terminal signal peptide and a C-terminal extension
(Figure 1; Müntz and Shutov, 2002) that is moved to the
rough endoplasmic reticulum (RER) after translation. Removal
of the signal peptide results in the inactive pro-legumains that
enter the secretory pathway and are transported to the cell
wall (Linnestad et al., 1998) or vacuoles (Schlereth et al., 2001).
Due to the autocatalytic removal of the C- and N-terminal,
the legumain pro-enzyme becomes active in the acidic pH
environments of the cell wall or protein storage vacuoles
(Hiraiwa et al., 1999; Müntz and Shutov, 2002). After cleavage,
the C-terminal “pro-domain” will confer stability at neutral
pH and modulates activity; therefore, the C-terminal
“pro-domain” is referred to as the Legumain Stabilization and
Activity Modulation (LSAM) domain (Zauner et al., 2018).
Substrate activity of VPEs is specific toward Ans and Asp
residues, and although they have limited sequence identity,
they possess similar structural and enzymatic properties to
mammalian caspase-1 exhibiting YVADase/caspase-1-like
cleavage activity (Hatsugai et al., 2006). Their strict cleavage
specificity means that they are adapted to perform limited
proteolysis of proteins; however, alteration in the substrate
protein conformation caused by proteolysis with other proteases
can expose additional Asn sites leading to further degradation
by VPEs (Chen et al., 1998).
Recombinant γ-VPE recognizes aspartic acid as part of the
YVAD sequence (VPE and caspases-1 substrates) but not others
such as the DEVD sequence of caspases-3 substrates (Kuroyanagi
et al., 2005). However, a VPE from Papaver rhoeas pollen
(PrVPE1) has been described that can bind and cleave DEVD
(Bosch et al., 2010) and NtTPE8 extracted from tobacco seeds,
which have the ability to cleave the cathepsin H substrate
FVR (Wang et al., 2018a,b) Experiments on Arabidopsis vpenull mutants, which lack all four VPE gene copies, show neither
VPE activity nor caspases-1-like activity (Kuroyanagi et al.,
2005) and can also decrease papain-like cysteine protease
activity (Cilliers et al., 2018). Certain plant VPEs have also
been shown to be efficient peptide ligases and cyclases (Yang
et al., 2017; Jackson et al., 2018). However, in vitro proof for
ligase activity of Arabidopsis thaliana VPE isoforms is lacking
(Zauner et al., 2018). VPEs have also been shown to process
mitochondrial proteins in pollen (Bosch et al., 2010). VPEs
also activate cysteine proteases by the removal of the I19
2
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FIGURE 1 | The 3D structure and primary structural organization of Arabidopsis γ-VPE. Showing the pre-prolegumain precursor with an N-terminal signal peptide
(blue), the cleavable pro-peptide (yellow), and the C-terminal “pro-domain” is referred to as the Legumain Stabilization and Activity Modulation (LSAM) domain
(orange). The mature protein is represented in gray and shows the catalytic histidine (H177) and cysteine (C219) amino acids. The 3D structure is based on the
crystal structure (5NIJ) by Zauner et al. (2018).

inhibitory domain of pre-proteases (Roberts et al., 2012). A
study in Vigna mungo seeds confirmed that a VPE was responsible
for the post-translational processing of a cysteine protease
(Okamoto and Minamikawa, 1999).
Plant cysteine proteases of the papain family (C1) are
inhibited by plant cystatins (Benchabane et al., 2010) and E64.
Although VPEs (C13 family) belong to the cysteine protease
family, they share very little sequence similarity with other
cysteine proteases and are also much less sensitive to inhibition
by E64 (Müntz and Shutov, 2002). However, active VPEs are
inhibited by a sub-group of cystatins containing a C-terminal
extension (Martinez et al., 2007; Santos-Silva et al., 2012). In
soybean, only one of the 19 cystatins has this domain (van
Wyk et al., 2014); similarly, only one C-terminal extended
cystatin has been identified in barley (Julián et al., 2013) and
rice (Christoff et al., 2016).

sites (Kinoshita et al., 1999). VPEs have been shown to function
in regulating PCD in both developmental and defense responses.
PCD is a highly regulated physiological process that is essential
to the development of eukaryotes. Due to the presence of the
cell wall, plant cells, unlike animal cells, are not engulfed by
the neighboring cells during PCD. Instead, VPEs are responsible
for the collapse of the vacuole membrane resulting in the
release of proteases into the cytoplasm (Hara-Nishimura et al.,
2005) and initiating a proteolytic cascade leading to PCD
(Hatsugai et al., 2015).
During seed development in angiosperms, the seed coat
consists of two integuments of maternal tissue consisting of
multiple cellular layers. During the early stages of seed
development, δ-VPE is expressed in these layers resulting in
limited PCD to reduce the thickness of these cell layers and
form the seed coat (Nakaune et al., 2005). VPEs of barley
have been shown to be involved in the degradation of maternal
tissues in the seed of barley including the nucleus and pericarp
(Julián et al., 2013; Tran et al., 2014), thereby also influencing
seed size (Radchuk et al., 2018). VvβVPE from Vitis vinifera
has been shown to be essential for ovule maturation and
increased germination when overexpressed in Arabidopsis (Gong
et al., 2018). A VPE from tobacco, NtTPE8, was shown to
be exclusively expressed in the integumentary tapetum of
tobacco seeds and downregulation of NtTPE8 induced seed
abortion (Wang et al., 2018a,b).
VPEs have also been found to mediate PCD during xylem
development (Han et al., 2012) as well as during the breakdown

PLANT DEVELOPMENT AND PCD
During germination, VPEs contribute to storage protein
degradation and mobilization either due to direct proteolytic
degradation or through the activation of other peptidases
(Schlereth et al., 2000; Zakharov and Muntz, 2004). The
processing function is related to the cleavage of the C-terminal
propeptides and activation of papain-like cysteine proteases as
well as the N-terminal propeptides from chitinase or the
processing of protease inhibitors having Asn-flanked processing
Frontiers in Plant Science | www.frontiersin.org
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of apical bud dominance in potato tubers (Teper-Bamnolker
et al., 2012), development and senescence of root nodules
(van Wyk et al., 2014; Cilliers et al., 2018), leaf and petal
senescence (Kinoshita et al., 1999; van Doorn and Woltering,
2008), and pollen development (Hara-Nishimura, 2012). Hybrid
lethality in tobacco has also been correlated to VPE activity
and the breakdown of the vacuolar membrane (Mino et al.,
2007). Two VPEs have been found to be involved in the
execution of ethylene-related PCD in leaf pattern development
in the lace plant (Aponogeton madagascariensis (Mirb.)
(Rantong and Gunawardena, 2018).

In our group, we also found evidence that VPEs are involved
in the response to drought stress when we investigated the
expression of C1 (papain-like) and C13 (VPE) cysteine proteases
in soybean nodules exposed to drought conditions (Cilliers et al.,
2018). A study of the cysteine protease transcriptome from
soybean nodules identified a number of C1 and C13 cysteine
proteases that are strongly upregulated under drought conditions.
Also, by studying an Arabidopsis α-VPE deficient mutant,
we found evidence that soybean α-VPE (Glyma.17G230700)
might function in C1 cysteine protease maturation. VPE mutant
plants had decreased C1 cysteine protease activity as well as
higher biomass and protein levels under stress conditions than
wild-type plants. An important role in drought tolerance was
also clearly demonstrated in recent Arabidopsis work where
γ-VPE was found to be strongly expressed in guard cells and
involved in water stress response (Albertini et al., 2014).
Arabidopsis plants were more drought tolerant when γ-VPE
was mutated. These γ-vpe knock-out mutants had reduced stomatal
opening, suggesting that this type of VPE has a function in
the control of stomatal movements. Stomata controls photosynthesis
and the water status of the plant (Nadeau, 2008). In rice, it
was shown that the suppression of OsVPE3 enhances salt tolerance
by reducing vacuole rupture during PCD as well as by reducing
leaf width and stomatal guard cell length (Lu et al., 2016).
Stomatal closure can be triggered by pathogens, pathogenassociated molecular patterns (PAMPs), and elicitors, and VPE
possibly mediates elicitor-induced stomatal closure by regulating
NO accumulation in guard cells (Zhang et al., 2010), thereby
playing a role in plant immunity.

EXPRESSION UNDER STRESS
VPEs also play a central role in the response to biotic and
abiotic stresses and the likely associated change in plant hormone
production. The hypersensitive response (HR) is among the
known inducers of VPE expression (Zhang et al., 2010). The
hypersensitive response is a form of PCD that limits pathogen
development in plants and is related to plant immunity to various
pathogens. PCD linked to the HR in plants following exposure
to bacterial or viral pathogens could be suppressed by inhibiting
VPE activity using caspase peptide inhibitors without affecting
the induction of other aspects of the HR (del Pozo and Lam,
1998). Similarly, by using gene silencing, VPE deficiency prevented
virus-induced HR in tobacco plants (Hatsugai et al., 2004). While
the HR response is a defense against pathogen attack, toxininduced cell death is a strategy used by pathogens during infection
where compatible pathogens secrete toxins to induce host cell
death and promote their growth. Kuroyanagi et al. (2005) showed
that VPEs are essential for mycotoxin-induced cell death in
Arabidopsis mediated by a mechanism similar to the resistance
response of hypersensitive cell death.
Other known biotic inducers of VPE expression are
wounding, aphid infestation, plant hormones associated with
biotic stress, such salicylic and jasmonic acid, as well as nitric
oxide (Julián et al., 2013; Christoff and Rogerio, 2014). In
addition, plant VPEs are further considered as important
components of the plant “immune” system because they can
also be involved in the generation of cyclic peptides, such
as Kalata B1, a peptide from the African plant Oldenlandia
affinis and an important defense against pathogens (Craik,
2012). In rice, four of the five VPEs are responsive not only
to one or several plant hormones but also to abiotic stresses
(Wang et al., 2018a,b). Wounding, ethylene, and salicylic acid
upregulated the expression of α-VPE and γ-VPE, while
jasmonate slightly upregulated the expression of γ-VPE. In
barley leaves, HvLeg-2 (a β- or seed-type VPE) expression
in both seed and vegetative tissues responds to both biotic
and abiotic stimuli including salicylic and jasmonic acid, nitric
oxide, and ABA in vegetative tissue, and it was also induced
by gibberellic acid in seeds (Julián et al., 2013).
In general, abiotic stress, such as drought, can induce
many forms of cysteine proteases, which might not be expressed
during natural senescence (Khanna-Chopra et al., 1999;
Martinez and Diaz, 2008; Julián et al., 2013; Cilliers et al., 2018).
Frontiers in Plant Science | www.frontiersin.org

FUTURE RESEARCH IN PLANT VPEs
Research on VPEs still lacks behind that on other cysteine
proteases in particular the members of the C1 papain-like
family. Figure 2 provides an overview of the processes in
which plant VPEs are involved. Despite some recent progress
in plant VPE genomics and expression, much remains to
be done particularly in elucidating the role and function of
VPEs, under stress conditions, and a possible role of VPEs
in plant defense signaling. Therefore, more extensive VPE
mutant work as well as work to silence different members of
the C13 cysteine proteases (VPEs) are, in our opinion, urgently
required. However, such work will also require more genomic
and transcriptomic data for the identification and
characterization of more VPE family members allowing to
investigate the full range of activities of VPE genes with respect
to plant development and response to biotic and abiotic stresses.
In this regard, a better understanding of the exact role of
VPEs especially in biotic and abiotic stress resistances is also
needed. However, maybe any further mutant and silencing
work should also include important crop species, for example,
soybean and wheat (van Wyk et al., 2014; Botha et al., 2017),
for which a plant transformation system is already available.
Lowering VPE expression thereby limiting the maturation of
papain-like cysteine proteases might provide a strategy to
obtain protection against stress-induced premature senescence
4
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FIGURE 2 | An overview of the processes in which plant VPEs are involved in.

processes involving active papain-like cysteine proteases. It
might also result in higher protein content in leaves and seeds
due to lowered cysteine protease-induced protein degradation.
It has been shown that co-expression of cystatins can increase
recombinant protein production in tobacco (Pillay et al., 2012).
Given the role that VPEs play in pathogen induced HR there
may be scope to target these enzymes to improve plant
expression systems for recombinant protein production. Also,
the cyclization activities of some of these proteases and the
identification of the associated determinants may facilitate in
future work the discovery of more ligase-type AEPs and the
engineering of AEPs with tailored catalytic properties. These
cyclic products may have potential for both human health
and pest control. A final interesting aspect to investigate in
the future would be what particular role cysteine protease
inhibitors play in this interaction between the two C1 (papainlike) and C13 (VPE) proteases. The type of interaction is still
a largely unexplored field of study regarding time of expression
and specificity of the inhibitor. For instance, the interaction
between C1 proteases and their inhibitors (cystatins) is well
characterized, and although VPEs have been shown to

be inhibited by a cystatin with a C-terminal extension (Julián
et al., 2013; Christoff et al., 2016), very little is known about
the interaction of VPEs and inhibitors in situ.
Therefore, combining various genetic, reverse genetic, and
biochemical techniques is important to identify receptors,
scaffold proteins, negative regulators, and substrates of VPEs
and to target genes that will help us to fully understand these
plant development and defense mechanisms.

AUTHOR CONTRIBUTIONS
All authors contributed to the contents of the article. All authors
critically reviewed the manuscript and also approved the
final manuscript.

FUNDING
Funding to BJV provided by the National Research Foundation,
Developmental grant 112144.

REFERENCES

of Arabidopsis thaliana to water stress. Biol. Plant. 58, 531–538. doi: 10.1007/
s10535-014-0417-6
Ariizumi, T., Higuchi, K., Arakaki, S., Sano, T., Asamizu, E., and Ezura, H.
(2011). Genetic suppression analysis in novel vacuolar processing enzymes
reveals their roles in controlling sugar accumulation in tomato fruits.
J. Exp. Bot. 62, 2773–2786. doi: 10.1093/jxb/erq451

Abe, Y., Shirane, K., Yokosawa, H., Matsushita, H., Mitta, M., Kato, I., et al. (1993).
Asparaginyl endopeptidase of jack bean seeds. Biol. Chem. 268, 3525–3529.
Albertini, A., Simeoni, F., Galbiati, M., Bauer, H., Tonelli, C., and Cominelli, E.
(2014). Involvement of the vacuolar processing enzyme γVPE in response

Frontiers in Plant Science | www.frontiersin.org

5

April 2019 | Volume 10 | Article 479

Vorster et al.

Plant Vacuolar Processing Enzymes

Becker, C., Shutov, A. D., Nong, V. H., Senyuk, V. I., Jung, R., Horstmann, C.,
et al. (1995). Purification, cDNA cloning and characterization of
pro-teinase B, an asparagine-specific endopeptidase from germinating
vetch (Vicia sativa L.) seeds. Eur. J. Biochem. 228, 456–462. doi: 10.1111/
j.1432-1033.1995.tb20284.x
Benchabane, M., Schlüter, U., Vorster, J., Goulet, M. C., and Michaud, D. (2010).
Plant cystatins. Biochimie 92, 1657–1666. doi: 10.1016/j.biochi.2010.06.006
Bosch, M., Poulter, N. S., Perry, R. M., Wilkins, K. A., and Franklin-Tong, V. E. (2010).
Characterization of a legumain/vacuolar processing enzyme and YVADase
activity in Papaver pollen. Plant Mol. Biol. 74, 381–393. doi: 10.1007/
s11103-010-9681-9
Botha, A. M., Kunert, K. J., and Cullis, C. A. (2017). Cysteine proteases and
wheat (Triticum aestivum L) under drought: a still greatly unexplored
association. Plant Cell Environ. 40, 1679–1690. doi: 10.1111/pce.12998
Chen, J. M., Rawlings, N. D., Stevens, R. A., and Barrett, A. J. (1998). Identification
of the active site of legumain links it to caspases, clostripain and gingipains
in a new clan of cysteine endopeptidases. FEBS Lett. 441, 361–365.
Christoff, A. P., Passaia, G., Salvati, C., Alves-Ferreira, M., Margis-Pinheiro, M.,
and Margis, R. (2016). Rice bifunctional phytocystatin is a dual modulator
of legumain and papain-like proteases. Plant Mol. Biol. 92, 193–207. doi:
10.1007/s11103-016-0504-5
Christoff, A. P., and Rogerio, M. (2014). The diversity of rice phytocystatins.
Mol. Gen. Genomics 289, 1321–1330. doi: 10.1007/s00438-014-0892-7
Cilliers, M., van Wyk, S. G., van Heerden, P. D. R., Kunert, K. J., and Vorster, B. J.
(2018). Identification and changes of the drought-induced cysteine protease
transcriptome in soybean (Glycine max) root nodules. J. Exp. Environ. Bot.
148, 59–69. doi: 10.1016/j.envexpbot.2017.12.005
Craik, D. J. (2012). Host-defense activities of cyclotides. Toxins 4, 139–156.
doi: 10.3390/toxins4020139
Dall, E., and Brandstetter, H. (2016). Structure and function of legumain in
health and disease. Biochimie 122, 126–150. doi: 10.1016/j.biochi.2015.09.022
del Pozo, O., and Lam, E. (1998). Caspases and programmed cell death in
the hypersensitive response of plants to pathogens. Curr. Biol. 8, 1129–1132.
doi: 10.1016/S0960-9822(98)70469-5
Gong, P., Lia, Y., Tanga, Y., Wei, R., Huijun, Z., Wang, Y., et al. (2018). Vacuolar
processing enzyme (VvβVPE) from Vitis vinifera, processes seed proteins
during ovule development, and accelerates seed germination in VvβVPE
heterologously over-expressed Arabidopsis. Plant Sci. 274, 420–431. doi:
10.1016/j.plantsci.2018.06.023
Grudkowska, M., and Zagdanska, B. (2004). Multifunctional role of plant cysteine
proteinases. Acta Biochim. Pol. 51, 609–624.
Gruis, D., Schulze, J., and Jung, R. (2004). Storage protein accumulation in
the absence of the vacuolar processing enzyme family of cysteine proteases.
Plant Cell 16, 270–290. doi: 10.1105/tpc.016378
Han, J. J., Lin, W., Oda, Y., Cui, K. M., Fukuda, H., and He, X. Q. (2012).
Thepro-teasome is responsible for caspase −3-like activity during xylem
development. Plant J. 72, 129–141. doi: 10.1111/j.1365-313X.2012.05070.x
Hara-Nishimura, I. (2012). “Plant legumain, asparaginyl endopeptidase, vacuolar
processing enzyme” in Handbook of proteolytic enzymes. 3rd edn.
eds. A. J. Barrett, N. D. Rawlings, and F. J. Woessner (London, UK: Academic
Press), 2314–2320.
Hara-Nishimura, I., Hatsugai, N., Nakaune, S., Kuroyanagi, M., and Nishimura, M.
(2005). Vacuolar processing enzyme: an executor of plant cell death. Curr.
Opin. Plant Biol. 8, 404–408. doi: 10.1016/j.pbi.2005.05.016
Hara-Nishimura, I., and Nishimura, M. (1987). Proglobulin processing enzyme
in vacuoles isolated from developing pumpkin cotyledons. Plant Physiol.
85, 440–445. doi: 10.1104/pp.85.2.440
Hara-Nishimura, I., Shimada, T., Hatano, K., Takeuchi, Y., and Nishimura, M.
(1998). Transport of storage proteins to protein storage vacuoles is mediated
by large precursor-accumulating vesicles. Plant Cell 10, 825–836. doi: 10.1105/
tpc.10.5.825
Hatsugai, N., Kuroyanagi, M., Nishimura, M., and Hara-Nishimura, I. (2006).
A cellular suicide strategy of plants: vacuole-mediated cell death. Apoptosis
11, 905–911. doi: 10.1007/s10495-006-6601-1
Hatsugai, N., Kuroyanagi, M., Yamada, K., Meshi, T., Tsuda, S., Kondo, M.,
et al. (2004). A plant vacuolar protease, VPE, mediates virusinducedhypersensitive cell death. Science 305, 855–858. doi: 10.1126/
science.1099859

Frontiers in Plant Science | www.frontiersin.org

Hatsugai, N., Yamada, K., Goto-Yamada, S., and Hara-Nishimura, I. (2015).
Vacuolar processing enzyme in plant programmed cell death. Front. Plant
Sci. 6:234. doi: 10.3389/fpls.2015.00234
Hiraiwa, N., Nishimura, M., and Hara-Nishimura, I. (1999). Vacuolar processing
enzyme is self-catalytically activated by sequential removal of the C-terminal
and N-terminal propeptides. FEBS Lett. 447, 213–216. doi: 10.1016/
S0014-5793(99)00286-0
Jackson, M. A., Gilding, E. K., Shafee, T., Harris, K. S., Kaas, Q., Poon, S., et al.
(2018). Molecular basis for the production of cyclic peptides by plant asparaginyl
endopeptidases. Nat. Commun. 9:2411. doi: 10.1038/s41467-018-04669-9
Julián, I., Gandullo, J., Santos-Silva, L. K., Diaz, I., and Martinez, M. (2013).
Phylogenetically distant barley legumains have a role in both seed and
vegetative tissues. J. Exp. Bot. 64, 2929–2941. doi: 10.1093/jxb/ert132
Khanna-Chopra, R., Srivalli, B., and Ahlawat, Y. S. (1999). Drought induces
many forms of cysteine proteinases not observed during natural senescence.
Biochem. Biophys. Res. Commun. 255, 324–327. doi: 10.1006/bbrc.1999.0195
Kinoshita, T., Nishimura, M., and Hara-Nishimura, I. (1995). Homologues of
a vacuolar processing enzyme that are expressed in different organs in
Arabidopsis thaliana. Plant Mol. Biol. 29, 81–89.
Kinoshita, T., Yamada, K., Hiraiwa, N., Kondo, M., Nishimura, M., and HaraNishimura, I. (1999). Vacuolar processing enzyme is up-regulated in the
lytic vacuoles of vegetative tissues during senescence and under various
stressed conditions. Plant J. 19, 43–53. doi: 10.1046/j.1365-313X.1999.00497.x
Kuroyanagi, M., Yamada, K., Hatsugai, N., Kondo, M., Nishimura, M., and
Hara-Nishimura, I. (2005). Vacuolar processing enzyme is essential for
mycotoxin induced cell death in Arabidopsis thaliana. J. Biol. Chem. 280,
32914–32920. doi: 10.1074/jbc.M504476200
Linnestad, C., Doan, D. N., Brown, R. C., Lemmon, B. E., Meyer, D. J.,
Jung, R., et al. (1998). Nucellain, a barley homolog of the dicot vacuolar
processing protease, is localized in the nucellar cell wall. Plant Physiol. 118,
1169–1180. doi: 10.1104/pp.118.4.1169
Liu, H., Hu, M., Wang, Q., Cheng, L., and Zhang, Z. (2018). Role of papainlike cysteine proteases in plant development. Front. Plant Sci. 9:1717. doi:
10.3389/fpls.2018.01717
Lu, W., Deng, M., Guo, F., Wang, M., Zeng, Z., Han, N., et al. (2016). Suppression
of OsVPE3 enhances salt tolerance by attenuating vacuole rupture during
programmed cell death and affects stomata development in rice. Rice 9:65.
doi: 10.1186/s12284-016-0138-x
Martinez, M., and Diaz, I. (2008). The origin and evolution of plant cystatins
and their target cysteine proteinases indicate a complex functional relationship.
BMC Evol. Biol. 8:198. doi: 10.1186/1471-2148-8-198
Martinez, M., Diaz-Mendoza, M., Carrillo, L., and Diaz, I. (2007). Carboxy
terminal extended phytocystatins are bifunctional inhibitors of papain and
legumain cysteine proteinases. FEBS Lett. 581, 2914–2918. doi: 10.1016/j.
febslet.2007.05.042
Mino, M., Murata, N., Date, S., and Inoue, M. (2007). Cell death in
seedlings of the interspecific hybrid of Nicotia nagossei and N. tabacum;
possible role of knob-like bodies formed on tonoplast in vacuolarcollapse-mediated cell death. Plant Cell Rep. 26, 407–419. doi: 10.1007/
s00299-006-0261-z
Müntz, K., Blattner, F. R., and Shuto, A. D. (2002). Legumains: a family of
asparagine-specific cysteine endopeptidases involved in propolypeptide
processing and protein breakdown in plants. J. Plant Physiol. 160, 1281–1293.
doi: 10.1078/0176-1617-00853
Müntz, K., and Shutov, A. D. (2002). Legumains and their functions in plants.
Trends Plant Sci. 7, 340–344. doi: 10.1016/S1360-1385(02)02298-7
Nadeau, J. A. (2008). Stomatal development: new signals and fate determinants.
Curr. Opin. Plant Biol. 12, 1–7. doi: 10.1016/j.pbi.2008.10.006
Nakaune, S., Yamada, K., Kondo, M., Kato, T., Tabata, S., Nishimura, M., et al.
(2005). A vacuolar processing enzyme, deltaVPE, is involved in seed coat
formation at the early stage of seed development. Plant Cell 17, 876–887.
doi: 10.1105/tpc.104.026872
Okamoto, T., and Minamikawa, T. (1999). Molecular cloning and characterization
of Vigna mungo processing enzyme 1 (VmPE-1), an asparaginyl endopeptidase
possibly involved in post-translational processing of a vacuolar cysteine
endopeptidase (SH-EP). Plant Mol. Biol. 39, 63–73. doi: 10.1023/A:1006170518002
Pillay, P., Kibido, T., Du Plessis, M., Van der Vyver, C., Beyene, G., Vorster, B. J.,
et al. (2012). Use of transgenic oryzacystatin-I-expressing plants enhances

6

April 2019 | Volume 10 | Article 479

Vorster et al.

Plant Vacuolar Processing Enzymes

recombinant protein production. Appl. Biochem. Biotechnol. 168, 1608–1620.
doi: 10.1007/s12010-012-9882-6
Radchuk, V., Tran, V., Radchuk, R., Diaz-Mendoza, M., Weier, D., Fuchs, J.,
et al. (2018). Vacuolar processing enzyme 4 contributes to maternal control
of grain size in barley by executing programmed cell death in the pericarp.
New Phytol. 218, 1127–1142. doi: 10.1111/nph.14729
Rantong, G., and Gunawardena, A. (2018). Vacuolar processing enzymes,
AmVPE1 and AmVPE2, as potential executors of ethylene regulated
programmed cell death in the lace plant (Aponogeton madagascariensis).
Botany 96, 235–247. doi: 10.1139/cjb-2017-0184
Roberts, I. N., Caputo, C., Criado, M. V., and Funk, C. (2012). Senescenceassociated proteases in plants. Physiol. Plant. 145, 130–139. doi: 10.1111/j.
1399-3054.2012.01574.x
Santos-Silva, L. K., Soares-Costa, A., Gerald, L. T. S., Meneghin, S. P., and
Henrique-Silva, F. (2012). Recombinant expression and biochemical
characterization of sugarcane legumain. Plant Physiol. Biochem. 57, 181–192.
doi: 10.1016/j.plaphy.2012.05.020
Schlereth, A., Becker, C., Horstmann, C., Tiedemann, J., and Müntz, K. (2000).
Comparison of globulin mobilization and cysteine proteinases in embryonic
axes and cotyledons during germination and seedling growth of vetch
(Vicia sativa L.). J. Exp. Bot. 51, 1423–1433. doi: 10.1093/jxb/51.349.1423
Schlereth, A., Standhardt, D., Mock, H. P., and Müntz, K. (2001). Stored cysteine
proteinases start globulin mobilization in protein bodies of embryonic axes
and cotyledons during vetch (Vicia sativa L.) seed germination. Planta 212,
718–727. doi: 10.1007/s004250000436
Shim, Y. Y., Gui, B., Arnison, P. G., Wang, Y., and Reaney, J. T. (2014). Flaxseed
(Linum usitatissimum L.) bioactive compounds and peptide nomenclature:
a review. Trends Food Sci. Technol. 38, 5–20. doi: 10.1016/j.tifs.2014.03.011
Shutov, A. D., Blattner, F. R., Kakhovskaya, I. A., and Müntz, K. (2012). New
aspects of the molecular evolution of legumains, Asn-specific cysteine
proteinases. J. Plant Physiol. 169, 319–321. doi: 10.1016/j.jplph.2011.11.005
Shutov, A. D., Do, N. L., and Vaintraub, I. A. (1982). Purification and partial
characterization of proteinase B from germinating vetch seeds. Biokhimija
47, 814–821.
Teper-Bamnolker, P., Buskila, Y., Lopesco, Y., Ben-Dor, S., Saad, I., Holdengreber, V.,
et al. (2012). Release of apical dominance in potato tuber is accompanied
by programmed cell death in the apical bud meristem. Plant Physiol. 158,
2053–2067. doi: 10.1104/pp.112.194076
Tran, V., Weier, D., Radchuk, R., Thiel, J., and Radchuk, V. (2014). Caspaselike activities accompany programmed cell death events in developing barley
grains. PLoS One 9:109426. doi: 10.1371/journal.pone.0109426
van Doorn, W. G., and Woltering, E. J. (2008). Physiology and molecular
biology of petal senescence. J. Exp. Bot. 59, 453–480. doi: 10.1093/jxb/erm356

Frontiers in Plant Science | www.frontiersin.org

van Wyk, S. G., Du Plessis, M., Cullis, C. A., Kunert, K. J., and Vorster, B. J.
(2014). Cysteine protease and cystatin expression and activity during soybean
nodule development and senescence. BMC Plant Biol. 14:294. http://www.
biomedcentral.com/1471-2229/14/294
Wang, W., Cai, J., Wang, P., Tian, S., and Qin, G. (2017). Post-transcriptional
regulation of fruit ripening and disease resistance in tomato by the vacuolar
protease SlVPE3. Genome Biol. 18:47. doi: 10.1186/s13059-017-1178-2
Wang, W., Xiong, H., Lin, R., Zhao, N., Zhao, P., and Sun, M.-X. (2018a).
A VPE-like protease NtTPE8 exclusively expresses in the integumentary
tapetum and involves in seed development. J. Integr. Plant Biol. doi: 10.1111/
jipb.12766
Wang, W., Zhou, X., Xiong, H., Mao, W., Zhao, P., and Sun, M. (2018b).
Papain-like and legumain-like proteases in rice: genome-wide identification,
comprehensive gene feature characterization and expression analysis. BMC
Plant Biol. 18:87. doi: 10.1186/s12870-018-1298-1
Yamada, K., Shimada, T., Nishimura, M., and Hara-Nishimura, I. (2005).
A VPE family sup-porting various vacuolar functions in plants. Physiol.
Plant. 123, 369–375. doi: 10.1111/j.1399-3054.2005.00464.x
Yang, R., Wong, Y. H., Nguyen, G. K. T., Tam, J. P., Lescar, J., and Wu, B.
(2017). Engineering a catalytically efficient recombinant protein ligase.
J. Am. Chem. Soc. 139, 5351–5358. doi: 10.1021/jacs.6b12637
Zakharov, A., and Muntz, K. (2004). Seed legumains are expressed in stamens
and vegetative legumains in seeds of Nicotiana tabacum L. J. Exp. Bot. 55,
1593–1595. doi: 10.1093/jxb/erh166
Zauner, F. B., Dall, E., Regl, C., Grassi, L., Huber, C. G., Cabrele, C., et al.
(2018). Crystal structure of plant legumain reveals a unique two-chain state
with pH-dependent activity regulation. Plant Cell 30, 686–699. doi: 10.1105/
tpc.17.00963
Zhang, H., Zheng, X., and Zhang, Z. (2010). The role of vacuolar processing
enzymes in plant immunity. Plant Signal. Behav. 5, 1565–1567. doi: 10.4161/
psb.5.12.13809
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Copyright © 2019 Vorster, Cullis and Kunert. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

7

April 2019 | Volume 10 | Article 479

