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PROGRAMMED CELL DEATH IN EUKARYOTES

Programmed cell death (PCD) is the genetically
controlled suicide of cells. The tight regulation of this
program is essential to ensure that it is only activated
in the required cells at the proper moment. Deregula-
tion of apoptosis, the main form of PCD in animals, is
associated with diseases such as cancer, autoimmune
diseases, and neurodegenerative disorders (Shi, 2002).
In plants, deregulation of PCD is often associated
with pleiotropic developmental defects and lethality
(Lorrain et al., 2003). PCD occurs in all eukaryotic
kingdoms, both in unicellular and multicellular or-
ganisms, and is involved in many aspects of develop-
ment as well as in responses to external stimuli. PCD
has morphological similarities in animals and plants,
and it regulates common processes such as morpho-
genesis of the embryo, organ abscission, formation
of hollow tubular structures (vessels), and defense
against pathogens (Woltering et al., 2002). In view of
the ubiquitous occurrence of PCD throughout nature
and the coincident morphological and functional fea-
tures in eukaryotes, a question arises: Has PCD de-
veloped independently in the different kingdoms or
has it evolved from a common ancestral cell death
process and thus plants, fungi, and animals may share
common regulatory mechanisms?

The most convincing evidence for a common origin
of PCD is that some of the molecular components of
the program are conserved in the different kingdoms.
Proteins that activate or inhibit PCD in animals, such
as the Bcl2 family of pro- and antiapoptotic proteins, or
the baculovirus antiapoptotic proteins p35 and IAP,
have a similar effect on PCD when expressed in plants
or yeast (Saccharomyces cerevisiae; Lacomme and Santa
Cruz, 1999; Mitsuhara et al., 1999; Sanchez et al., 2000;
Lincoln et al., 2002; Danon et al., 2004). Moreover,
homologs of genes that control apoptosis in animals,
such as Defender against Apoptotic Death-1 and Bax-
inhibitor-1, are encoded in plant genomes and serve the
same function in PCD control (Matsumura et al., 2003;
Danon et al., 2004). In contrast, there are no evident

homologs in plant or fungal genomes of caspases,
arguably the key regulators of PCD in animals. Cas-
pases are a family of Cys proteases with specificity for
Asp (hence the name) that function as molecular
switches to activate the cell death program in meta-
zoans as diverse as mammals, nematodes, or insects
(Shi, 2002). PCD promoting signals induce the self-
processing of inactive caspase zymogens. This irre-
versible activation triggers a proteolytic cascade that
turns on enzymes involved in killing the cell. Para-
doxically, although genome mining has not yielded
candidate caspases, caspase inhibitors can block PCD
in plants, and most instances of plant PCD are asso-
ciated with the induction of caspase-like activities (del
Pozo and Lam, 1998; Watanabe and Lam, 2004). Are
these activities encoded by enzymes phylogenetically
unrelated to caspases? Do they regulate PCD in
a similar manner to animal caspases? We will address
these questions in light of the recent identification of
plant enzymes displaying caspase activity and regu-
lating PCD.

PLANT CASPASES

Two groups of proteases have been proposed as
candidates to encode caspase-like activities in plants:
the vacuolar processing enzymes (VPEs) and the
metacaspases (Woltering et al., 2002). They are related
in sequence and in tertiary structure to animal cas-
pases (Aravind and Koonin, 2002) and have been
associated with PCD processes in plants (Hoeberichts
et al., 2003; Rojo et al., 2003). Recent work has provided
evidence that VPEs and metacaspases have caspase
activity and function in regulating PCD in plants,
suggesting that they are true caspase orthologs
(Hatsugai et al., 2004; Rojo et al., 2004; Suarez et al.,
2004). In addition, a Ser protease displaying caspase-
like activity and possibly controlling PCD has been
identified in oat (Avena sativa; Coffeen and Wolpert,
2004).

VACUOLAR PROCESSING ENZYMES

VPEs have been extensively studied for their role in
the maturation of proteins in seed storage vacuoles,
where they account for the bulk of processing activity
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(Shimada et al., 2003; Gruis et al., 2004). Recently, it was
reported that members of this family are expressed in
vegetative tissues where they are localized in protease
precursor vesicles (PPVs) and in vacuoles (Kinoshita
et al., 1999; Hayashi et al., 2001), organelles intimately
associated with PCD in plants. In addition, the solved
structures that are most similar to the folding pre-
dicted for VPEs are those of caspases, and modeling of
the three-dimensional structure of Arabidopsis (Arabi-
dopsis thaliana) VPEg predicts a close alignment of its
catalytic residues with those of caspase-8 (Fig. 1).
Furthermore, VPEg has been shown to regulate pro-
tein degradation during senescence, a type of PCD
(Rojo et al., 2003). Taken together, these data suggest
that VPEs may encode caspase activities associated
with PCD progression in plants.

Two recent reports have provided direct evidence
that VPEs have caspase-like activity and regulate cell
death in Nicotiana and Arabidopsis plants (Hatsugai
et al., 2004; Rojo et al., 2004). Tobacco (Nicotiana
tabacum) plants carrying the N resistance gene activate
an acute PCD response when infected by tobacco
mosaic virus (TMV), which is blocked by treatment
with VPE-inhibitors or caspase1-inhibitors. A caspase
activity induced during TMV infection is sensitive to
VPE inhibitors, and, conversely, VPE activity in in-
fected plants is inhibited by caspase1-inhibitors. In
VPE-silenced Nicotiana benthamiana plants, the induc-
tion of caspase activity in response to TMV is sup-
pressed, vacuolar collapse and PCD are blocked, and
TMV proliferation increases (Hatsugai et al., 2004).
These results suggest that the VPEs from Nicotiana
may display caspase activity and initiate PCD during
TMV infection by promoting vacuolar rupture. How-
ever, since many VPEs were silenced simultaneously,
the activity and function of the individual N. benthami-
ana VPEs remains unknown. A study of the Arabi-
dopsis VPEg gene has provided direct in vivo
evidence of its caspase-like activity and genetic evi-
dence for the involvement of VPEg in disease resis-
tance and cell death progression (Rojo et al., 2004).
VPEg binds to caspase inhibitors that block self-
maturation of this enzyme and all its downstream in
vivo activities. An increase in caspase activity, concur-
rent with the initiation of a rapid PCD response, is
observed in Arabidopsis plants infected with an in-
compatible strain of Pseudomonas syringae pv tomato
DC3000 (Pst). The early induction of this caspase
activity is compromised in vpeg mutants, and vpeg
mutants are more susceptible to infection with the
incompatible strain of Pst. The vpeg mutants are also
more susceptible to infection with turnip mosaic virus
(TuMV), a pathogen that does not induce a classical
PCD but rather affects the viability of infected cells.
Thus, VPEs negatively regulate the growth of several
biotrophic pathogens (TMV, Pst, TuMV), most likely
by promoting cell death progression. What is their
effect on the growth of necrotrophic pathogens that
thrive on dead tissues? Interestingly, vpeg plants
are more susceptible to Botrytis cinerea, although this

pathogen benefits from PCD in other conditions
(Govrin and Levine, 2000; Dickman et al., 2001).

The picture that emerges from these studies is that
VPEs are caspase orthologs that activate PCD in plants
and influence the outcome of a wide range of inter-
actions with pathogens.

METACASPASES

Iterative PSI-BLAST searches revealed the presence
of a caspase-related family of proteases termed meta-
caspases in plant and fungal genomes (Uren et al.,
2000). The yeast metacaspase YCA1 is required for the
increased caspase-like activity and the subsequent PCD
observed in H2O2-treated or in aging yeast cells. More-
over, YCA1 overexpression results in higher caspase
activity and PCD in those conditions, suggesting that
YCA1 encodes a caspase that activates PCD in yeast
(Madeo et al., 2002). Plant genomes contain an ex-
tended complement of metacaspases, which have been
classified as type I and type II based on their sequence
and structural features (Fig. 2). Arabidopsis contains 3
type I (AtMCP1a–1c) and 6 type II (AtMCP2a–2f)
metacaspases. AtMCP2d and AtMCP2f are Cys pro-
teases that in vitro do not have caspase activity, in-
stead cleaving substrates after P1 Arg/Lys residues
(Vercammen et al., 2004). The in vitro or in vivo activity
of the other metacaspases has not been tested. A type
II metacaspase, mcII-Pa from Picea abies, is required for
a burst of caspase activity that occurs during somatic
embryogenesis in cells undergoing PCD (Suarez et al.,
2004). The mcII-Pa transcript is expressed in embryonic
tissues that are committed to death (suspensor and
procambial strands), and its silencing by RNAi blocks
the induction of caspase-like activity, inhibiting PCD
and somatic embryogenesis (Suarez et al., 2004). These
results suggest that mcII-Pa displays caspase-like ac-
tivity and activates PCD, which is essential for embryo
development (Bozhkov et al., 2004). A caveat of these
studies in Picea is that the specificity of the RNAi for
mcII-Pawas not analyzed, and the effects observed may
be due to the silencing of related genes. Genetic analysis
of an orthologous Arabidopsis gene could give further
insights on the function of this gene. Unfortunately,
Arabidopsis contains 4 genes highly similar to mcII-Pa,
which may fulfill redundant functions and are located
contiguously in chromosome 1 (AtMCP2a–2d), compli-
cating the genetic analysis of their function. However,
since all metacaspases have been identified in Arabi-
dopsis, gene-specific silencing may be attempted and
the specificity determined. The genetic analysis of the
five remaining metacaspases in Arabidopsis should be
more straightforward. Analysis of their expression may
provide hints on their function (Table I). A tomato type
II metacaspase (LeMCA1), which is most similar to the
AtMCP2a to 2d gene cluster, is induced during infection
withB. cinerea (Hoeberichts et al., 2003), suggesting that
these genes may play a role in the PCD induced by this
pathogen. We have performed in silico northerns of the
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Figure 1. The model VPEg based on human caspase-8. A, The sequence of VPEg was submitted to FFAS03 (Jaroszewski et al.,
2000) and SUPERFAMILY (Gough et al., 2001) fold prediction servers. Both FFAS03 and SUPERFAMILY listed caspase fold as the
most probable fold for the central region of VPEg sequence (residues 50–330), and selected caspase-8 as the structure most
similar to VPEg. The alignment from FFAS03 was used for modeling using caspase-8 as a structural template. The model of the
VPEg molecule was built with the MODELER program. Residues aligned with binding site residues of caspase-8 are shown as
spheres. B, The active site interactions in human caspase-8 (left) and predicted active site interactions in VPEg (right).
Replacement of Gln residue with Glu residue is connected with difference in specificity between caspases and VPEs (Asp and
Asn residues in P1 position of the substrate, respectively).
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Arabidopsis metacaspases in the GENEVESTIGATOR
database (Zimmermann et al., 2004). The data retrieved
shows that AtMCP2d is the most abundantly expressed
metacaspase, and AtMCP1b expression is induced
during compatible and incompatible interactions with
Pst. These results corroborate previously reported data
(Watanabe and Lam, 2004), indicating that the infor-
mation obtained in the database for these probes is
reliable. Other interesting in silico results have not been
previously published (Table I). AtMCP1c is also in-
duced in response to infection with compatible and
incompatible strains of Pst at a higher-fold level than
AtMCP1b. Interestingly, both AtMCP1b and AtMCP1c
are induced when infected by a type III-secretion HrcC
mutant of Pst and during a nonhost interaction with P.
syringae pv phaseolicola, indicating that their expres-
sion is responsive to pathogen-associated molecular
patterns (PAMPs) present in the bacterial surface rather
than to virulent factors injected into the plant cell.
Consistent with this, treatment with the flagellin pep-
tide Flg22, a well-characterized bacterial PAMP (Zipfel
et al., 2004), induces the expression of AtMCP1b and
AtMCP1c. AtMCP2e, for which there was no previous
evidence of expression (Vercammen et al., 2004; Wata-
nabe and Lam, 2004), is also induced by Pseudomonas
infection or by treatment with Flg22 and HrpZ. More-
over, infection with Phytophthora infestans or treatment
with NPP1, a peptide PAMP from Phytophthora (Fel-
brich et al., 2002), induces the expression of AtMCP1b,
AtMCP1c, and AtMCP2e. Thus, these three genes are
coordinately induced by PAMPs from different patho-
gens and may be part of the innate immune response of
plants, which in some cases includes the activation of
cell death processes. AtMCP2f is induced in senescing

organs of the flower and in senescing cell cultures,
indicating that it may play a role in this type of PCD.
Interestingly, 3 genes from the chromosome 1 cluster,
AtMCP2a, AtMCP2c, and AtMCP2d, are expressed at
higher levels in roots than in aerial organs, suggesting
they may play a specialized role in these organs.
Moreover, AtMCP2a is induced in roots under condi-
tions (salt, drought, and genotoxic stress) that activate
cell death. In summary, the expression data is consis-
tent with a role of metacaspases in developmental or
stress-induced PCD.

SER PROTEASE WITH SPECIFICITY
TOWARD ASPARTATE

Isolates of the necrotrophic fungus Cochliobolus
victoriae that produce the toxin victorin activate
a PCD response in susceptible oat cultivars, leading
to disease progression (Navarre and Wolpert, 1999).
Victorin-induced PCD is associated with two caspase-
like activities that can be differentiated by their sen-
sitivity to caspase inhibitors (Coffeen and Wolpert,
2004). One of these caspase-like enzymes is trans-
located to the apoplasm in response to victorin treat-
ment or heat shock, correlating with the induction of
PCD by these stimuli. This caspase activity was
purified and partial sequence of the coeluting protein
showed that it was homologous to subtilisin-like Ser
proteases, thus its name saspase. Extensive biochem-
ical characterization of the purified saspase showed
that its substrate specificity is strict for Asp at the P1
position and thus it is distinct from all other known Ser
proteases. Once the gene encoding the saspase is
cloned, it will be possible to test its role in PCD
activation.

PLANT AND ANIMAL CASPASES
REGULATE PCD FROM DIFFERENT
SUBCELLULAR COMPARTMENTS

Most animal caspases are soluble cytoplasmic pro-
teins. Two exceptions are caspase-12, which is associ-
ated with the endoplasmic reticulum (ER) membrane
from the cytosolic side and mediates ER-stress in-
duced PCD (Nakagawa et al., 2000), and caspase-2,
which is partially localized in the nucleus and medi-
ates PCD triggered by DNA damage (Lassus et al.,
2002). However, once activated, all animal caspases
initiate a proteolytic cascade in the cytosol that results
in the activation of numerous enzymes that degrade
cellular components and kill the cell.

In plants, the enzymes displaying caspase activity
may regulate PCD from several compartments, in-
cluding the cytosol (Table I). Type II metacaspases do
not contain signal peptides or transmembrane do-
mains (Fig. 2), so they are predicted to be cytosolic
and thus would function in the same location as
animal caspases. Type I metacaspases are predicted
to be localized in mitochondria and chloroplasts

Figure 2. Domain structure of plant VPEs and metacaspases. The
position of the His-Cys catalytic dyad of these enzymes is shown. VPEs
are synthesized as inactive zymogens with a signal peptide for insertion
into the endomembrane system. The inhibitory C-terminal propeptide
and the N-terminal propeptide of VPEs are sequentially removed, most
likely in the acidic environment of the vacuole. Metacaspases are
probably cytosolic enzymes that may be autoprocessed into 2 subunits,
p20 and p10. In addition, type I metacaspases contain a prodomain
rich in Pro and Gln residues, which contain a zinc finger motif similar
to the ones present in LSD1, a negative regulator of PCD in Arabidopsis.
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Table I. Summary of Arabidopsis VPEs and metacaspases

The expression data from VPEs is from published works, whereas the data on metacaspases was obtained from the GENEVESTIGATOR database
(Zimmermann et al., 2004) on December 5, 2004. Psp, P. syringae pv phaseolicola; Pi, P. infestans; HrpZ, harpin from P. syringae pv tomato DC3000;
NPP1, cell wall elicitor protein from P. infestans.

Gene AGI-TIGR Locus Signal Peptide EST 1 cDNAs T-DNA Mutants Subcellular Location Expression

VPEs
VPEa At2g25940 Amino acids 1–20 13 1 2 Available Secretory pathwaya,

plasma membranea
Vegetative tissues. Induced

in leaves by ethylene,
salicylic acid (SA),
wounding, and senescence.

VPEb At1g62710 Amino acids 1–21 33 1 2 Available Secretory pathwaya,
vacuolea

Seeds, flowers, root tips.

VPEg At4g32940 Amino acids 1–25 129 1 5 Available PPV, vacuole Vegetative tissues,
induced by ethylene,
SA, wounding, and
senescence. Induced
during infection with
Pst avrRpm1, TuMV,
B. cinerea.

VPEd At3g20210 Amino acids 1–24 62 1 2 Available Secretory pathwaya,
apoplasma

All stages in developing
seeds, most abundant
in cell division stage
and germinating
seeds.

Metacaspases
AtMCP1a At5g64240 25 1 1 Available Mitochondriona Ubiquitously expressed.

Induced in senescing
flowers.

AtMCP1b At1g02170 3 Available Chloroplasta Induced in leaves by Pst,
Pst avrRpm1, Psp,
Pi, Flg22, HrpZ,
and NPP1.

AtMCP1c At4g25110 4 Available Mitochondriona Induced in leaves by Pst, Pst
avrRpm1, Psp, Pi, Flg22,
HrpZ, NPP1, SA, and
AgNO3.

AtMCP2a At1g79310 1 Available Cytosola Higher expression
in roots than aerial
organs. Induced
in wounded roots

or in roots under
salt, osmotic, or
genotoxic stress.

AtMCP2b At1g79330 2 Available Cytosola Seed specific expression.
AtMCP2c At1g79320 None Available Cytosola Very low expression.

Higher in roots than
aerial organs

AtMCP2d At1g79340 49 1 2 Available Cytosola Ubiquitously expressed.
Higher expression
in roots than aerial
organs.

AtMCP2e At1g16420 None None Cytosola Induced in leaves by Pst,
Pst avrRpm1, Psp, Pi,
Flg22, HrpZ, and
NPP1. Higher expression
in roots than in aerial
organs.

AtMCP2f At5g04200 9 1 2 Available Cytosola Induced in senescing
cell cultures and flowers.
Induced in roots by
osmotic stress.

aLocalization predicted by TargetP.
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based on the presence of putative transit peptides at
their N terminus of the proteins. However, the
confidence level of these predictions is low and
thus they may also be cytosolic enzymes. In contrast,
VPEs and saspases probably function in other sub-
cellular compartments. VPEs contain signal peptides
for insertion into the endomembrane system (Fig. 2),
and they have been localized to PPVs or vacuoles
(Rojo et al., 2003). VPEs in N. benthamiana are re-
quired for the disruption of the tonoplast, a process
that is common to most cases of PCD in plants and
possibly constitutes an irreversible step in cell death
commitment. Although the localization of N. ben-
thamiana VPEs has not been reported, they are likely
localized in vacuoles, and would activate PCD from
the vacuolar lumen. In addition, VPEs may act after
disruption of the tonoplast by processing cytosolic
enzymes involved in PCD execution. This function
would be similar to the role of animal cathepsins,
which are lysosomal proteases that when released
from damaged lysosomes activate caspase cascades
in the cytosol, triggering apoptosis (Ferri and Kroe-
mer, 2001). Subtilisin Ser proteases homologous to the
saspase identified by Coffeen and Wolpert (2004)
contain signal peptides and have been detected in
vacuoles or in the extracellular space. The oat saspase
is localized intracellularly in the absence of PCD-
promoting stimuli, possibly retained in the ER or the
Golgi apparatus. Secretion of the saspase to the
apoplasm correlates with the initiation of PCD,
suggesting that it activates cell death from the apo-
plasm.

REGULATION OF CASPASE ACTIVITY IN PLANTS

Animal caspases are expressed constitutively, but in
a latent precursor form. The zymogens are processed
and PCD is irreversibly initiated only in response to
cell death promoting signals. Thus, in animals, the
regulation of caspase activity is mainly posttransla-
tional via proteolytic digestion of the zymogens.

This situation may be different in plants. For in-
stance, the expression of VPEs is induced in conditions
that activate PCD, such as TMV infection in tobacco
(Hatsugai et al., 2004) or senescence and pathogen
attack in Arabidopsis (Rojo et al., 2004), indicating that
the regulation of their activity may be partly at the
level of transcription. Similarly, metacaspases are in-
duced in conditions that activate PCD (Table I). In
addition, posttranslational regulation of VPEs by
maturation of the zymogens may also occur. It has
been postulated that VPEs are self-processed in the
acidic environment of the vacuole. Therefore, VPEs
may be maintained in a latent unprocessed form by
keeping them in intermediate nonacidic compart-
ments of the secretory pathway, such as PPVs (Rojo
et al., 2003). In conditions inducing PCD, VPEs may
be transferred to the vacuole where they are acti-
vated and promote vacuolar collapse. Whether this is

achieved through a vacuolar proteolytic cascade simi-
lar to the cytosolic cascade activated by caspases of
metazoans is not yet known. VPEg has been shown to
process a vacuolar protease and to regulate the deg-
radation of vacuolar proteins, including a cystatin that
may inhibit PCD progression (Rojo et al., 2004),
suggesting that proteolytic events downstream of
VPE activation may be important for PCD initiation.
In contrast to VPEs and metacaspases, the oat saspase
is expressed constitutively, most likely as an active
enzyme (Coffeen and Wolpert, 2004). It has been
proposed that this saspase is maintained inactive by
its retention in the secretory pathway and is activated
by secretion to the apoplasm where it may gain access
to effector substrates that activate PCD. What are these
effector proteins? P69, a pathogen-induced Ser pro-
tease from tomato, has been shown to cleave an ex-
tracellular Leu-rich repeat containing protein (LRP)
during PCD induced by bacterial infection (Tornero
et al., 1996). LRPs are in many cases signaling mole-
cules, and some like the tomato Cf-2 are involved in
disease resistance through the regulation of PCD. It is
tempting to speculate that the oat saspase may cleave
an LRP and activate a signaling cascade inducing
PCD. In summary, several levels of regulation of
caspase activity are functional in plants. The expres-
sion of caspase-like enzymes may be induced prior
to PCD and their activity may be regulated by matu-
ration of inactive zymogens or by subcellular relocal-
ization.

A challenge for the future is to understand how
developmental cues or external stimuli feed into these
regulatory systems to activate plant caspases, and how
they in turn promote cell death execution. As we have
discussed, some of the plant caspases are functionally
and evolutionarily related to animal caspases, sug-
gesting that part of the information obtained from
animal systems may be useful to further characterize
PCD and caspase cascades in plants. However, funda-
mental differences in regulation and subcellular com-
partmentalization of plant and animal caspases have
also been reported, indicating that many features of
PCD will be plant specific.

ACKNOWLEDGMENT
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