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Activity-based probes trap early active
intermediates during metacaspase activation

Vida �Strancar,1,8 Katarina P. van Midden,1,8 Daniel Krahn,2,3,7 Kyoko Morimoto,2 Marko Novinec,1

Christiane Funk,4 Simon Stael,5,6 Christopher J. Schofield,3 Marina Klemen�ci�c,1,4

and Renier A.L. van der Hoorn2,9,*

SUMMARY

Metacaspases are essential cysteine proteases present in plants, fungi, and pro-
tists that are regulated by calcium binding and proteolytic maturation through
mechanisms not yet understood. Here, we developed and validated activity-
based probes for the three main metacaspase types, and used them to study cal-
cium-mediated activation of metacaspases from their precursors in vitro. By
combining substrate-inspired tetrapeptide probes containing an acyloxymethyl-
ketone (AOMK) reactive group, with purified representatives of type-I, type-II,
and type-III metacaspases, we were able to demonstrate that labeling of mature
metacaspases is strictly dependent on calcium. The probe with the highest affin-
ity for all metacaspases also labels higher molecular weight proteoforms of all
three metacaspases only in the presence of calcium, displaying the active, unpro-
cessed metacaspase intermediates. Our data suggest that metacaspase activa-
tion proceeds through previously unknown active intermediates that are formed
upon calcium binding, before precursor processing.

INTRODUCTION

Metacaspases are multifunctional proteases that are essential for the normal physiology of non-metazoan

organisms (Tsiatsiani et al., 2011). Metacaspases are nucleophilic cysteine proteases that, together with or-

thocaspases and paracaspases, form the C14B protease family, which are structurally homologous to the

well-characterized caspases of the C14A family (Minina et al., 2020; Uren et al., 2000). Whereas C14A pro-

teases cleave after acidic Asp residues, C14B proteases cleave after basic Arg/Lys residues. Consequently,

these proteases have distinct substrates and require different tools to study. Family C14 proteases all

contain a catalytic dyad of His and Cys residues located in the catalytic p20 domain, named after its approx-

imate molecular weight. In addition to the p20 catalytic domain, metacaspases also contain a regulatory

p10 domain that harbors the amino acid residues involved in the coordination of calcium ions, which acti-

vate these proteases (Klemen�ci�c and Funk, 2018). This p10 domain is absent in orthocaspases, which do not

require calcium ions for activity (Klemen�ci�c et al., 2015), and paracaspases, which are activated by dimer-

ization (Yu et al., 2011).

Based on the position of their p20 and p10 domains metacaspases are further classified into type-I (p20-

p10), type-II (p20-linker-p10), and type-III metacaspases (p10-p20). Only type-I metacaspases are present

in eukaryotes as well as in prokaryotes (archaea and bacteria) (Klemen�ci�c et al., 2019). Eukaryotic type-I

metacaspases can contain an additional N-terminal pro-domain (Choi and Berges, 2013); those in land

plants sometimes contain a zinc finger domain (zf) within the N-terminal pro-domain, a motif that is also

found in the negative cell-death regulator LSD1 (Lesion Simulating Disease-1, Lam and Zhang, 2012).

For activity, type-I metacaspases require micromolar concentrations of calcium ions (Gilio et al., 2017; Ma-

chado et al., 2013; van Midden et al., 2021) as well as usually neutral or slightly acidic pH. Type-II metacas-

pases are present only in green lineage photosynthetic organisms. In Chlorophyta, they are present in

Chlamydomonadales and have up to now been identified in all Embriophyta (Klemen�ci�c and Fun k,

2019). Type-II metacaspases do not contain an inhibitory prodomain. Instead, they have a linker region con-

necting the p20 and p10 domains that obstructs the active site and requires cleavage at a conserved Arg/

Lys residue to activate the protease (Fortin and Lam, 2018; Vercammen et al., 2004; Zhu et al., 2020). Type-II

metacaspases also require higher calcium ion concentrations for activity (millimolar range) and have
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optimal activity at basic pH. Type-III metacaspases were discovered most recently and are present only in

unicellular eukaryotes that emerged by secondary endosymbiosis (Choi and Berges, 2013). Their catalytic

properties are similar to those of type-I metacaspases, despite the p20-p10 domain swap (Graff van Cre-

veld et al., 2021; Klemen�ci�c and Funk, 2018). Type-III metacaspases can also contain an N-terminal prodo-

main, and its removal increases their proteolytic efficiency (Klemen�ci�c and Funk, 2018). PtMCA-III from the

model diatom Phaeodactylum tricornutum is redox-regulated (Graff van Creveld et al., 2021).

The existence of various processed intermediate proteoforms of metacaspases, and the regulation of their

activity by calcium ions, causes challenges in the identification of active metacaspase proteoforms (Hander

et al., 2019). To address this problem, we aimed to develop activity-based probes for metacaspases that

covalently react with the active site in an activity-dependent manner, thereby distinguishing active meta-

caspases from inactive proteoforms. Activity-based probes carrying acyloxymethylketone (AOMK) war-

heads linked to tetrapeptides have been very useful to display the active proteoforms of other family

C14 proteases. AOMK probes with the DEVD tetrapeptides have been used to discover that caspases

are activated via early intermediates (Berger et al., 2006), and AOMK probes with tetrapeptides LRSR

and LVSR have been used to characterize the MALT1 paracaspase (Eitelhuber et al., 2015; Hachmann

et al., 2015). Most of these probes are not suitable for metacaspases because these enzymes are selective

for peptides carrying a Lys or Arg residue at the position just before the cleavable bond (P1 position) and

prefer a basic residue at the P3 position (Vercammen et al., 2006), as supported by proteomic analysis of

substrates of type-II metacaspase AtMCA-IIf (AtMC9) of Arabidopsis thaliana (Tsiatsiani et al., 2013).

Earlier work with purified AtMCA-IIa (AtMCA2d/AtMC4) revealed that this type-II metacaspase can be

labeled with a biotinylated tripeptide chloromethylketone Bio-FPR-cmk (Watanabe and Lam, 2011), which

lacks a basic residue at the P3 position as it was originally designed to label serine protease thrombin (Wil-

liams et al., 1989). Here, we developed fluorescent high-affinity tetrapeptidyl probes that can also label

type-I and type-II metacaspases, and used these probes to study the activation mechanism of purified

metacaspases representing the three different types in the presence of calcium ions.

RESULTS AND DISCUSSION

Choice and synthesis of AOMK-based tetrapeptidyl probes

To synthesize activity-based probes for metacaspases, we took advantage of the Cys-reactive acyloxyme-

thylketone (AOMK) warhead because this functional group enables the inclusion of a K as the P1 residue.

Although metacaspases prefer P1 = K or R, we could only synthesize probes with P1 = K because of com-

plications in R-AOMK synthesis caused by low yield and partial degradation of the probe upon elution from

the column. To increase the affinity for metacaspases further, the probes included a tripeptide targeting

sequence, based on substrate preferences that were reported at the time of probe synthesis. IISK, ILSK,

and IRSK were the three top substrates for AtMCA-IIf based on the tetrapeptide library study (Vercammen

et al., 2006). As IISK and ILSK are rather similar in their P3 position (I vs. L), we chose to produce probes with

IISK and IRSK tetrapeptides. In addition, EKTK and EKAKwere the preferred amino acid sequences preced-

ing the cleavage sites in potential AtMCA-IIf substrate proteins based on an N-terminomics study (Tsiat-

siani et al., 2013). These four tetrapeptidyl probes were synthesized by Solid Phase Peptide Synthesis

(SPPS) and carry an alkyne minitag (Figure 1A). Labeling metacaspases with AOMK probes will result in

the formation of a stable thioether bond between the probe and the catalytic Cys residue (Figure 1B).

Probe-labeled proteins carry an alkyne minitag that can be coupled to azide-picolyl-Cy5 fluorophore via

click chemistry (Figure 1C), facilitating the detection of fluorescent conjugates on protein gels.

GtMCA-I, CrMCA-II, and GtMCA-III are canonical representatives of the three metacaspase

types

To determine if the synthesized probes can label metacaspases, we first selected one representative of

each of the three (I/II/III) metacaspase types from unicellular algae, which we use for studies on pro-

grammed cell death. The main criterion for selection was the possibility to express these proteases recom-

binantly in E. coli as soluble, full-length C-terminally His-tagged proteins. For this reason, we selected

metacaspase representatives from two unicellular photosynthetic organisms: the model green alga Chla-

mydomonas reinhardtii and a secondary endosymbiont Guillardia theta, which was amongst Cryptophyta

the first organism with sequenced nuclear genome (Curtis et al., 2012). From the latter, we amplified genes

for the type-I metacaspase (GtMCA-I) and the previously characterized GtMCA-III (before GtMC2;

Klemen�ci�c and Funk, 2018). As Cryptophyta lack the type II metacaspases, we have chosen to use the
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only type II metacaspase present in C. reinhardtii, CrMCA-II (Figure 2A). All proteins could be expressed as

soluble proteins in E. coli with apparent molecular weights (MWs) corresponding to their predicted MWs

(Figure 2B, see Figure S1 for full gels with markers).

AsGtMCA-I andCrMCA-II have not yet been previously biochemically characterized, we first determined their

optimal proteolytic conditions by monitoring their activity at different pH values in the presence of calcium

(5 mM) and subsequently determined their activity at various calcium concentrations at their optimal pH.

AlthoughGtMCA-III had been previously characterized (Klemen�ci�c and Funk, 2018), this protease was included

in parallel. For all three metacaspase types, the fluorescent dipeptide Z-FR-AMC was chosen as a substrate, as

it had a comparable affinity with all three metacaspase types in comparison with Z-RR-AMC (Figure S2).

GtMCA-I exhibited the highest proteolytic activity at neutral to slightly acidic pH (optimum at pH 6.5, Fig-

ure 3A), which is similar to other characterized type-I metacaspases (He et al., 2008; Tsiatsiani et al., 2011).

Furthermore, GtMCA-I’s proteolytic activity is strongly calcium-dependent, as no fluorescent product was

detected at calcium concentrations lower than 10 mM (Figure 3B). The optimal calcium concentration was

reached at a lowmillimolar range and noticeably decreased above 30mM. This phenomenon has also been

observed for three Schizophyllum commune type-I metacaspases, where calcium concentrations higher

than 25 mM result in a remarkable decrease in proteolytic activity (Leang et al., 2019), and for TbMCA-Ib

(originally TbMCA2) of Trypanosoma brucei, where activity increases sharply up to �500 mM of CaCl2
but decreases above these concentrations (Machado et al., 2013).

The activation ofGtMCA-I at pH 6.5- and 5-mM calcium is associated with processing, resulting in a protein

with slightly reduced apparent MW, as detected on the SDS gel (Figure 3C, original images in Figure S3).

Figure 1. AOMK-based tetrapeptidyl probes to target metacaspases

(A) Structures of the four AOMK probes designed for metacaspases. In addition to the common alkyne minitag (green)

and the C-terminal AOMK warhead (red), all probes contain a tetrapeptide (grey) with a Lys residue at the P1 position and

various residues at the P2, P3, and P4 positions, as summarized below the structure. The P1 residue in a substrate locates

just before the cleavable bond. DK numbers are alternative probe names

(B) AOMK labeling mechanism. AOMK probes covalently label Cys protease (blue) by forming a covalent thiomethyl

ketone bond with the active site Cys

(C) Two-step labeling of metacaspases. In the first step, the active site Cys of metacaspases is covalently labeled with the

AOMK probe, resulting in an alkyne-labeled protease. In the second step, the alkyne is coupled to an azide-picolyl-Cy5

fluorophore via click chemistry, under denaturing conditions
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TbMCA-Ib is also processed in the presence of calcium at two lysine residues (Lys55 and Lys268), which are

located in theN-terminal domain, and the so-called p280-loop within the p10 domain, respectively (McLus-

key et al., 2012). However, as GtMCA-I, unlike TbMCA-Ib, lacks the N-terminal domain, we presumed that

the cleavage occurred at the C-terminus of the protein. This was further confirmed using anti-His anti-

bodies, which failed to immunostain the calcium-activated GtMCA-I (Figures S4 and S5). As the cleaved

TbMCA-Ib fragments are still connected by non-covalent bonds and there are no data that such autopro-

cessing occurs within the p20-p10 core of other type-I metacaspases in vitro or in vivo (Coll et al., 2010,

2014; Laverrière et al., 2012; Moss et al., 2007; van Midden et al., 2021), we hypothesize that the observed

C-terminal processing of GtMCA-I has no physiological relevance.

The proteolytic nature of CrMCA-II is very different from that of GrMCA-I. CrMCA-II has maximal proteo-

lytic activity at alkaline pH, with an optimum pH of 8.5 (Figure 3B). At optimal pH, CrMCA-II’s activity is

negligible at calcium concentrations below 1 mM, but CrMCA-II is fully active in the presence of 10-mM

calcium, as well as at higher calcium concentrations (Figure 3B). This behavior is typical of metacaspases

similar to AtMCA-IIa (originally AtMC4) of Arabidopsis thaliana. These type-IIa-like metacaspases are pre-

sent in all representatives of Viridiplantae, from Chlorophytae to Angiosperms (Klemen�ci�c and Funk, 2019)

and contain a large linker region between the catalytic p20 domain and the regulatory p10 domain, which is

also present in CrMCA-II (Figure 2A). This linker crosses the S1 pocket of the active site and thus acts as an

autoinhibitory domain (Zhu et al., 2020). These type-IIa-like metacaspases are activated only after cleavage

at a conserved Lys or Arg residue within the linker region. However, unlike type-I and type-III metacaspases,

type-IIa-like metacaspases undergo fast autoprocessing once they are activated (Vercammen et al., 2004;

Watanabe and Lam, 2011; Zhu et al., 2020). Likewise, we observed cleavage of the 55-kDa full-length

CrMCA-II into two major fragments migrating at 25 and 30 kDa when resolved by SDS-PAGE (Figure 3C).

The activity of GtMCA-III is optimal at slightly acidic pH (Figure 3A), similar to the closely related type-I

metacaspases (Choi and Berges, 2013). However, GtMCA-III’s activity requires high concentrations of cal-

cium (1 mM), and in contrast to type-I metacaspases, its activity is not inhibited at higher calcium concen-

trations (Figure 3B). Similarly, also PtMCA-IIIc requires high calcium concentrations for optimal proteolytic

activity, and proteolytic activity is not inhibited at high calcium concentrations (Graff van Creveld et al.,

2021; Klemen�ci�c and Funk, 2018). GtMCA-III is activated by cleaving the 45-kDa pro-enzyme into a

37-kDa protease as observed by SDS-PAGE (Figure 3C). These molecular weights are consistent with the

removal of the N-terminal prodomain, whereas the remaining p10-p20 core structure does not undergo

further processing (Klemen�ci�c and Funk, 2018). An additional weak signal at 24 kDa also was observed in

many experiments, which might represent the p20 domain, released upon processing between the p10

and p20 domains. But because this conversion is incomplete and can be suppressed by adding EDTA in

the sample buffer before SDS-PAGE, the processing releasing this 24-kDa signal might be an artifact of

sample preparation.

Figure 2. The three metacaspase types purified as

soluble proteins

(A) Schematic domain organization of type-I

metacaspase GtMCA-I, type-II metacaspase CrMCA-II,

and type-III metacaspase GtMCA-III used in this study.

The p20-like domain (dark gray) contains the catalytic

His and Cys residues. Also indicated are the regulatory

p10 domain (light gray), the C-terminal His-tag (black),

the N-terminal prodomain (white), putative cleavage

sites (*), and the predicted MW of the unprocessed

proteins.

(B) Purified metacaspases, separated on a 12% SDS-

PAGE gel under reducing conditions. C-terminally His-

tagged metacaspases were expressed in E. coli and

purified by IMAC. The arrows show the positions of full-

length proteins. Left: apparent MW of marker proteins

in kDa.
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The three metacaspase types are proteolytically active in distinct proteoforms

To analyze labeling patterns of the three metacaspases with the four probes, metacaspases were activated at

their optimal pH and calcium conditions, incubated with the four probes, coupled to azide-picolyl-Cy3 via click

chemistry, and separated by SDS PAGE. All four probes successfully labeled the three metacaspases but un-

covered different labeling patterns (Figure 4, originals and replicates are shown as Figures S6–S12). In the case

ofGtMCA-I, two distinct bands were observed: a higher one withMWof 37 kDa, corresponding to a full-length

protein, and the other with MW of 35 kDa, corresponding to the C-terminally processedGtMCA-I (Figure 4A).

The fact that bothGtMCA-I proteoformswere labeled by the probes indicates thatC-terminal processing does

not substantially affect GtMCA-I activity. Interestingly, the labeling pattern of the various probes differed for

GtMCA-I, as seen by Coomassie stain. As the probes inactivate the metacaspase when they covalently bind

to the Cys of the active site, the differences between the probes are likely caused by their different affinities

for GtMCA-I. This implies that C-terminal processing occurs intramolecularly and that IRSK is able to trap

full-length GtMCA-I before its C-terminus is processed.

Labeling of CrMCA-II results in a single signal at MW of 25 kDa, corresponding to the processed catalytic

p20 domain (Figure 4B). Coomassie staining identified also the 55-kDa full-length protein, but this proteo-

form was not fluorescently labeled with any of the probes. Activation of type-II metacaspases requires pro-

cessing within the linker region to separate the p20 and p10 domains and to allow for conformational

changes to the p20 and p10 domains to activate the protease (Zhu et al., 2020). The p20 and p10 domains

Figure 3. The three metacaspase types have different catalytic preferences

(A and B) Proteolytic activities were measured using Z-FR-AMC as the substrate at various pH in the presence of 5-mM CaCl2 (A) or different calcium

concentrations (B) at pH 6.5 (GtMCA-I and GtMCA-III) or pH 8.5 (CrMCA-II). The dotted line represents the selected conditions used in this study. Both the

relative activity (% of maximum witin experiment) and the total fluorescence (in arbitrary units (AU) per mg and per minute) were shown. Error bars represent

standard deviations of n=3 replicates.

(C) Metacaspases are processed upon activation. Purified metacaspases were incubated with and without 5-mM CaCl2 at 22
�C for 2 h in buffers at the

indicated pH values. Proteins were separated on 15% SDS-PAGE gels and stained with Coomassie. Proproteases, mature proteases, and the p20 domain of

GtMCA-III are indicated with black, white, and grey arrowheads, respectively. The presumed domain organizations of corresponding proteins are shown on

the right. Left: apparent MW of marker proteins in kDa.
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remain in a complex upon processing because the catalytic activity of the p20 domain is still regulated by

calcium binding to the p10 domain (Acosta-Maspons et al., 2014; Klemen�ci�c and Funk, 2018; Zhu et al.,

2020). Interestingly, we detect the accumulation of the full-length Coomassie-stained proteins in the pres-

ence of the probes, especially in the presence of IRSK, but this full-length proform is not fluorescently

labeled (Figure 4B). The accumulation of the unlabeled proform in the presence of the probes indicates

that inhibition of activated CrMCA-II by the probes can block the processing of full-length CrMCA-II.

This implies that full-length CrMCA-II is activated in trans by mature CrMCA-II. Activation of type-II meta-

caspases by in trans cleavage is consistent with the observation that catalytically inactive AtMCA-IIa can be

cleaved by active AtMCA-IIa, although this was less efficient compared with autocatalytic cleavage (Wata-

nabe and Lam, 2011). This earlier study also demonstrated that the precursor of AtMCA-IIa can be labeled

with Bio-FPR-cmk, but only at high probe concentrations (100 mM; Watanabe and Lam, 2011). In contrast,

we did not detect much precursor labeling of CrMCA-II with 2-mM IRSK-AOMK, whilst the presence of the

probe blocks precursor processing (Figure 4B). This mechanism is distinct from the activation of GtMCA-I

and -III, for which precursors are labeled with 2 mM IRSK-AOMK.

Labeling of GtMCA-III resulted in a fluorescent signal at 37 kDa, consistent with all probes, corresponding

to the mature protease (Figure 4C). Notably, labeling with IRSK caused an additional fluorescent signal at

42 kDa, which corresponded to the full-length protein. This observation was confirmed in the Coomassie-

stained gel, only for the IRSK-labeled sample. Labeling of the full-length metacaspase confirmed a previ-

ous hypothesis that type-III metacaspases do not require removal of the N-terminal prodomain for their

activity (Klemen�ci�c and Funk, 2018). These data indicate that IRSK traps an early intermediate of

GtMCA-III activation. Interestingly, we also detect a stronger fluorescent signal at 37 kDa for IRSK when

compared with the other three probes, and this fluorescent signal corresponds to a higher accumulation

of this mature protease on the Coomassie-stained gel. The accumulation of the mature protease indicates

that IRSK labeling stabilizes the mature protease by preventing its further processing to produce a 24-kDa

protein that we detect both by fluorescence and by Coomassie analyses in all incubated samples, though

less for IRSK. This observation implies that GtMCA-III also exists as a processed proteoform, presumably

cleaved between the p10 and p20 domains and that IRSK can prevent this cleavage.

Labeling of metacaspases is activity-dependent

To investigate if probes also label the metacaspase precursors, we performed labeling experiments on

metacaspase precursors in the presence or absence of EDTA or calcium ions. In the absence of calcium

ions, the metacaspases remain in their precursor proteoform, even without adding EDTA (Figure 5, original

images in Figure S13–S15). No labeling was observed of these precursors with the IISK probe, whereas the

Figure 4. All four AOMK-based probes label all three metacaspase types

Purified metacaspases GtMCA-1 (A), CrMCA-II (B) and GtMCA-III (C) were pre-incubated with and without 5-mM calcium

ions in 150-mM NaCl and 5-mM DTT at pH 6.5 (20-mM MES for GtMCA-I and GtMCA-III) or pH 8.5 (20-mM HEPES for

CrMCA-II), and then incubated with and without 2-mM AOMK probes for 1 h. Samples were separated on SDS-PAGE gels

under reducing conditions, scanned for fluorescence (top panels) and stained with Coomassie (bottom panels). Full-

length proforms and mature proteases are indicated with black and white arrowheads, respectively. The grey arrowhead

indicates the weakly labeled p20 domain of GtMCA-III. Left: apparent MW of marker proteins in kDa.
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mature metacaspases, generated by the presence of calcium ions, were labeled (Figure 5). These data

demonstrate that the IISK probe does not label metacaspase precursors, consistent with not being active

proteases.

To test if labeling ofmaturemetacaspase proteases is activity-dependent, we generatedmaturemetacaspases

by adding calcium ions, and then added an excess of EDTA to chelate calcium ions. Incubation of these sam-

ples with the IRSK probe did not result in substantial labeling, even though the mature proteases accumulate

on the protein gel (Figure 6A, longer exposure shown in Figure S16). By contrast, strong labeling was observed

when the calcium ions were not chelated with EDTA (Figure 6B, original images in Figure S17). These data

demonstrate that labeling mainly occurs in the presence of calcium ions, indicating that calcium is required

not only for autocatalytic activation but also for the activity of the mature p20-p10 enzyme.

Calcium-dependent labeling is consistent with the properties of these metacaspases. All three metacas-

pases contain eight conserved Asp residues that form two calcium-binding sites. A presumed high-affinity

calcium-binding site is located in the p20 domain, whereas the second, presumed low-affinity calcium-

binding site is formed by two Asp residues in the p20 and two Asp residues in the p10 domain (Figure S8)

(Acosta-Maspons et al., 2014; Klemen�ci�c and Funk, 2018; Machado et al., 2013; ). The KD values for the low-

affinity binding site for TbMCA-Ib (Machado et al., 2013) and GtMCA-III (Klemen�ci�c and Funk, 2018) are

both in the low millimolar range. Calcium ions bound to both sites are thought to cause conformational

changes that bring the p20 and p10 domains together, forming a functional activity site (van Midden

et al., 2021). In the case of metacaspases that lack any peptide sequence covering the active site (e.g.

GtMCA-I) this renders the protease instantly active. The active site of the other metacaspases is blocked

by the prodomain (GtMCA-III) or the linker region (CrMCA-II), and these sequences are proteolytically

removed before the protease can process substrates. However, the fact that the IRSK probe labels an un-

processed, active intermediate of GtMCA-II indicates that calcium-binding already causes dissociation of

the inhibitory motif before it is proteolytically removed. This two-step activation mechanism is similar to

that described for caspases (Berger et al., 2006).

IRSK probe is the best inhibitor for all three metacaspases

The ability of the IRSK probe to trap early intermediates in the activation ofGtMCA-I andGtMCA-III and to

cause the accumulation of zymogen precursor in CrMCA-II indicates that this probe has a higher affinity.

We therefore determined the inactivation constants (kina) of the four probes on the three metacaspases.

In the absence of the probes, hydrolysis of the substrate resulted in linearly increasing fluorescence for

all three metacaspases, suggesting a linear increase in product formation. However, in the presence of

probes, product curves were hyperbolic in shape, consistent with a slow loss of enzyme activity owing to

inactivation by the AOMK-based probes. This is characteristic of slow inactivation by the AOMK-based

Figure 5. IRSK probe does not label metacaspase proforms

Purified metacaspases GtMCA-1 (A), CrMCA-II (B) and GtMCA-III (C) were pre-incubated with and without 5-mM calcium

ions or 5-mM EDTA at pH 6.5 (GtMCA-I and GtMCA-III) or pH 8.5 (CrMCA-II) and then incubated with and without 2-mM

IISK-AOMK for 1 h. Samples were separated on the SDS-PAGE under reducing conditions, scanned for fluorescence (top

panels) and stained with Coomassie (bottom panels). Full-length proforms and mature proteases are indicated with black

and white arrowheads, respectively. Left: apparent MW of marker proteins in kDa.
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probes (Baici et al., 2009). The binding mechanism and inactivation rate was determined for each combi-

nation of probe and metacaspase and the corresponding plots of the pseudo-first-order rate constants

determined from each progress curve versus probe concentration were plotted (Figure S19). The hyperbol-

ic shape of the graph usingGtMCA-I suggests that the probe binding most likely follows a mechanism with

two distinguishable steps, first forming a reversible non-covalent complex, followed by irreversible cova-

lent bond formation resulting in inactivation. The equilibrium constant for the formation of the complex

(Ki) and the first-order rate constant for the inhibition of the enzyme (k4) are shown in Figure S19. For

CrMCA-II andGtMCA-III, the formation of a covalent bond between the enzyme and the probes was faster

and occurred in one detectable binding step. From these datasets, we were able to determine the inacti-

vation constants (kina) of each probe for each metacaspase. The higher the kina value, the more efficient

probe for a chosen metacaspase representative.

For all three metacaspases, the IRSK probe showed the best inhibition properties with kina values of

3.27 3 105 M�1 s�1 for GtMCA-I; 16.90 3 105 M�1 s�1 for CrMCA-II; and 2.50 3 105 M�1 s�1 for GtMCA-

III (Figure 7). For comparison, Z-RFK-AOMK inhibits cathepsin L with kina 8.75 3 105 M�1 s�1 (Torkar

et al., 2013) and Z-FR-AOMK inhibits cathepsin B with kina 1.1 3 105 M�1 s�1 (Yoon et al., 2021). Our

IRSK probe has a similar or better inhibition constant and therefore emerges as a very powerful probe

to study metacaspases of all three types and especially type-II metacaspases.

The other three AOMK probes were approximately 10-fold less effective in inhibiting the metacaspases

when compared with the IRSK probe, with the exception of the IISK probe, which is a stronger inhibitor

of CrMCA-II when compared with the EKAK and EKTK probes. This suggests that different metacaspases

exhibit distinct affinities for residues in the P2-P4 positions. Generally, all probes showed the highest inhi-

bition ofCrMCA-II in comparison with the other twometacaspases. This higher binding affinity is consistent

with the fact that the tetrapeptide sequences of the probes were determined based on the specificity scan

of type-II metacaspase AtMCA-IIf (Vercammen et al., 2006).

Both p20 and p10 domains bind the tetrapeptide to the metacaspase active site

To explain the observed high inactivation constant by the IRSK probe, we performed a molecular docking

analysis of the IRSK tetrapeptide with a metacaspase. The MALT-1 paracaspase with the bound VRPR in-

hibitor was used as a modeling template (Yu et al., 2011), because it is the only available structure of a

C14B protease in a catalytically active conformation. GtMCA-I was chosen for modeling because it was

the only of the three metacaspases that could be modeled reliably. This structure is very similar to that

of yeast metacaspase Yca1, which does not contain a bound inhibitor (Wong et al., 2012). In all non-meta-

zoan caspase homologues, the specificity pocket, which attracts positively charged P1 amino acid residues,

is formed by one Ser and two highly conserved Asp residues (Figure 8A). These three residues are also pre-

sent inGtMCA-I (D26, S84, and D136) and the other two metacaspases (Figure S18) and form a deep, nega-

tively charged S1 pocket, which explains the robust labeling of probes having P1 = Lys.

Figure 6. Labeling of mature metacaspases requires

calcium ions

(A and B) Purified metacaspases were pre-incubated

with 5-mM calcium ions for 10 min and then labeled for

1 h with 2 mM IISK-AOMK after incubation with (A) or

without (B) 10-mM EDTA for 10 min. Alkyne-labeled

proteins were coupled to the fluorophore via click

chemistry. The samples were separated on the SDS-

PAGE under reducing conditions, scanned for

fluorescence (left panels) and stained with Coomassie

(right panels). Mature metacaspases are indicated with

grey circles. The fluorescent images are from one gel

and one exposure. Left: apparent MW of marker

proteins in kDa.
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IRSK has a 4-fold higher kina value comparedwith IISK, whichmust be causedby the positively chargedP3=Arg

residue. This Arg residue can bind tightly in the S3 pocket, which is formed by the negatively charged Asp183

andAsp185 residues in the 280-loopof thep10domain (Figure 8B). These residues are also present inCrMCA-II

andGtMCA-III (Figure S18). The observation that metacaspases prefer P3 = Arg was also demonstrated by in-

hibition or cleavage of type-I and type-II metacaspases by Val-Arg-Pro-Arg (VRPR) containing inhibitors or sub-

strates, respectively (McLuskey et al., 2012; Machado et al., 2013; Vercammen et al., 2006).

The EKAK and EKTK probes are less efficient in inhibiting metacaspases when compared with the IISK

and IRSK probes, which is presumably caused by the fact that the P4 = Ile residue in the tetrapeptide

fits better in the uncharged S4 pocket in the p10 domain, formed by Ser182, Gly184, and Val186 (Fig-

ure 8B). However, these residues are different in the other two tested metacaspases (Figure S19).

CrMCA-II, for instance, has Ala, Ala, and Gly at these positions, which might explain the improved label-

ing of CrMCA-II by IISK.

The residue at the P2 position seems to be less relevant for metacaspases because we do not see distinctive

differences between the EKAK and EKTK probes that carry P2 = Ala and Thr, respectively. The IRSK and IISK

probes carry P2 = Ser but their high affinity is rather explained by having P4 = Ile. The less relevant role of

Figure 7. IRSK-AOMK is the best tested inhibitor for all three metacaspase types

Graphical comparison of kina values for the four probes for each of the three metacaspase representatives is shown, with

mean values written next to the bars. The mean values and their standard deviation values were calculated from the plots

shown in Figure S4.

Figure 8. Simulation-based model of GtMCA-I bound to tetrapeptide IRSK

(A) Overall structure of GtMCA-I with the P10 (orange) and P20 (blue) domains as cartoon and the tetrapeptide (grey) in

the stick mode.

(B) Enlarged substrate-binding groove ofGtMCA-I in electrostatic surface presentation and the tetrapeptide (grey) in the

stick mode. The acidic P1- and P3-binding pockets contain aspartates (white letters) and the P4-binding pocket is

hydrophobic. Labeling with IRSK-AOMK would result in a covalent bond (dashed line) between the catalytic C139 and the

C-terminus of the peptide. The homologymodel ofGtMCA-I was built with AlphaFold. The tetrapeptide IRSK was docked

into the active site with AutoDock Vina and the complex was equilibrated in a short 10-ns molecular dynamics simulation

using NAMD3.
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the residue at the P2 position is consistent with the modelling, which indicates that this P2 residue points

away from the enzyme (Figure 8B).

Whilst our AOMKprobes label representatives of all threemetacaspase classes, there are several potential lim-

itations of these probes. First, it remains to be tested if these probes also label metacaspases that may have a

very different substrate specificity. Second, substrate specificity and metacaspase maturation might be influ-

enced by pH, which was fixed in our experiments but can be an important parameter influencing metacaspase

labeling. Third, someof theprocessing events weobserved in thesemetacaspases, such asC-terminal process-

ing of GtMCA-I, might not be a class-specific feature but rather be specific to the studied enzyme. Finally, we

have only shown that these probes specifically label the active proteoforms of purified metacaspases. Profiling

endogenous metacaspases is a distinct challenge that we aim to address in future work.

Conclusion

We have established activity-dependent labeling of representatives of the three major types of metacaspases

and discovered that the fastest labeling tetrapeptide (IRSK) traps active intermediate proteoforms of all meta-

caspases, uncovering striking differences between activationmechanisms of the threemetacaspase types (Fig-

ure 9). Type-I metacaspase GtMCA-I is activated by calcium at pH 6.5 and processes itself at the C-terminus,

which is without a known relevance (Figure 9A). Type-II metacaspaseCrMCA-II is activated by calcium at pH 8.5

by cleaving the linker region in trans, by itsmature proteoform (Figure 9B). And type-III metacaspaseGtMCA-III

is activated by calcium at pH 6.5 and can already be active when still carrying its prodomain. Removal of the

prodomain of GtMCA-III results in a mature protease that is processed further, presumably by cleaving be-

tween the p10 and p20 domains (Figure 9C). The high-affinity binding of the tetrapeptide is explained by

the complementary nature of the substrate-binding pockets in docking experiments.

Limitations of the study

We have only reported the labeling of purified proteins here. Although no labeling was observed in the

absence of calcium and inactive proteoforms, the reactivity of these probes in extracts or living cells re-

mains to be tested.
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Sodium Acetate Sigma-Aldrich Cat#S7545
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AlphaFold Jumper J, Evans R, Pritzel A et al. 2021.

Highly accurate protein structure prediction
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Renier van der Hoorn (renier.vanderhoorn@biology.ox.ac.uk).

Materials availability

Plasmids and probes generated in this study are available from the lead contact on request.

Data and code availability

Data: All data reported in this paper will be shared by the lead contact upon request.

Code: This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Escherichia coli BL21(DE3) bacteria were grown in shaker cultures at 37�C in auto-expression medium [1%

N-Z-amine AS, 0.5% yeast extract, 25 mM Na2HPO4, 25 mM KH2PO4 50 mM NH4Cl, 5 mM Na2SO4, 2 mM

MgSO4, 0.5% glycerol (54mM), 0.05% glucose (2.8 mM), 0.2% a-lactose (5.6mM) (Studier, 2005)], containing

50 mg/mL kanamycin.

METHOD DETAILS

Chemicals and solvents for synthesis of AOMK-based probes

Chemicals and materials were purchased from the following vendors. Fmoc-L-Lys(Boc)-OH (FAA1125, Iris

Biotech); polystyrene-Me-NH2 resin (100–200 mesh; BR-1000C, Iris Biotech); dichloromethane (L13089.AP,

VWR); methanol (20834.291, VWR); dimethylformamide (210585000, VWR); acetonitrile (K981-1L, VWR);

Fmoc-AHX-OH (045380, Fluorochem); 4-pentynoic acid (164204, Fluorochem); 1-hydroxybenzotriazole hy-

drate (M02875, Fluorochem); N,N-diisopropylcarbodiimide (132050, Fluorochem); 2,6-dimethylbenzoic

acid (A15014, Alfer Aesar); diethylamine (AB182463, ABCR), trifluoroacetic acid (AB212435, ABCR) and sy-

ringe reactors (V050PE063, Multi Syn Tech).All purifications were carried out using a Jasco preparative

reversed-phase high-performance liquid chromatography (HPLC) system, equipped with a RP-C18-column

and an applied flow rate of 20 mL/min. Peak detection was carried out at 210 nm. High-resolution mass

spectrometry (HRMS) analyses were performed at a Bruker mTOF ESI-Spectrometer using the direct

flow-injection method.

Synthesis of AOMK-based probes

The synthesis of all metacaspase probes was carried out according to a general SPPS procedure, following

Fmoc-strategy. Couplings were conducted in a syringe reactor utilizing the corresponding Fmoc-amino

acids (also including Fmoc-AHX-OH and 4-pentynoic acid) (4 equivalent), HOBt (4 equivalent), DIC (4 equiv-

alent), at room temperature and a reaction time of 45 min per coupling reaction.

The coupling solution was discarded after each coupling step and the resin was washed alternating with 33

DMF, 33 MeOH and 33 DCM. Fmoc-deprotection after each coupling step was carried out by agitating

the resin in a solution of 5% diethylamine in DMF for 15 min (23, changing cleavage solution in between).

The cleavage solution was discarded, and the resin was washed alternating with 33 DMF, 33 MeOH and

33DCM. Fmoc-Lys(Boc)-AOMKwas synthesised and loaded onto freshly prepared semicarbazide resin ac-

cording to a literature procedure (Kato et al., 2005). Resin loading was carried out by agitating the semi-

carbazide resin with a solution of Fmoc-Lys(Boc)-AOMK in DMF at 50�C for 3 h in a syringe reactor. The

loading solution was discarded and the resin was washed alternating with 33DMF and 33DCM. The resul-

tant resin loading was determined at 1.3 mmol/g. After completion of the synthesis, the crude probes were

cleaved off the resin (5% H2O in TFA, room temperature, agitation, 1.5 h) and purified by reversed phase

HPLC (H2O:ACN, 0.1% TFA; gradient: 3 / 80%).

EKTK: Yield: 21.7 mg (25.7 mmol), HRMS (ESI): m/z = calculated for C42H66N7O11
+ [M +H]+ 844.48141, found

844.48074. EKAK: Yield: 4.02 mg (5.2 mmol), HRMS (ESI): m/z = calcd for C41H64N7O10
+ [M + H]+ 814.47092,
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found 814.47083. IRSK: Yield: 2.26 mg (2.7 mmol), HRMS (ESI): m/z = calcd for C42H68N9O9
+ [M + H]+

842.51345, found 842.51404. IISK: Yield: 0.92 mg (2.7 mmol), HRMS (ESI): m/z = calcd for C42H67NO6
+

[M + H]+ 799.49640, found 799.49616.

Cloning of the metacaspase constructs

To obtain cDNA which was used for amplification of GtMCA-I and GtMCA-III (before GtMC1 and GtMC2,

respectively), we isolated total RNA from 200mL ofG. theta cells (CCMP2712) in the late exponential phase

as explained before (Klemencic and Funk, 2018). GtMCA-I was amplified using the primers introducing the

NcoI and XhoI restriction sites at 50 and 3 of the construct, respectively, (50- catgccatggccggcaggaa-

gaaagctcttctgatc-30 and 50-atccctcgagcttggggcgaatcttcctcctc-30)). The gene encoding for full-length

CrMCA-II, codon-optimized for expression in E. coli, was ordered as a gBlock fragment at IDT (Coralville,

Iowa, USA) also with the NcoI and XhoI restriction sites at the 50 and 3’ of the gene, respectively. Both am-

plicons were ligated into the bacterial expression vector pET-28b(+) using NcoI and XhoI restriction sites.

Correct ligation and nucleotide sequences were verified by DNA sequencing. Construction of theGtMCA-

III gene has been reported (Klemen�ci�c and Funk, 2018). Table S1 contains nucleotide sequences of all three

used metacaspases.

Expression and purification of proteins

Escherichia coli BL21(DE3) bacteria were transformed with the expression plasmids and grown in shaker

cultures at 37�C in auto-expression medium [1% N-Z-amine AS, 0.5% yeast extract, 25 mM Na2HPO4,

25 mM KH2PO4 50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgSO4, 0.5% glycerol (54 mM), 0.05% glucose

(2.8 mM), 0.2% a-lactose (5.6 mM) (Studier, 2005)], containing 50 mg/mL kanamycin. After 6 h, the flasks

were cooled down to 16�C and left shaking for an additional 18 h (Studier, 2005). The cell pellet collected

from 400 mL of bacterial culture was resuspended in 20 mL of resuspension buffer (20 mM HEPES pH 7.5,

500 mM NaCl, 20 mM imidazole) and sonicated 5 3 30 s (80% power) on ice. Following centrifugation at

20,000 3 g for 30 min to remove insoluble debris, the supernatant was applied to a HisTrap� FF column

(Cytiva), connected to an ÄKTA FPLC system. After the wash with the resuspension buffer, bound proteins

were eluted in the same buffer, but containing 300 mM imidazole. The peak fractions were collected

(�5mL), diluted to 100mL of ion-exchange binding buffer (20mMHEPES pH 8.2), and subsequently loaded

onto a HiTrap ANX FF column (GE Healthcare Life Sciences, Marlborough, Massachusetts, USA). Specif-

ically, bound proteins were eluted with binding buffer containing 1 M NaCl. The peak fractions were

collected, concentrated to approximately 5 mg/mL using an Amicon filtration unit (Millipore Corp.,

Temecula, California, USA) equipped with a 10 kDa exclusion membrane, and applied to a Superdex 75

size-exclusion chromatography column (GE Healthcare Life Sciences, Marlborough, Massachusetts, USA)

connected to an ÄKTA FPLC system. The column was equilibrated in 20 mM HEPES pH 7.5, 500 mM

NaCl, and a flow rate of 0.5 mL/min was used for the separation of proteins. Selected fractions containing

the protein of choice were kept at �80�C until use.

Kinetic assays

Protease activity was measured by monitoring the release of the fluorescent group AMC (7-amino-4-meth-

ylcoumarin) from Z-FR-AMC (from PeptaNova, Sandhausen, Germany) at excitation and emission wave-

lengths of 383 nm and 455 nm, respectively, using a Infinite M200 Pro spectrofluorimeter (Tecan Trading,

Männedorf, Switzerland). For analysis of pH profiles, the buffers used were: 100 mM acetate (pH 4.0–pH

5.5), 100 mM MES (pH 6.0–pH 6.5), 100 mM HEPES (pH 7.0–pH 8.0), 100 mM Tris (pH 8.5–pH 9.0) and

100 mM CAPS (pH 9.5–pH 11.0). All assays were performed with 10 nM enzyme and 5 mM Z-FR-AMC or

Z-RR-AMC in a buffer containing 150 mM NaCl, 5 mM CaCl2 and 5 mM dithiothreitol (DTT). The enzyme

concentration is based on protein assuming purity. To determine the calcium-dependency profiles, assays

were performed in 20 mM MES, pH 6.5, 150 mM NaCl, 5 mM DTT for GtMCA-I and GtMCA-III or 20 mM

HEPES, pH 8.5, 150 mM NaCl, 5 mM DTT for CrMCA-II at respective calcium concentrations. All data

were analyzed using GraphPad Prism 9.1.1 (GraphPad Software Inc., La Jolla, CA, USA).

Determination of KM values

For determination of the Michaelis-Menten constant (KM) fluorogenic substrates Z-FR-AMC and Z-RR-AMC

(both from PeptaNova, Sandhausen, Germany) were used. Assays were performed in 20 mM MES, pH 6.5,

150 mMNaCl, 5 mMDTT, 10 mMCaCl2 forGtMCA-I (final enzyme concentration 95 nM), 20 mMHEPES, pH

8.5, 150 mM NaCl, 5 mM DTT, 10 mM CaCl2 for CrMCA-II (final enzyme concentration 6 nM) and 20 mM
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MES, pH 6.5, 150 mM NaCl, 5 mM DTT, 10 mM CaCl2 for GtMCA-III (final enzyme concentration of 35 nM).

All assays were performed in 2 mL disposable acrylic cuvettes. All measurements were repeated in three

independent experiments. Michaelis-Menten constant (KM) was determined by non-linear regression anal-

ysis using GraphPad Prism 9.1.1 Software.

Inhibition kinetics measurements

To determine the inactivation parameters of each of the four probes against the representatives of the

three metacaspase types, product concentration curves of the hydrolysis of the fluorogenic substrate

Z-RR-AMC were recorded in the presence of increasing concentrations of each probe. Stock solutions of

the probes (100 mM) were prepared in DMSO and stored at �20�C prior to use. Time-dependent release

of fluorescent product AMC was followed using a Luminiscence Spectrometer LS50B (Perkin Elmer) at

25�C, using lex of 383 nm and lem of 455 nm with slit width of 5 nm. Fluorescence of the reaction mixtures

was measured in a 5 3 5 mm quartz cuvette (Hellma, Müllheim, Germany). Reaction mixtures consisted of

20 mM MES, pH 6.5, 150 mM NaCl, 5 mM DTT, 5 mM CaCl2, 5 mM Z-RR-AMC for GtMCA-I (final enzyme

concentration 28 nM), 20 mM HEPES, pH 8.5, 150 mM NaCl, 5 mM DTT, 10 mM CaCl2, 25 mM Z-RR-AMC

for CrMCA-II (final enzyme concentration 8 nM) and 20 mM MES, pH 6.5, 150 mM NaCl, 5 mM DTT,

5 mM CaCl2, 6 mM Z-RR-AMC for GtMCA-III (final enzyme concentration of 12 nM). Final concentrations

of probes in reaction mixtures were ranging from 5 to 500 nM. All reactions were initiated by the addition

of enzyme to mixtures of substrate and inhibitor in the respective buffer.

Inhibition kinetics data analysis

The time-dependent inhibition of metacaspase activities was evaluated by progress curve analysis using

GraphPad Prism 9.1.1 software. Progress curves of product formation were obtained in the absence and

the presence of probes as described above. Progress curves were fitted with a modified version of the

equation used by Cha (Cha (1975) and Morrison (Morrison (1982) for the description of slow-binding

inhibitors:

½AMC� =
v0
k0
�
1 � e� k0t�+d (Equation 1)

where k is a pseudo-first order rate constant which describes the bending of the curve and is linked to the

mechanism of inactivation, as described below, v0 is the initial reaction rate and d is the signal displacement

along the y-axis (Morrison and Walsh, 1988).

Subsequently, plots of the calculated values of k versus probe concentration were generated and fitted

with Equation 2 or 3, depending on the shape of the regression curve (linear of hyperbolic, respectively),

which reflects the mechanism of metacaspase activity inactivation in one or two steps, as depicted in Fig-

ure S20. Corresponding rate constants were determined from the fits and expressed as the overall rate

constant of inactivation kina. For one-step inactivation, kina was determined from the slope of the linear

regression curve using Equation 2. For two-step inactivation, kina was determined as the ratio of k4/Ki, ob-

tained by fitting Equation 3 to the data (Morrison and Walsh, 1988).

k0 =
kina
1+ s

½I�; s =
½S�
Km

(Equation 2)

k0 =
k4

½I�
Ki

1+ s+ ½I�
Ki

; s =
½S�
Km

(Equation 3)

By comparing constants of inactivation (kina), we were able to assess the efficiency of the probe.

Metacaspase labelling

Two labelling buffers were used: 20 mMMES, pH 6.5, 150 mMNaCl forGtMCA-I andGtMCA-III and 20 mM

HEPES, pH 8.5, 150 mM NaCl for CrMCA-II. Labelling reaction mixtures were set by mixing 5 mg of a

recombinant protease and a probe (final concentration 2 mM in DMSO) in 50 mL of the appropriate buffer.

In control reactions (NPC, no probe control), only DMSO was added instead of the probe. Only after 5 min

incubation at room temperature, CaCl2 was added to the reaction mixture to a final 5 mM concentration.

Reaction mixtures were left incubating by gently shaking at room temperature for 1 h and stopped by addi-

tion of 4 volumes of ice-cold acetone followed by vortexing and centrifugation for 2 min at 13,000 g at room
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temperature. The supernatant was discarded and pellets were dissolved by incubation first for 30 min at

37�C followed by 10 min at 90�C in 1% SDS in PBS. Click reaction was performed by addition of 2.5 mM

picolyl-Cy5 (in DMSO), 1 mM CuSO4, 2 mM TCEP (Tris(2-carboxyethyl)phosphine) and 0.1 mM TBTA

(Tris((1-benzyl-4-triazolyl)methyl)amin). Reactions were left shaking in dark for 1 h at room temperature

and stopped by addition of 4 volumes of ice-cold acetone as before. The supernatant was discarded

and 25 mL of dH2O and 25 mL of 23 loading buffer with DTT was added to the pellet, which was left to

dissolve for 30 min at 37�C. 10 mL were loaded into the wells of 15% SDS-PAGE gel, which was left running

at 150 V for approximately 2.5 h. Gels were briefly washed with dH2O and scanned with a ChemiDoc MP

Imaging System using settings for Cy5 fluorescence detection (BioRad, Hercules, California, United States).

The same gels were subsequently stained with Coomassie Brilliant Blue, destained and photographed us-

ing the same imager.

Molecular modeling and docking

The homology model of GtMCA-I was built with AlphaFold (Jumper et al., 2021) MALT-1 with bound

Z-VRPR-FMK as a template (PDB ID: 3UOA) (Yu et al., 2011). The tetrapeptide IRSK was modeled with

UCSF Chimera (Pettersen et al., 2004) and then docked into the active site of GtMCA-I with AutoDock

Vina (Trott and Olson, 2010) using fully flexible ligand (IRSK tetrapeptide) and rigid receptor (GtMCA-I).

The best bindingmode was selected based on the comparison of the obtained bindingmode with the crys-

tal structure of the human paracaspase MALT1 with bound tetrapeptide-based irreversible inhibitor (Yu

et al., 2011). The obtained complex was further optimized by a 10 ns molecular dynamics simulation using

NAMD3 (Phillips et al., 2020) which was sufficient to equilibrate the system. The simulation was performed

at 298 K in explicit water solvent. The system was ionized and neutralized by addition of sodium and chlo-

ride ions to a final concentration of 0.15 MNaCl. The system was first minimized in a 1000 step gradient and

then simulated for 10 ns using periodic boundary conditions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Activity assays shown in Figures 3A, 3B, 7, and S2 are based on flurescence measurements, shown as the

mean with standard deviation of n = 3 replicates. Michaelis-Menten constant was determined by non-linear

regression analysis using GraphPad Prism 9.1.1 Software.
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