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Summary

Caspases are a family of cysteine-dependent pro-
teases known to be involved in the process of
programmed cell death in metazoans. Recently,
cyanobacteria were also found to contain caspase-like
proteins, but their existence has only been identified in
silico up to now. Here, we present the first experimen-
tal characterisation of a prokaryotic caspase homo-
logue. We have expressed the putative caspase-like
gene MaOC1 from the toxic bloom-forming cyanobac-
terium Microcystis aeruginosa PCC 7806 in Escheri-
chia coli. Kinetic characterisation showed that MaOC1
is an endopeptidase with a preference for arginine in
the P1 position and a pH optimum of 7.5. MaOC1
exhibited high catalytic rates with the kcat/KM value for
Z-RR-AMC substrate of the order 106 M−1 s−1. In con-
trast to plant or metazoan caspase-like proteins,
whose activity is calcium-dependent or requires
dimerisation for activation, MaOC1 was activated by
autocatalytic processing after residue Arg219, which
separated the catalytic domain and the remaining
55 kDa subunit. The Arg219Ala mutant was resistant to
autoprocessing and exhibited no proteolytic activity,
confirming that processing of MaOC1 is a prerequisite
for its activity. Due to their structural and functional
differences to other known caspase-like proteins, we
suggest to name these evolutionary primitive proteins
orthocaspases.

Introduction

Caspases are cysteine-dependent aspartate-directed pro-
teases and are indispensable for the regulation of meta-
zoan apoptosis, a well-characterised form of programmed

cell death (PCD).1 They are synthesised as inactive proen-
zymes and are divided into two types based on their overall
structure and activation modes. Executioner caspases are
activated by proteolytic separation of the large (p20) and
small (p10) subunits, whereas initiator caspases have an
N-terminal prodomain that is needed for oligomerisation
and recruitment into protein complexes called apopto-
somes (Fuentes-Prior and Salvesen, 2004; Riedl and
Salvesen, 2007). Caspases are not found in plants, yeasts
or protozoa. Instead, two groups of caspase-related
cysteine proteases were identified in these organisms and
based on domain structure and sequence similarity divided
into paracaspases and metacaspases (Uren et al., 2000).
Together with caspases, metacaspases and paracas-
pases are classified as C14 family proteases that belong to
the CD clan of cysteine peptidases. A common structural
feature of this clan is the typical caspase/hemoglobinase
fold (Aravind and Koonin, 2002).

Metacaspases represent the largest sub-family and are
further classified into three types: type I members contain
an additional proline-rich repeat and zinc-finger motifs in
the N-terminal prodomain (Vercammen et al., 2004),
whereas type II metacaspases lack such domains and are
hallmarked by the presence of an extended linker region
between p20-like and p10-like domains. Recently, type III
metacaspases have been identified with an unusual rear-
rangement of domains, having the p10-like domain located
at the N-terminus instead of the C-terminus of the protein
as seen in other caspase-like proteins (Choi and Berges,
2013). Increasing biochemical evidence reveals that plant,
yeast and protozoan metacaspases and metazoan par-
acaspases do not share the substrate specificity of cas-
pases. Instead, they are cysteine proteases that cleave
their substrates afterArg or Lys at the P1 position (Bozhkov
et al., 2005; Watanabe and Lam, 2005; 2011; Vercammen
et al., 2006; Lee et al., 2007; Moss et al., 2007; Hachmann
et al., 2012). The first indication for a basic amino acid
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preference was the determination of the Arabidopsis thali-
ana AtMC9 autoprocessing site (Vercammen et al., 2004)
followed by identification of other type I and type II meta-
caspase cleavage sites, all with basic cleavage site
sequences (Sundstrom et al., 2009; Ojha et al., 2010).
Substrates with basicArg or Lys residues at the P1 position
were readily hydrolysed by recombinant Trypanosoma
brucei metacaspase TbMC2 (Moss et al., 2007), A. thali-
ana type I and type II metacaspases AtMC1, AtMC4,
AtMC5, AtMC8, AtMC9 (Vercammen et al., 2004;
Watanabe and Lam, 2005; 2011; He et al., 2008), as well
as immunoprecipitated metacaspases LdMC1 and LdMC2
from Leishmania donovani (Lee et al., 2007) and even
paracaspases (Hachmann et al., 2012).

This P1 specificity shift still remains elusive, despite new
information on phylogeny of the metacaspases, paracas-
pases and caspases. Emerging evidence suggests that
caspase-like proteins evolved from two ancestral forms of
metacaspases: type I metacaspases that can be found in
lineages from Proteobacteria to plants, and so-called
metacaspase-like proteins, widely represented in Eubac-
teria but absent in plants and green algae (Choi and
Berges, 2013). Interestingly, metacaspase-like proteins
seem to be lost after primary endosymbiosis with the
emergence of type II metacaspases, which are exclusively
found in green algae and plants. In contrast to other
members of the caspase-like superfamily of proteins,
metacaspase-like proteins lack sequence homology to p10
domain, bearing only the core peptide motif of the caspase-
hemoglobinase fold. Due to their incomplete caspase-like
structure, metacaspase-like proteins were hypothesised to
be inactive, which would count for their absence in higher
evolutionary lineages (Choi and Berges, 2013).

To address this issue, we have chosen to explore the
metacaspase-like proteins of Cyanobacteria, the most
likely ancestors of chloroplasts in plants. The typical rep-
resentative of unicellular cyanobacteria, Synechocystis
sp. PCC 6803 contains only an inactive metacaspase-like
protein as judged form the absence of the catalytic His-
Cys dyad. For this reason, metacaspase-like proteins of
its most closely related strain based on 16S rRNA, Micro-
cystis aeruginosa (Jiang et al., 2010), were chosen for
further investigation. Our data suggest that the most
structurally conservative cyanobacterial metacaspase-
like protein (MaOC1) exhibits proteolytic activities similar
to metacaspases and paracaspases. Due to their evolu-
tionary importance and structural distinctiveness we
termed metacaspase-like proteins orthocaspases.

Results and discussion

Identification of M. aeruginosa PCC 7806 orthocaspases

Programmed cell death is a well characterised mechanism
with caspases being one of the most widely studied meta-

zoan enzymes. Caspases are synthetised as inactive pre-
cursors comprised of a prodomain, a large catalytic p20
and a small p10 domain. More than a decade ago, caspase
orthologues were identified based on the presence of the
structurally homologous p20 domain with the caspase-
hemoglobinase fold (Uren et al., 2000). Identified proteins
were termed metacaspases (found in plants, yeasts and
protozoa) and paracaspases (found in metazoa and slime
moulds). With increasing numbers of available genomes,
new evidence emerges on the presence of caspase-like
proteins in Euryarchaeota and even Proteobacteria, which
complies well with Koonin’s almost 20 year old idea of a
bacterial origin of the PCD (Aravind et al., 2001). Interest-
ingly, type II metacaspases can exclusively be found in
plants and green algae, whereas an ancient form of type I
metacaspases (without prodomain) has been identified in
β-Proteobacteria, δ-Proteobacteria, Actinobaceria and
Nitrospirae (Choi and Berges, 2013). α-Proteobacteria, on
the other hand, together with Cyanobacteria and Archaea
contain a well conserved p20-like domain but uniformly
lack the p10-like domain (Fig. 1A). These proteins were
termed metacaspase-like proteins (Choi and Berges,
2013). Due to their incomplete caspase-like structure, they
have been hypothesised most likely to be non-functional or
at least exhibit considerably different substrate specificity.
Based on their demonstrated functionality herein and
together with their suggested evolutionary importance, we
termed the metacaspase-like proteins orthocaspases.

Characterisation of M. aeruginosa
orthocaspase sequences

Cyanobacteria, an ancient group of photoautotrophic bac-
teria, contain a rich pool of putative orthocaspases. The
distribution of these genes in Cyanobacteria is an inte-
grated function of genome size and ecological habitat:
most unicellular cyanobacteria contain none or only one
gene, whereas filamentous cyanobacteria may contain up
to 12 caspase homologues (Jiang et al., 2010). The archi-
tecture of most of the orthocaspases is simple, comprising
only the p20-like domain (Jiang et al., 2010), yet addi-
tional domains known to be involved in signal recognition
were also identified (Asplund-Samuelsson et al., 2012). In
the colony-forming cyanobacterium M. aeruginosa PCC
7806, five putative genes coding for caspase-like proteins
have been identified thus far (Frangeul et al., 2008). Per-
forming a homology DELTA-BLAST search, we discov-
ered an additional sequence, leading to a total of six
M. aeruginosa PCC 7806 orthocaspases. We designated
the members from MaOC1 to MaOC6 in accordance to
the nomenclature established for A. thaliana metacas-
pases (Tsiatsiani et al., 2011), and the alignment of their
amino acid sequences is shown in Fig. 1B. In addition
to the catalytic domain, MaOC3 and MaOC5 contain
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sequences homologous to the GUN4 domain that is pro-
posed to participate in plastid-to-nucleus signalling in
A. thaliana by regulating magnesium-protoporphyrin IX
transfer (Larkin et al., 2003). A sequence homologous to
sulfatase-modifying factor enzyme 1 is present at the
C-terminus of MaOC5. As this is a domain found in
several eukaryotic proteins where it is required for post-
translational sulfatase modification (Landgrebe et al.,
2003), its function in M. aeruginosa cannot easily be
deduced. MaOC6 is the only member that is most likely a
transmembrane protein with an extracellular or periplas-
mic receptor domain at the C-terminus.

Neither MaOC1 nor MaOC2 contain identifiable
domains other than the p20-like domain. The hallmark of
this domain is the conserved His/Cys dyad. Consensus
regions surrounding the catalytic residues in M. aerugi-
nosa are H(Y/F)SGHG and D(A/S)C(H/R) and are highly
conserved in orthocaspases (Jiang et al., 2010) (Fig. 2) as
well as metacaspases (Vercammen et al., 2004). Interest-
ingly, MaOC2, like many other cyanobacterial orthocas-
pases and metacaspases TbMC1 and TbMC4 (Szallies

et al., 2002), encodes Tyr at the position of His, and Ser in
place of the catalytic Cys, which renders it catalytically
inactive. For further characterisation we have chosen the
MaOC1, with the most conserved structure containing only
the p20-like domain.

Overexpression of MaOC1 results in
autocatalytic processing

The cleavage of caspases, which results in separation of
the catalytic p20 domain and the p10 domain followed by
dimerisation, is a prerequisite for their activity (Earnshaw
et al., 1999). Similarly, plant type I metacaspases (AtMC2)
and yeast metacaspases (Yca1) were shown to undergo
proteolytic processing upon overproduction in bacteria,
but it was unclear whether cleavage was necessary for
activation (Watanabe and Lam, 2005; Wong et al., 2012).
Metacaspase AtMC4 was shown to generate two frag-
ments of approximately 20 and 10 kDa (Watanabe and
Lam, 2011), and autoprocessing of AtMC9 was proven to
be a prerequisite for its activity (Vercammen et al., 2004).

Fig. 1. Domain organisation of orthocaspases and other typical caspase-like protein superfamily members.
A. Domain organisation of caspases and paracaspases in metazoa, metacaspases in plants and diatoms and orthocaspases in bacteria.
Domains were identified using InterPro protein sequence analysis and classification tool (Mitchell et al., 2015). In addition to p20 (black
rectangle) and p10 (white rectangle) various recruitment domains are found in executioner caspases (CARD), paracaspases (DD) and type I
metacaspases (PRR). The following representatives are shown: human caspase-9 as an executioner caspase, human caspase-3 as an
initiator caspase, human MALT-1 as a paracaspase, A. thaliana AtMC1 as type I metacaspase, A. thaliana AtMC4 as type II metacaspase,
T. pseudonana metacaspase as type III metacaspase and Synechocystis PCC 6803 caspase-like protein as a representative of
orthocaspases.
B. Unrooted phylogenetic tree of M. aeruginosa PCC 7806 orthocaspase family. The tree is based on a PROMALS alignment of p20-like
sequences from the six identified MaOCs and was constructed using the Neighbor-Joining method of the MEGA software (version 6). The
catalytic p20-like domain is drawn as a black rectangle while additional domains are drawn in gray. CARD, caspase activation and recruitment
domain; DD, death domain; PRR, proline-rich repeat; GUN4, genomes uncoupled protein 4; FGE-sulfatase, formylglycine-generating sulfatase.
NCBI accession numbers: caspase-9, 842; caspase-3, 836; MALT-1, NG_033893; AtMC1, AEE27396; AtMC4, AEE36232; TpMC, 7450918;
SyMC, 499175590; MaOC1, CAO88281; MaOC2, CAO87907; MaOC3, CAO88826; MaOC4, CAO87362; MaOC5, CAO86659; MaOC6,
CAO86810.
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Conversely, protozoan metacaspase TbMC2 required
no autoprocessing for its activity (Moss et al., 2007),
whereas LdMC1 and LdMC2 do not undergo proteolytic
processing (Lee et al., 2007). When we expressed and
affinity purified MaOC1 in Escherichia coli, no band cor-
responding to the full-length protein (approximate molecu-
lar mass of 78 kDa) could be detected. Instead, two bands
with apparent molecular masses of about 55 kDa and
25 kDa were clearly visible (Fig. 3). Although various
chromatographic methods were used in attempt to sepa-
rate the processed fragments (ionic, hydrophobic, size-
exclusion), both proteolytic fragments were co-purified in
the same fraction. Sequence alignment of MaOCs reveals
that MaOC1 as well as MaOC6 contain two adjacent Cys
residues (Cys169 and Cys170) that could potentially form a
catalytic dyad with His in the active site. To test which of
the Cys residues is required for the catalytic activity,
Cys169 and Cys170, together with His110, were individually
substituted with alanines. SDS-PAGE analysis revealed
that MaOC1C170A and MaOC1H110A did not undergo pro-
cessing, thus proving that Cys170 represents the catalytic
cysteine (Fig. 2). The equivalent of Cys170 in T. brucei
(Cys213), which also harbours neighbouring Cys residue at

position 212, has similarly been identified as the catalytic
Cys (Moss et al., 2007). The MaOC1C169A mutant on the
other hand was able to process autocatalytically, but
exhibited a distinct cleavage pattern, suggesting its pos-
sible role in MaOC1 substrate co-ordination.

MaOC1 cleaves after P1-Arg substrates

As bacterial overproduction of the MaOC1 resulted in
autoprocessing into an active form (see below), we char-
acterised the cleavage products. N-termini of the cleaved
fragments were consistent with cleavage after residues
Arg5 and Arg219 (Fig. 3). This clearly suggests that ortho-
caspases, in analogy to executioner caspases and plant
metacaspases, separate the catalytic p20-like domain
from the rest of the polypeptide chain. While cleavage
sites in type I and type II metacaspases are highly con-
served (Lam and Zhang, 2012), the cleavage in MaOC1
occurs in a long linker region with no homology in other
MaOC proteins (Fig. 2). The nature of the autoprocessing
suggests that prokaryotic orthocaspases share the sub-
strate specificity of metacaspases and paracaspases,
which in contrast to caspases (with aspartate prefer-
ence), cleave their substrates after positively charged
residues. Various synthetic oligopeptides with Arg at P1
site were efficiently cleaved by MaOC1, with a require-
ment of a minimum length of two residues, as no cleav-
age was observed using the substrate H-R-AMC
(Fig 4A). Expectedly, MaOC1 did not cleave the classical
caspase substrate Ac-DEVD-AMC. Optimal substrates
with Arg at P1 site were cleaved with kcat/KM values of up
to 106 M−1 s−1 (Table 1), which is one or two orders of
magnitude higher than the specificity constants deter-
mined for optimal substrates of metacaspase AtMC9 or
paracaspase MALT-1, respectively (Vercammen et al.,
2006; Hachmann et al., 2012), rendering MaOC1 the
most efficient member of the caspase-like superfamily of
proteins. In addition to Arg specificity at P1 position,
metacaspases and paracaspases cleave their substrates

Fig. 2. Multiple sequence alignment of M. aeruginosa orthocaspases. Identical residues are shaded black and similar amino acids are
shaded gray with 60% threshold for shading. The putative catalytic His and Cys residues are indicated by arrows and the P1 Arg involved in
autocatalytic processing is represented by a triangle. The sequence alignment was performed using PROMALS (Pei and Grishin, 2007).

Fig. 3. Analysis of autoprocessing of MaOC1 expressed in E. coli.
Five micrograms of purified C-terminally His-tagged MaOC1 and its
mutant forms were separated on 12% SDS-PAGE and stained with
Coomassie brilliant blue. The detected wild-type autoprocessing
fragments with the determined N-terminal amino acid sequences
are represented schematically on the right. The location of P1 Arg
involved in autocatalytic processing is represented by a triangle.
Dark gray, InterPro (Mitchell et al., 2015) annotated caspase C14
domain; black, p20-like domain; light gray, C-terminal domain.
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readily after Lys residues. MaOC1, on the other hand,
exhibited only weak catalytic efficiencies using VLK as a
substrate, due to a very low kcat and moderately higher KM

value in comparison with substrates with Arg at position
P1. Consistently, orthocaspase activity is completely
abolished in the presence of two arginal reversible inhibi-
tors leupeptin and antipain (Fig. 4B), which were also
proven to be potent inhibitors of A. thaliana, L. donovani
and T. brucei metacaspases (Bozhkov et al., 2005;
Watanabe and Lam, 2005; Moss et al., 2007). Activity
was neither observed in the presence of the inhibitory
substrate analogue Z-FR-FMK, confirming the specificity
for basic P1 residues in orthocaspase substrates.

Biochemical analysis demonstrated that MaOC1 has a
pH optimum at pH 7, with substantial activity also at
higher pH values (Fig. 4C). This is in accordance with
previously published data of various type I or type II meta-

caspases as well as paracaspases that indicates that they
all prefer neutral to slightly basic pH for their activity. The
only exception is AtMC9 with a pH optimum of pH 5.5
(Vercammen et al., 2004; Lee et al., 2007; Moss et al.,
2007; Hachmann et al., 2012).

MaOC1 is activated by autoprocessing

Members of the caspase superfamily of proteins are syn-
thesised as inactive zymogens and can be further classi-
fied on the basis of their mode of activation: while
proteolytic processing is required for the activation of mam-
malian caspases as well as type II metacaspases, the
activity of type I metacaspases does not depend on auto-
processing (Fuentes-Prior and Salvesen, 2004; McLuskey
et al., 2012). In addition to autoprocessing mechanisms,
the activity of type I as well as most of the type II metacas-
pases is calcium regulated (Adams, 2003; Wong et al.,
2012). With the exception of calcium-independent AtMC9
(Zhang and Lam, 2011), type II metacaspases are acti-
vated in the presence of mM concentrations of calcium,
whereas μM concentrations are sufficient for activation of
type I metacaspases (Madeo et al., 2002). Paracaspases,
on the other hand, are activated by dimerisation without
cleavage (Hachmann et al., 2012). To determine the mode
of activation of the orthocaspase MaOC1, different experi-
ments were set up to test each of the possibilities. As
shown in Fig. 5A, Ca2+ concentrations ranging from low
micromolar to high millimolar had no effect on the rate of
MaOC1 hydrolysis. As no significant change in the activity
was observed neither in presence of 10 mM EDTA, we
concluded that calcium has no effect on the hydrolytic
activity of MaOC1. Size exclusion chromatography fol-
lowed by immediate measurement of enzyme activity was

Fig. 4. Enzymatic properties of MaOC1.
A. MaOC1 substrate specificity was determined using various fluorogenic peptides: Z-RR-AMC (RR), R-AMC (R), K-AMC (K), Boc-VLK-AMC
(VLK) or Ac-DEVD-AMC (DEVD). Initial hydrolysis rates were determined and are presented as percentage of the maximal rate using Z-RR as
a substrate.
B. Effect of different protease inhibitors on MaOC1 was determined with Z-RR-AMC as a substrate. Relative activity is expressed as
percentage of the activity of the enzyme without any inhibitor.
C. Initial velocities using Z-RR-AMC as a substrate were determined in buffers with different pH as explained in Materials and methods
section. Relative activity is expressed as percentage of the activity at optimal pH. All assays were performed using 10 μM substrate and 1 nM
enzyme concentrations in 20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM DTT at 25°C. All experiments were done as three independent assays.
The analysis was performed with GraphPad Prism 5.0 Software. Mean values with standard deviation are shown.

Table 1. Catalytic efficiencies of MaOC1.

Substrate kcat (s−1) KM (μM) kcat/KM (M−1·s−1)

Z-LR-AMC 8.58 34.83 (± 6.35) 2.44 × 105

Z-FR-AMC 8.72 13.52 (± 1.68) 2.50 × 105

Z-RR-AMC 8.53 4.98 (± 0.47) 1.71 × 106

Boc-GKR-AMC 9.65 82.46 (± 4.61) 1.16 × 105

Boc-GRR-AMC 6.94 27.3 (± 2.61) 2.52 × 105

Z-VVR-AMC 15.30 9.14 (± 1.03) 1.67 × 106

Boc-VLK-AMC 0.61 51.74 (± 7.39) 1.14 × 104

Assays were performed in 20 mM HEPES (pH 7.5) containing
150 mM NaCl and 5 mM DTT at 25°C using 1 nM enzyme with
variable peptidyl-AMC concentrations (0–250 μM). Active enzyme
concentrations were determined by active site titration with the irre-
versible inhibitor Z-FR-FMK. Kinetic constants were determined per-
forming non-linear regression analysis using Graphpad Prism 5.0
Software.
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performed to test the possibility of activation by dimerisa-
tion. The majority of the protein eluted as a monomer with
an elution volume corresponding to the mass of full-length
MaOC1 and maximal hydrolytic activity corresponded to
the maximal elution peak (Fig. 5B). To rule out the possi-
bility of a preferred monomer state in diluted solution, we
used sodium citrate, a kosmotropic salt that decreases the
entropy of the system, thereby allowing ordering and oli-
gomerisation processes to take place as was shown for
paracaspase MALT-1 (Hachmann et al., 2012). We
assayed the activity of MaOC1 in buffers with increasing
sodium citrate concentration and no increase in reaction
rates has been observed (data not shown). Finally, we
confirmed that proteolytic cleavage drives the activation of
the MaOC1 by constructing a mutant form of MaOC1,
where we replaced the P1 Arg at the cleavage site with Ala
(MaOC1R219A mutant). SDS-PAGE analysis shown in
Fig. 5C demonstrates that the mutant remained uncleaved
and no proteolytic activity could be detected. This clearly
indicates that it could not autoprocess, confirming that the
autoprocessing of MaOC1 occurs specifically at Arg219 and
that orthocaspases strongly depend on autoprocessing for
their enzymatic activity.

Conclusion

In this work we present the identification and first
characterisation of orthocaspases, evolutionarily primitive
prokaryotic caspase homologues that, in contrast to other
members of the caspase-like superfamily, contain a well-
conserved catalytic p20-like domain but lack sequence
homology with the small p10-like domain. Despite this
structural uniqueness, our results demonstrate that ortho-

caspases are members of the C14 family of proteins
belonging to the CD clan of proteases. In caspase-1, three
conserved positively charged residues (Arg179, Gln283 and
Arg341) form a basic S1 pocket that underlines the Asp-P1
preference for clan CD proteases (Fuentes-Prior and
Salvesen, 2004). The alignment of the caspase sequences
with metacaspases and paracaspases reveals striking
structural conservation as paracaspase MALT-1 uses
acidic residues at the same location to form an acidic S1
pocket (Yu et al., 2011). In addition to highly conserved
Asp365 and Asp462 (according to MALT-1 residue number-
ing) in all members of the caspase-like family, Glu500 is
involved in formation of acidic S1 pocket in MALT-1.
Recently, Asp353 in Nicotiana tabacum L. metacaspase
(NtMC1), corresponding to Glu500 in MALT-1 or Asp266 in
AtMC9, was identified as the residue in p10 domain that
may contribute to the formation of the substrate-binding
pocket (Acosta-Maspons et al., 2014). Although this nega-
tively charged residue is conserved in MaOC1 (Glu247)
(Fig. S1), the region surrounding it shows little sequence
similarity to otherwise well conserved consensus
sequence defining the p10 domain (SGCXDXQTSADV).
This sequence forms the 280-loop in TbMC2, which in the
presence of calcium undergoes conformational changes
and stabilises substrates in the active site (McLuskey
et al., 2012). As no change in activity is observed in the
presence or absence of calcium in MaOC1, the catalytic
role of Glu247 remains to be determined.

The MaOC1 preference for cleavage after basic amino
acid residues is common to caspase-like proteins charac-
terised up to now. In contrast to type I metacaspases that
readily cleave after Arg or Lys residues, type II metacas-
pases AtMC4 and AtMC9 exhibit somehow lower catalytic

Fig. 5. Activation mode of MaOC1.
A. Effect of calcium concentrations on MaOC1 was determined by performing the measurements with calcium concentrations raging from μM
to mM concentrations or 10 mM EDTA without calcium. Relative activity is expressed as percentage of the activity of the enzyme in absence
of calcium.
B. Size-exclusion chromatography followed by immediate measurement of enzyme activity was performed to determine the possible oligomeric
state of the enzyme. Purified MaOC1 was applied to a Superdex 200 size-exclusion chromatography (SEC) column connected to ÄKTA FPLC
system and 0.5 ml fractions were collected for enzymatic analysis.
C. Proteolytic activities of the wild type MaOC1 and its R219A mutant were measured and relative activity is expressed as percentage of the
activity of the wild type. All assays were performed using 10 μM substrate and 1 nM enzyme concentrations in 20 mM HEPES pH 7.5,
150 mM NaCl, 5 mM DTT at 25°C. All experiments were done as three independent assays. Statistical analysis was performed with GraphPad
Prism 5.0 Software. Mean values with standard deviation are shown. Panel on the right shows purified MaOC1 R219A mutant separated on
12% SDS-PAGE and stained with Coomassie brilliant blue.
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activities towards substrates with Lys at P1 positions
(Vercammen et al., 2004; Watanabe and Lam, 2005), a
feature observed also in cyanobacterial orthocaspase
MaOC1. In the absence of the three-dimensional structure,
we are unable to give explanation for this characteristic.
Despite extensive efforts, no adequate computational
model of the MaOC1 p20 domain could be constructed due
to very low overall similarity of the p20 domain to known
metacaspase or paracaspase protein structures (as
evident from Fig. S1).

This study suggests that measurements of caspase-like
activity using caspase-specific substrates (harbouring Asp
at P1) should not be used for indication of orthocaspase
catalytic activities in prokaryotes. Instead, we encourage
the use of the substrates with positively charged Arg or Lys
residues at P1 position, as it has already been suggested
by Tsiatsiani for measurement of metacaspase activities
(Tsiatsiani et al., 2011). Intriguingly, elevated caspase-3-
like activity was observed in metabolic stress-induced
Xanthomonas (Wadhawan et al., 2014) as well as in E. coli
MG1655 (Wadhawan et al., 2013), and upregulated levels
of caspase-like genes were reported to be paralleled by
caspase activity rates in Trichodesmium (Bar-Zeev et al.,
2013). In light of our results, these data suggest that a yet
unidentified class of enzymes but not orthocaspases are
most likely responsible for the detected caspase-like activi-
ties in prokaryotic organisms. It has been speculated that
cryptic caspase-like proteases might be activated down-
stream of orthocaspases/metacaspases (Tsiatsiani et al.,
2011), but as caspase-3-like activity in M. aeruginosa was
not found to be inhibited in the presence of the synthetic
caspase inhibitor Z-VAD-FMK (Ding et al., 2012), addi-
tional data are needed to clarify this observation.

Our results support the hypothesis of Choi and Berges
(2013), who proposed that type I metacaspases and
metacaspase-like proteins are two ancestral forms of
metacaspases that evolved into type II and type III meta-
caspases, in plants and protozoa respectively. Their evo-
lutionary position is further illustrated by the most
simplistic mode of activation without the requirement of
additional cofactors. Alignment of metacaspases and
orthocaspases reveals that not all Asp residues that
were in TbMC2 shown to be involved in calcium
co-ordination are conserved in MaOC1 (Fig. S1). Little is
known about the importance of calcium as a signalling
molecule in prokaryotes and even less about its role in
cyanobacteria, but the hypothetical concept stating that
first forms of calcium signalling occurred immediately
after the primary endosymbiosis (Blackstone, 2014)
could explain the absence of calcium-coordinating
mechanisms in orthocaspases.

Despite increased data on identification of potent
cyanobacterial peptidase inhibitors, we report the first bio-
chemical characterisation of a cyanobacterial cysteine

peptidase. Orthocaspases with their high catalytic effi-
ciencies and strict substrate specificities are therefore
compelling proteases not only for detailed kinetic studies
but also for elucidation of their potent role in prokaryotic
programmed cell death.

Experimental procedures

Identification of M. aeruginosa caspase homologue

Microcystis aeruginosa PCC 7806 caspase-like proteins
were identified performing the DELTA-BLAST search of the
non-redundant protein sequence database using the
sequence of previously identified caspase-like protein in
Synechocystis sp. PCC 6803 (Jiang et al., 2010). Structure
analyses of the obtained sequences were performed using
the SMART tool relying on profile-hidden Markov models
(Schultz et al., 1998). Domains were identified using protein
sequence analysis and classification tool InterPro (Mitchell
et al., 2015). The identified caspase-like sequences were
aligned using PROMALS (Alberts et al., 1994) with default
alignment parameters. Unrooted phylogenetic tree based on
aligned sequences was constructed using Neighbour-
Joining method of the MEGA software (version 6) (Tamura
et al., 2013).

Construction of plasmids

The coding sequence for M. aeruginosa orthocaspase 1 full-
length protein (MaOC1) was amplified from axenic M. aer-
uginosa PCC 7806 cell lysate by PCR using the primer pair
MaOC1F and MaOC1R (Table S1). The amplified sequence
was ligated into the bacterial expression vector pET-28b(+)
in frame with a C-terminal hexahistidine tag using NcoI and
XhoI restriction sites. This construct was subsequently used
as a template for preparation of MaOC1 mutants (H110A,
C169A, C170A or R219A) by site-directed mutagenesis. All
mutations were introduced using the QuickChange Site-
directed mutagenesis Kit (Stratagene) with primers listed in
Table S1, according to the manufacturer’s instructions.
Correct ligation, incorporation of mutations and in-frame
insertion of the fragments were verified by DNA sequencing.

Protein expression and purification

Escherichia coli BL21(DE3) bacteria were transformed with
the expression plasmids and grown in shaker cultures at 37
°C in overexpression medium containing 30 μg ml−1 kanamy-
cin for 6 h (Studier, 2005). After lowering the temperature to
16°C, cultures were left shaking for additional 18 h overnight.
The cell pellet collected from 400 ml of bacterial culture was
resuspended in 20 ml of resuspension buffer (50 mM HEPES
pH 7.5, 500 mM NaCl, 20 mM imidazole) and sonified
3 × 6 min on ice. Following centrifugation at 30 000 × g for
10 min to remove insoluble debris, the supernatant was
applied to a Ni-NTA Superflow Cartridge (Qiagen) connected
to ÄKTA FPLC system, washed with the resuspension buffer
and eluted in the same buffer, but containing 250 mM imida-
zole. The peak fractions were collected, dialysed against the
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buffer containing 50 mM HEPES (pH 7.5) and 150 mM NaCl,
concentrated to approximately 5 mg ml−1 using an Amicon
filtration unit (Millipore Corp.) equipped with a 10 kDa exclu-
sion membrane, aliquoted and stored at −80°C.

Size-exclusion chromatography

Purified proteins were applied to a Superdex 200 size-
exclusion chromatography (SEC) column connected to ÄKTA
FPLC system. The column was equilibrated in 20 mM
HEPES pH 7.5, 150 mM NaCl. The flow rate was 0.5 ml min−1

and 0.5 ml fractions were collected for analysis.

N-terminal sequencing of protein samples

For N-terminal sequencing, proteins were resolved on a 12%
polyacrylamide gel followed by Western blotting onto a PVDF
membrane. The membrane was briefly stained with Coomas-
sie brilliant blue R-250, destained and washed with water.
Bands of interest were excised and analysed by N-terminal
sequencing on a Procise protein sequencing system 492A
(PE Applied Biosystems).

Kinetic assays

Fluorogenic substrates R-AMC, K-AMC, Boc-GRR-AMC,
Boc-GKR-AMC, Boc-VLK-AMC and Ac-DEVD-AMC were
obtained from Peptanova, Z-RR-AMC, Z-FR-AMC, Z-LR-
AMC and Z-VVR-AMC that were from Bachem. The inhibitors
were from Sigma-Aldrich, except for caspase inhibitor Z-VAD-
FMK (InvivoGen) and Z-FR-FMK (Bachem). The activity of the
enzyme was monitored by measuring the release of fluores-
cent group AMC (7-amino-4-methylcoumarin) from the sub-
strates at excitation and emission wavelengths of 383 nm and
455 nm, respectively, in a Perkin-Elmer LS50B spectrofluorim-
eter. Assays were performed in 20 mM HEPES (pH 7.5) con-
taining 150 mM NaCl and 5 mM DTT at 25°C. Michaelis–
Menten constants (kcat and KM) were determined by non-linear
regression analysis using Graphpad Prism 5.0 Software
(GraphPad Software, Inc., 7825 Fay Avenue, Suite 230, La
Jolla, CA 92037 USA). For the determination of the pH profile
of MaOC1, the buffers used were 100 mM acetate (pH 4–
pH 5.5), 100 mM phosphate (pH 6–pH 7.5), 100 mM Tris
(pH 8–pH 9) or 100 mM carbonate (pH 9.5–pH 10).All assays
were performed in 2 ml disposable acrylic cuvettes with 4 μM
substrate and 1 nM enzyme unless otherwise stated. All
measurements were run repeated in three independent
experiments.
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