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New types of metacaspases in phytoplankton reveal
diverse origins of cell death proteases

CJ Choi'? and JA Berges*"

Metacaspases are evolutionarily distant homologs of caspases that are found outside the metazoan and are known to have key
roles in programmed cell death (PCD). Two types of metacaspases (types | and Il) have been defined in plants based on their
domain structures; these have similarities to metazoan ‘initiator’ and ‘executioner’ caspases. However, we know little about
metacaspases in unicellular organisms and even less about their roles in cell death. We identified a novel group of metacaspases
in sequenced phytoplanktonic protists that show domain architectures distinct from either type | or Il enzymes; we designate
them as type lll. Type Il metacaspases exhibit a rearrangement of domain structures between N- and C-terminus. In addition, we
found a group of metacaspase-like proteases in phytoplankton that show sequence homology with other metacaspases, but defy
classification in conventional schemes. These metacaspase-like proteases exist in bacteria alongside a variant of type |
metacaspases and we propose these bacterial metacaspases are the origins of eukaryotic metacaspases. Type Il and Il
metacaspases were not detected in bacteria and they might be variants of bacterial type | metacaspases that evolved in plants
and phytoplanktonic protists, respectively, during the establishment of plastids through the primary and secondary
endosymbiotic events. A complete absence of metacaspases in protists that lost plastids, such as oémycetes and ciliates
indicates the gene loss during the plastid-to-nucleus gene transfer. Taken together, our findings suggest endosymbiotic gene

transfer (EGT) is a key mechanism resulting in the evolutionary diversity of cell death proteases.
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Programmed cell death (PCD, or apoptosis) is widely identified
as a characteristic of metazoans, but only recently has it been
recognized that it occurs in virtually in all organisms, including
plants, fungi, protists and bacteria.'™ Thus, PCD is a
fundamental process in both eukaryotic and prokaryotic
organisms and must have deep evolutionary roots.>® A number
of differences are clear in non-metazoan PCD, notably, the
absence of the central cell-death proteases, the caspases.
Instead distant homologs, metacaspases, are found.”®
Caspases are synthesized as inactive procaspases com-
prised of a prodomain, a large catalytic domain (p20) and a
small domain (p10); they are grouped into ‘initiator’ and
‘executioner’ caspases based on their sequence similarities
and the order of their activation during PCD.° Initiator
caspases have an N-terminal prodomain comprised of
adapter domains such as a CARD (caspase activation and
recruitment domain) or a DED (death effector domain);
executioner caspases do not possess an extended prodo-
main."® Initiator caspases are activated by proximity-induced
dimerization via their N-terminal recruitment domain and
consequently activate downstream executioner caspases by
cleaving an interdomain linker region between the p20 and
p10 domains, thus generating active caspase dimers."!
Active caspases recognize a tetrapeptide sequence within a

broad spectrum of cellular targets and are responsible for the
proteolytic cleavage, leading to cell death.

In plant lineages, the homologous metacaspases are
classified into type | or type Il on the basis of presence or
absence of an N-terminal prodomain, similar to the classifica-
tion of metazoan caspases into initiator and executioner
caspases.” Key features defining a prodomain in type |
metacaspases are the presence of proline-rich repeats (PRR)
and zinc-finger motifs (represented as a sequence of
CXXC)." Similar to the executioner caspases, type I
metacaspases do not possess an extended prodomain,
however unlike executioner caspases, they harbor a longer
interdomain linker between the p20 and p10 domains (~ 160
versus 30 aa).

In prokaryotes and most unicellular eukaryotes, the situa-
tion is less clear. Due to the lack of key domain structures in
their sequence, no classification has been established and
thus they are termed ‘metacaspases’ or ‘metacaspase-like
proteins’ in most studies.”'*'® These enzymes (subse-
quently referred to as metacaspases) bear the core peptide
motifs of the caspase-hemoglobinase fold, validating their
inclusion in the caspase family, however detailed differences
have not been characterized and there have been few
attempts at generalization.'®
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In contrast to traditional caspases, activation mechanisms of
metacaspases remain elusive. Autocatalytic processing within
an interdomain linker in types | and Il recombinant metacas-
pases has been demonstrated but is not strictly required for
their proteolytic activity.'>'”"'® Recently, crystal structures of
type | metacaspases were described in yeast and a parasitic
protist revealing significant structural differences from other
caspases, notably that they exist as monomers.’®2° Con-
sidering that homodimerization is essential for caspase
activation, the activation process of metacaspases might be
different.’2' While many studies used caspase-specific
fluorogenic substrates to define activity of metacaspases,
metacaspases also have a different catalytic activity, cleaving
preferentially after arginine or lysine instead of aspartate. This
has led to the controversial suggestion that metacaspases are
not responsible for caspase-like activities.'®'®

Evidence of roles for metacaspases that are not related to
cell death is increasing as well. Yeast metacaspase, Ycat, is
involved in the cell cycle regulation and protein quality
control?®2® and functions in cell cycle dynamics are reported
for metacaspases from the parasitic protists, Trypanosoma
brucei and Leishmania major.>*?® Unlike the obvious func-
tions of PCD in multicellular organisms, the selective
advantages of cell death program in single cells are poorly
established,” thus evolutionary selection for metacapases
may be based on functions unrelated to cell death.

Although metacaspases have been associated with cell
death and other functions, detailed information about their
diversity and mechanisms is lacking.?> While it is typically
assumed that homologous proteases like caspases and
metacaspases that share the same structural motifs also
share the same functions, many putative proteases recently
identified in sequenced genomes, have shown large varia-
tions in sequence and structures among homologous pro-
teases and growing evidence indicates that structural variants
have, in fact, different functions.263”

In this paper, we investigate metacaspases in unicellular
organisms using sequence analyses to understand the
diversity that is associated with structural features that may
provide insights into origins and ultimately their diverse
functions. We chose to concentrate on phytoplankton: uni-
cellular photosynthetic algae and bacteria that occupy a similar
niche across diverse marine and freshwater ecosystems.?®

Results

Absence of a prodomain in type | metacaspases in
phytoplankton. Multiple sequence alignments clearly indi-
cated the presence of both type | and type Il metacaspases
in chlorophytes, Chlamydomonas reinhardtii (CrMC1 and
CrMC2) and Volvox carteri (VcMC1 and VcMC2).
The absence of a longer interdomain linker (161.3 £32.9
aa in type |l metacaspases versus 28.6 +4.7 aa in type |
metacaspases, Table 1) and presence of a prodomain
indicated that CrMC1 and VcMC1 were type | metacaspases.
Type Il metacaspases were not found in green algal species
other than C. reinhardtii and V. carteri (Figure 1). CvMC1
from another chlorophyte, Chlorella variabilis and CsMC1-3
from Coccomyxa subellipsoidea were all close to type |
metacaspases.
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Table 1 Average domain length for each type of metacaspases in phytoplank-
ton (aa)

Prodomain p20 Interdomain p10

domain domain
Type | 95.2+83.3% 147.4+2.3 28.6+4.7 97.6+30.0
Type Il — 1445+05 161.3£329 81.6+29
Type lll — 147.0+£1.2 — 95.514.0
Metacaspase- — 152.0+20.5 — —

like proteases

@High S.D. because of several type | metacaspases that do not have
a clear prodomain region (AaMC1: Oaa, GtMC1: 2aa, EhMC1: 8aa and
TpMC2: 19 aa)

Sequence analyses indicated similar results for a number of
metacaspases. Type || metacaspases were not identified in
any of the heterokont, haptophyte or cryptophyte species
examined, but metacaspases with close homology to Arabi-
dopsis type | metacaspases were found in Aureococcus
anophagefferens (AaMC1), Thalassiosira pseudonana
(TPMC2), Emiliania huxleyi (EhMC1 and EhMC2) and
Guillardia theta (GtMC1). The length of a prodomain was
generally short (TpPMC2: 19 aa and EhMC1: 8 aa compared
with average of 95 aa) or absent (AaMC1 and GtMC1).
The exception was one metacaspase from a haptophyte
(EhMC2: 213 aa) that showed the extended N-terminus but
two features defining a prodomain, presence of PRR and zinc-
finger motifs, were not detected (Figure 1).

Discovery of type Illl metacaspases in phytoplankton.
Unlike metacaspases in chlorophytes, most of the rest of the
metacaspases in heterokonts (five out of six in T. pseudonana
and all six metacaspases in Phaeodactylum tricornutum), a
haptophyte (seven out of nine metacaspases in E. huxleyi)
and a cryptophyte (nine out of eleven metacaspases in
G. theta) resisted classification into type | or type Il
metacaspases because of the absence of homologous p10
domain at the C-terminus. However, several metacaspases
displayed distinctly different sequences in their N-terminus,
and re-examination by aligning the pruned N-terminal
sequences revealed that these metacaspases had regions
homologous to p10 domains (defined as a consensus
sequence of SGCXDXQTSADV with 75% matching and
other conserved short sequences, see Supplementary
Figure 1) in their prodomain region. In other words, they
showed evidence of distinct rearrangements of domain
structures, in which the p10 domain was located in N-terminus
instead of C-terminus (Figure 2).

This arrangement is prevalent in metacaspases from
Heterokontophyta, (for example, TpMC1 and 3; PtMC2, 4
and 5), all metacaspases from the brown macroalga,
Ectocarpus siliculosus (EsMC1-4) and metacaspases from
Prymnesium parvum (PpMC1) and G. theta (GtMC2).
Secondary structure predictions showed a common pattern
of structural elements (Supplementary Figure 1) and overall
sequence homology based on the pairwise % identity in
conserved sequence elements (CSE), which additionally
supported the evidence of domain rearrangements
(Supplementary Table 2). Therefore, we designated this
new group type lll metacaspases.
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Figure 1

Domain architecture of caspases in metazoans, a paracaspase in human, metacaspases in plants, and type | and type Il metacaspases in phytoplankton. The

catalytic domains are comprised of p20 and p10 domains and a prodomain, which possesses recruitment domains (for example, CARD or DED in initiator caspases, DD or Ig
in a paracaspase and PRR or zinc-finger motifs in plant type | metacaspases). The prodomain is absent in several type | metacaspases in phytoplankton indicating the
presence of a prodomain is not a definitive characteristics for type | metacaspases. Caspase-9 and -6 from human are shown as a representative initiator and executioner
caspases and AtMC1 and AtMC4 from A. thaliana are presented as plant type | and type Il metacaspases. The species abbreviations are: Aa, Aureococcus anophagefferens;
Cr, Chlamydomonas. reinhardtii; Eh, Emiliania huxleyi, Gt, Guillardia theta; Tp, Thalassiosira pseudonana; Vc, Volvox carteri f. nagariensis
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Figure 2 Domain architecture of type Ill metacaspases identified in Heterokontophyta (Thalassiosira pseudonana, Phaeodactylum tricornutum and Ectocarpus
siliculosus), Haptophyta, (Prymnesium parvum) and Cryptophyta, (Guillardia theta) exhibiting evidence of domain rearrangements. The p10 domain is found at the N-terminus
instead of the C-terminus. EsMC1 and EsMC3 have extended C-termini (about 2500 aa) and the total length is not represented in this figure

Metacaspase-like proteases in phytoplankion and
bacteria. Many metacaspases in phytoplankton remained
that defied classification as type I, Il or Ill. In fact, we found
that the unclassified metacaspases constituted a distinct
clade in the phylogenetic tree. Metacaspases in this group
did not show evidence of a p10 domain in either the N- and
C-terminal region, nor a prodomain (Figure 3). No metacas-
pases from plants and green algal lineages showed this
feature, but it was widespread in Heterokontophyta,

Haptophyta and Cryptophyta (three in T. pseudonana, two in
P. tricornutum, seven in E. huxleyi and nine in G. theta).

In order to understand the diversity of the metacaspases in
phytoplankton, we expanded the pool of metacaspases to the
putative ancestor of eukaryotic phytoplankton, the cyanobac-
teria. Type |, Il and lll metacaspases were not detected in any
members of cyanobacteria, but we found that cyanobacterial
metacaspases uniformly lacked the p10 domain. Expanding the
analysis to the bacterial metacaspases, we found that most

w
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Figure 3 Domain architecture of metacaspase-like proteases identified in two heterokonts (Thalassiosira pseudonana and Phaeodactylum tricornutum) that lacks a p10
domain at either N- or C-terminus. Metacaspase-like proteases are also found in a haptophyte (Emiliania Huxleyi) and a cryptophyte (Guillardia theta). (data not shown)

bacterial metacaspases did not have sequences homologous
to p10 domains. The absence of conserved sequences
representing a p10 domain was confirmed by the conserved
domain database (CDD) search in the NCBI. Accepting the
difficulty in creating a category based on absence of features,
we have chosen to refer to this distinct group of enzymes,
present in prokaryotes and eukaryotes, simply as metacas-
pase-like proteases. However, we also found a small number of
metacaspases from Proteobacteria (5-Proteobacteria: DaMC1,
Dechloromonas aromatica; LcMC1, Leptothrix cholodnii;
MpMC1, Methylibium petroleiphilum; RfMC1, Rhodoferax
ferrireducens and J-Proteobacteria: GsMC1, Geobacter sulfur-
reducens PCA), Actinobacteria (SaMC1, Streptomyces aver-
mitilis and SsMC1, Streptomyces scabiei) and Nitrospirae
(CnMCH1, Candidatus Nitrospira defluvii) that could be classified
as type | metacaspases (having both p20 and p10 domains)
(Figure 4 and Supplementary Figure 2), for example, a
hypothetical protein GSU0716 from G. sulfurreducens PCA
(GenBank accession number AAR34046). Type | metacas-
pases from bacteria did not have a prodomain as was the case
for most phytoplankton but they did possess a slight longer
interdomain linker (about 50 aa) compared with the type |
metacaspases found in eukaryotes.

Discussion

Ancestral forms of type | metacaspases do not possess
a prodomain. Metacaspases clearly fit in the C14 family of
caspases that belong to the CD clan of cysteine proteases,
which also encompasses six other families: C11 clostripain,
C13 legumain, C25 gingipain, C50 separase, C80 RTX self-
cleaving toxin and C84 prtH peptidase.?® Two types of
metacaspases (types | and Il) are defined based on the
presence of a prodomain analogous to the classification of
caspases into initiator or executioner caspases.” The
molecular role of a prodomain in initiator caspases is the
recruitment of caspases to multicomponent signaling com-
plexes for caspase activation. Whether it also has this role in
type | metacaspases is not clear, but the PRR and zinc-finger
motifs found in type | metacaspase prodomains are known to
be involved in protein-protein interactions, and zinc-finger
domains in the metacaspase AtMC1 and LSD1 are essential
for cell death function.*®

However, phytoplankion metacaspases often lack prodo-
mains (Figure 1), so we conclude that the prodomain is not a
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definitive feature. Further, because type |l metacaspases are
typically distinguished by the absence of a prodomain, this
definition is not acceptable in a broader phylogenetic context.
On the basis of our result, type Il metacaspases should be
defined by the presence of a longer interdomain linker and
overall sequence homology.

The absence of a prodomain in most eukaryotic phyto-
plankton but its presence in plants and green algae suggests
its emergence in these lineages. Our searches found an
ancestral form of type | metacaspases (without prodomains)
that have not been identified before in several groups of
bacteria, including f-Proteobacteria, o-Proteobacteria,
Actinobacteria and Nitrospirae. In addition, a type | metacas-
pase with a prodomain was found in the predicted protein
database in the Rhodophyta, C. tuberculosum (accession
number IDg11585t1). Together with data from green lineages,
our data indicate prodomains may have emerged after primary
endosymbiosis. The absence of prodomains in Heterokonto-
phyta, Haptophyta and Cryptophyta potentially indicate the
loss of prodomains during secondary endosymbiotic events.

Two variants of type | metacaspases: Type Il and Il
metacaspases in eukaryotes. Type Il metacaspases are
exclusively found in plants and green algae. Previously, it
had been suggested they were derived from type |
metacaspases through horizontal gene transfer (HGT) during
the establishment of plastid from endosymbiotic cyano-
bacteria.®’ However, type Il metacaspases are absent in
most other phytoplankton groups that have plastids as a
result of a primary endosymbiosis, while type Ill metacas-
pases (which might be derived from type I) are present in
groups that arose from secondary endosymbiotic events.
Another photosynthetic protist, Euglena gracilis that is known
to have received its plastids from a green alga via secondary
endosymbiosis has at least one type | (GenBank accession
number EC674854) and one type Il (GenBank accession
number EC679812) metacaspase, further supporting the
idea that type Ill metacaspases derived from type |, and while
the secondary plastid-containing alga, Bigelowiella natans
does not have type Ill metacaspases, neither does it have
any type | metacaspases, perhaps due to systemic loss as
part of genome reduction during endosymbiosis.*2 Impor-
tantly, metacaspases are not present in odmycetes (for
example, Phytophthora species), Heterokontophyta that
secondarily lost their plastids®® nor are they found in ciliates,
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Figure 4 Domain architecture of bacterial type | and metacaspase-like proteases identified in a wide range of bacterial groups. Metacaspase-like proteases are
widespread in most bacterial groups, (including cyanobacteria and archaea) whereas type | metacaspases are found in fewer groups (including /-Proteobacteria,
d-Proteobacteria, Actinobacteria and Nitrospirae). Bacterial type | metacaspases exhibit a slightly longer interdomain linker than type | metacaspases in eukaryotes. Species
abbreviations are: Cn, Candidatus Nitrospira defluvii; Gs, Geobacter sulfurreducens; Lc, Leptothrix cholodnii; Mp, Methylibium petroleiphilum; Rf, Rhodoferax ferrireducens;
Sa, Streptomyces avermitilis; Ss, Streptomyces scabiei. The total lengths of metacaspase-like proteases are not represented because of high variance

another group that lost plastids. Clearly, endosymbiotic gene
transfer (EGT) might play key roles in metacaspase diversity.

The absence of type Il metacaspases from some green
algae, might be related to the complexity of the organisms’ life
history®* or elements like multicellularity and developmental
programs. For example, multicellular plants have type Il
metacaspases, and as V. carteri exhibits a degree of
multicellular organization, the presence of type Il meta-
caspases is not unexpected.®® Type Ill metacaspases are
absent in the heterokont, A. anophagefferens, which has only
one type | metacaspase. A. anophagefferens is known to be
especially tolerant of stressful conditions and may not need
a diverse pool of metacaspases.®® All metacaspases in
E. siliculosus are type lll and this might be associated with
the emergence of multicellularity in brown algae.®”

Domain rearrangements found in type Il metacaspases
could affect protein function.®® We do not know whether type
Il metacaspases retain their activities, but at least some
domain rearrangements in proteases have little or no effect on
function.®® Indeed, recombinant caspase-3 and -6 that have a
domain swapping like type Il metacaspases are constitutively
active and retain apoptotic functions.*® Circular permutation
(CP) is a type of nonlinear domain rearrangement that may
explain the mechanism for a new domain combination by
which N- and C-terminal regions of a protein become
exchanged.*’ CP has been described for various types of
proteins, such as DNA methyltransferases, ABC transporters,
ribosomal proteins, histones and homeobox proteins, thus CP
is widely spread in proteins.*>*** Potential mechanisms of CP
are unknown but domain rearrangements are a major source
of evolutionary innovation and suggest active protein evolu-
tion in metacaspases.**

Metacaspase-like proteases in phytoplankton and their
bacterial origin. Bacterial origins of PCD were suggested by
Koonin and Aravind after finding components of cell death
machinery in bacteria.®? Their widespread presence in non-
metazoans and the subsequent finding of caspase-like
proteases in a group of a-Proteobacteria (the Rhizobia) lead

to the hypothesis of a mitochondrial endosymbiotic origin of
eukaryotic metacaspases.® Bacterial metacaspases, including
caspase-like proteases in the Rhizobia do show a well-
conserved p20 domain that contains catalytic active sites, but
lack a p10 domain. We also found a group of proteases that
lack a p10 domain in several groups of eukaryotic phytoplank-
ton (Heterokontophyta, Haptophyta and Cryptophyta including
their ancestor, Rhodophyta), and thus could represent a
distinct feature compared with type |, Il or lll metacaspases.

For classical caspases, the p20 and p10 domains have a
straightforward functional meaning: cleavage in the interdo-
main linker during the caspase activation results in products
with masses of ~20 kDa and ~ 10 kDa, respectively.*>4¢ The
case for metacaspases is less clear; it has not been
demonstrated that cleavage is needed for activation, as it is
for caspases. We know that type | metacaspases in Ycal and
A. thaliana (AtMCP1b), undergo autoprocessing and yield at
least a small (~12kDa) polypeptide.’”'® One type II
metacaspase in A. thaliana, Atmc9 also generates ~22 and
~15kDa fragments after autoproteolytic processing, which
correspond to p20 and p10 domains.'? No data are available
yet, for newly identified type Il metacaspases.

Metacaspase-like proteases, despite their apparent lack of
a p10 domain, might have cleavages sites that could generate
subunits, but our alignments and the secondary structure
analyses have not identified an interdomain linker that
contains a cleavage site. Alternatively, cleavage may not be
needed; two recently-obtained crystal structures of yeast and
trypanosome metacaspases indicate these proteases are
monomers with different mechanisms to explain proteolytic
activity.'®2° Another class of caspase homologs, the para-
caspases, are monomers and dimerization for proteolytic
activity.*” Without better understanding, it seems wisest to
maintain a more neutral category (metacaspase-like pro-
teases) for this group (Figure 3).

Metacaspase-like proteases are widespread in «-Proteo-
bacteria, which is consistent with the idea of a mitochondrial
endosymbiotic origin.® However, they are also found in most
other bacterial groups, including all classes of Proteobacteria,

o
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Figure 5 Simplified phylogenetic representation of hypothetical metacaspase evolution. Two proposed ancestral forms of metacaspases in bacteria are type |
metacaspases (MC1) and a metacaspase-like protease lacking a p10 domain (MCP). Type | metacaspases are present in most eukaryotes. Type Il metacaspases are found
exclusively in higher plants and green algae, potentially derived from primary endosymbiosis (as they are absent in red algae and glaucophytes). Type Ill metacaspases are
found in groups that underwent secondary endosymbiotic events (for example, heterokonts, haptophytes, cryptophytes and euglenids). Absent in oomycetes and ciliates
(dashed line) is hypothesized to arise from a secondary loss, possibily associated with loss of plastids. The more poorly-defined metacaspase-like proteases are mostly
present in bacterial groups and eukaryotes except green lineages, thus they have hypothetically been lost in green lineages

Cyanobacteria and even Archaea, which might support
acquisition through HGT. Metacaspase-like proteases are
present in most eukaryotic phytoplankton, but not in plants
and green algae, so it is more parsimonious to assume
bacterial origins and a later gene loss in selected lineages.
Why, then, would metacaspase-like proteases be lost?

The major characteristic of metacaspase-like proteases is
the absence of a sequence homology in a p10 domain.
Domains are structural units that frequently determine the
function of proteins.*® In the case of caspases, one of the
amino acids critical to determining substrate specificity is in
the p10 domain.*® Absence of a p10 domain in metacaspase-
like proteases therefore, could indicate non-function or quite
different substrate specificity. In such cases, the protein might
be redundant and loss could follow.

Our results provide evidence for origin of eukaryotic meta-
caspases from bacteria. The newly detected bacterial type |
metacaspases (annotated as GSU0716 from G. sulfurreducens,
in p-, o-Proteobacteria, Actinobacteria and Nitrosporae but
missing in o-Proteobacteria) have p20 and p10 domains but no
prodomain; this is similar to type | metacaspases from phyto-
plankton. Therefore, we hypothesize that eukaryotic metacas-
pases originated from two bacterial metacaspases, type |
metacaspases and metacaspase-like proteases (Figure 5).

Materials and Methods

Database searches. Searches for metacaspase sequences in phytoplankton
were carried out using the genome databases at DOE Joint Genome Institute
(JGI: http://genome.jgi.doe.gov) using the current releases. Four species from
Chlorophyta (Chlamydomonas reinhardtii v4.0, Chlorella variabilis NC64A,
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Coccomyxa subellipsoidea C-169 v2.0 and Volvox carteri f. nagariensis), three
species from Heterokontophyta (Aureococcus anophagefferens, Phaeodactylum
tricornutum v2.0 and Thalassiosira pseudonana), one species from Haptophyta
(Emiliania huxleyi CCMP1516 v1.0) and one species from Cryptophyta (Guillardia
theta CCMP2712 v1.0) were chosen and a total of 41 metacaspases were
identified after extensive genome searches and used for sequence analyses.
The recently-completed draft genome of Ectocarpus siliculosus was included to
incorporate  four metacaspases from brown algae (Bioinformatics and
Systems  Biology, http://bioinformatics.psb.ugent.be/webtools/bogas/overview/
Ectsi). Detailed information is summarized in Supplementary Table 1. Additional
metacaspases from the Rhodophyta, Calliarthron tuberculosum (http:/dbdata.r-
utgers.edu/data/plantae/) and the Glaucophyta, Cyanophora paradoxa
(http://cyanophora.rutgers.edu/cyanophora/home.php) were found from the pre-
dicted protein database. Nine metacaspases from Arabidopsis thaliana were
obtained from The Arabidopsis Information Resource (TAIR) database (http:/
www.arabidopsis.org) and were used to construct a query protein set and further
used as reference sequences for the following sequence analyses. The meta-
caspase sequences were also retrieved by TBLASTN, BLASTP and PSI-BLAST
searches in GenBank to avoid missing any other metacaspase sequences.

Bacterial metacaspase sequences were obtained from the MEROPS database
(http://merops.sanger.ac.uk) to incorporate metacaspases from genomes that had
not been fully sequenced for extensive sequence comparisons. The MEROPS
database is a collection of proteolytic enzymes grouped into homologous proteins
based on the tertiary structure similarities thus provides solid metacaspase
sequences.® A total of 233 metacaspases from bacteria and eight from archaea
were used. This includes all groups of Proteobacteria, Aquificae, Bacteroidetes,
Chlamydiae, Chlorobi, Chloroflexi, Cyanobacteria, Deferribacteres, Fibrobacteres,
Firmicutes, Nitrospirae, Planctomycetes, Spirochetes, Verrucomicrobia and
Euryarchaeota.

Metacaspase sequence analyses. Metacaspase sequences obtained
from JGI and MEROPS databases were examined by the inspection of caspase
p20 domain (CASc superfamily, Caspase domain in the NCBI Conserved Domain
Database) and used for the sequence alignments. All metacaspase sequences
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were aligned with well-defined type | (AtMC1-3) and type Il (AtMC4-9)
metacaspases from A. thaliana as reference sequences using the default
parameters of the MUSCLE algorithm, implemented in Geneious, version 5.5.6
(Biomatters Ltd, Auckland, New Zealand). A consensus sequence for the p20 and
p10 domains was established based on the results of alignment. Alignment results
for the p10 domain were manually pruned using MacClade 4.08 based on the
results of reference sequences and pruned sequences were then realigned to
define different types of metacaspases.’’ Secondary structure predictions and
associated confidence values for metacaspases were made by using the
PSIPRED protein structure prediction server (http://bioinf.cs.ucl.ac.uk/psipred).?
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