Cell Death and Differentiation (2004) 11, 175-182
© 2004 Nature Publishing Group Al rights reserved 1350-9047/04 $25.00

-

www.nature.com/cdd

VEIDase is a principal caspase-like activity involved in
plant programmed cell death and essential for

embryonic pattern formation

PV Bozhkov*', LH Filonova', MF Suarez', A Helmersson',
AP Smertenko?, B Zhivotovsky® and S von Arnold’

Department of Plant Biology and Forest Genetics, Swedish University of
Agricultural Sciences, Box 7080, SE-750 07 Uppsala, Sweden;

The Integrative Cell Biology Laboratory, School of Biological Sciences and
Biomedical Sciences, University of Durham, South Road, Durham DH1 3LE,
UK;

Institute of Environmental Medicine, Karolinska Institutet, Box 210, SE-171 77
Stockholm, Sweden

Corresponding author: PV Bozhkov, Tel: + 46 18 673228;

Fax: + 46 18 673279; E-mail: Peter.Bozhkov@vbsg.slu.se

N

w

*

Received 05.6.03; revised 26.8.03; accepted 05.9.03; published online 24.10.03
Edited by B. Osborne

Abstract

Plant embryogenesis is intimately associated with programmed
cell death. The mechanisms of initiation and control of
programmed cell death during plant embryo development are
not known. Proteolytic activity associated with caspase-like
proteins is paramount for control of programmed cell death in
animals and yeasts. Caspase family of proteases has unique
strong preference for cleavage of the target proteins next to
asparagine residue. In this work, we have used synthetic
peptide substrates containing caspase recognition sites and
corresponding specific inhibitors to analyse the role of
caspase-like activity in the regulation of programmed cell death
during plant embryogenesis. We demonstrate that VEIDase is a
principal caspase-like activity implicated in plant embryogen-
esis. This activity increases at the early stages of embryo
development that coincide with massive cell death during shape
remodeling. The VEIDase activity exhibits high sensitivity to pH,
ionic strength and Zn? * concentration. Altogether, biochemical
assays show that VEIDase plant caspase-like activity resembles
that of both mammalian caspase-6 and yeast metacaspase,
YCAA1. In vivo, VEIDase activity is localised specifically in the
embryonic cells during both the commitment and in the
beginning of the execution phase of programmed cell death.
Inhibition of VEIDase prevents normal embryo development via
blocking the embryo-suspensor differentiation. Our data
indicate that the VEIDase activity is an integral part in the
control of plant developmental cell death programme, and that
this activity is essential for the embryo pattern formation.
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Introduction

The roles of programmed cell death in development are highly
conserved for both metazoans and plants and include
targeted elimination of surplus, ‘no-longer-needed’, damaged
and abnormal cells. In spite of the growing list of examples of
developmental cell death in plants (reviewed in ref."), very
little is known about its mechanisms. Direct search for the
plant orthologs of the core apoptotic cell-death proteins has
shown that neither Bcl-2 family members, nor Apaf-1-related
proteins or canonical caspases are present in plants.?®
Furthermore, numerous cytological observations suggest that
plants employ a nonapoptotic pathway of cell dismantling
defined as autophagic cell death."* The hallmark feature
distinguishing this type of cell death from apoptosis is that
complete cellular degradation takes place inside the dying cell
itself without active participation of phagocytes.®
Notwithstanding a lack of direct plant homologs of
mammalian caspases, the possibility that plants may possess
enzymes with caspase-like function during programmed cell
death has recently commanded the attention of cell death
researchers. There are two lines of evidence supporting this
possibility. First, Uren et al.® have identified genes encoding
ancestral caspase-like proteins, the metacaspases, which are
present in plants, fungi and protozoa. Homology of metacas-
pases to caspases is not restricted to the primary sequence,
including the catalytic diad of histidine and cysteine, but
extends to the secondary structure as well. Although the
implication of plant metacaspases in programmed cell death
has not been shown so far, yeast metacaspase YCA1 has
been demonstrated as an effective executor for cell death,
displaying increased proteolytic activity against caspase-6-
specific synthetic substrate VEID-7-amino-4-methylcoumarin
(AMC).” Second, there is a growing body of physiological and
biochemical data suggesting that plant cells contain caspase-
1- (i.e., YVADase) and/or 3-like (i.e., DEVDase) proteolytic
activities,® which correlate with the level of experimentally
induced cell death,®'® and that the latter can be abolished or
delayed by synthetic®'® or natural''® caspase-specific
inhibitors. As most of these experiments dealt with pathogen-
or drug-induced cell deaths, they cannot address the roles of
caspase-related proteins (metacaspases) and caspase-like
proteolytic activity in normal plant development. In animals,
however, caspases (at least caspases-3, -7, -8 and -9) are
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well known to be indispensable for both embryonic and
postembryonic development and survival.'®'°

To examine the involvement of caspase-like activity in
plant development, we have chosen Norway spruce
somatic embryogenesis as a biological system. This system
provides a unique opportunity to control the entire pathway
of plant embryo development in laboratory conditions.2°
Using time-lapse tracking technique, we have characterised
previously all the successive stages in this developmental
pathway, including the stages of proembryogenic mass,
proembryogenic mass-to-embryo transition, early embryo-
geny and late embryogeny.?! We found that somatic embryo
development of Norway spruce is similar to zygotic
embryogeny of Pinaceae, even though embryo origin is
different in each case (i.e., somatic cells in proembryogenic
mass versus zygote).2"2 Our more recent studies suggest
that autophagic programmed cell death regulates active
shape remodeling during both somatic and zygotic embryo
development,2>2* and that dysregulation of this cell death
leads to embryonic aberrations.?®> Using somatic embryos
of Norway spruce, we characterized the cell biological
pathway of autophagic death in the suspensor, a temporal
structure, which is composed of the cells at successive steps
of the death pathway and is finally eliminated during late
embryogeny.?2%

In the present study, we address the question of whether
caspase-like proteolytic activity is involved in the regulation of
plant developmental cell death using Norway spruce somatic
embryogenesis as the model system. We showed, for the first
time, that VEIDase is a principal caspase-like activity
implicated in plant embryogenesis. This activity is increased
at the early stages of embryo development, and is directly
involved in the terminal differentiation and death of the embryo
suspensor.

Results

Cell extracts of Norway spruce display caspase-
like activity with a strong preference for VEID-
containing substrate

To determine whether or not embryogenic cultures of Norway
spruce contain any caspase-like proteolytic activity, we
compared the ability of a large number (>50) of cell extracts
prepared at different stages of embryogenesis to cleave six
peptide substrates specific for distinct members of mamma-
lian caspase family proteases. The substrates tested were
YVAD-AMC (for caspase-1), VDVAD-AMC (for caspase-2),
DEVD-AMC (for caspases-3 and -7), VEID-AMC (for cas-
pase-6), IETD-AMC (for caspases-8 and —6) and LEHD-AMC
(for caspase-9). We observed strikingly constant relative
rates for proteolytic activities against six peptide substrates in
all tested extracts (Figure 1). Pearson correlation coefficients
(n computed for mean proteolytic activities of cell extracts
against different substrates, pairwise for each combination
of two substrates, were in the range from 0.79 to 0.90. In
the same time, the absolute cleavage rates of individual
substrates varied significantly depending both on in vitro
assay conditions and on the stage of embryogenesis when
extract was prepared (see following results). VEID-AMC was
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Figure 1 In vitro cleavage of peptide substrates specific for different
mammalian caspases by a large number (>50) of cell extracts prepared at
different stages of Norway spruce embryogenesis. Graph represents mean rates
(£S.EM.) of peptide cleavage relative to VEID-AMC (%). The assay was
performed under standard conditions (Materials and Methods)

found to be the most efficiently cleaved substrate (Figure 1).
Next in order of cleavage rate to VEID-AMC was IETD-
AMC (~44% of the VEID-AMC cleavage rate) followed
by four other peptides whose relative cleavage rates were
7-20 times lower than that of VEID-AMC (Figure 1). The
similar pattern of relative cleavage rates of synthetic
peptides, with the strongest preference for Val in P4 position
(as in VEID) and tolerance for lle in the same position (as
in IETD), is a distinguishing characteristic of mammalian
caspase-6.2°

In general, caspase-like activities cannot be inhibited by
protease inhibitors other than caspase-specific ones.®?”
Accordingly, we observed no inhibitory effect of a range of
serine and cysteine protease inhibitors (calpain inhibitor I,
aprotinin, leupeptin, phenylmethylsulphonyl fluoride (PMSF)
and L-1-chloro-3-(4-tosylamido)-7-amino-2-heptanone
(TLCK)), or of pepstatin (inhibitor for aspartic acid proteases)
or lactacystine (inhibitor for proteasome), on the cleavage of
VEID-AMC by cell extracts of Norway spruce (Figure 2a). In
contrast, caspase-6 substrate-mimetic inhibitor Ac-VEID-
CHO almost completely inhibited this activity at the concen-
tration of 10uM (Figure 2b). While inhibitory effects of
aldehyde (CHO) caspase inhibitors other than Ac-VEID-
CHO were also observed, they were substantially weaker
than the one exerted by Ac-VEID-CHO (Figure 2a, data not
shown).

These results suggest that Norway spruce cells contain a
single protease or a group of related proteases with the
substrate preference and inhibitor specificity similar to
those of mammalian caspase-6. Considering the large
number of cell extracts analysed, it is also evident that
there are no caspase-like proteases other than VEIDase
(i.e., caspase-6-like) activated during embryogenesis in
Norway spruce.
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Figure 2  Effects of protease inhibitors on Norway spruce VEIDase activity in
vitro. (a) Cell extracts were incubated with lactacystine (20 M), calpain inhibitor |
(20 M), pepstatin (1 «M), aprotinin (1 «M), leupeptin (100 uM), PMSF (250 uM),
TLCK (50 uM), Ac-VEID-CHO (2 uM) or Ac-LEHD-CHO (2 M), in the presence
of substrate VEID-AMC. The data are expressed as a percent of mean VEIDase
activity relative to control (no inhibitor; +S.E.M., n=3). (b) The dose-response
curve of the inhibition of VEIDase activity by Ac-VEID-CHO. The data are
expressed as a percent of mean VEIDase activity at 0 uM Ac-VEID-CHO
(£S.EMM., n=3). Each assay was performed under standard conditions
(Materials and Methods) and repeated at least twice using different cell extracts

Biochemical characteristics of Norway spruce
VEIDase activity

In the comparative study of biochemical characteristics of
caspases-3, -6, -7 and -8, Stennicke and Salvesen®
observed high sensitivity of catalytic activity of purified
mammalian caspase-6 towards subtle changes in pH, ionic
strength and Zn?* concentration. Therefore, we examined
whether Norway spruce VEIDase has a similarly high
sensitivity to the same factors.

To study the effect of pH, a sample of embryogenic culture
was divided into parts, each part extracted and subsequently
analysed for VEIDase activity at a fixed pH level using
modified assay buffer containing 100 mM of either maleic acid
(pH 2 or 2.5), formic acid (pH 3 or 3.5), acetic acid (pH 4-5) or
MES (pH 5.5-6.5) instead of HEPES (pH 6.8-7.8). The
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double-bell-shaped VEIDase activity profile was obtained
(Figure 3a). One, broader, bell was extended over a region of
low pH (maximal activity at ~pH 4.0), which were more acidic
than normally found in plant vacuoles (Figure 3a). Another bell
was similar to pH-dependence profile characteristic for
caspase-6,2® occupying a very narrow pH region at around
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Figure 3 Effects of pH (a), ionic strength (b), Zn? * (c) and temperature (d) on
Norway spruce VEIDase activity in vitro. (a) pH was adjusted both during
preparation of cell extacts and during the assay. Bars show S.E.M. (n=3). The
shaded areas illustrate the ranges of vacuolar and cytoplasmic pH found in
suspension cultured plant cells.?® (b) Sodium chioride was added to reaction
mixtures at the indicated concentrations just prior to addition of VEID-AMC. The
data are expressed as a percent of mean VEIDase activity at 0mM NaCl
(£S.EMM., n=3). (c) Zinc chloride was added to reaction mixtures at the
indicated concentrations just prior to addition of VEID-AMC. To avoid Zn®*
chelation, DTT in the assay buffer was replaced by equimolar amount of f-
mercaptoethanol. The data are expressed as a percent of mean VEIDase activity
at OuM Zn®** (+S.EM., n=3). (d) Different incubation temperatures were
tested during the assay. The data are expressed as mean+S.E.M., n=3. *,
P<0.01 versus 30°C. Each experiment was repeated at least twice using
different cell extracts, and similar response profiles were obtained
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neutral pH, with the maximal activity at ~pH 7.0 correspond-
ing to acidified (by ~0.3 pH units) cytoplasm of suspension
cultured plant cells (Figure 3a).

To verify that the double-bell-shaped pH dependence was
caused by catalytic activation/inactivation during proteolytic
reaction, but not already during cell extraction, we monitored
VEIDase activity in cell extracts prepared at pH 4 and 7 using
acetic acid- and HEPES-containing buffers, respectively, and
then adjusted to lower or higher pH in assay reactions by
diluting with the appropriate buffers. The outcome of this
experiment was identical to the pH-dependence profile shown
in Figure 3a confirming that Norway spruce VEIDase catalysis
is highly sensitive to pH.

Activity of mammalian caspase-6 was shown to be
completely abolished with 1M concentration of NaCl.?® In
vitro VEIDase activity of Norway spruce seems to be even
more sensitive to ionic strength, since it declined faster than
caspase-6 activity as ionic strength increased, becoming
hardly detectable at 100 mM (Figure 3b).

Zinc is known as a potent inhibitor of apoptosis; consis-
tently, zinc chelation has an adverse effect.®°~32 These effects
of Zn?* on apoptosis are believed to be due to the inactivation
or activation of effector caspases.®"** Among different
mammalian caspases, caspase-6 is most readily inhibited
by Zn?*, being completely inactivated in vitro by 100 uM.2®
Since DTT chelates Zn?*, we analysed sensitivity of spruce
VEIDase activity to this ion using assay buffer with DTT
replaced by equimolar amount of -mercaptoethanol. Two-
fold inhibition of VEIDase was observed at 10uM Zn?*
(Figure 3c). As in the case of caspase-6, 100uM Zn*
completely abrogated VEIDase in spruce cell extracts
(Figure 3c).

Catalytic activity of most animal proteases, including
caspases, has an optimum at 37°C. As Norway spruce is
growing in moderate and subarctic zones, under tempera-
tures substantially lower than 37°C, we were tempted to verify
whether spruce VEIDase is tolerating increased temperatures
and, at the same time, to determine the optimal temperature
range of this activity. We found that spruce VEIDase was
significantly inhibited in vitro by the temperatures beyond the
range from 28 to 33°C (Figure 3d), reflecting ecological
adaptation of plant caspase-like enzyme(s) to environmental
conditions.

To exclude the possibility that there are spruce caspase-like
proteases other than VEIDase, activated by the changes of
pH, ionic strength, [Zn®*] or temperature, we assayed the
cleavage of five other peptide substrates (Figure 1) in the
same cell extracts under the same conditions as tested for
VEID-AMC cleavage (Figure 3). All response profiles obtained
for the cleavage of these peptides were similar in shape to the
ones generated for VEIDase activity (Figure 3), with the same
relative rates for proteolytic activities as observed under
standard assay conditions (Figure 1; data not shown).

VEIDase activity is associated with the shaping of
developing embryos

To begin to examine the role for the VEIDase in spruce
embryogenesis, we first analysed kinetics of this activity over
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the whole developmental pathway starting with proembryo-
genic masses to fully developed mature embryos. The activity
increased about three-fold, as proembryogenic masses
developed to early embryos under depletion and subsequent
withdrawal of plant growth regulators (PGR), with the maximal
activity observed during early embryogeny at the time of
active elongation of the embryo suspensor (at 4 days after
withdrawal of PGR; Figure 4a). Thereafter, the activity began
to decline, becoming barely detectable in mature embryos
(after 35 days with abscisic acid (ABA); Figure 4a), at the
developmental stage when embryo shaping is no longer
required.?®

To verify that the VEIDase activity is localised specifi-
cally in those embryonic cells that undergo programmed
cell death, we stained living early embryos collected at
4 days after withdrawal of PGR (the time for the maximal
VEIDase activity; Figure 4a) with the cell permeable
fluorogenic substrate containing the -VEIDN- sequence
(caspase-6 cleavage site in lamin A) for fluorescent micro-
scopy analysis (see Materials and Methods). The spruce
embryo at this stage exhibits a ‘gradient’ of cell death along
its apical-basal axis, starting with living meristematic cells
in the embryonal mass followed by embryonal tube cells
that are committed to die and, finally, embryo-suspensor
cells showing a greater extent of cell dismantling towards
the basal part of the embryo.?® VEIDase activity was
detected in the embryonal tube cells and in the first
adjacent layer of suspensor cells, whereas neither embryonal
mass cells nor cells in the distal layer of embryo suspensor
exhibited VEID cleavage in vivo (Figure 4b). Together,
these results demonstrated that increase in the VEIDase
activity was associated with the shaping of the spruce
embryo at the early stages of embryogenesis, and
localised specifically in the cells during both the commit-
ment (embryonal tube cells) and in the beginning of the
execution phase of programmed cell death (proximal embryo-
suspensor cells).

Inhibition of VEIDase activity disrupts embryonic
pattern formation

Developmental regulation of VEIDase activity during spruce
embryogenesis suggested that this activity might be critical for
correct embryonic pattern formation. Therefore, we next
examined what the consequences of inhibition of this activity
would be for embryonic pattern formation and associated
programmed cell death. In these experiments, we used the
pan-caspase inhibitor, zVAD-fluoromethyl ketone (fmk), and
caspase-6-specific inhibitor, zZVEID-fmk, whose effects on
embryogenesis were compared with both a control (DMSO)
and zLEHD-fmk (caspase-9-specific inhibitor).

The level of terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labelling (TUNEL) in the whole
culture was significantly (P<0.01) reduced by zZVAD-fmk and
zVEID-fmk at the concentrations 2 uM and 200 nM, respec-
tively, whereas the treatment with zLEHD-fmk at much higher
concentration (20uM) had no effect (Figure 5a). The
frequency of embryos in zZVAD-fmk- and zVEID-fmk-treated
cultures was reduced too (Figure 5b), strongly supporting our
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Figure 4 Developmental regulation of VEIDase activity during Norway spruce
embryogenesis. (a) Kinetics of VEIDase activity during embryogenesis. Cell
extracts were prepared at the indicated time points during embryogenesis: 3 and
7 days after addition of PGR (3d + PGR and 7d + PGR, respectively), 1, 4 and
7 days after withdrawal of PGR (1d —PGR, 4d —PGR and 7d —PGR,
respectively) and 7 and 35 days after the onset of ABA treatment (7d ABA and
35d ABA, respectively). VEIDase activity was measured in vitro under standard
assay conditions. On the top of each bar, a schematic drawing of the
corresponding developmental stage is shown (not drawn to scale), including
proliferating proembryogenic mass (3d 4+ PGR), proembryogenic mass compe-
tent to form embryos (7d 4+ PGR), the beginning of early embryogeny (1d
—PGR), active growth of the embryo-suspensor (4d —PGR), embryo at the end
of early embryogeny with the fully elongated suspensor (7d —PGR), embryo in
the beginning of late embryogeny showing elimination of the suspensor (7d ABA)
and mature embryo (35d ABA).2"*325 Blue colour corresponds to vacuolated
cells, which undergo programmed cell death and stain in vivo blue with Evan’s
blue. The meristematic living cells are shown in red, which stain in vivo red with
acetocarmine.®® Note a 10-40 times lower VEIDase activity in the mature
embryos (35d ABA) compared to the less-developed embryos exhibiting active
shape remodeling. Data are expressed as mean + S.E.M., n=3. This experiment
was repeated twice on separate occasions with similar results. (b) Embryo-
specific pattern of in vivo localisation of VEIDase activity. Early embryos sampled
4 days after withdrawal of PGR were triple-stained: by DAPI, red fluorescent
marker and caspase-6-specific fluorogenic substrate (see Materials and
Methods). Blue fluorescence illustrates nuclear DAPI staining. Red fluorescence
shows nonspecific cytoplasmic staining. Green fluorescence indicates VEIDase
activity, which is shown by yellow colour on the merged image. Apical-basal
embryonic pattern formation is illustrated on the merged image by double-side
arrows delineating embryonal mass (EM), embryonal tubes (ET) and embryo-
suspensor (ES). Note that VEIDase activity is restricted to the embryonal tubes
and embryo-suspensor cells. Asterisks mark large vacuoles (unstained) in the
embryo-suspensor. Scale bar=50 um. In all, more than 100 embryos similar to
the one shown in the figure were analysed, and all embryos exhibited the same
staining pattern

previous finding of the vital role for programmed cell death in
plant embryo development.23:2%:33

Pattern formation of spruce embryos treated with either
zVAD-fmk or zVEID-fmk deviated from the normal morpho-
type, with the severity of aberrations correlating well with the
concentration of inhibitors. First developmental aberrations
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Figure 5 Developmental effects of the inhibition of VEIDase activity.
Embryogenic cell culture was treated with cell-permeable caspase inhibitors
zVAD-fmk, zVEID-fmk and zLEHD-fmk, simultaneously with withdrawal of PGR.
(@) At 4 days after the treatments, TUNEL was assessed. Results indicate
percent of average frequency of TUNEL-positive nuclei in the control (DMSO-
treated) culture, and expressed as mean (+ S.E.M.) of five samples, with at least
200 nuclei observed for each sample. *, P<0.01 versus control. This experiment
was repeated twice on separate occasions with similar results. (b) At 7 days after
the treatment, the frequency of embryos in the culture was analysed. The data
are expressed as a percent of mean embryo frequency in the control (DMSO-
treated) culture (4 S.E.M. of three independent experiments, with at least 500
cell aggregates observed per experiment). *, P<0.01 versus control. (c) Typical
developmental aberrations observed 7 days after the treatment with either zVAD-
fmk or zVEID-fmk at 2 uM and 20 M (shown for zVEID-fmk only). The embryos
were stained with DAPI and TUNEL. Both concentrations of inhibitors affect
individual embryo development, as the embryonal masses (EM) are aggregated
in clumps. The embryo-suspensor (ES) is prevented from normally elongating,
and its development is completely blocked upon treatments with 2 and 20 uM of
inhibitor, respectively. DNA fragmentation in the distal part of the suspensor in the
control embryo is illustrated by a group of TUNEL-positive nuclei (red
fluorescence inside the box). Note a lack of TUNEL in the abnormal embryos
developed upon inhibitor treatments. Scale bars=50 um
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were reproducibly observed when inhibitors were applied at
2 uM, the response being that the embryonal masses were
unable to separate from each other and proliferated in clumps
possessing short suspensors with no signs of cell death as
revealed by in vivo VEIDase staining (data not shown) and
TUNEL (Figure 5c). At higher concentration of inhibitors
(20 uM), the differentiation of embryo-suspensor was blocked
(Figure 5c). We conclude that the VEIDase activity is an
integral part of the developmental cell death program, and that
this activity is necessary for embryo pattern formation.

Discussion

We report that Norway spruce embryo development impli-
cates activation of a protease or a group of proteases with the
preferential cleavage of VEID sequence-containing substrate.
VEID amino-acid sequence corresponds to the site of lamin A
cleaved by mammalian caspase-6 during apoptosis.3*3® The
pattern of relative cleavage rate of different peptides by
spruce cell extracts in vitro is highly stable (Figure 1) and
similar to the one specific for mammalian caspase-6, which
shows favorable interaction with peptides containing /-
branched amino acids in P4 position.26 Therefore, we further
conclude that there is no other caspase-like protease
activated during spruce embryo pattern formation.

Apart from similar substrate specificity, both spruce
VEIDase and caspase-6 can be inhibited by Ac-VEID-CHO
(Figure 2) and are highly sensitive to changes in pH, ionic
strength and the presence of Zn®* (Figure 3).2% Noteworthy,
in vitro activation of spruce VEIDase at a pH substantially
lower than the vacuolar pH of plant cells (Figure 3a) may be
indicative of the involvement of this proteolytic activity in the
degradation of cytoplasm inside Golgi- and plastid-derived
acidic vesicles, the earliest event of the execution phase of
autophagic cell death in embryo-suspensor,23:25.36-38

This is the first study of caspase-like activity in a
gymnosperm plant. Neither caspase-1- nor 3-like-activities
previously reported for angiosperm cell death systems®9:1"13
were found to be involved in spruce embryonic cell death. Itis
possible that the observed differences in substrate specificity
between angiosperm and gymnosperm caspase-like pro-
teases are attributed to a long phylogenetic distance between
the two groups of higher plants. Being phylogenetically older
group, gymnosperms might have evolved only a single,
central cell-death caspase-like protease, as in the case of
Caenorhabditis elegans®® and yeast.”

Proper regulation of caspases is crucial in animal develop-
ment. Knockout of caspases-3 and -9 in mice results in
prenatal or perinatal lethality, mainly due to the failure of
apoptosis during brain development.’®'” Likewise, mice with
knockout of caspase-8 die during embryogenesis with
abnormalities in heart development.'® Drosophila flies with
mutations in the caspase dcp-1 die as larvae owing to
tumorogenesis.*® The latter study, together with the observa-
tion that caspase inhibitor p35 prevents autophagy in
Drosophila salivary glands,*' suggests that caspases can
also be critically involved in the regulation of autophagic cell
death.® In our present work, VEIDase activity was increased
at the early stages of Norway spruce embryo development
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and then abrogated, as embryo shaping was accomplished
(Figure 4a). Consistent with this, the results of in vivo inhibitor
experiments (Figure 5) further support the idea that VEIDase
activity is crucial in autophagic cell death during plant embryo
pattern formation.

Although the definite place of VEIDase in Norway spruce
autophagic cell death pathway remains to be elucidated, in
vivo studies suggest that it is already activated in the
embryonal tube cells, that is, during commitment to cell death
(Figure 4b).2% The localisation of VEIDase activity in the
uppermost cells of embryo-suspensor (Figure 4b) indicates an
additional role for this activity at the beginning of the execution
phase of cell death when disruption of microtubule network
and slow engulfment of the cytoplasm by growing and fusing
vacuoles are the major events.2®2® Consistent with this, the
embryos treated with VEIDase inhibitors exhibited a block in
suspensor organ formation (Figure 5c¢).

Any direct comparison of the roles for mammalian caspase-
6 and plant VEIDase activity in programmed cell death is
difficult, as very little is currently known about caspase-6 in
apoptosis. In fact, the only substrate presently thought to be
cleaved exclusively by caspase-6 is lamin A/C.3%%? Cleavage
of lamin A by caspase-6 was shown to be critical for chromatin
condensation and nuclear breakdown.*® Interestingly,
although plants do not have homologs of animal lamins,**
and programmed cell death in spruce embryos does not
involve strong chromatin condensation,®® we observed
decreased frequency of DNA fragmentation in zVAD-fmk-
and zVEID-fmk-treated cultures (Figure 5a). Apart from the
role of caspase-6 as one of the downstream caspases, a
recent study of Cowling and Downward*® revealed an
additional, upstream role of caspase-6 in direct activation of
initiator procaspase-8 in Fas-triggered apoptosis.

Our present efforts are directed towards isolating the
Norway spruce protein responsible for VEIDase activity during
developmental cell death. Interestingly, overexpression of
yeast metacasaspase gene YCAT revealed a pattern of
caspase-like activity strikingly similar to the one shown in the
present study (Figure 1), with the clear preference of the
cleavage of VEID-containing substrate.” Cloning and char-
acterisation of the Norway spruce metacaspase(s) will
unambiguously show whether VEIDase activity is caused by
a metacaspase.

Materials and Methods

Cell culture and treatments

Embryogenic cell line 95.88.22 of Norway spruce (Picea abies L. Karst.)
was used in this study. The entire embryo development pathway was
regulated as described,?>?*>** including repeated addition of PGR, auxin
and cytokinin, to maintain proliferation of proembryogenic masses,
followed by withdrawal of these PGR to stimulate early embryogeny and,
finally, ABA treatment to promote late embryogeny and embryo
maturation. In brief, the cryopreserved cell line was thawed from liquid
nitrogen and established as a suspension culture in liquid PGR-containing
medium. Cell density was adjusted to 6% (vol/vol) at every weekly
subculture. At 7 days after the last addition of PGR, cell aggregates were
first washed in PGR-free medium and then subcultured into fresh PGR-
free medium, with the cell density adjusted to 6%. At 7 days after



withdrawal of PGR, early embryos were subjected to ABA treatment.
Mature embryos developed within 5 weeks after the start of ABA
treatment.

In in vivo caspase inhibitor experiments, PGR-free medium was
supplemented with cell-permeable caspase inhibitors (in DMSO) at
200nM, 2 uM and 20 M, which were added just prior to inoculation of cell
aggregates. In all the treatments and control, the concentration of DMSO
in the medium was adjusted to 0.2% (vol/vol). Pan-caspase inhibitor
ZVAD-fmk and caspases-6- and -9-specific inhibitors zVEID-fmk and
zLEHD-fmk, respectively, were tested (all from Enzyme Systems
Products, Dublin, CA, USA). Each treatment was carried out with two
Erlenmeyer flasks and repeated twice. The frequency of embryos in the
culture was determined after 7 days through observation of at least 500
individual cell aggregates for each treatment.?®

In vitro caspase substrate cleavage assay

Cell extracts were prepared at successive stages of embryogenesis. The
samples were ground in liquid nitrogen, and the cell powder was
resuspended in assay buffer (100mM HEPES/10% sucrose/0.1%
CHAPS/5mM DTT/10~%% Nonidet P-40, pH 7.0, if not otherwise stated)
at 4°C. Cell debris was pelleted by centrifugation at 16 000 x g for 10 min
at 4°C and the supernatant (cell extract) was collected and stored at
—70°C. Protein concentration in the defrosted extracts was estimated
by Bradford assay (BioRad, Hercules, CA, USA). Proteolytic activity was
measured in 150-ul reaction mixtures containing 22.5 ug protein and
50 uM of individual AMC-conjugated peptide (Peptide Institute, Inc.,
Osaka, Japan), specific for individual mammalian caspase, in the assay
buffer. Triplicate reactions were incubated for 1 h at 30°C (if not otherwise
stated), and fluorescence readings of ice-cooled samples were taken
against a blank containing assay buffer and peptide alone (i.e., no protein)
using an excitation wavelength of 360 nm and emission wavelengths of
460 nm (Versa-Fluor Fluorometer, BioRad, Hercules, CA, USA). Kinetics
of substrate hydrolysis was tested to be linear throughout the 1-h
reactions. Standards containing 0-600 pmol of AMC (in the assay buffer)
were utilised to determine the amount of fluorochrome released.
Proteolytic activity was expressed in pmol AMC liberated per minute.

In the experiments with individual protease inhibitors, the latter were
added to reaction mixtures just prior to addition of VEID-AMC. Most of the
inhibitors were obtained from Roche (Mannheim, Germany), except for
lactacystine, Ac-VEID-CHO and Ac-LEHD-CHO (all from Peptide Institute,
Inc., Osaka, Japan). Dimethylsulphoxide concentration was less than 1%
throughout all assays.

In vivo staining of VEIDase activity

Specific for caspase-6, VEIDase activity can be detected in living cells by
using the fluorogenic cell-permeable peptidic substrate containing -
VEIDN- sequence (caspase-6 cleavage site in lamin A) and included in
CyToxiLux kit (Oncolmmunin, Inc.,. Gaithersburg, MD, USA). This
substrate is composed of two fluorophores covalently linked to caspase-
6-specific peptide. In the uncleaved substrate, fluorescence is quenched
owing to the formation of intramolecular excitonic dimers. Upon cleavage
of the peptide, the fluorophore—fluorophore interaction is abolished,
leading to an increase in fluorescence.*®*” In the present study, we
adjusted CyToxiLux protocol for use on Norway spruce embryos.

At 4 days after withdrawal of PGR, 500-ul samples of densely packed
early embryos were collected and stained in 2 ml of fresh PGR-free culture
medium containing 1 ul of red fluorescent marker (from the kit) for 1 h at
25°C in the dark. Stained embryos were washed for 30 min in three 2-ml
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aliquots of culture medium and then incubated with 500 ul of caspase
substrate solution (from the kit) for 1 h at 25°C (optimal temperature) in the
dark. After subsequent 45-min washing with three 2-ml aliquots of wash
buffer (from the kit), the embryo samples were stained with 1 ug/ml 4'-6-
diamino-2-phenylindole (DAPI) (Roche, Mannheim, Germany) in the wash
buffer and the same microscopic fields were examined with a Microphot-
FXA fluorescence microscope (Nikon, Tokyo, Japan) using distinct cubes
for DAPI (excitation filter, 340-380 nm; dichroic mirror, 400 nm; barrier
filter, 435-485nm), red fluorescent marker (excitation filter, 541-551 nm;
dichroic mirror, 580 nm; barrier filter, 590nm) and caspase substrate
(excitation filter, 490 nm; dichroic mirror, 505 nm; barrier filter, 525 nm).
Images were captured with a Fujix digital camera HC-300Zi (Nikon, Tokyo,
Japan). Specificity of VEIDase activity staining was confirmed by changing
incubation time with caspase substrate solution. Staining intensity
gradually increased over the first hour of incubation, whereas prolonged
(>90min) incubations were found to be toxic for the Norway spruce
embryos leading to collapse of the cells in both embryonal mass and
Suspensor.

In situ detection of DNA fragmentation

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labelling and DAPI counterstaining of whole mount proembryogenic
masses and embryos were performed as described,? the only difference
being that a TMR red in situ cell death detection kit (Roche, Mannheim,
Germany) was used in this study. Application of TMR red-labeled-dUTP
without TdT was used as the negative control. To assess the frequency of
nuclei with fragmented DNA in control and caspase inhibitor-treated
cultures, at least 1000 nuclei were observed in DAPI/TUNEL-stained
samples for each treatment.

Statistics

Numerical data are shown as mean+S.E.M. of not less than three
individual experiments. Pearson correlation coefficients (r) were computed
for mean proteolytic activities of Norway spruce cell extracts against
different fluorogenic peptides, pairwise for each combination of two
peptides. Comparisons between means were made with Student’s ¢ test
(P<0.01). Statistical analyses were performed by using JMP 3.1 software
(SAS Institute Inc.).
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