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Tudor staphylococcal nuclease is an evolutionarily
conserved component of the programmed cell death

degradome
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Olli Silvennoinen*?, Eva Sundberg’, Boris Zhivotovsky* and Peter V. Bozhkov""

Programmed cell death (PCD) is executed by proteases, which
cleave diverse proteins thus modulating their biochemical
and cellular functions. Proteases of the caspase family and
hundreds of caspase substrates constitute a major part of the
PCD degradome in animals!2. Plants lack close homologues
of caspases, but instead possess an ancestral family of
cysteine proteases, metacaspases®*. Although metacaspases
are essential for PCD57, their natural substrates remain
unknown*#. Here we show that metacaspase mcll-Pa cleaves a
phylogenetically conserved protein, TSN (Tudor staphylococcal
nuclease), during both developmental and stress-induced
PCD. TSN knockdown leads to activation of ectopic cell death
during reproduction, impairing plant fertility. Surprisingly,
human TSN (also known as p100 or SND1), a multifunctional
regulator of gene expression®15, is cleaved by caspase-3
during apoptosis. This cleavage impairs the ability of TSN

to activate mRNA splicing, inhibits its ribonuclease activity
and is important for the execution of apoptosis. Our results
establish TSN as the first biological substrate of metacaspase
and demonstrate that despite the divergence of plants and
animals from a common ancestor about one billion years ago
and their use of distinct PCD pathways, both have retained a
common mechanism to compromise cell viability through the
cleavage of the same substrate, TSN.

Gene expression is controlled by specialized sets of proteins functioning
through several pathways at transcriptional and post-transcriptional lev-
els. One of these proteins, TSN, functions in activating transcription®'*?,

subsequent mRNA splicing"®, regulation of RNA silencing (as a compo-
nent of the RNA-induced silencing complex, RISC)"" and in the pathway
that edits and destroys double-stranded RNA'>'. The ability of TSN to
perform several functions is attributed to its complex domain structure.
TSN is composed of a single Tudor domain and five staphylococcal nucle-
ase (SN)-like domains (Fig. 1a; Supplementary Information, Fig. S1)¢.
Sequence analysis of Homo sapiens TSN (HsTSN) protein revealed a
DAVD 790 motif, a known consensus cleavage site for caspase-3-like
enzymes'”'%, between the Tudor and the fifth SN (SN5) domains (Fig. 1a;
Supplementary Information, Fig. S1). Correspondingly, caspase-3 proc-
essed recombinant HsTSN into large (relative molecular mass of about
90,000, M, 90K) and small (about 10K) fragments, and inhibition of
caspase-3 with DEVD-CHO abolished the cleavage (Fig. 1b). Amino-
terminal sequencing of the fragments confirmed the predicted cleavage
of HsTSN after the DAVD 790 motif.

Induction of apoptosis in HCT116 colon carcinoma cells with 5-fluor-
ouracil (5FU) led to increased caspase-3-like activity and cleavage of
endogenous HsTSN into two fragments with the same molecular mass,
as observed in vitro (Fig. 1b, c). This effect was not cell- and drug-specific
because a similar pattern of endogenous HsTSN cleavage was detected
in camptothecin (CPT)-treated HeLa cells (Fig. 1d). As the proteolysis
of HsTSN did not occur either when the P1 position of the DAVD motif
was mutated (TSNP7%) or after treatment with the pan-caspase inhibi-
tor zVAD-fluoromethylketone (zVAD-fmk; Fig. 1d, e), we conclude
that HsTSN is a new component of the human PCD degradome and is
cleaved by caspase-3 between the Tudor and SN5 domains.

Next, the physiological significance of HsTSN proteolysis was exam-
ined using cells transfected with non-cleavable TSNP, Expression of
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Figure 1 Human TSN is a substrate for caspase-3 and is essential for cell
viability. (@) Domain structure of HSTSN. The caspase cleavage motif DAVD
is situated between the Tudor and SN5 domains. (b) Cleavage of HsTSN by
caspase-3 in vitro. Recombinant HsTSN was incubated alone (buffer), with
caspase-3, or with caspase-3 and DEVD-CHO. The reactions were separated
on SDS-PAGE and stained with Coomassie blue. Molecular masses and
identities of HSTSN fragments (left) were obtained by peptide sequencing.
(c) Treatment of HCT116 cells with 5FU (50 pg ml™) stimulates caspase-3-
like activity (graph) and induces fragmentation of endogenous HsTSN
(western blot with anti-TSN). (d) zZVAD-fmk prevents HsTSN fragmentation.
Western blot, using an anti-TSN antibody, of HeLa cell protein extracts from
control cells and cells treated for 24 h with CPT (5 uM) and/or zZVAD-fmk
(15 uM). (e) Mutation of Asp 790 abolishes HSTSN cleavage. Western blot,
using an anti-Flag antibody, of protein extracts from Hela cells transfected
with an empty vector (Mock), wild-type TSN or TSN®7°°F and treated for 24 h
with CPT (5 uM). HsTSN was Flag-tagged at its N-terminal. (f, g) Expression
of TSNP79° promotes cell proliferation. (f) Total number of Hela cells in
cultures transfected with the indicated constructs. Only TSNP7°°F samples

TSNP7 under normal conditions enhanced cell proliferation in both
cancer (HeLa) and non-cancer (HEK293) cells compared with mock-
and wild-type HsTSN-transfected samples (Fig. 1f, g). Under CPT-
induced apoptosis, expression of TSNP resulted in a 35% increment in
viable HeLa cells (Fig. 1h), suggesting that caspase-mediated proteolysis
of HsTSN is important for the progression of apoptosis.

As uncleavable TSN stimulates cell proliferation and protects cells
from death, we proposed that a reduction in TSN levels should render
cells more susceptible to the induction of apoptosis. Indeed, HeLa cells
transfected with TSN short interfering RNA (siRNA) showed a dra-
matic increase in apoptotic response to CPT (Fig. 1i) accompanied by a
7.9 + 2.9-fold increase in activation of caspase-3 and increased cleavage
of PARP and lamin-A (by 3.7 + 0.5-fold and 6.7 £ 2.9-fold, respectively)

[E— copHD

showed significant increase in cell proliferation 48 h after transfection
(Tukey test; P < 0.05; versus mock). Western blot with anti-Flag shows equal
amounts of exogenous HsTSN in transfected cells. (g) There was an increase
in the number of HEK293 cells after transfection with wild-type TSN or
TSNP79%E relative to mock. Proliferation in TSN®79°F samples was twofold
higher after 24 h (Tukey test; P < 0.05; versus wild-type TSN). Western

blot shows equal amount of exogenous HsTSN 24 h after transfection. (h)
Expression of TSNP79F attenuates cell death. The graph shows the number
of attached viable Hela cells transfected with the indicated constructs after
24 h of treatment with CPT (5 uM). (i) Downregulation of HSTSN promotes
apoptosis. Western blots with anti-TSN and antibodies against cleaved
forms of caspase-3, PARP and lamin A using protein extracts from Hela
cells transfected with control or TSN siRNA for 48 h and then treated with
CPT (7.5 uM) or DMSO (vehicle), for 5 h. Molecular weights are presented
as relative molecular mass, M(K). Data in c, f, g and h represent the

mean + s.e.m. from three (c) or four (f, g and h) independent experiments.
G3PDH is a loading control. Full scans of blots in b—e and i are shown in
Supplementary Information, Fig. S7. WT, wild type.

as measured by densitometry (n = 3). Moreover, reduction of TSN levels
induced apoptosis even in the absence of CPT, leading to 7.7 + 1.9-fold,
6.1 £ 1.3-fold and 11 + 1.9-fold increases in apoptotic markers (Fig. 1i),
demonstrating that HsTSN is indispensable for the maintenance of cell
viability.

Although TSN is an evolutionarily conserved protein (Supplementary
Information, Fig. S2a), the DAVD caspase-3 cleavage motif is only con-
served in vertebrate TSN homologues and is absent from protozoa, fungi
and plants (Supplementary Information, Fig. S2b). These organisms do
not have close homologues of caspases, but possess a family of distantly
related cysteine proteases, metacaspases, which share a caspase-specific
catalytic diad of histidine and cysteine as well as a caspase-like secondary
structure®*. Although metacaspases lack aspartate specificity, cleaving
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Figure 2 Plant TSN is a substrate for metacaspase during developmental
and stress-induced cell death. (a) PaTSN is cleaved by metacaspase
mcll-Pa in vitro. Recombinant PaTSN was incubated alone (buffer), with
wild-type recombinant mcll-Pa, wild-type mcll-Pa and its inhibitor EGR-
cmk, or with a catalytically inactive mcll-Pa mutant (mcll-Pac394), The
reactions were separated on SDS-PAGE and stained with Coomassie blue.
Molecular masses and identities of PaTSN fragments (left) were obtained
from peptide sequencing. (b) Domain organization of PaTSN and location
of mcll-Pa cleavage sites. (c) A schematic model of highly stereotyped and
synchronized pathway of somatic embryo development in P. abies. The
proliferation of embryogenic cells is stimulated by growth factors (GF; auxin
and cytokinin). The development of early embryos is induced by withdrawal
of GF. Early embryos are composed of living embryonal masses (apical)
and dying suspensors (basal). Late embryogeny and embryo maturation are
promoted by abscisic acid (ABA). The embryo-suspensors are eliminated

synthetic peptides after arginine and lysine residues®'*-*, they have been
suggested to be functional homologues of caspases®?>?.

Plant metacaspases are involved in the regulation of both develop-
mental PCD during embryogenesis®® and abiotic stress-induced PCD’.
We have previously reported that the activation of metacaspase mcII-
Pa from Norway spruce (Picea abies) requires autoprocessing of the
zymogen at two sites, FESR 188 and KFVK 269 (ref. 6). Therefore, plant
TSN sequences were analysed for the presence of metacaspase cleav-
age sites, with consideration given to the facts that (i) autoprocessing
sites of the proteases can mimic cleavage sites of their substrates* and
(ii) Arabidopsis thaliana metacaspase AtMC9 has a higher preference
for cleavage sites with a large aliphatic or aromatic residue at the P4
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during late embryogeny. (d-f) Cleavage of endogenous PaTSN (western
blots) correlates with metacaspase activity (graphs). (d) Samples were
collected 7 days after addition of GF (embryogenic cells), 7 days after
withdrawal of GF (early embryos), and 7 days (late embryos) and 35 days
(mature embryos) after addition of ABA. (e) Samples from microsurgically
separated embryonal masses (EM) and suspensors collected 7 days after
withdrawal of GF (depicted on the micrograph). (f) Samples from a wild-type
cell line and two mc/l-Pa RNAi-silenced clones, 7 days after withdrawal
of GF. (g) Cleavage of endogenous PaTSN (western blot) and metacaspase
activity (graph) during stress-induced cell death. Hydrogen peroxide and
GF were added simultaneously, and samples were collected after O, 6,
12, 24 and 48 h. The metacaspase activity was measured using AMC-
conjugated FESR peptide®. Data represent the mean + s.e.m from three
independent experiments. Full scans of the gel in a and blots in d—g are
shown in Supplementary Information, Fig. S7.

position®'. All plant TSN proteins were found to contain several meta-
caspase cleavage sites, indicating that plant TSN might be a substrate
for metacaspases.

To address this hypothesis, we cloned a full-length cDNA from
P. abies encoding TSN (PaTSN; Supplementary Information, Fig. S1)
and produced recombinant protein. Metacaspase mclI-Pa processed
recombinant PaTSN into five major fragments (Fig. 2a). Inactivation
of mclI-Pa either by the inhibitor EGR-chloromethyl ketone (EGR-
cmk) or through mutation of catalytic Cys 139 (ref. 6) blocked TSN
fragmentation (Fig. 2a). Sequencing of PaTSN fragments identified at
least four cleavage sites, all but one located between SN domains, with
either arginine or lysine at the P1 position (Fig. 2b).
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Figure 3 Proteolytic cleavage inhibits TSN function. (a) Diagram illustrating
cleavage of HSTSN by caspase-3. Cyan, SN5 domain; pink, Tudor domain.
The caspase-3 cleavage motif is located within the a2 helix (marine from
Asp 781 to Asp 790 and orange from Ser 791 to GIn 797). The a2 helix
exposes six Asp residues, creating a highly negatively charged patch on the
surface of the SN5 domain, potentially facilitating recognition of the DAVD
motif by caspase-3. Cleavage between Asp 790 and Ser 791 (short black
arrow) splits the helix into two smaller helices (blue and orange). Collisions
between the C-terminal carboxyl and N-terminal amino groups introduce

a gap in the new structure and cause three Val residues, 789, 792 and
793, to associate with a surface-exposed hydrophobic cluster. Side chains
of aspartate and valine residues are shown as spheres and are coloured by
type of element: carbon, yellow; oxygen, red. (b—d) Truncated TSN is unable
to stimulate spliceosome complex formation. (b) Autoradiogram of native
gel analysis of spliceosome assembly reactions supplemented with GST
(negative control, lanes 1-4), full-length mouse TSN (lanes 5-8), N-terminal

PCD is paramount for plant embryogenesis, particularly for the
elimination of a terminally differentiated temporary organ, the embryo
suspensor®?°. Metacaspase mcII-Pa is a key executioner of this PCD,
taking part in nuclear disassembly®; silencing of mcII-Pa suppresses
PCD and blocks embryonic pattern formation®. The P. abies embryo-
genesis model system** (Fig. 2c) has been used for functional analysis
of PaTSN during PCD. The proteolytic activity of mcII-Pa was measured

fragment of TSN (lanes 9-12), C-terminal fragment of TSN (lanes 13-16)
or a mixture of N- and C-terminal fragments (lanes 17-20). The bands
corresponding to the non-specific complex H, and spliceosomal complexes
A, B and C are indicated on the right. The C-complex band is diffuse and
does not separate well on this gel. (c) Quantitative analysis of spliceosomal
complex formation. The quantification was performed using phosphorimager
and the results were normalized by setting the highest complex A value
observed within each time series to one. (d) Comparison of complex B
formation at 10 min. Data were normalized by setting the value of reactions
containing GST to one and they represent the mean + s.e.m. from three
independent experiments. (e, f) Proteolytic cleavage inhibits nucleolytic
activity of TSN. Recombinant HSTSN (e) and PaTSN (f) were incubated in
buffer containing additional components as indicated in the figure, and
then RNA substrates were added and ribonuclease activity determined by
electrophoretic (gels) or fluorometric (graphs) assays. Data on the graphs
represent the mean + s.e.m. from three independent experiments.

at four successive stages of embryogenesis using the peptidic substrate
FESR-AMC and was compared with the PaTSN fragmentation pattern.
Metacaspase activity correlated with accumulation of the processed form
of mclIlI-Pa and the proportion of cells undergoing PCD (Supplementary
Information, Fig. S3a—c). Whereas the highest activity was detected in
the early embryos composed of living embryonal masses and dying
embryo-suspensors, the lowest activity was found in the mature embryos,
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Figure 4 TSN proteins are important for Arabidopsis pollen development and
embryogenesis. (a) Morphology of wild-type and F1-generation flowers. Note
short stamens in F1 flowers. Scale bar, 0.5 mm. (b, c¢) Electron micrographs of
anther locules (b) and individual pollen grains (c) in wild-type and F1 stage-11
flowers. Most F1 pollen grains contain large vacuoles (v), condensed nuclei (n)
and in some cases no cytoplasm. Scale bars, 5 ym inband 2.5 yminc.

(d) /n situ detection of DNA fragmentation (TUNEL; green) in anthers; the
samples were counterstained with DAPI (4,6-diamidino-2-phenylindole; blue).
Scale bars, 20 um. (e) F1 plants have a greatly reduced number of seeds

per silique over the whole length of inflorescence (silique position is counted
from proximal to distal end of inflorescence), as compared with wild-type and

containing almost no dying cells (Fig. 2d). Proteolysis of endogenous
PaTSN correlated with metacaspase activity, reaching the maximum
level in early embryos and declining to non-detectable levels in mature
embryos (Fig. 2d). Furthermore, the molecular pattern of PaTSN frag-
mentation in vivo was similar to the in vitro cleavage of PaTSN by mcII-Pa

parental lines. Five plants were analysed for each line and the mean numbers of
seeds per silique were plotted. Error bars indicate s.e.m. (shown for F1 only; did
not exceed 10% of the mean for all other measurements). (f, g) Ovule abortion
in F1 plants. (f) Both seeds and ovules were observed in siliques collected 24 h
after fertilization. Scale bars, 1 mm. (g) Only 25% of ovules developed to seeds
in F1 plants. (h, i) Embryo lethality in F1 plants. (h) Developing siliques in F1
plants contained defective seeds of white or pale-yellow colour (arrow). Scale
bars, 1 mm. (i) Pairs of differential interference contrast images of embryos

in normal and defective seeds isolated from the same silique. Degradation of
embryos in defective seeds occurred early in development, before the heart
stage. Scale bars, 15 ym. WT, wild type.

(Fig. 2a, d). We microsurgically separated the embryonal masses from the
suspensors and found that metacaspase activity was tenfold higher in the
dying suspensors than the living embryonal masses (Fig. 2e). Accordingly,
endogenous PaTSN was cleaved in the suspensors, but was intact in the
embryonal masses. Knockdown of mcII-Pa by RNA interference (RNAi;

NATURE CELL BIOLOGY VOLUME 11 | NUMBER 11 | NOVEMBER 2009

1351

© 2009 Macmillan Publishers Limited. All rights reserved.



LETTERS

Transcription Splicing
PolR2A h
RHA CBP/p300 SKIIP
SN1-4 Tudor—SN5 \

" (L1

\ Cleavage by caspases

Figure 5 A proposed mechanistic model of caspase-mediated cleavage

of TSN during PCD. Mammalian TSN couples transcription and splicing
via interactions, through distinct domains, with key components of both
processes. N-terminal SN1-4 domains interact with several components of
the basal transcription machinery, including ATP-dependent RNA helicase
A (RHA)33, DNA-directed RNA polymerase Il largest subunit (PolR2A) and
CREB-binding protein (CBP/p300). C-terminal Tudor and SN5 domains
interact with core components involved in RNA splicing, including protein
components of U1, U2, U4, U5 and U6 small nuclear ribonucleoproteins
(snRNPs)!® and nuclear protein SKIP (SKIIP). Caspase-mediated cleavage
of TSN between the Tudor and SN5 domains impairs TSN interaction

with spliceosome components and, consequently, splicing, uncoupling
transcription from splicing. These changes may lead to the perturbation

of the expression of genes involved in maintaining the balance between
cell survival and death. Several components of transcription and splicing
machineries are known substrates of caspases. Interactions between proteins
and protein complexes are denoted by black lines. Four spliceosome core
proteins that are targeted by caspases, U1 snRNP relative molecular mass
M. 70K (snRNP70), splicing factor 3B subunit 2 (SF3b150), splicing
factor U2AF 65K subunit (U2AF65) and U6 snRNA-associated Sm-like
protein LSm3 (LSM3), do not interact directly with TSN but belong to TSN-
interacting protein complexes (see Methods for annotation databases).

Supplementary Information, Fig. S3d) resulted in partial or complete
inhibition of PaTSN cleavage, depending on the level of remaining meta-
caspase activity (Fig. 2f). These data demonstrate that PaTSN is a sub-
strate for metacaspase mclI-Pa and is a component of the degradome
during developmental PCD.

To test whether PaTSN is also a part of the stress-induced cell-death
degradome, embryogenic cells of P. abies were treated with hydrogen
peroxide in the presence of growth factors that promote cell prolifera-
tion while suppressing embryonic patterning and developmental PCD?.
Metacaspase activity increased for up to 12 h of incubation with hydrogen
peroxide and then gradually decreased during further incubation, con-
comitant with the progression of cell death (Fig. 2g). The increase in met-
acaspase activity was accompanied by enhanced cleavage of endogenous
PaTSN, in a pattern similar to that in in vitro assays and developmental
PCD (Fig. 2a, d-g). Therefore, we conclude that PaTSN is a part of the
degradome during both developmental and stress-induced cell deaths.

Participation of HsTSN in the activation of transcription and splicing
relies on its interaction with large molecular complexes, which requires
TSN to be intact!®*', In particular, HSTSN accelerates the kinetics of
spliceosome assembly through interaction with small nuclear ribonu-
cleoproteins (snRNPs) that function in pre-mRNA splicing®. This inter-
action is mediated by the carboxy-terminal TSN region, which consists
of a hook-like structure formed by the Tudor and SN5 domains®. An

aromatic cage within the hook binds methyl groups of snRNPs, anchor-
ing TSN to the spliceosome. As caspase-mediated cleavage after Asp 790
(within the a2 helix and between the Tudor and SN5 domains) disrupts
the hook structure (Fig. 3a), it may impair the function of TSN. We
compared the effect of full-length TSN versus its N- and C-terminal
cleavage products on the kinetics of in vitro spliceosome assembly, using
a radiolabelled splicing substrate (pre-mRNA). As found previously?,
full-length TSN accelerated spliceosome assembly and pre-mRNA
splicing in vitro (Fig. 3b, lanes 5-8). In the control reactions (Fig. 3b,
lanes 1-4), the pre-spliceosomal complex A was detected at 5 min and
peaked at 30 min, whereas the fully assembled spliceosomal complex B
was clearly detected after 30 min (Fig. 3b, ¢). In the presence of intact
TSN, complex A detection had already peaked by 10 min and the kinetic
appearance of complex B (detected by 5 min) was similarly accelerated
(Fig. 3b, ¢). This was especially apparent at the early time points when
there was up to a threefold difference between B complex formation
in the presence and absence of intact TSN (Fig. 3d). The N-terminal
TSN fragment (Fig. 3b, lanes 9-12) had a mild stimulatory effect on
complex A, but not complex B, formation (Fig. 3¢, d). The kinetics of
reactions containing the C-terminal TSN fragment alone (Fig. 3b, lanes
13-16) or together in equimolar amounts with the N-terminal frag-
ment (Fig. 3b, lanes 17-20) were similar to that of the control reaction
(Fig. 3¢, d). Therefore, caspase-mediated cleavage of TSN between the
Tudor and SN5 domains inhibits its stimulatory function in pre-mRNA
splicing. Molecular modelling predicts that the cleavage also generates a
surface-exposed hydrophobic area (Fig. 3a), which might induce protein
aggregation leading to inhibition of other TSN functions.

Besides being a transcription and splicing activator, animal TSN is a
nuclease that resides in both the RISC'' and stress granules' and, in the
latter case, is directly responsible for the degradation of edited double-
stranded RNA. To investigate whether TSN cleavage compromises its
nucleolytic function, we assessed ribonuclease activity of intact versus
cleaved TSN. Nuclease activity of both HsTSN and PaTSN was highly
sensitive to pdIp (3°, 5'-deoxythymidine bisphosphate), a specific
inhibitor of SN''2, whereas the inactive analogue dTp (3"-deoxythymi-
dine monophosphate) had no inhibitory effect (Fig. 3e, f). Cleavage of
HsTSN by caspase-3 lowered its nuclease activity by almost 50% and,
consistent with this, DEVD-CHO-inactivated caspase-3 did not affect
HsTSN activity (Fig. 3e). Cleavage of PaTSN by mcII-Pa led to a 90%
decrease in ribonuclease activity, whereas inactivation of mclI-Pa by
either EGR-cmk or mutation of catalytic Cys 139 left TSN intact and
fully active (Fig. 3f). As pdTp inhibits the nuclease activity of TSN, it can
be used to mimic the effect of TSN cleavage in vivo. Treatment of early
P, abies embryos with pdTp caused a fourfold increase in the frequency of
embryonal masses containing fragmented nuclear DNA, as revealed by
a TUNEL assay (Supplementary Information, Fig. S3e, f). The nuclease
activity of TSN is therefore essential for cell viability.

The conservation between plant and animal TSN sequences, and their
comparable SN-like activity suggest that plant TSN might perform simi-
lar functions to its animal counterpart. However, immunolocalization
in early P. abies embryos revealed that PaTSN does not localize to the
nucleus, but resides in the cytoplasm during both interphase and mitosis
(Supplementary Information, Fig. S4a, b), indicating that plant TSN is
unlikely to be involved in transcriptional regulation and splicing.

Reverse genetics were used to study plant TSN further. The Arabidopsis
genome has two TSN homologues, AtTSNI (At5g61780) and AtTSN2
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(At5g07350), and both contain all four metacaspase cleavage sites iden-
tified in PaTSN (Supplementary Information, Fig. S2c). Moreover,
similarly to PaTSN, Arabidopsis TSN localizes to the cytoplasm in
interphase and mitosis (Supplementary Information, Fig. S4c). We iso-
lated two transfer DNA (T-DNA) knockout alleles for each TSN gene
(Supplementary Information, Fig. S5) and found no discernible develop-
mental defects in the homozygous lines, except for an 8-16% reduction
in fertility. Double heterozygous plants from all four crosses revealed no
vegetative defects, but their flowers had short stamens and low quantities
of pollen (Fig. 4a). The amount of viable pollen grains was reduced by
85-89% from that of wild-type and parental plants (10 stamens from 3
plants of each line were analysed). Although the early stages of pollen
development appeared to proceed normally, starting from flower stage
11, most pollen grains showed typical cytological hallmarks of plant
PCD?*?, including formation of large vacuoles and nuclear condensation
(Fig. 4b, ¢). In addition, nuclear DNA was fragmented in 32% of pol-
len grains (Fig. 4d), providing compelling evidence for PCD-mediated
pollen degeneration. A high frequency of non-viable pollen detected
in F1 plants is inconsistent with a male gametophyte-lethal mutation
(25% of pollen abortion if double heterozygote), demonstrating a sporo-
phytic requirement™®. Consistent with this, in situ hybridization analysis
revealed accumulation of AtTSNI and AfTSN2 transcripts in tapetal
cells (Supplementary Information, Fig. S4d-j), which surround male
gametophytes and are essential for pollen production®.

The fertility of F1 plants was impaired, resulting in a 70-98% reduc-
tion in the number of seeds (Fig. 4e). Examination of siliques 24 h after
fertilization showed that development of 75% of ovules on F1 plants was
arrested (Fig. 4f, g). Furthermore, 8% of seeds on F1 plants were aborted
during subsequent developmental stages (Fig. 4h) and embryogenesis
in these seeds was arrested before the heart stage (Fig. 4i). Out of 100
genotyped F2 plants, none were homozygous for both T-DNA alleles,
suggesting that knockout of both TSN genes is lethal. Downregulation
of AtTSN using RNAI resulted in pollen degeneration and a dramatic
reduction in plant fertility (Supplementary Information, Fig. S6), provid-
ing further evidence for an essential role of TSN in plant reproduction.

PCD plays a fundamental part in plant biology, but the exact molecu-
lar pathways responsible for cell dismantling remain poorly understood.
Two groups of cysteine proteases have recently been shown to represent
key executioners of PCD in plants. The first group includes vacuolar
processing enzymes, which may be responsible for the growth and rup-
ture of Iytic vacuoles™. The second group encompasses the metacaspases,
which localize both to the nucleus and cytoplasm, and execute nuclear
and cytoplasmic degradation before vacuolar collapse®. Identification of
the natural substrates for these proteases is essential to understanding
the PCD mechanisms in plants and the evolution of the PCD machin-
ery. Here we report TSN as the first natural substrate cleaved in vivo
by a metacaspase. We demonstrate that TSN has ribonuclease activity
essential for plant viability, as downregulation of this activity, either by
a specific inhibitor or by reverse genetics, results in ectopic cell death
in flowers and embryos. This activity of TSN can also be impaired by
metacaspase-mediated cleavage during PCD.

Whereas plant TSN is a substrate of metacaspases and is essential for
cell viability and reproduction, its mammalian homologue is targeted by
caspases during apoptosis and has an important role as proliferative and
pro-survival factor. However, it remains unknown how TSN cleavage
compromises cell viability. It has been shown that the N-terminal SN1-4
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domains of mammalian TSN interact with several components of the
basal transcription machinery, whereas the C-terminal hook-like region,
composed of Tudor and SN5 domains, interacts with splicing factors
and facilitates spliceosome assembly (Fig. 5). Thus, TSN bridges tran-
scription and splicing'>%; therefore cleavage by effector caspases will not
only disrupt the hook region, preventing the stimulation of spliceosome
assembly, but will also uncouple these two processes. Interestingly, most
of the TSN partner proteins in transcription and splicing are themselves
cleaved by caspases (Fig. 5), demonstrating that caspases target several
components of protein complexes to ensure efficient dysregulation of
vital cellular functions. Unlike animal cell death systems, cleavage of
plant TSN by metacaspases breaks it into several fragments and will
probably inactivate its nucleolytic activity as well as all other TSN func-
tions. Therefore, despite distinct enzymatic properties and phylogenetic
distance, caspases and metacaspases can target common molecules in
the cell, highlighting evolutionary conservation of PCD degradomes in
plants and animals. O

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/.

Note: Supplementary Information is available on the Nature Cell Biology website.
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METHODS

Gene cloning and phylogenetic analysis. To clone full-length cDNA for PaTSN,
5’- and 3"-RACE-PCR combined with nested PCR was performed using total
RNA extracted from early embryos. Degenerated nested oligonucleotides
(5"-CCTGGTGCTNCWGARGMATC-3" and 5'-CATRYTNGCACTCCAHT-
CAAC-3") were designed from the conserved region in the second SN-domain
found in plant TSN sequences. Cloning of HsTSN cDNA was performed as
described previously’. For the D790E mutation, QuickChange site-directed
mutagenesis kit (Stratagene) was used. The phylodendrogram of TSN proteins
was constructed with PAUP software using neighbour joining and maximal par-
simony algorithms. Both algorithms produced similar phylodendrograms.

Recombinant proteins. Wild-type and C139A mutant mcII-Pa were expressed in
Escherichia coli and purified as described previously®. Active recombinant human
caspase-3 was from BD Pharmingen. Full-length HsTSN, PaTSN and AtTSNI
cDNAs were cloned into a EcoRI/HindIII-digested pET28a vector (Novogen).
The recombinant proteins were expressed as described previously®, except that
HEPES was used instead of Tris and phosphate. The purified proteins were dia-
lysed overnight against HEPES (50 mM at pH 7.8), NaCl (50 mM), dithiothreitol
(DTT; 1 mM) and 10% (v/v) glycerol and then additionally purified by anion
exchange chromatography on a Q Sepharose Fast Flow column (Pharmacia) using
a linear gradient of NaCl (0-500 mM) in Tris-HCI (20 mM at pH 8.0), DTT
(2 mM) and 10% (v/v) glycerol.

Invitro TSN cleavage assays and fragment sequencing. Caspase-3 and mcII-Pa
induced cleavage of HsTSN and PaTSN, respectively, were assayed in 10-pl reac-
tions containing recombinant TSN (30 pmol), protease (1.5 pmol, caspase-3 or
mclI-Pa), HEPES (100 mM at pH 7.0), DTT (5 mM) and 0.1% (v/v) 3-[(3-chola-
midopropyl) dimethylammonio]-1-propanesulfonate (CHAPS). For mcII-Pa
catalysis, the reactions were supplemented with CaCl, (50 mM)®. For inhibition
assays, 20 (M of either DEVD-CHO (Peptide Institute) or EGR-cmk (Bachem)
were added. The proteins were incubated for 2 h at 28 °C, separated by 4-15%
gradient SDS-PAGE and stained by Coomassie blue.

For terminal sequencing of TSN fragments, the reactions were scaled up
proportionally to achieve 0.6 and 6 nmol TSN for N-terminal and C-terminal
sequencing, respectively. The cleaved TSN proteins were subjected to 4-15%
gradient SDS-PAGE, blotted onto polyvinilidene difluoride (PVDF) membrane
(Applied Biosystems), and stained according to the manufacturer’s instructions
for sequencing.

Human cell lines. HCT116 human colon carcinoma cells and human embryonal
kidney cells HEK293 (both from ATCC) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Gibeo) supplemented with 10% (v/v) heat-inactivated
foetal calf serum, glutamine (4 mM), penicillin (100 U ml") and streptomy-
cin (100 pg ml”; all from Gibco). Human cervix adenocarcinoma HeLa cells
(ATCC) were cultured in MEM medium with Earle’s salts supplemented with
NEAA (0.1 mM), pyruvate (1 mM), glutamine (4 mM), penicillin (100 U ml™),
streptomycin (100 ug ml™), and 10% (v/v) foetal calf serum. All cell lines were
maintained at 37 °Cin a 5% CO,, 95% air-humidified incubator.

For expression experiments, HsTSN gene was amplified with the pair of prim-
ers: (i) 5'-GGATCCATGGTCCTCTCAGGGTGC-3’ and (ii) 5-GAATTCT-
TAGCGGCTGTAGCCAAATTC-3" and cloned into BamHI-EcoRI sites of
pCMV-Tag2 plasmid (Stratagene). HsTSNP”*** mutant was produced using
QuickChangeTM site-directed mutagenesis kit (Stratagene). For transfec-
tion, 10° cells per well were seeded in 12-well plates in growth medium with-
out antibiotics. Twenty-four hours after seeding, cells were transfected with a
DNA:Lipofectamine 2000 (Invitrogen) mixture at a 2 ug:2 ul ratio. To estimate
transfection efficiency, cells were co-transfected with a pEGFP-N1 vector and
cells with EGFP fluorescence were counted 24 h and 48 h after transfection using
flow cytometry and fluorescence microscopy. In all experiments transfection
efficiency was above 80%.

siRNA experiments. HeLa cells were seeded into 12-well plates at a final density
0f 70,000 cells per well in 800 ul of growth medium without antibiotics. To inhibit
TSN expression, TSN-specific siRNA (sense: 5'-UCC ACU CGU UGC CUU
UGC AUC UCC A-3’; antisense: 5'-UGG AGA UGC AAA GGC AAC GAG
UGG A-3") was designed as recommended by Invitrogen. ON-TARGETplus

METHODS

Non-targeting Pool (Cat. No. D-001810-10; Dharmacon) and Negative stealth
siRNA control (Cat. No. 12935112; Invitrogen) were used as negative controls. All
siRNAs were diluted in Opti-MEM I medium (100 ul; Gibco) and Lipofectamine
2000 reagent (1 pl; Invitrogen) was mixed with OptiMEM I medium (100 pl).
Diluted siRNA and Lipofectamine 2000 were mixed, incubated for 20 min, and
added to each well 24 h after seeding. The final concentration of siRNA was
50 nM. After 24 h, the medium was exchanged for a fresh one supplemented
with 10% (v/v) foetal calf serum, without antibiotics. Forty-eight hours after
transfection, the cells were treated with CPT (final concentration 7.5 uM) or
DMSO (vehicle) for 5 h and collected for further analyses.

Plant embryogenesis system. The P. abies wild-type embryogenic cell line
95.88.22 and mclI-Pa-silenced clones® were cultured as described previously?.
The embryonal masses were separated from the suspensors in 7-day-old embryos
using surgical blades in droplets of culture medium viewed under a binocular
microscope.

T-DNA insertion lines and RNAi. Arabidopsis T-DNA insertion lines tsnl-1,
tsnl-2 and tsn2-1 were obtained from SALK collection, stock numbers
SALK143497, SALK052200 and SALK045179, respectively. T-DNA insertion
line tsn2-2 was from Cold Spring Harbor Laboratories collection, stock number
CSHLET12646. Binary hairpin RNA pAGRIKOLA vector was purchased from the
Nottingham Arabidopsis Stock Center (NASC). The construct was validated and
sequenced with four AGRIKOLA primers (Agri51, Agri56, Agri64 and Agri69),
and appeared to encompass a 231 nucleotide fragment (nucleotides 1735-1966)
of AtTSN1 (At5g61780), sharing 80.5% identity with the corresponding AtTSN2
(At5g07350) gene fragment.

A P, abies mclI-Pa RNAI construct was prepared using 689-nucleotide-long
sense and antisense arms corresponding to a 391-bp fragment of the p20-like
caspasoide domain and a 298-bp fragment of the insert region showing the low-
est similarity (from 31 to 64%) between plant metacaspase family proteases’. A
BLAST search of spruce (P, abies) and pine (Pinus taeda) EST databases using this
hairpin sequence as a bait revealed no hits, except for mcII-Pa.

Antibodies, immunoblotting, immunofluorescence and TUNEL. Anti-AtTSN1
was produced as described previously®. Mouse monoclonal anti-HsTSN was pro-
duced by FIT Biotech.

For immunoblotting, human cell monolayers were lysed in Complete lysis-M
reagent (Roche) supplemented with protease inhibitor cocktail (Roche). Total
plant proteins were extracted in Tris-HCI (250 mM at pH 6.8), 4% SDS, 20%
glycerol and B-mercaptoethanol (1.5 M). Protein extracts were resolved by 4-15%
gradient or 12% SDS-PAGE, transferred onto PVDF membrane (Amersham
Pharmacia Biosciences) and probed with an anti-TSN (1:2,000 dilution), anti-
Flag (1:2,000; Cat. No. F-1804, Sigma Aldrich), anti-cleaved caspase-3 (1:2,000;
Cat. No. 9661, Cell Signaling Technology), anti-cleaved PARP (1:2,000; Cat.
No. 9546, Cell Signaling Technology) or anti-cleaved lamin A (1:1,000; Cat. No.
2036, Cell Signaling Technology) antibody. Horseradish peroxidase-labelled anti-
mouse-IgG or anti-rabbit-IgG (Pierce), both at a 1:10,000 dilution, were used as
secondary antibodies. The signal was detected by enhanced chemiluminescence
kit (Amersham Pharmacia Biosciences). An equal loading was verified using
anti-glyceraldehyde-3-phosphate dehydrogenase (G3PDH) antibody (1:10,000;
Cat. No. 2275, Biosite) for human protein extracts or with anti-actin (1:1,000;
ICN) for plant protein extracts.

Immunofluorescence analysis combined with TUNEL and DAPI staining was
performed on P. abies early embryos following the procedures described for
mclI-Pa’. For TUNEL in flowers, samples were fixed in 4% paraformaldehyde
(Sigma) and embedded in 100% Histowax (Histolab). Sections of 8 pm were
cut using a HM 3558 Microtome (MICROM International GmbH) and affixed
to Probe-on Plus slides at 42° (Fisher Scientific). Histowax was removed by
washing in xylene and sections were re-hydrated by washing in ethanol series
(100% to 10%). After equilibration in PBS for 30 min, TUNEL was performed
as described previously?®.

Protease activity assays. Cleavage of caspase substrate DEVD-AMC was meas-
ured as described previously*. P. abies cell extracts were prepared and assayed
for mclII-Pa activity as previously described® using FESR-AMC substrate (50 uM;
Anaspec), which was designed for the mcII-Pa zymogen autoprocessing site®.
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METHODS

In vitro spliceosome analysis. The analysis was conducted as described previ-
ously'. A plasmid encoding adenovirus major late transcription unit (AdML)
pre-mRNA was provided by R. Reed (Harvard University, MA, USA). Plasmids
used for bacterial production of the proteins for the spliceosome analysis were
constructed by cloning PCR products corresponding to amino acids 1-910 (full-
length mouse TSN), 1-815 (N-terminal fragment) and 816-910 (C-terminal frag-
ment) into BamHI and NotI sites of pGEX-4T-1 vector.

Nuclease activity assays. For electrophoretic assays, unlabelled single-stranded
RNA substrates were generated by in vitro transcription as described previously*.
The assays were performed in two steps. In the first step, recombinant TSN protein
(2.5 pmol) was co-incubated with a protease (125 fmol) in the presence or absence
of either DEVD-CHO (20 uM; caspase-3 inhibitor) or EGR-cmk (20 uM; mcII-Pa
inhibitor) in 5 pl reactions containing HEPES (50 mM at pH 7.0), NaCl (100 mM),
DTT (5 mM) and 0.1% CHAPS. Reactions containing HsTSN and caspase-3 were
supplemented with CaCl, (5 mM), whereas reactions containing PaTSN and
mclI-Pa were supplemented with CaCl, (30 mM). For TSN inhibition, pdTp (Jena
Bioscience) or dTp (Sigma) were added to a final concentration 500 uM. The reac-
tions were incubated for 2 h at 28°C. Under these conditions TSN was completely
processed, as verified by SDS-PAGE. Then, the volume of all reactions was adjusted
to 15 pl with buffer containing HEPES (50 mM at pH 7.0), NaCl (100 mM), CaCl,
(5mM), ATP (1.5 mM) and substrate RNA (75 fmol), and the reactions were incu-
bated for an additional 1 h at 28 °C. The integrity of RNA was analysed by native
agarose gel electrophoresis in the presence of ethidium bromide.

For quantification of TSN ribonuclease activity, the reactions were set up as
described above, except that unlabelled RNA substrates were substituted by flu-
orescently-labelled single-stranded RNA substrate (1-2 pmol) from fluorometric
RNase detection assay (Ambion). The fluorescence was measured on VersaFluor
fluorometer (BioRad) using excitation/emission wavelengths 490/520 nm and
was directly proportional to the ribonuclease activity. Reactions containing
Ribonuclease A (Ambion) and fluorescent RNA substrate were used for calibra-
tion and conversion of fluorescence units to pmol RNA min™ per mg protein.

Light and transmission electron microscopy. Fixation, embedding, section-
ing and tissue preparation of Arabidopsis flowers and ovules was performed as
described previously?*.

In situ hybridization. mRNA in situ hybridization was performed as described
previously”. Gene specific probes for AtTSNI1 were amplified using prim-
ers 5" - TCAGTGTTCCTTCCATCTCCTACC-3" and 5'-CGTTCGTCTTT-
GAGTTTTTCTCCC-3" whereas AtTSN2 probes were amplified using
primers 5'-CACCGTAGAAACCAGGCAAAAG-3" and 5" -TCAACAGCAATG-
AGAGTGACAACG-3". Template for transcription of AtTSNI and AtTSN2
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antisense probes was amplified using modified reverse primers carrying
a T7-sequence promotor sequence. Template for transcription of AtTSNI
and AfTSN2 sense probes was amplified using forward primers carrying a
T7-promotor sequence.

Northern blotting. Total RNA was isolated from P. abies wild-type and mcII-Pa
RNAI cell lines using the CTAB method*. Ten micrograms of total RNA was
separated on 1% agarose denaturing gels and transferred to Hybond-XL (GE
Healthcare). Full-length cDNAs for mcII-Pa and actin were used as templates for
synthesis of specific probes. [*P]CTP-labelled probes were generated using NEBlot
kit (N1500S, NEB). The membranes were probed overnight at 65 °C and washed
under low stringency conditions: twice with 2xSSC and 0.1% SDS for 5 min at
room temperature and then with 1xSSC and 0.1% SDS for 10 min at 65 °C. The
signal was detected using Phosphoimager system (BioRad Laboratories).

Modelling. To model the HsTSN cleavage, the N-terminal amino and C-terminal
carboxyl groups were recreated on Ser 791 and Asp 790, respectively. The local
conformation of the protein was changed to relieve collisions between atoms. The
distances were inspected and stereochemistry was fixed using the O program®.
Graphics was generated using PyMol.

TSN-interacting proteins. These proteins are annotated in the Entrez (http://
www.ncbi.nlm.nih.gov/sites/entrez) and Biogrid (http://www.thebiogrid.org/)
databases, and caspase substrates are annotated in the CASBAH database (http://
bioinf.gen.tcd.ie/casbah/).
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this paper are: P. abies TSN, AM398207; human TSN, U22055; Arabidopsis TSN1,
At5g61780 and TSN2, At5g07350, and P. abies mclI-Pa, A]534970. The Protein
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Figure S1 Alignment and domain composition of HsTSN and PaTSN. nuclease subdomain A or B are highlighted in yellow or blue, respectively.
Since both HsTSN (accession number AAA80488) and PaTSN (accession Highlighted in red is a region of TSN sequence homologous to Tudor V
number CAL38976) have five staphylococcal nuclease domains, each domain from the Drosophila melanogaster Tudor protein (accession number
of them was aligned with the original Staphylococcus aureus nuclease CAA44286), which is shown in the top row of the alignment. Identical and
sequence (accession number BAB56977) shown in the top row of the similar amino acid residues are boxed and grey shaded, respectively. Red
alignment. Full-length S. aureus nuclease has 228 amino acids, and asteriscs denote amino acid residues important for nucleolytic activity of S.
one of each subdomains A and B. Regions homologues to S. aureus aureus nuclease.

WWW.NATURE.COM/NATURECELLBIOLOGY 1
© 2009 Macmillan Publishers Limited. All rights reserved.



SUPPLEMENTARY INFORMATION

P. abies

O.sativa 1

O.sativa 2
A. thaliana 1

A.thaliana 2

P.sativum

P. patens

H. sapiens
M. musculus

G. gallus

D. rerio

X. laevis

S. purpuratus

C. elegans
A. nidulans
N. crassa
——— S.pombe

D. discoideum
T. thermophila
T. cruzi
P. falciparum
S. aureus

b

H. sapiens 785 RT AV DIS vV 792

G. gallus 614 R A VDS A 621

M.musculus 810 R T VD|S VvV 817

D. rerio 798 R A|ID AVD|S V T35

X, laevis 806 RT VDIN | 813

P. abies 868 GQ AEYF 875

O, safiva 864 GH AlA VYL 8N

A thaliana 2 869 G P G EY L 876

A.thaliana 1 865 GR AlG E Y L 872

D.discoideum 814 Y N|D A MIIC!]FM &1

T. cruzi 820 N A ACDV 87

S. pombe 877 Y E RLVF 784

c

P. abies CAL38976 155 158 284

A. thaliana1 At5gB1780 160 163 290

A, thaliana 2 At5g07350 158 161 286

P. salivum GI_21829220 159 162 288

O. sativa1 Os02g0523500 156 E 158 287
O. sativa2 GI_21740629 160 S 163 289
P. patens GI_168052948 151 154 287

Figure S2 TSN proteins and their caspase-3 and metacaspase cleavage
motives are evolutionarily conserved. (a) A bootstrap consensus of
phylogenetic tree representing similarities of TSN protein sequences from
Picea abies (accession number CAL38976), Oryza sativa 1 (accession
number 0s02g0523500) and 2 (accession number GI_21740629),
Physcomitrella patens (accession number GI_168052948), Pisum
sativum (accession number GI_21929220), Arabidopsis thaliana 1
(accession number At5g61780) and 2 (accession number At5g07350),
Homo sapiens (accession number AAA80488), Mus musculus (accession
number AAHO7126), Gallus gallus (accession number AAL27548),

Danio rerio (accession number AAH77133), Xenopus laevis (accession
number AAH45115), Strongylocentrotus purpuratus (accession number
XP_798852), Drosophila melanogaster (accession number NP_612021),
Caenorhabditis elegans (accession number AAA81130), Aspergillus
nidulans (accession number XP_657846), Neurospora crassa (accession
number XP_964292), Schizosaccharomyces pombe (accession number
CAB39904), Dictyostelium discoideum (accession number XP_641583),
Tetrahymena thermophila (accession number EAR84819), Trypanosoma
cruzi (accession number XP_964292), Plasmodium falciparum (accession
number NP_701234) and nuclease from Staphylococcus aureus (accession

D. melanogaster

Plants

Animals

Fungi

Protists

| Bacteria

287 555 R_ 558
293 550 553
289 555 558
20 555 558
280 553 556
292 560 563
280 555 558

number BAB56977). The tree was calculated with PAUP software using
full heuristic search algorithm from the alignment of amino acid sequences
generated by ClustalX software. The S. aureus nuclease was used as an
outgroup sequence in order to root the phylogenetic tree. Altogether 1000
replicates of the trees were generated to calculate the bootstrap value and
the minimum frequency value for the group retention was set up at 61%. A
similar phylogenetic tree was obtained using Neighbour Joining algorithm.
Note conservation of TSN sequence within major groups of organisms
except protists. (b) The DAVD motif is only conserved in TSN proteins from
vertebrates. Protein sequence alignment of regions containing caspase-3
cleavage motif (DAVD) in animals (H. sapiens, M. musculus, G. gallus, D.
rerio, X. laevis) and corresponding region from plants (P. abies, O. sativa, A.
thaliana), protists (D. discoideum, T. cruzi) and fungi (S. pombe). This is a
fragment of alignment used to generate phylogenetic tree shown in a. The
DAVD motif is only conserved in animals, but not in other species, although
some plant and protists species have conserved amino acid substitutions

in the corresponding positions. (c) All four metacaspase cleavage motives
found in PaTSN are conserved in TSN from other higher plant species (note
Arg or Lys are in the P1 position in all motives). In P. patens TSN, three out
of four metacaspase cleavage motives are conserved.
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Figure S3 Analysis of mcll-Pa and TSN in P. abies embryos. (a) Total protein
was extracted from embryogenic cells (stage 1), early embryos (stage 2) and
late embryos (stage 3) and analysed by western blot using anti-mclI-Pa.

The intensities of bands corresponding to zymogen and p20-like fragment
were measured by densitometry. (b) Cleavage of FESR-AMC was measured
fluorometrically in the cell extracts prepared from the same samples as in

a. (c) The level of PCD was assessed as proportion of TUNEL-positive cells
at the same developmental stages. In all three graphs the data show mean
values of three independent measurements + s.e.m. Processing of mcll-Pa
zymogen yields catalytically active p20-like fragment. Accumulation of this
fragment coincides with terminal differentiation and PCD of the embryo-
suspensor at an early embryo stage (stage 2) and is accompanied by increase
in proteolytic activity towards metacaspase peptidic substrate FESR-AMC.
(d) Northern blot analysis of mc//-Pa in wild type and mcll-Pa RNAI cell
lines. Note that type Il metacaspase-specific probe detects a single band
(ca. 1.7 kb) corresponding to the expected size of mcll-Pa transcript at

low stringency of hybridization conditions. This band disappears in the

RNAI line. Actin probe was used as a loading control. In addition, we have
cloned and sequenced 150 cDNAs from embryonic mRNA and could not
find any other metacaspase cDNAs than mc//-Pa. These results together
with Northern blot data indicate that mc//-Pa is the only metacaspase gene
expressed during P. abies embryogenesis. (e, f) Nucleolytic activity of TSN is
essential for cell viability in the embryonal masses. The SN-specific inhibitor
pdTp (500 uM) and its inactive analogue dTp (500 uM) were added to the
embryogenic culture simultaneously with withdrawal of growth factors.

Four days later, the embryos were analyzed for DNA fragmentation using
double staining with DAPI and TUNEL. (e) Representative examples of the
embryonal masses from each treatment. Scale bar, 50 um. (f) The frequency
of TUNEL-positive embryonal masses in each treatment. The embryonal
mass was considered as TUNEL-positive if it contained at least two TUNEL-
positive nuclei. Data represent the mean of three independent experiments +
s.e.m., and 500 embryos were scored at each replicate experiment.
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Figure S4 Localisation of TSN proteins and transcripts in plant cells and
tissues. (a-c) Plant TSN is cytoplasmic in both living and dying cells. (a)
Staining of nuclei with DAPI, immunolocalization of TSN, and detection

of DNA fragmentation by TUNEL in P. abies embryos collected 7 days

after withdrawal of growth factors. A representative example of one out

of 50 embryos analyzed. EM, embryonal mass. Scale bar, 50 um. (b)
Immunolocalization of TSN (green staining) and nuclear staining with DAPI
(blue) in the embryonal masses of P. abies. Note cytoplasmic signal of TSN in
both interphase and mitotic cells. Scale bar, 10 pm. (¢) Immunolocalization
of TSN in Arabidopsis root tip cells counterstained with anti-a-tubulin to

show the cell cycle stages. Note a lack of TSN co-localization with mitotic
structures. PPB, preprophase band. Scale bars, 5 um. (d-j) AtTSNI and
AtTSNZ transcripts accumulate in the tapetal cell layer of stage-9 wild type
flowers. Micrographs show transverse sections of flowers hybridized with
AtTSN1 antisense probe (d, g), AtTSNZ2 antisense probe (e, h), negative
control AtTSN1I sense probe (f, i) and positive control probe (j). Arrowheads in
d, e and f point to tapetal cell layer that expresses TSN genes and are shown
under higher magnification in g, h and i. Note a lack of the hybridization
signal on the negative control section (f, i). ca, carpel; st, stamen; p, petal;
se, sepal. Scale bars, 50 pm in d-f and 25 pym in g-j.
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Figure S5 Characterization of the AtTSNI and AtTSN2 T-DNA insertion lines.
(@) The position of T-DNA insertions in AtTSN1 and AtTSNZ2. Boxes and

lines indicate exons and introns, respectively. The positions of primers used
for genotyping are indicated by short arrows. (b) List of forward (indicated
with F) and reverse (indicated with R) primers used for genotyping of the
insertion lines. (c) Representative RT-PCR analysis of samples prepared from
homozygous lines tsnl1-1, tsn1-2, tsn2-1 and tsn2-2, and WT (Col and Ler)
plants. Lines tsnl1-1, tsn1-2, and tsn2-1 were generated in Col background,
while line tsn2-2 was generated in Ler backround. Amplification of the
TSN2-specific fragment was used as control for AtTSN1 T-DNA insertion
lines and amplification of the TSN1-specific fragment was used as a control
for AtTSN2 T-DNA insertion lines (lower panel). The primer combinations
used are indicated above and below the upper and lower panels, respectively.
The nucleotide length of marker DNAs are shown on the right. NT, no

template. (d) Western blot analysis of the total protein extracts from the wild
type plants, parental insertion lines and F1 tsnl x tsn2 plants using anti-
TSN. Coomassie blue staining of the total protein (lower panel) was used as
a loading control. Numbers shown below the upper panel correspond to the
mean relative amount of TSN proteins in three independent experiments.
The intensities of bands were measured by densitometry and normalized first
by Coomassie blue staining and then by values of signal measured in Col,
Ler or Col x Ler samples as appropriate. The amount of total TSN protein

in double heterozygous plants was reduced by 30% to 70%. These results
establish that simultaneous suppression of AtTSN1 and AtTSNZ leads to
impaired plant development and low fertility. There are known examples

of pronounced phenotype observed in case of double heterozygous plants,
but not in case of parental homozygous lines (e.g. Siddiqui et al. 2003
Development 130, 3283; Quan et al. 2008 Plant J 53, 1013).
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Figure S6 Down-regulation of AtTSN by RNAi causes reduction of plant
fertility. (a) Real time quantitative PCR analysis of AtTSN1 and AtTSN2
transcript levers in three control plants transformed with empty vector and
four plants transformed with vector bearing RNAi construct. The mRNA
level data are presented relative to the first control plant and show mean
values of three independent reactions + s.e.m. (b) Western blot analysis
of the total protein extracts from control and RNAI plants using anti-TSN.
Coomassie blue staining of the total protein (lower panel) was used as a

1.2 0.85

0.37 034 022

Control RMNAI

Control  RNAi

loading control. Numbers shown below the upper panel correspond to the
mean relative amount of TSN proteins in three independent experiments.
The intensities of bands were measured by densitometry and normalized
first by Coomassie blue staining and then by signal measured in the
sample from the first control plant. (c) Flower morphology in control and
RNAI plants. RNAI plants produced reduced amount of pollen. Scale bar,
0.5 mm. (d) Siliques from RNAi plants contained very few seeds. Scale
bar, 1.0 mm.
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	Figure 1 Human TSN is a substrate for caspase‑3 and is essential for cell viability. (a) Domain structure of HsTSN. The caspase cleavage motif DAVD is situated between the Tudor and SN5 domains. (b) Cleavage of HsTSN by caspase‑3 in vitro. Recombinant HsTSN was incubated alone (buffer), with caspase‑3, or with caspase‑3 and DEVD-CHO. The reactions were separated on SDS–PAGE and stained with Coomassie blue. Molecular masses and identities of HsTSN fragments (left) were obtained by peptide sequencing. (c) Treatment of HCT116 cells with 5FU (50 μg ml–1) stimulates caspase‑3-like activity (graph) and induces fragmentation of endogenous HsTSN (western blot with anti-TSN). (d) zVAD-fmk prevents HsTSN fragmentation. Western blot, using an anti-TSN antibody, of HeLa cell protein extracts from control cells and cells treated for 24 h with CPT (5 μM) and/or zVAD-fmk (15 μM). (e) Mutation of Asp 790 abolishes HsTSN cleavage. Western blot, using an anti-Flag antibody, of protein extracts from HeLa cells transfected with an empty vector (Mock), wild-type TSN or TSND790E and treated for 24 h with CPT (5 μM). HsTSN was Flag-tagged at its N-terminal. (f, g) Expression of TSND790E promotes cell proliferation. (f) Total number of HeLa cells in cultures transfected with the indicated constructs. Only TSND790E samples showed significant increase in cell proliferation 48 h after transfection (Tukey test; P < 0.05; versus mock). Western blot with anti-Flag shows equal amounts of exogenous HsTSN in transfected cells. (g) There was an increase in the number of HEK293 cells after transfection with wild-type TSN or TSND790E relative to mock. Proliferation in TSND790E samples was twofold higher after 24 h (Tukey test; P < 0.05; versus wild-type TSN). Western blot shows equal amount of exogenous HsTSN 24 h after transfection. (h) Expression of TSND790E attenuates cell death. The graph shows the number of attached viable HeLa cells transfected with the indicated constructs after 24 h of treatment with CPT (5 μM). (i) Downregulation of HsTSN promotes apoptosis. Western blots with anti-TSN and antibodies against cleaved forms of caspase‑3, PARP and lamin A using protein extracts from HeLa cells transfected with control or TSN siRNA for 48 h and then treated with CPT (7.5 μM) or DMSO (vehicle), for 5 h. Molecular weights are presented as relative molecular mass, Mr(K). Data in c, f, g and h represent the mean ± s.e.m. from three (c) or four (f, g and h) independent experiments. G3PDH is a loading control.  Full scans of blots in b–e and i are shown in Supplementary Information, Fig. S7. WT, wild type.
	Figure 2 Plant TSN is a substrate for metacaspase during developmental and stress-induced cell death. (a) PaTSN is cleaved by metacaspase mcII-Pa in vitro. Recombinant PaTSN was incubated alone (buffer), with wild-type recombinant mcII-Pa, wild-type mcII-Pa and its inhibitor EGR-cmk, or with a catalytically inactive mcII-Pa mutant (mcII-PaC139A). The reactions were separated on SDS–PAGE and stained with Coomassie blue. Molecular masses and identities of PaTSN fragments (left) were obtained from peptide sequencing. (b) Domain organization of PaTSN and location of mcII-Pa cleavage sites. (c) A schematic model of highly stereotyped and synchronized pathway of somatic embryo development in P. abies. The proliferation of embryogenic cells is stimulated by growth factors (GF; auxin and cytokinin). The development of early embryos is induced by withdrawal of GF. Early embryos are composed of living embryonal masses (apical) and dying suspensors (basal). Late embryogeny and embryo maturation are promoted by abscisic acid (ABA). The embryo-suspensors are eliminated during late embryogeny. (d–f) Cleavage of endogenous PaTSN (western blots) correlates with metacaspase activity (graphs). (d) Samples were collected 7 days after addition of GF (embryogenic cells), 7 days after withdrawal of GF (early embryos), and 7 days (late embryos) and 35 days (mature embryos) after addition of ABA. (e) Samples from microsurgically separated embryonal masses (EM) and suspensors collected 7 days after withdrawal of GF (depicted on the micrograph). (f) Samples from a wild-type cell line and two mcII-Pa RNAi-silenced clones, 7 days after withdrawal of GF. (g) Cleavage of endogenous PaTSN (western blot) and metacaspase activity (graph) during stress-induced cell death. Hydrogen peroxide and GF were added simultaneously, and samples were collected after 0, 6, 12, 24 and 48 h. The metacaspase activity was measured using AMC-conjugated FESR peptide6. Data represent the mean ± s.e.m from three independent experiments. Full scans of the gel in a and blots in d–g are shown in Supplementary Information, Fig. S7.
	Figure 3 Proteolytic cleavage inhibits TSN function. (a) Diagram illustrating cleavage of HsTSN by caspase‑3. Cyan, SN5 domain; pink, Tudor domain. The caspase‑3 cleavage motif is located within the α2 helix (marine from Asp 781 to Asp 790 and orange from Ser 791 to Gln 797). The α2 helix exposes six Asp residues, creating a highly negatively charged patch on the surface of the SN5 domain, potentially facilitating recognition of the DAVD motif by caspase‑3. Cleavage between Asp 790 and Ser 791 (short black arrow) splits the helix into two smaller helices (blue and orange). Collisions between the C‑terminal carboxyl and N‑terminal amino groups introduce a gap in the new structure and cause three Val residues, 789, 792 and 793, to associate with a surface-exposed hydrophobic cluster. Side chains of aspartate and valine residues are shown as spheres and are coloured by type of element: carbon, yellow; oxygen, red. (b–d) Truncated TSN is unable to stimulate spliceosome complex formation. (b) Autoradiogram of native gel analysis of spliceosome assembly reactions supplemented with GST (negative control, lanes 1–4), full-length mouse TSN (lanes 5–8), N‑terminal fragment of TSN (lanes 9–12), C‑terminal fragment of TSN (lanes 13–16) or a mixture of N‑ and C‑terminal fragments (lanes 17–20). The bands corresponding to the non-specific complex H, and spliceosomal complexes A, B and C are indicated on the right. The C‑complex band is diffuse and does not separate well on this gel. (c) Quantitative analysis of spliceosomal complex formation. The quantification was performed using phosphorimager and the results were normalized by setting the highest complex A value observed within each time series to one. (d) Comparison of complex B formation at 10 min. Data were normalized by setting the value of reactions containing GST to one and they represent the mean ± s.e.m. from three independent experiments. (e, f) Proteolytic cleavage inhibits nucleolytic activity of TSN. Recombinant HsTSN (e) and PaTSN (f) were incubated in buffer containing additional components as indicated in the figure, and then RNA substrates were added and ribonuclease activity determined by electrophoretic (gels) or fluorometric (graphs) assays. Data on the graphs represent the mean ± s.e.m. from three independent experiments.
	Figure 4 TSN proteins are important for Arabidopsis pollen development and embryogenesis. (a) Morphology of wild-type and F1-generation flowers. Note short stamens in F1 flowers. Scale bar, 0.5 mm. (b, c) Electron micrographs of anther locules (b) and individual pollen grains (c) in wild-type and F1 stage‑11 flowers. Most F1 pollen grains contain large vacuoles (v), condensed nuclei (n) and in some cases no cytoplasm. Scale bars, 5 μm in b and 2.5 μm in c. (d) In situ detection of DNA fragmentation (TUNEL; green) in anthers; the samples were counterstained with DAPI (4,6-diamidino‑2-phenylindole; blue). Scale bars, 20 μm. (e) F1 plants have a greatly reduced number of seeds per silique over the whole length of inflorescence (silique position is counted from proximal to distal end of inflorescence), as compared with wild-type and parental lines. Five plants were analysed for each line and the mean numbers of seeds per silique were plotted. Error bars indicate s.e.m. (shown for F1 only; did not exceed 10% of the mean for all other measurements). (f, g) Ovule abortion in F1 plants. (f) Both seeds and ovules were observed in siliques collected 24 h after fertilization. Scale bars, 1 mm. (g) Only 25% of ovules developed to seeds in F1 plants. (h, i) Embryo lethality in F1 plants. (h) Developing siliques in F1 plants contained defective seeds of white or pale-yellow colour (arrow). Scale bars, 1 mm. (i) Pairs of differential interference contrast images of embryos in normal and defective seeds isolated from the same silique. Degradation of embryos in defective seeds occurred early in development, before the heart stage. Scale bars, 15 μm. WT, wild type.
	Figure 5 A proposed mechanistic model of caspase-mediated cleavage of TSN during PCD. Mammalian TSN couples transcription and splicing via interactions, through distinct domains, with key components of both processes. N‑terminal SN1–4 domains interact with several components of the basal transcription machinery, including ATP-dependent RNA helicase A (RHA)33, DNA-directed RNA polymerase II largest subunit (PolR2A) and CREB-binding protein (CBP/p300). C‑terminal Tudor and SN5 domains interact with core components involved in RNA splicing, including protein components of U1, U2, U4, U5 and U6 small nuclear ribonucleoproteins (snRNPs)15 and nuclear protein SKIP (SKIIP). Caspase-mediated cleavage of TSN between the Tudor and SN5 domains impairs TSN interaction with spliceosome components and, consequently, splicing, uncoupling transcription from splicing. These changes may lead to the perturbation of the expression of genes involved in maintaining the balance between cell survival and death. Several components of transcription and splicing machineries are known substrates of caspases. Interactions between proteins and protein complexes are denoted by black lines. Four spliceosome core proteins that are targeted by caspases, U1 snRNP relative molecular mass Mr 70K (snRNP70), splicing factor 3B subunit 2 (SF3b150), splicing factor U2AF 65K subunit (U2AF65) and U6 snRNA-associated Sm-like protein LSm3 (LSM3), do not interact directly with TSN but belong to TSN-interacting protein complexes (see Methods for annotation databases). 



