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In brief

Eisele-Burger et al. report that the dual
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and anti-death factor involves calmodulin
binding to its N terminus. This binding
inhibits proteolytic activity of Mcal
essential for cell death while enabling its
co-chaperone-like activity in Hsp40-
dependent proteostasis and longevity.
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SUMMARY

Metacaspases are ancestral homologs of caspases that can either promote cell death or confer cytoprotec-
tion. Furthermore, yeast (Saccharomyces cerevisiae) metacaspase Mca1l possesses dual biochemical activ-
ity: proteolytic activity causing cell death and cytoprotective, co-chaperone-like activity retarding replicative
aging. The molecular mechanism favoring one activity of Mca1l over another remains elusive. Here, we show
that this mechanism involves calmodulin binding to the N-terminal pro-domain of Mca1, which prevents its
proteolytic activation and promotes co-chaperone-like activity, thus switching from pro-cell death to anti-ag-
ing function. The longevity-promoting effect of Mca1 requires the Hsp40 co-chaperone Sis1, which is neces-
sary for Mca1 recruitment to protein aggregates and their clearance. In contrast, proteolytically active Mcal
cleaves Sis1 both in vitro and in vivo, further clarifying molecular mechanism behind a dual role of Mca1l as a

cell-death protease versus gerontogene.

INTRODUCTION

Caspases are a family of cysteine-dependent aspartate-specific
proteases, best known for their crucial role in the activation and/
or execution of apoptotic cell death in animals.'** Non-animal eu-
karyotes lack direct homologs of caspases but possess structur-
ally related proteases of bacterial origin called metacaspases.®™
Despite similar structural folds, metacaspases and caspases
have distinct substrate specificity, with metacaspases strictly
requiring arginine and/or lysine in the P1 position of their
substrates.®’

In the yeast Saccharomyces cerevisiae, Mcal (also known as
Ycal [yeast caspase-1]) has been shown to act as a positive
regulator of cell death,® as deletion of the MCA?T gene or a muta-
tion of the catalytic cysteine (Cys276) abrogated the cell-death
phenotype observed in yeast under acute or chronic stress con-
ditions.>'® However, MCA1 deletion also induces intrinsic
cellular stress leading to upregulation of many stress response
genes encoding, for example, components of the proteasome,
DNA-repair systems, and chaperones.''™"® This indicates that
the yeast Mca1l is also bestowed with pro-survival functions.
Accordingly, it has been shown that Mca1 localizes to Hsp104-
containing cytosolic protein inclusions, IPOD and JUNQ, outside
the nucleus and underpins protein quality control (PQC)'“~'® by
promoting the clearance of insoluble protein aggregates.’®'”
This proteostatic role of Mca1 is independent of autophagy, as

uuuuu

the autophagosomal marker protein Atg8 is absent from the
Hsp104-containing protein inclusions.'® Thus, ectopic overex-
pression of Mcal counteracts the buildup of aggregated pro-
teins during both stress'®'” and replicative aging'® and extends
lifespan.'® Furthermore, the positive effects of Mca1 on survival
and longevity are independent of its proteolytic activity.'®
Instead, the proteostatic function of Mcal appears connected
to Hsp40 co-chaperone activity, as Mca1 buffers against defi-
ciencies in the yeast Hsp40 co-chaperone Ydj1.'® In addition,
Mca1 interacts physically with another Hsp40, the essential pro-
tein Sis1,'® suggesting that Mca1 and Sis1 may act coopera-
tively in buffering the Ydj1 system.

Taken together, the available evidence assigns a dual role of
the yeast Mca1 that can act both as a protease essential for the
execution of regulated cell death and as an important compo-
nent of PQC for cytoprotection and longevity. Here, we provide
a molecular explanation for such a dual role of Mca1 by estab-
lishing calmodulin binding as a regulatory switch between the
two Mca1l functions. This binding prevents autocatalytic pro-
cessing and activation of the protease zymogen, switching
from pro-death to proteostatic function of Mcal. We further
demonstrate that while Hsp40 co-chaperone Sis1 is required
for Mca1 to fulfill its role in PQC and lifespan extension, it rep-
resents also a proteolytic target of active Mcal whose cleav-
age may contribute to the execution of Mca1-dependent cell
death.
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Figure 1. The N-terminal pro-domain of Mca1 modulates proteolytic activity through interaction with calmodulin

(A) Relative proteolytic activity of full-length Mcal1, AN-Mca1, and Mca1C276A against Ac-VRPR-AMC in the presence of 1 mM CaCl, (unpaired t test,
****p < 0.0001, n = 2-5 independent experiments).

(B) Domain composition of Mcal showing the catalytic dyad H220 and C276. The R72, K86, K331, and K334 residues are the putative autocleavage sites for
Mca1 activation.”' The N-terminal pro-domain (pro) includes Q/N-rich and P-rich regions (jointly indicated as Q/N). The calmodulin-binding region is highlighted in
green within the amino acid stretch. p20 and p10, p20- and p10-like regions, respectively, separated by a linker.

(C) Helical wheel projection of the putative a-helical amphipathic region of Mca1 residues 29-60, highlighted in green in (B). Arrow indicates hydrophobic region,
and 2.35@264.3 indicates helicity and hydrophobic moment (https://www.donarmstrong.com/cgi-bin/wheel.pl).

(D) Interaction of GFP-Mca1, -AN-Mca1-, and -N-Mca1 from yeast cell lysates (input) with calmodulin (CaM)-Sepharose beads. Bound proteins were pulled down
(PD) with the beads, analyzed by western blot, and visualized with anti-GFP.

(legend continued on next page)
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RESULTS

Mca1 is a promiscuous protease

To understand how Mca1 can act as both a cellular executioner
and protector, we first revisited its protease function, which was
initially connected to cell death,®*° by optimizing the protein pu-
rification protocol such that we could isolate a catalytically active
full-length recombinant metacaspase. Consistent with earlier
studies, we found that Mca1 processed itself, in a Caz*-depen-
dent manner, resulting in several proteoforms (Figure S1A)."%"
Notably, such Mca1l autoprocessing might be required for pro-
teolytic activation, as shown for type Il metacaspases®?? and
other proteases.”® Mass spectrometry (MS) analysis revealed
multiple autocleavage sites with R or K in the P1 position but
no clear preference for amino acids in P2-P4 and P1'-P4’ posi-
tions (Figures S1B and S1C). Supporting this notion, we found
that randomly selected recombinant proteins, e.g., Sgt2,
Mms21, Myo2, and Mon2, were all cleaved by Mcal (Fig-
ure S1D). Since Mcal displays loose substrate specificity
beyond P1, at least in vitro, its activity in vivo must be tightly
regulated to protect the intracellular polypeptides from unspe-
cific proteolysis.

The N-terminal pro-domain of Mca1 modulates its
proteolytic activity via calmodulin binding
The crystal structure of Mca1?' lacks the N-terminal pro-domain,
which is natively unstructured, as predicted by AlphaFold (Fig-
ure ST1E). We found that this region inhibits Mca1 catalysis, as
its deletion (generating the AN-Mca1 protein) enhanced both
autocatalytic processing (see also'’) and protease activity (Fig-
ure 1A). Importantly, parts of the Q-rich N-terminal pro-domain
of Mcal resemble amphipathic regions (Figures 1B and 1C)
that have been reported to bind calmodulin.?*~2° Since it has pre-
viously been shown that the yeast S. cerevisiae calmodulin
Cmd1 and Mca1 have similar effects on the asymmetrical inher-
itance of protein aggregates,'®?” that Cmd1 is enriched in aged
cells,”® and, finally, that mammalian calmodulin can regulate
protease activity of calpain,”® we embarked on studying whether
Cmd1 and Mca1 interact and, if so, if this affects Mca1 activity.
Indeed, we found that the wild-type and catalytically inactive
Mcail as well as p10-deleted Mcal and a peptide including
only the N-terminal 128 amino acids of Mca1l (N-Mca1) could
all interact with bovine calmodulin (100% identical with human
calmodulin CaM) in vitro in a calcium-independent manner
(Figures 1D and S2A). In contrast, Mca1 lacking the N-terminal
domain did not bind CaM (Figures 1D and S2A). We could narrow
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the CaM-binding region down to amino acids 29-60 (Figure 1E).
In addition, we confirmed that Mca1 interacted with the yeast
calmodulin Cmd1 (60% identical to human CaM)*°=? in vivo in
an N-terminal-dependent manner (Figure 1F).

By binding the N terminus of Mca1, human CaM significantly
inhibited autoprocessing of the full-length Mca1 (Figure 1G) as
well as its proteolytic activity against both peptidic substrate
(Figure 1H) and the presumed biological substrate Tdh3*® (Fig-
ure 1l). These inhibitory effects of CaM on Mca1 proteolytic ac-
tivity were significantly suppressed or completely abolished by
deletion of the N-terminal domain of Mca1 (Figures 1H and 1l).
As a negative control, we used active caspase-3, a distantly
related cysteine protease from the same C14 superfamily as
metacaspases,” and demonstrated only slight inhibition of its
aspartate-specific activity against peptidic substrate by CaM,
presumably due to unspecific interaction between the two
proteins.

To further substantiate inhibitory effect of calmodulin on prote-
ase activity of Mca1, we cloned and purified recombinant yeast
Cmd1 from E. coli and could demonstrate a conserved inhibition
of Mcal activity in vitro by different sources of calmodulin
(Figures 1J and 1K, cf. Figures 1G-1l). Importantly, calmodulin
inhibited proteolytic activity of Mca1 under conditions of 400-
to 1,000-fold excess of Ca®* over calmodulin, ruling out the pos-
sibility that reduced Mca1 activity was due to titration of Ca2* in
these assays. Thus, we conclude that the N terminus of Mca1
represents a negative cis-acting modulator of Mcal activity on
its own and allows for further trans-acting modulation by
calmodulin binding.

Calmodulin prevents cell death by binding the
N-terminal pro-domain of Mca1

To determine the possible relevance of yeast calmodulin Cmd1
binding to Mca1 in vivo, we performed pull-down experiments
to identify mutant Cmd1s (proteins of temperature-sensitive
cmd1 alleles) that failed to interact with Mcal and found
Cmd1-8 (G113V**®%) as one such protein (Figure 2A). We
observed that Mcal was increasingly processed in cmdi-8
mutant cells but remained as a full-length zymogen in wild-
type cells (Figure 2B), demonstrating that Cmd1 inhibits autocat-
alytic cleavage of Mca1 also in vivo. Accordingly, we observed
increased metacaspase-like (VRPRase) proteolytic activity in
cell lysates from the cmd7-8 mutant compared to lysates from
wild-type cells, both overexpressing Mcal (Figure 2C), thus
corroborating inhibition of Mca1 protease activity by calmodulin
in vivo.

(E) Interaction of recombinant N-terminal Mca1-deletion mutants from E. coli cell extracts with CaM-Sepharose beads. Anti-His was used to immunodetect the

PD proteins.

(F) In vivo interaction between yeast GFP-Cmd1 and Mca1-mRFP or AN-Mca1-mRFP. PD proteins were analyzed by immunoblotting with anti-GFP and anti-

Mca1.

(G) Autoprocessing of purified Mca1 in the presence or absence of human CaM visualized by immunoblotting with anti-Mca.
(H) Relative proteolytic activity of Mca1 or AN-Mca1 against Ac-VRPR-AMC (n = 7) and of caspase-3 (n = 3) against Ac-DEVD-AMC in the absence or presence of

CaM (unpaired t test, **p < 0.05 and ***p < 0.005).

() In vitro degradation of Tdh3-GFP by Mca1 in the presence or absence of CaM at indicated time points (ON, overnight) (unpaired t test, **p < 0.05 for all time

points, n = 3 independent experiments).

(J and K) VRPRase activity (unpaired t test, **p < 0.0005, n = 3 independent experiments) (J) and autoprocessing (K) of Mca1 in the presence or absence of yeast

Cmd1.
Error bars in (A) and (H)—(J) indicate SD. FL, full length.
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Figure 2. Calmodulin inhibits Mca1-dependent cell death during chronological aging

(A) Interaction of wild-type and mutant GFP-Cmd1 with Mca1-mRFP in yeast cell extracts (input). GFP-Cmd1 and GFP-Cmd1-1, -3, and -8 mutants were PD from
yeast cell extracts (input) containing Mca1-mRFP by using GFP-Trap beads. Proteins were visualized by immunoblotting with anti-GFP and anti-Mca1.

(B) Mca1 fragmentation in cell extracts of wild-type and cmd7-8 mutant cells overexpressing (OE) Mca1 was visualized by immunoblotting with anti-Mca1. FL, full
length.

(C) Relative VRPRase activity in cell extracts of exponentially growing MCA71 OE and cmd1-8 MCAT1 OE cells (unpaired t test, *“p = 0.003).

(D) Exponentially growing cells (optical density 600 [ODggo] = 0.5 units/mL) were spotted in serial 10-fold dilution on YPD and incubated at 30°C to monitor growth.
(E) PI staining of dead cells in chronologically aged strains as indicated (unpaired t test, "*p>0.05, *p < 0.05, n = 2 independent experiments).

(F) DNA fragmentation assessed by TUNEL in exponentially growing wild-type (WT) and cmd7-8 cells upon MCAT deletion (unpaired t test, **p < 0.05 and
***p < 0.005, n = 3 independent experiments).

(G) Clonogenic assay demonstrating increased cell survival upon MCA1 deletion independent of introducing cmd7-8 mutation in stationary cells (unpaired t test,
**p < 0.01 and ***p < 0.001, n = 2-5 independent experiments). cfu, colony-forming units.

Error bars in (C), (E), and (F) indicate SD while those in (G) indicate SEM.

Overexpression of the constitutively active mutant AN-Mca1
and wild-type Mcal in cmd7-8 cells retarded proliferation,
whereas no such effects were observed by deleting MCAT or
overexpressing the catalytically inactive mutant Mca1C276A
(Figure 2D and S2B), demonstrating that the inhibitory effect
on cell proliferation is attributed to the proteolytic function
of Mcal.

We further found that the reduced growth of cmd7-8 cells was,
at least in part, a consequence of Mca1-dependent cell death, as
the cmd1-8 cultures displayed an increased proportion of dead
cells as judged by propidium iodide (Pl) staining (Figure 2E)
and by terminal deoxynucleotidyl transferase dUTP nick-end la-
beling (TUNEL) (Figure 2F). This enhanced cell-death phenotype
was reversed by deleting MCA1 (Figures 2E and 2F), demon-
strating the requirement for Mcal in cell death induced by
calmodulin deficiency. We also observed that removing MCA1
retarded aging of both stationary-phase wild-type and cmd17-8
cells, which displayed somewhat accelerated aging compared
to wild-type cells (Figure 2G). We hypothesize that under chrono-
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logical aging conditions, Mca1 may be activated as a protease
because calmodulin is titrated out, and such an effect would
be even more severe by the inactivation of calmodulin through
the cmd7-8 mutation. In both scenarios, however, it appears
that it is the presence of Mcal that causes the loss of viability.
In summary, calmodulin curtails activation of the Mca1 protease
by interacting with its N-terminal pro-domain and in this way
controls initiation of metacaspase-dependent growth inhibition
and cell death.

A constitutively active Mca1 protease fails to extend
lifespan and to boost PQC

Since the proteolytic activity appears to be key to the pro-death
role of Mca1,’ we tested if this activity is also linked to its pro-sur-
vival function and ability to extend lifespan. We found that while
overexpression of wild-type Mcal led to replicative lifespan
extension (as also seen in Hill et al.’®), the overexpression of
the constitutively active AN-Mca1 protease failed to do so (Fig-
ure 3A). Consistently, and in line with the previously shown
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Figure 3. Lifespan extension by Mca1 is linked to Sis1-dependent auxiliary co-chaperone rather than proteolytic activity

(A) Replicative lifespan (RLS; median number of generations is displayed in parentheses) of WT cells (164 cells) and cells OE either the full-length Mca1 (MCAT1 OE,
Mann-Whitney U test p < 0.0001; 114 cells) or AN-Mca1 (AN-MCA1 OE, p = 0.3035; 162 cells). Survival curves represent results of three independent experi-
ments. RLS extension by OE MCAT1 is abolished in calmodulin mutant cmd7-8 (cmd1-8, 84 cells, and cmd1-8 MCA1 OE, p = 0.0251, 84 cells). Survival curves
represent results of two independent experiments.

(B) Hsp104-GFP aggregate formation in young and replicatively aged cells (13-14 generations) OE either the full-length Mca1 or AN-Mca1 (unpaired t test,
***p = 0.00025, n = 2 [for Tet-Off WT background] and 4 [for Tet-Off SIS7T background] independent experiments).

(C) Hsp104-GFP aggregate inheritance in daughters (buds) of replicatively old cells (unpaired t test, **p = 0.0029, n = 3 independent experiments).

(D) Assisted refolding of guanidinium hydrochloride (GdnHCI)-denaturated luciferase by different combinations of Ssa1 and Mca1 as indicated. Luminescence of
non-denaturated enzyme was taken as 100% (Student’s t test, ***p < 0.0005, n > 4).

(E) Interaction of Mca1- and AN-Mca1-mRFP with Sis1-GFP from yeast cell extracts. Samples were subjected to immunoblot analysis with anti-GFP and anti-
Mca1.

(F) Sis1-GFP co-localization with Mca1-mRFP foci formed after heat stress for 60 min at 38°C or treatment with 0.6 mM H,O, for 90 min. Scale bars, 5 um.

(legend continued on next page)
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requirement of the N-terminal domain for Mcal targeting to
protein aggregates,’” AN-Mca1 overexpression, in contrast to
Mca1 overexpression, failed to counteract the accumulation of
protein aggregates, visualized by imaging the Hsp104-GFP re-
porter, '35 during aging (Figure 3B). Overexpression of AN-
Mca1 also failed to protect daughter cells from inheriting protein
aggregates during cytokinesis, a process that is required for
daughter cell rejuvenation (Figure 3C). Moreover, overexpres-
sion of wild-type Mca1 failed to both extend lifespan (Figure 3A)
and boost aggregate asymmetry during cytokinesis (Figure S3A;
Hill et al.’®) in cells carrying the cmd1-8 allele of calmodulin,
which is unable to bind and suppress Mca1 proteolytic activity
(Figure 2). Finally, overexpression of catalytically inactive
Mca1C276A has previously been shown to prolong lifespan
and to prevent aggregate accumulation.'® Together, these
data suggest that a non-proteolytic mechanism linked to the
inhibitory effect of calmodulin on Mca1 protease activity under-
lies Mca1l-dependent effects on cell survival and protein aggre-
gate accumulation. We hypothesized that one such mechanism
may be linked to Mca1 acting as a buffer against deficiency in
chaperone activity.

Mca1-dependent lifespan extension and quality control
require the Hsp40 co-chaperone Sis1

Mca1 has previously been shown to compensate for deficiencies
in Hsp40 (Ydj1) activity, '® and we therefore tested whether Mcar
has Hsp70 co-chaperone-like activity, which might explain its
beneficial effects on PQC and lifespan. To this end, in vitro lucif-
erase refolding assays*® were performed with purified compo-
nents, which demonstrated that Mca1 could substitute for an
Hsp40 in Hsp70 (Ssal) chaperone-dependent refolding (Fig-
ure 3D). In contrast to proteolytic activity of Mca1, its refolding
activity was not inhibited by calmodulin and did not require the
catalytic cysteine 276 (Figure S3B). Thus, binding of calmodulin
to Mcal would favor co-chaperone over protease activity. In
addition, as also found by Shrestha et al.,'® Mca1 interacts phys-
ically with the Hsp40 Sis1 in an N-terminal-domain-dependent
manner (Figure 3E), and both proteins co-localize at aggregates
during proteostatic stress (Figure 3F). Mcal was not required for
Sis1 to localize to cytosolic foci during stress (Figure S3C).*" In
contrast, we found that sequestration of Mcal to such aggre-
gates required Sis1 (Figure 3G) and that reducing accumulation
of aggregates in aging cells by overexpression of Mca1 failed ina
Sis1-deficient strain (Figure 3H). Likewise, Sis1 deficiency abro-
gated the enhancement of asymmetrical segregation of protein
aggregates by Mcal overexpression (Figure 3l). However, we
could not detect any synergistic effect between recombinant
Mca1 and Sis1 proteins in luciferase reactivation assay (Fig-
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ure S3D). Finally, Mca1-dependent replicative lifespan extension
did not occur in cells with reduced levels of Sis1 (Figure 3J, cf.
Figure 3A). Therefore, we conclude that the role of Mca1 in pro-
teostasis and longevity relies on its co-chaperone-like activity
and cooperative action with the Hsp40 co-chaperone Sis1.

Constitutive activation of Mca1 protease causes Sis1
cleavage

The Sis1 co-chaperone has previously been shown to be pro-
cessed into discrete fragments upon purification.**** We found
that cleavage of Sis1, but not Ydj1, occurs during replicative ag-
ing in vivo and is more pronounced in cells carrying the cmd7-8
allele, where Mcal’s proteolytic activation is derepressed
(Figures 4A and S4A). Enhanced cleavage of Sis1 was also
seen in young cells harboring constitutively active AN-Mca1,
and this was abolished by the mutation of the catalytic cysteine
276 (Figures 4B and S4B). In addition, we observed that Mca1
cleaved Sis1 in a Ca®*-dependent manner in vitro into fragments
corresponding in size to those detected in vivo (Figure 4C, cf. Fig-
ure 4A). In agreement with in vivo data, Sis1 cleavage was accel-
erated by co-incubation with AN-Mca1 (Figure 4C). Finally, CaM
suppressed the cleavage (Figure 4D). These data further point to
dual, and antagonistic, activities of Mca1: as an auxiliary positive
factor in Sis1-dependent PQC and longevity assurance and as a
protease executing Sis1 cleavage and cell death. Moreover, our
data establish calmodulin binding to the N terminus of Mca1 as a
bona fide mechanism constituting a molecular switch between
the two antagonistic activities of the yeast metacaspase.

DISCUSSION

We show here that calmodulin interacts with the QQXX repeats re-
gion in the N terminus of Mca1, thus representing a modality of a
Ca?*-independent recruitment of calmodulin to a target protein.®’
The fact that calmodulin binds this region in vitro provided the
impetus to test to what extent such a binding is relevant in vivo
in the control of Mca1 activity. To wit, our analysis of calmodulin
binding to native, full-length Mca1 provides mechanistic and mo-
lecular insights reconciling the opposing views of Mca1 as being a
cell killer or a protector. We show that Mca1 can act as an inhibitor
of growth and executioner of cell death but is normally prevented
from doing so by calmodulin binding to its N-terminal pro-domain,
which inhibits autocatalytic activation of the protease (Figure 4E).
Notably, the activation of Mca1 is not by itself sufficient to trigger
cell death and growth arrest since cells harboring AN-Mca1 do not
display growth defects or increased cell death. Thus, cytological
stress/defects displayed by cmd1 mutants might be additional
prerequisites for triggering Mcal-dependent cell death and

(G) Effects of reducing Sis1 levels (Tet-Off SIST) on the formation of Hsp104-associated aggregates and the recruitment of GFP-Mca1 to aggregates (foci)
following incubation at 38°C for 90 min (unpaired t test, **p < 0.05, n = 2 independent experiments).
(H) Effect of Sis1 level on Mca1-dependent reduction of Hsp104-associated aggregate (foci) formation in replicatively old cells (unpaired t test, **p < 0.05 and

***p < 0.005, n = 3 independent experiments).

(l) Effect of Sis1 level on Mca1-dependent reduction of aggregate inheritance by daughter cells (buds) after 90 min heat shock at 38°C (unpaired t test, *p < 0.5,

**p < 0.05, and **p < 0.005, n = 2 independent experiments).

(J) Loss of replicative lifespan extension upon Mca1 overexpression with reduced levels of Sis1 (Tet-Off SIS7; 93 cells, Tet-Off SIST MCA1 OE; 96 cells, Mann-
Whitney U test p = 0.0524) (median number of generations is displayed in parentheses). Survival curves represent results of two independent experiments.

Error bars in (B), (C), and (G)—(l) indicate SD while those in (D) indicate SEM.
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Figure 4. Constitutive activation of Mca1l protease causes Sis1 cleavage
(A) Cleavage of Sis1, but not Ydj1, upon replicative aging of WT and cmd7-8 young (1-4 bud scars) and old (10-14 bud scars) cells. Total cell extracts of isolated
cells were subjected to immunoblotting with anti-Sis1 and anti-Ydj1. The unspecific cross-reaction of Sis1 antibody is used as a loading control because Pgk1

runs at the same size as Ydj1 (both mouse antibodies).

(B) Sis1 cleavage in AN-MCA1-expressing cells displaying constitutive activation of the metacaspase. Of note, we prevented the possibility that released cellular
calcium could activate Mca1 during cell lysis by adding 5 mM EGTA to 0.2 N NaOH solution.
(C and D) In vitro cleavage of Sis1 by Mca1 and AN-Mcat in the presence of 1 mM CaCl,, and the presence or absence of calmodulin (5 uM CaM, bovine) was

monitored by immunoblotting with anti-Sis1.
(E) Model for regulation of Mca1 as either a cytoprotector or cell-death execut

ioner. Calmodulin binding to N-terminal domain of Mca1 protects it from being

autocatalytically activated, turning it into a co-chaperone-like cytoprotector acting together with the Hsp40 co-chaperone Sis1. PQC, protein quality control.

growth arrest (Figures 2D-2G).%' Therefore, it would be interesting
to determine whether the stressors previously reported to induce
Mca1-dependent cell death®'244*° affect Cmd1-dependent pro-
cesses. Since calmodulin binds to and regulates a multitude of
protein targets, many different cellular functions, for example
cytoskeletal organization, are debilitated in calmodulin-deficient
cells, which may make such cells prone to enter a cell-death
pathway.*’

Calmodulin binding to Mcal would allow the metacaspase to
predominantly work as a co-chaperone, and we show that the
role of Mca1 in PQC is dependent on the Hsp40 co-chaperone
Sis1. In contrast, constitutive activation of Mca1 protease results
in Sis1 fragmentation, both in vivo and in vitro, further indicating
that activated Mca1 is unfavorable for cellular PQC (Figure 4E).
However, the molecular mechanism whereby Mcail-dependent
cleavage of Sis1 contributes to cell death remains unclear. Yet,
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Sis1 cleavage might regulate its spatiotemporal co-chaperone ac-
tivity, and Sis1 mutant proteins lacking their C termini have been
found to be neither able to localize to protein deposits/quality con-
trol compartments (INQ/JUNQ and IPOD) nor to assist in Hsp104-
dependent disaggregation.“5*”

Calmodulin has been highly conserved throughout evolution
and might play a phylogenetically broader, cross-kingdom role in
the regulation of longevity in both unicellular and multicellular or-
ganisms. Interestingly, there is genetic evidence for a calmod-
ulin-dependent kinase UNC-43, a homolog of human CaMKII,
acting together with calcineurin in the regulation of the transcrip-
tion factor DAF-16, a homolog of human FOXO-3, leading to the
activation of a network of genes promoting longevity in Caeno-
rhabditis elegans.*® Furthermore, a similar mechanism appears
to operate for regulating transcriptional activity of FOXO-3 in hu-
man cells.”® Whether and how metacaspases, together with
calmodulin, are involved in the regulation of aging through the
CaMKll/calcineurin pathway in non-animal organisms are ques-
tions for future studies.

In summary, Mca1 is involved in replicative lifespan extension
as an auxiliary co-chaperone-like factor in a Sis1-dependent
manner that does not require protease activity. Calmodulin, by
binding to the N-terminal pro-domain of Mca1, favors such co-
chaperone-like activity, whereas the absence of calmodulin
binding favors Mcal zymogen-to-active protease transition.
Thus, our results establish calmodulin binding to the yeast meta-
caspase Mca1 as a molecular switch evolved for cellular life and
death control. Further research will define whether a similar
mechanism is evolutionarily conserved to modulate multifunc-
tional behavior of animal caspases or metacaspases from other
eukaryotic lineages.

Limitations of the study
The data on the role of Mcal in PQC do not reveal the exact
biochemical mechanism through which Mca1 acts on protein ag-
gregates. While Mca1 can substitute, in vitro, for an Hsp40 protein,
including Sis1, in the refolding of luciferase, how the metacaspase
speeds up Hsp104/Hsp70/Hsp40-dependent disaggregation
in vivo is not clear.'®

Additionally, the results do not pinpoint the exact mechanisms
behind Mca1-dependent cell death during stress and in station-
ary phase, as all possible targets of Mca1-dependent proteoly-
sis, in vivo, have yet to be determined under relevant conditions.
Moreover, at present, it cannot be ruled out that the increased
survival observed when removing MCA7, and/or inhibiting its
proteolytic activity, is due to compensatory responses. As it is
known that many stress defense genes are upregulated upon
the removal of MCAT1,"® increased survival could be due to a
bypass suppression mechanism that overcompensates for the
lack of Mca1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GFP Roche Roche Cat# 11814460001;

Rabbit polyclonal anti-yeast Mca1
Mouse monoclonal anti-6xHis (HIS.H8)

Rabbit polyclonal anti-yeast Sis1

Mouse monoclonal anti-Ydj1, clone 1G10.H8

Ekhardt et al., 2010
Thermo Fisher

Cosmo Bio

Sigma-Aldrich (MERCK),

RRID: AB_390913
Gift from Elke Deuerling, Konstanz

Thermo Fisher Scientific
Cat# MA1-21315; RRID: AB_557403

Cosmo Bio Cat# COP-COP-080051;
RRID: AB_10709957

Similar to Abnova Cat# MAB2200;

SAB5200007 RRID: AB_1708336

Rabbit polyclonal anti-GFP Abcam Cat# ab6556; RRID: AB_305564

Goat anti-Mouse IRDye 800CW LI-COR LI-COR Biosciences Cat# 926-32210;
RRID: AB_621842

Goat anti-Mouse IRDye 680RD LI-COR LI-COR Biosciences Cat# 926-68070;
RRID: AB_10956588

Goat anti-Rabbit IRDye 800CW LI-COR LI-COR Biosciences Cat# 926-32211;
RRID: AB_621843

Goat anti-Rabbit IRDye 680RD LI-COR LI-COR Biosciences Cat# 926-68071;
RRID: AB_10956166

Ac-Val-Arg-Pro-Arg-AMC (VRPR-AMC) BACHEM 4048494

Ac-Asp-Glu-Val-Asp-AMC (DEVD-AMC) BACHEM 4026262

Bacterial and virus strains

One Shot™ BL21 Star™ (DE3) Chemically Invitrogen 601003

Competent E. coli

DH5a Competent Cells (E. coli) Invitrogen EC0112

Chemicals, peptides, and recombinant proteins

ChromoTek GFP-Trap ® Agarose Chromotec (Proteintech) gta-100

cOmplete™ protease inhibitor cocktail Roche 11697498001

Pefablock SC (AEBSF) Roche 11429868001

Doxycycline Sigma-Aldrich D3447 https://www.sigmaaldrich.com/
SE/en/product/sigma/d3447

2-Mercaptoethanol Sigma-Aldrich M6250

Wheat Germ Agglutinin Alexa Fluor 555 Invitrogen W32464

conjugate (WGA-orange)

4-12% gradient 26 well Criterion XT Bis-Tris Bio-Rad 3450125

Protein gel

XT MES running buffer Bio-Rad 1610789

PVDF membrane Millipore IPFLO0010

Odyssey Blocking buffer in PBS LI-COR 927-40000

Eppendorf® LoBind microcentrifuge tubes Eppendorf 2666491, 2666505

MagnaBind™ Streptavidin Beads ThermoFisher 21344

EZ-Link™ Sulfo-NHS-LC-Biotin ThermoFisher 21335

Caspase-3 human Sigma-Aldrich C1224-10UG

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Calmodulin (human) ENZO BML-SE325-0001
Phusion® High-Fidelity DNA Polymerase NEB MO0530

Taq DNA Ligase NEB M0208

T4 DNA Ligase ThermoFisher ELOO11

QlAprep Spin Miniprep Kit Qiagen Cat. No./ID:27206
Pierce™ Trypsin Protease, MS Grade ThermoFisher 90057

Critical commercial assays

Pierce™ BCA Protein Assay Kits ThermoFisher 23227
TMT10plex™ Isobaric Label Reagent Set ThermoFisher N/A

Experimental models: Organisms/strains

S. cerevisiae strain BY4741: Strain
background: S288C, genotype: MATa
his341 leu240 met1540 ura340

All Saccharomyces cerevisiae yeast strains
used in this study were of the S288C or

BY4741 background and are listed in Table S1

S. cerevisiae Yeast Tet-Promoters Hughes
Collection (yTHC) strain R1158: Strain

background: derived from S288C, genotype:
URA3:CMV-tTA MATa his3-1 leu2-0 met15-0

EUROSCARF

EUROSCARF or Nystrém
laboratory

horizon

EUROSCAREF: Y00000

N/A

N/A

Oligonucleotides

All Oligonucleotides used in this study are
listed in Table S2

This paper

Invitrogen

Recombinant DNA

All plasmids used in this study are listed
in Table S3

This study

N/A

Software and algorithms

ImagedJ

(Schneider et al., 2012)*°

https://imagej.nih.gov/ij/

Other

Zeiss Axio Observer.Z1 inverted
microscope with Apotome and Axiocam
506 camera

LI-COR Odyssey Infrared scanner
Criterion Cell
Wet blotting system (Criterion Blotter)

BMG POLARstar Omega microplate reader

Carl Zeiss

LI-COR
Bio-Rad
Bio-Rad
BMG LABTECH

N/A

N/A
1656001
1704070
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact, Thomas Nystrom (thomas.

nystrom@cmb.gu.se).

Materials availability

All unique reagents generated in this study are available from the Lead Contact without restriction.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report any original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains

Strains, oligonucleotides and plasmids are listed in Tables S1-S3. Media preparation, genetic and molecular biology techniques were
carried out using standard methods.*° Transfmations were done following standard lithium acetate protocol,'® transformants were
confirmed by PCR or immunoblotting. Wild type MCAT (432 residues,”’ MCA1C276A mutant, and AN-MCA1 (deletion of the first
1-128 amino acids) overexpressors were cloned as previously described.®> The GPD promoter was amplified from the pYM-N15
plasmid and incorporated upstream the MCA7 and AN-MCA1 ORF in wild type and MCA1C276A."° For overexpression and N-ter-
minal tagging with GFP, the pYM-N15 and 17 plasmids were used (Table S3). For MCA1 knockout, the deletion cassette was ampli-
fied from pFA6-natMX4 plasmid (Table S3). pGPD-natNT2-MCA1C276A and pGPD-natNT2-AN-MCA1C276A were amplified
(Table S2) and transformed into mutants used in this study (Table S3). Further, HSP104-GFP-His3Mx6 was amplified from
BY4741 Yeast GFP collection (Invitrogen).

METHOD DETAILS

E. coli plasmids

For construction of pPROEx-HTb-MCA1, MCA1 (1-1299 bases, 432 residues®' was amplified from yeast S. cerevisiae chromosomal
DNA with the forward primer 5'-cctaggatccATGTATCCAGGTAGTGGAC-3' and reverse primer 5'-gctagagctcCTACATAATAAATTGCA
GATTTACGTC-3'. PCR product and pPROEx-HT plasmid was digested with Sacl and BamHlIs HF restriction enzymes prior to ligation.
pPROEx-HT-MCA1C276A point mutant, MCA1-Ap10 (amino acids 1-331 of MCA1 ORF) and AN-MCA1 (amino acid 129-432) were
cloned by the single oligonucleotide mutagenesis and cloning approach (SOMA) as described in.>® Primers contain the mutation flanked
by 25 bp of homologous region 5’-TAGACTAACAGCATTGTTTGACTCTgcTCATTCGGGTACAGTGTTGGATCTT-3,5-TGGTTCTTTAG
GTTCTATATTCAAGtagGTTAAGggaGGTATGGGCAATAATG-3' and 5'-GTATTTTCAGGGCGCCATGGGATCCATGTCTCAATGTACTG
GGCGTAGAA-3 were used, respectively. 50 L reaction contained 10 pL HF-buffer (NEB), 0.2 mM dNTPs, 0.2 mM phosphorylated
primer, 100 ng pPROEx-HT-MCA1 (template DNA), 1 mM NAD+ (SIGMA), 1 uL Phusion (NEB), 1 uL Tag-Ligase (NEB). DNA was dena-
turated 1 min at 95°C, and amplified 30 cycles (1 min 95°C, 1 min 55°C, 4 min 65°C), with 4 min extension time. Afterward 5 puL digestion
buffer and 2 pL Dpnl were added to fragment the template DNA. Newly synthetized DNA was purified with the PCR purification kit
(Qiagen, Hilden) and transformed into E. coli (Top 10 competent cells). Mutation was confirmed by sequencing.

Pull down experiments of proteins produced in yeast S. cerevisiae

Cells were inoculated and grown overnight in YPD, if carrying pLM1010 (Mca1-mRFP, Mca1 452 residues'®*"; plasmid in CM-URA
selective medium to ODggg = 0.7-0.8. Fifty ODggg of logarithmically grown cells were harvested and washed twice with ice-cold water
(2 min at 3.220xg, 4°C). Cells were washed once with ice-cold IP buffer (115 mM KCI, 5 mM NaCl, 2 mM MgCl,, 1 mM EDTA/NaOH pH
8.0, 20 mM HEPES/KOH pH 7.45) and resuspended in a final volume of 300 pL IP buffer. Cells were snap frozen and kept at —80°C.
200 pL glass beads, 1 mM DTT, 0.5 ng/mL Pefabloc, and 1x cOmplete (Roche) were added (calculated for 1 mL final volume) and cells
were lysed by vortexing 10 times for 45 s each with 1 min chilling on ice between the cycles. Lysates were transferred to a new tube
and buffer was added to 1 mL final volume. Lysates were incubated with 0.5% Nonidet P-40 (Roche) for 20 min on ice, followed by
centrifugation at 16,000xg for 20 min at 4°C. 800 pL of pre-cleared cell lysate was incubated with 20 uL bed volume GFP-TrapA beads
(Chromotek) to pull down GFP tagged proteins for 1 h at 4°C on an over-head rotator. Calmodulin Sepharose 4B beads (GE Health-
care) were used to pull down calmodulin interaction partners from cell lysates prepared in IP buffer containing 20 mM EGTA. Beads
were pelleted by centrifugation at 2,000 rpm and washed 4 times with respective IP buffer containing 0.5% Nonidet P-40. Beads were
boiled for 5 min at 95°C in 2x loading buffer/5% beta-mercaptoethanol prior to immunoblot analysis. IP buffer was adjusted depend-
ing on the experiment. 5 mM CaCl, were added to IP buffer to co-pull down Mca1l with GFP-Cmd1/1-8. 15 mM EGTA were added to
co-pull down Mcal and AN-Mca1 with Sis1-GFP.

Pulldown experiments with proteins produced in E. coli

His-tagged Mca1 variants were expressed from a plasmid (pPRPOEX-HTb-MCA1/MCA1c2764/ AN-MCA1/MCA1-4p10, and the de-
letions of 11-42, 29-60, 61-78 residues (see Table S3)) in BL21 Star E. coli. Overnight cultures were diluted and grown to ODggo = 0.1
for 2-3 h at 37°C. Protein expression was induced with 0.5 mM IPTG for 3.5-4 h. Cells were harvested, washed with ice-cold PBS,
resuspended in IP buffer (see above) containing 1x cOmplete protease inhibitor (Roche), 0.5 pg/mL Pefabloc, 1 mM DTT, 0.1 mg/mL
DNase and 5 mM CaCl, or 15 mM EGTA, then lysed by tree times exposure to ultrasound for 30 s and chilled for 5 min onice between
the cycles. 0.5% (v/v) Nonidet P-40 was added for 20 min, prior to centrifugation at 16,000xg for 20 min at 4°C. Supernatant was
incubated with 20 uL bed volume of Calmodulin Sepharose 4B beads for 1 h at 4°C on an over-head rotator. Beads were washed
4 times with respective buffer/0.5% Nonidet P-40 by centrifugation and processed as described above.

Old cells isolation

Cells were grown overnight to ODggg = 0.5-0.6 cell units/ml. 1-3 ODgqo cells were harvest by centrifugation for 3 min at 3,220xg and washed
3 times with PBS, pH 7.4. Cells were resuspended in 0.8 mL PBS, pH 8.0. 100 uL of freshly prepared 0.005 g/mL Sulfo-NHS-LC Biotin
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(Pierce, 0.5mg/sample) were added and cells were shaken at 22°C for 15 min. The cells were washed twice and inoculated in 400 mL YPD
overnight. Cells were cooled down on ice, harvested by centrifugation and washed three times as on the previous day but with ice-cold
buffer. Cells were resuspended in small volume of PBS (1 mL) and incubated with 10-30 uL of MagnaBind Streptavidin magnetic beads
(Thermo scientific) for 30 min at 4°C overhead rotation. Old cells were sorted by a magnet and the daughters were removed by 8 wash
steps with PBS, pH 7.4/0.5% (w/v) glucose. Cells were resuspended in fresh medium and grown overnight to allow more divisions.
Old cells were isolated by using magnetic beads as on the day before. Cells were further processed for imaging or immunoblot analysis.
Replicative age was determined by microscopy using WGA Alexa Fluor 350 (ThermoFisher) to stain bud scars. To deplete Sis1 levels from
cells, 2 ng/mL Na-Doxycycline hyclate was added to the cultures.

Total cell extracts

Whole cell extracts were prepared as in.>*>° Briefly, 1 ODggq cell units were harvested and incubated in 0.2 N NaOH complemented
with 10 mM EGTA to chelate cellular calcium and cOmplete protease inhibitor (Roche) for 20 min on ice. After spin down at 16,000xg,
the pellet was resuspended in 50 pL urea loading buffer (8 M urea in 1x loading buffer as described below, supplemented with 2.5%
B-mercaptoethanol). 10-15 uL were used for SDS-PAGE.

Immunoblot analysis

Samples were mixed with loading buffer (4x stock; 200 mM Tris/HCI pH 6.8, 10 mM EDTA/NaOH pH 8.0, 8% (w/v) Na-Dodecyl sulfate
(SDS), 20% (v/v) Glycerin, 0.04% (w/v) bromophenol blue, and prior to using 10% (v/v) B-mercaptoethanol was added) followed by
boiling for 5 min at 95°C. Proteins were separated by SDS-PAGE (4-12% Criterion XT Bis-Tris; BIORAD) and transferred on
Immobilon-FL PVDF membrane (Merck). Primary antibodies (overnight incubation, 4°C) used were rabbit polyclonal anti-Mca1
(gift from E. Deuerling, Germany), rabbit anti-Sis1 (cosmobio), mouse anti-GFP (Roche, clone7.1 and 13.1), rabbit anti-GFP ab290
(Abcam), mouse anti-Pgk1 22C5D6 (Invitrogen), mouse anti-Ydj1 (Sigma, SAB5200007), mouse anti-His (ThermoFisher, HIS.H8),
and the secondary antibodies (1h, RT) goat anti-mouse or rabbit with IRDye 680 or 800CW (LI-COR). All antibodies were used in
a dilution of 1:20,000 or as indicated. Signal was detected by LI-COR Odyssey scanner. Quantification of protein levels was done
with the Imaged program (NCBI).

Lifespan analysis

Exponentially growing cells were placed on YPD-agar plates. Yeast replicative lifespan was assessed following standard proced-
ures®®°” by using Singer MSM micromanipulator to select mother cells and remove their daughters. Data were compared by a
two-tailed Mann Whitney U test. At least two independent experiments were performed including respective controls. All data shown
in the figures were newly generated.

Purification of Mca1 variants, Ssa1, Sis1 and Cmd1 from E. coli

Recombinantly expressed Mca1 variants were purified from BL21 Star cells grown in total of 6 L culture. Induction was performed as
described above. The following steps were done on ice or 4°C. Cells were harvested by centrifugation at 5,000xg and resuspended in
20 mL HSB3 (50 mM HEPES/NaOH pH 7.45, 300 mM NaCl, 4 mM MgCl,, 20-30 mM imidazole) complemented with 1 mM DTT,
0.5 pg/mL Pefabloc, 1x cOmplete protease inhibitor complex (Roche) and 0.1 mg/mL DNase. Cells were passed 3-4 times through
French press (1250 pressure). Lysis was observed under the microscope. Lysates were cleared for 1 h at 100,000xg. Supernatant
was incubated with Ni-Sepharose beads (ca 2-4 mL bed volume, GE Healthcare) for 1 h on an over-head rotation incubator. Ni beads
were washed 4 times with 25 mL 60 mM imidazole-HSB buffer by short spin at 3,900xg, then three 5-mL elutions with 70 mM,
100 mM, 150 mM, 200 mM imidazole were collected using a Econo column (Bio-Rad). Protein containing fractions were combined
and concentrated with Amicon Ultra concentration tube. His tag was cleaved off by incubation with His-TEV protease (Invitrogen). To
decrease the imidazole concentration, samples were diluted 10 times with HSB buffer (50 mM HEPES/NaOH pH 7.45, 150 mM NaCl,
4 mM MgCl,), remaining His tagged proteins and contaminations were removed by binding to Ni beads (1-2 mL bed volume) for 1 h
and cleaning up by using Econo column. Purified Mca1 variants were concentrated and snap frozen in liquid nitrogen for storage
at —80°C.

Sis1, Ssa1l and Cmd1 were purified essentially as Mca1. Briefly, Hise-Sis1 expression was induced from pPROEX-HTb-S/S1 in total of
1.35 L culture at ODggo = 0.3-0.5. 6-8 g wet weight of cells were used to purify Sis1. For Ssal or Cmd1 purification Hisg-Ssa1/Cmd1
expression was induced at ODggg = 0.5 from pPROEX-HTb-SSA7 or -CMD1 in 2 L culture. After binding the Ni-resin Hisg-Ssal was
washed with HSB buffer containing 50 mM imidazole, first without than once with 50 mM imidazole and 0.5 mM ATP and 0.02% (v/v)
Tween 20.°8 Further steps were performed as described above.

Firefly luciferase renaturation assay

230 uM Firefly luciferase (Promega) was dissolved in buffer B1 (25 mM Tris/HOAc pH 7.8, 1 MM EDTA, 1 mM DTT, 0.2 M ((NH4)2)SO4,
15% Glycerol, 30% ethylene glycol, 2 mM DTT was added to a freshly prepared buffer), aliquoted and kept at —80°C. Luciferase was
diluted 20-fold into B1 buffer by incubating 15 min on ice and denaturated with GdnHCI (5 M final concentration) and 10 mM DTT at
25°C for 60 min at a final concentration of 2.86 M in buffer B1. Denaturated luciferase was 50-fold diluted into refolding reaction in
buffer B2 (50 mM HEPES/KOH pH 7.5, 100 mM KCI, 10 mM Mg(OAc),, 2 mM DTT freshly added before using B2) containing 5 mM
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ATP, 1.6 uM Ssal and 3.2 uM Mcal, Mca1C276A, Sis1 and 4 uM calmodulin (ENZO) as specified in the respective figure legends.
Renaturation was allowed at 27°C. Luciferase activity was followed over time according to Gold Biotechnology’s D-luciferin in vitro
protocol (USA).>® Briefly, 3 pL refolding reaction were mixed with 50 pL Luciferase assay buffer (100 mM Tris/HCI pH 7.8, 5 mM
MgCly,, 250 uM CoA, 150 uL ATP, 150 pg/l day-luciferin). The luminescence was detected using a POLARstar Omega (BMG Labtech)
plate reader. Refolding was calculated as relative value from the native luciferase activity, where luciferase was diluted in buffer B1,
without GdnHCI.

In vitro proteolysis by Mca1

Initially calcium-dependent autocleavage of Mca1 was measured in the presence of 50 mM CaCl, for indicated time at 30°C (HEPES/
NaOH pH 7.4, 5 mM DTT, 0.1% CHAPS) (Figure S1). Later, upon optimization of the assay conditions (data not shown), Mca1 auto-
processing was inhibited by adding 5 uM human calmodulin (CaM, ENZO) or 2.5 uM Cmd1 in the presence of 1 mM CaCl, (MES/pH 6,
optimal in vitro conditions) at RT. Samples were taken as indicated in the figure legends, and used for immunoblot analysis. As con-
trol, the respective calmodulin storage buffer was used (CaM-buffer (115 mM KCI, 20 mM HEPES/KOH, pH 7,4, 5 mM NaCl, 2 mM
MgCl,, 10% Glycerol), Cmd1-buffer (HBS buffer see above)).

For demonstration of Mca1’s promiscuity, GFP-tagged proteins were pulled-down as described above. Bound proteins were
washed twice and resuspended in the reaction buffer and divided equally into 5 tubes. Dependent on the conditions, 1 uM Mca1
and 50 mM CaCl, were added. Samples were slowly over-head rotated at room temperature (RT) for 2 and 17 h. To assess inhibition
of Mca1’s protease activity by calmodulin, Tdh3-GFP (GAPDH) was pulled-down as described above but from 20 ODg yeast cell
units. Proteins were eluted two times with 60 uL 200 mM Glycine and neutralized by adding 20 uL 1M Tris/base. 5 uL eluate was
processed by adding 1 uM Mca1 in the presence of 5 uM CaM (ENZO, human) in reaction buffer (MES/pH 6 containing 5 mM
CaCl,, 5 mM DTT and 0.1% (w/v) CHAPS). To assess Sis1 cleavage by Mca1, purified recombinant Sis1 (0.5 uM) was processed
by 0.5 uM Mca1, AN-Mca1 and Mcal, in the presence of 2.5 uM human calmodulin (CaM, ENZO) in reaction buffer (50 mM MES/
pH 6, 5 mM DTT) in the presence of 1 mM CaCl, or 20 mM EGTA for indicated time at 25°C.

In vitro proteolysis of peptide substrate by Mca1

50 uM Ac-VRPR-AMC (BACHEM, 1-1965-0001) was cleaved in metacaspase reaction buffer (MES/pH 6, 5 mM DTT, 0.1% (w/v)
CHAPS) containing 1 mM CacCl, by adding purified recombinant proteases (1 uM Mca1 variants). Mca1 activity was inhibited by add-
ing 5 uM human calmodulin CaM or 2.5 uM yeast Cmd1 (see above). Proteolytic activity of 0.1 uM Caspase-3 was assessed by using
50 uM Ac-DEVD-AMC in reaction buffer (Tris/pH 7.4, 5 mM DTT; 0.1% (w/v) CHAPS). Time-dependent release of AMC was measured
with a BMG Polar Star Omega plate reader (excitation filter 485 nm, emission filter 520 nm). Protease activity was calculated as fluo-
rescent units/min during linear reaction expressed as relative values.

Mass spectrometry analysis of Mca1 neo N-termini

5.2 ng Mcai was autoprocessed by adding 1 mM CaCl, for 0 min (control) and 60 min at RT (in a total volume of 100 uL). Briefly, the
samples were multiplexed and the relative increase of Mcal1 neo N-termini was detected by mass spectrometry at the proteomics
core facility at Gothenburg University. Samples were injected twice to improve data quality. For each sample the average abundance
of peptides with the same neo N terminus was calculated. The abundance of neo N-termini at t = 0 was set to 100%. Noteworthy, this
method does not provide the relative abundance of different peptides because of different chemico-physical characteristics/prop-
erties during the LC-MS/MS analysis. Thus, we cannot conclude on the hierarchy of cleavage events using this method.

Labeling with tandem mass tag (TMT) and trypsin digestion

Samples were concentrated by vacuum centrifugation to approximately 90 pL. Sodium deoxycholate (SDC, 5%) and triethylammo-
nium bicarbonate (TEAB, 1M) were added to a final concentration of 0.5% SDC and 30 mM TEAB prior to labeling with TMT 10-plex
isobaric mass tagging reagents (Thermo Scientific) according to the manufacturer instructions. Samples were combined followed by
reduction and alkylation by addition of Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 5 mM final concentration, 37°C, 30 min)
and S-Methyl methanethiosulfonate (MMTS, 10 mM final concentration, RT, 20 min). The multiplexed sample was in-solution di-
gested by addition Pierce MS grade Trypsin (0.15 pg, Thermo Fisher Scientific) in an enzyme to protein ratio of [1:4] at 37°C overnight.
An additional portion of trypsin was added and incubated for an extra 3 h. Sodium deoxycholate was removed by acidification with
10% TFA and peptides were desalted using Pierce Peptide Desalting Spin Columns (Thermo Scientific) following the manufacturer’s
instructions.

nLC-MS/MS

Samples were analyzed on a QExactive HF mass spectrometer interfaced with Easy-nLC1200 liquid chromatography system (Thermo
Fisher Scientific). Peptides were trapped on an Acclaim Pepmap 100 C18 trap column (100 pm X 2 cm, particle size 5 pm, Thermo
Fischer Scientific) and separated on an in-house packed analytical column (75 pm x 30 cm, particle size 3 um, Reprosil-Pur C18,
Dr. Maisch) using a gradient from 5% to 80% acetonitrile in 0.2% formic acid over 90 min at a flow of 300 nL/min. The instrument oper-
ated in data-dependent mode where the precursor ion mass spectra were acquired at a resolution of 60,000, m/z range 400-1600. The
10 most intense ions with charge states 2 to 5 were selected for fragmentation using HCD at stepped collision energy settings of 33. The
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isolation window was set to 0.7 Da and dynamic exclusion to 30 s and 10 ppm MS2 spectra were recorded at a resolution of 60 000 with
maximum injection time set to 110 ms.

Data analysis

Data analysis was performed using Proteome Discoverer version 2.4 (Thermo Scientific). The database matching was performed us-
ing the Mascot search engine v. 2.5.1 (Matrix Science) against a custom database continuing the sequence of the proteins. Precursor
mass tolerance was set to 5 ppm and fragment ion tolerance to 30 mmu. Semitrypsin was selected as enzyme with 0 missed cleav-
ages, cysteine methylthiolation was set as fixed modifications and methionine oxidation and TMT10plex on lysine and peptide
N-termini was set as a variable modification. Fixed Value for PSM validation and no normalization was used in the search. The re-
porter ion abundances for the samples were used for evaluation of results.

Growth analysis using spot tests
Cells (5 pL) were spotted on YPD plates in 1-10 dilutions beginning with ODggg 0.5 cell units/ml and incubated for 2 days at 30°C.

TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed to detect DNA fragmentation generated dur-
ing programmed cell death as described in®°° with minor modifications. 2 x 10 logarithmically growing yeast cells were harvested
and washed three times in PBS. Cells were fixed in 3.7% formaldehyde in PBS for 1 h, washed with PBS and resuspended in 1 mL
SPM buffer (1.2 M sorbitol, 50 mM KH,PO4/pH 7.3, 1 mM MgCl,). Cell wall was digested with 300 pg/mL zymolyase 100T and
12 pg/mL lyticase for 40 min at 30°C. After washing with SPM buffer (3,220xg, 1 min) cells were resuspended in 50 uL of SPM
with 5 ng/mL DNAse-free RNAse (Roche), transferred to a polylysine coated slide and allowed to settle for 20 min at RT. Attached
cells were washed three times with PBS and incubated with permeabilization solution (0.1% sodium citrate, 0.1% Trition X-100)
for 2 min on ice. Cells were washed twice with PBS prior to 1 h incubation in 50 uL. TUNEL reaction mixture (/In Situ Cell Death Detec-
tion Kit, Fluorescein, Roche) at 37°C in humidified atmosphere in the dark. Cells were washed three times with PBS. Mounting media
was added to slides and cells were analyzed under fluorescent microscope (EGFP channel). Ratio of TUNEL positive stained cells is
based on the average of at least three individual experiments.

Clonogenic assay and Pl staining of chronologically aged cells

Clonogenic assay was used to assess chronological aging by counting the fraction of seeded cells which retains the capacity to pro-
duce colonies (colony forming units, cfu). Cells were aged as described in CSM supplemented with 0.5% D-Glucose.®" Cells at day 3
were taken as 100%. Same volume of cells was seeded on YPD plates after 12 days of cultivation. After 3-4 days at 22 °C cfu were
counted. To assess the number of dead cells by microscopy, 200 pL of the cell culture was incubated with 1 uL of Pl solution (Invi-
trogen) for 5 min at RT. The proportion of Pl stained cells (red channel, see below) was expressed in % of total number of cells imaged
by bright-field microscopy.

Microscopy

Images were obtained using Zeiss Axio Observer.Z1-inverted microscope with Axiocam 506 camera, and a Plan-Apochromat 100x/
1.40 NA Qil DIC M27 objective (filters 38 HE eGFP in green channel, 45 HQ TexasRed in red channel). Aggregate formation in heat
treated cells (90 min at 38°C) or replicatively old cells (see above) was quantified by counting cells displaying Hsp104-GFP foci using
Imaged software and cell-counter plugin. Inheritance was determined as percentage of aggregate-containing buds of total number of
buds generated from an aggregate-containing mother cell. For co-localization of Mca1-mRFP with Sis1-GFP, or GFP-Mca1 foci for-
mation 10 mL cultures were grown overnight to 0.5 ODggg. Cells were treated with 0.6 mM H»O, or heat-stressed at 38°C for 90 min.
Cells were fixed by adding formaldehyde (3.7 % final concentration) at RT. After 20 min cells were washed 2 times with PBS. For SIS 1
down regulation cultures were grown with 2 ng/mL Na-Doxycycline hyclate for 22 h.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details about specific statistical tests can be found in the figure legends and respective STAR Methods sections. Lifespan assays
were done in three (Figure 3A, WT, MCA1 OE, AN-MCA1 OE) and two (Figure 3A (cmd1-8, cmd1-8 MCA10E), Figure 3J) independent
experiments. All data points were plotted in one respective graph. Statistical analysis was performed using two-tailed Mann Whitney
U test in GraphPad Prism 8.2.1 (Figures 3A and 3J). Quantification of protein levels from Western blot was done with the ImageJ pro-
gram (NCBI) (Figure 11). Aggregate and foci formation, Pl and TUNEL positive cells, cfu’'s were quantified using Imaged software and
cell-counter plugin (Figures 2E, 2F, 2G, 3B, 3C, 3G-3l, S3A, and S3C). All data in the bar graphs are presented as an average of n > 3
replicates +SEM or SD, unless indicated in respective figure legends. In respective figures, asterisks denote statistical significance in
p values calculated by unpaired two tailed Student’s t test using MS Excel.
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