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DNA-damage inducible protein 1 is a conserved
metacaspase substrate that is cleaved and further
destabilized in yeast under specific metabolic conditions
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Metacaspases, distant relatives of metazoan caspases, have been shown to
participate in programmed cell death in plants and in progression of the
cell cycle and removal of protein aggregates in unicellular eukaryotes.
However, since natural proteolytic substrates have scarcely been identified
to date, their roles in these processes remain unclear. Here, we report that
the DNA-damage inducible protein 1 (Ddil) represents a conserved protein
substrate for metacaspases belonging to divergent unicellular eukaryotes
(trypanosomes and yeasts). We show that although the recognized cleavage
sequence is not identical among the different model organisms tested, in all
of them the proteolysis consequence is the removal of the ubiquitin-
associated domain (UBA) present in the protein. We also demonstrate that
Ddil cleavage is tightly regulated in vivo as it only takes place in yeast
when calcium increases but under specific metabolic conditions. Finally, we
show that metacaspase-mediated Ddil cleavage reduces the stability of this
protein which can certainly impact on the many functions ascribed for it,
including shuttle to the proteasome, cell cycle control, late secretory path-
way regulation, among others.

Introduction

Metacaspases, together with paracaspases, were origi-
nally identified as distant relatives of canonical cas-
pases based on sequence homology and predicted
secondary structure [1]. While paracaspases can be
found alongside caspases in metazoan organisms mod-
ulating NF-xB pathway [2], metacaspases are only pre-
sent in plants, fungi, and protozoa. Metacaspases can
be divided into different types according to their
domain composition. The type I metacaspases could

Abbreviations

have (or not) amino terminal protein-protein interac-
tion domains such as proline rich regions or a zinc
finger motif and invariantly have a metacaspase C-
terminal domain. Type II metacaspases do not possess
this kind of prodomains but contain a long linker
between the p20 and pl0 homologous regions and are
only found in plants [3].

Despite their initial classification into clan CD
family Cl14, the biochemical -characterization of

Abz, ortho-aminobenzoyl; Ddi1, DNA-damage inducible protein 1; Dnp, N-(2,4-dinitrophenyl)-ethylenediamine; DTT, dithiothreitol; GST,
Glutathione S-transferase; HA, hemagglutinin; HEPES, N-[2-hydroxyethyl] piperazine-N’-[2-ethanesulfonic acid]; IAM, iodoacetamide; RVP,
retroviral protease-like domain; TBS, tris-buffered saline; UBA, ubiquitin-associated domain; UbL, ubiquitin-like domain.
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metacaspases showed a number of singularities. Some
of these differences are now apparent when analyzing
the three dimensional structure of metacaspases from
Trypanosoma brucei (TPMCA?2) and Saccharomyces
cerevisiae (Ycalp) [4,5]. These enzymes exhibit an
overall fold similar to caspases but with two extra beta
strands preventing their dimerization. In addition, a
large acidic pocket explains the contrasting substrate
specificity for basic amino acid residues. In ThMCAZ2,
an unusual N-terminus sterically occludes the active
site and calcium binding, mediated by four conserved
aspartic acid residues, might lead to a conformational
change that switches the catalytic dyad to a competent
state [4].

Regardless of their significantly different biochemi-
cal properties, metacaspases have been shown to medi-
ate cell death during stress responses and development
in plants [6-9]. In unicellular organisms, nondeath
roles were proposed for metacaspases. In yeast, Ycalp
deletion or inactivation results in a prolonged G1/S
transition and a defective G2/M checkpoint, suggesting
that this protein might regulate cell cycle dynamics
[10]. In kinetoplastids, the phenotypes observed in
RNAI studies in T. brucei [11] or overexpression exper-
iments in the case of L. major [12] and T. cruzi [13]
also suggest that metacaspases might control cell cycle
progression.

Beneficial rather than deleterious effects were recog-
nized lately to metacaspases when protein homeostasis
was impaired. Ycalp assists to degrade misfolded pro-
teins that accumulate during aging or that are gener-
ated by acute stress. In this case, both scaffolding
functions of the protein as well as intrinsic peptidase
activity, were demonstrated to be important for lifes-
pan control [14]. However, the cleavage events sup-
porting these proposed roles are largely unknown.

So far, a limited number of substrates has been
discovered. For Picea abies metacaspase, one com-
mon target with caspase-3 was described, and this
finding was used to argument for the existence of an
evolutionary conserved programmed cell death path-
way in plants [15]. In addition, the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase [16] and
the poly(ADP-ribose) polymerase were reported as
fungi metacaspase substrates [17]. Although the
cleavage of both enzymes was related to pro-
grammed cell death, the relevance and consequences
of these proteolytic events remain unclear. More
recently, proteome-wide substrate searches were per-
formed by means of comparative proteomic method-
ologies for metacaspase-9 of Arabidopsis thaliana and
metacaspase of Candida albicans. The potential sub-
strates identified in these studies suggest roles of the
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plant metacaspase in processes other than those
related to cell death [18] and involve the yeast pro-
tease in protein folding, protein aggregate resolubi-
lization, glycolysis, mitochondrial functions, [19] and
protein glycosylation [20].

In this work, we have identified the DNA-damage
inducible protein 1 (Ddil) as a natural metacaspase
substrate. Ddil belongs to a group of shuttle proteins
that deliver polyubiquitinated cargoes for degradation
due to their ability to interact with the proteasome
through their ubiquitin-like (UbL) domain and at the
same time with ubiquitinated substrates through their
ubiquitin associated domain(s) (UBA) [21]. Here, we
show that metacaspase-mediated cleavage of Ddil is
conserved among very divergent unicellular eukaryotes
and that, although the recognized cleavage sequence is
not identical among the different model organisms
tested, in all of them the proteolysis consequence is the
removal of the UBA domain. We demonstrate that
Ddil cleavage is tightly regulated in vivo as it only
takes place in yeast when calcium increases but under
specific metabolic conditions. Finally, we show that
Ddil cleavage reduces the stability of the protein
potentially affecting many diverse and important cellu-
lar processes.

Results

Identification of an in vitro protein substrate
among metacaspase interactors

To gain insights on how the different metacaspase iso-
forms present in T. cruzi (TcMCA3 and TcMCAS)
participate in the biology of the parasite, we sought to
establish  their  specific  set of interacting
proteins. Immunoaffinity purification of 3xFLAG-
tagged metacaspases expressed in transgenic epimastigote
cell lines [13] followed by Liquid Chromatography-Mass
Spectrometry (LC-MS/MS) analysis, led to the identifi-
cation of a number of putative partners (Table S1). To
study these interactions in vitro, a bacterial co-expression
system was devised. Putative interactors were expressed
in E. coli as C-terminally GST fusion proteins along
with active or inactive 3xFLAG-tagged metacaspase
variants (Fig. 1). Thus, the interactions could be
evaluated through glutathione affinity purification fol-
lowed by western blot analysis of GST and 3xFLAG
tags.

For one of the assayed candidates, the DNA dam-
age inducible protein 1 (7¢DDI1), coexpression with
TcMCAS produced an additional protein fragment not
present when the protease was replaced with the
C201A inactive mutant (Fig. 2A, 0 h). In cleared
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pBAD24-3xFLAG

pMB1

GST

pBAD-SC-GST
pCloDF13

Fig. 1. /n vitro coexpression system. Schematic representation of
the plasmids used to co-express TcMCA5 with its interacting
proteins. pBAD24 carrying the PMB1 replicon and the ampicillin
resistance gene (AmpR) was designed to direct the expression of
C-terminal 3xFLAG-tagged TcMCABL. pBAD-SC-GST carries the
CloDF13 replicon, the streptomycin/spectinomycin resistance gene
(aadA) and drives the co-expression of individual interacting
proteins as N-terminal fusions to glutathione S-transferase (GST).
See Table S2 for additional plasmid information.

lysates supplemented with calcium, a reported enhan-
cer of metacaspase activity, the abundance of this frag-
ment increased in a time dependent manner (Fig. 2A,
5 h, 16 h). Indeed, N-terminal sequencing of the frag-
ment showed that the cleavage took place after the
arginine 377 residue in the QQR-GS sequence (not
shown), in agreement with the reported specificity for
basic amino acids of these proteases.

Since Ddil is a particular shuttle protein that bears,
in addition to the UbL and UBA domains, a central
retroviral protease-like domain (RVP) we evaluated
the expression profile of an equivalent D248A inactive
mutant and conclude that none of the fragments is
produced as a consequence of autoproteolytic activity
(Fig. 2B). Moreover, to verify that Tc¢DDI1 was
indeed being cleaved by TcMCAS, ruling out any
downstream activated bacterial protease, we performed
in vitro proteolysis assays with purified recombinant
proteins. Fragment patterns of 7c¢DDII-GST were
comparable to those obtained by incubation with
TcMCAS in the presence of the general cysteine pepti-
dase inhibitor iodoacetamide (IAM) (Fig. 3, left
panel). However, when the inhibitor was removed
from the reaction mix, the proteolytic processing took
place. The position and specificity of the cleavage was
confirmed to be at R377, since mutation of this residue
into alanine completely abolished metacaspase medi-
ated processing (Fig. 3, right panel).
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Ddi1 is a conserved metacaspase substrate
in vitro

To assess if Ddil could also be substrate for other
metacaspases, the study was extended to include the
orthologous substrate/peptidase pairs from T. brucei,
another kinetoplastid parasite, and that from the more
distant organism S. cerevisiae. Each respective gene
was cloned, expressed in E. coli as a GST-fusion and
the resulting purified recombinant proteins were used
for in vitro cleavage assays.

As shown in Fig. 4, TbOMCAS processed ThDDI1
close to the C-terminus. According to N-terminal
sequencing of the resulting C-terminal fragments,
cleavage took place after R292 and R325. Disruption
of the first site by R292A mutation increased proteoly-
sis at R325. On the other hand, replacing the 325 argi-
nine residue by alanine in the second site, not only
enhanced proteolysis after R292, but also gave rise to
an additional cleavage site, offset by one residue
toward the N-terminus, at K324 (labeled with an aster-
isk in Fig. 4A, left panel). Cleavage at this third site
resulted more evident in the R292A/R325A (double
mutant) and was completely abolished in the R292A/
K324A/R325A (triple mutant) (Fig. 4A, right panel).

Similarly, yeast metacaspase Ycalp is able to pro-
cess Ddilp at more than one position, namely after
R367 and R377. The cleavage sites were determined
by Edman degradation of the processed fragments and
subsequently validated by individual or simultaneous
alanine substitutions of the arginine residues (Fig. 4B).
Note that an additional ~ 39 kDa fragment, not
detectable in the sample corresponding to the WT sub-
strate, becomes apparent in derivatives when the pre-
ferred cleavage sites are mutated.

For the three substrate/peptidase pairs analyzed,
ThMCAS turned out to be the most efficient, reaching
a ke /Ky value of 1.9 x 10* M~ Ls™!. The catalytic
efficiency for TcMCAS and Ycalp on their respective
substrates was estimated at 3.5 x 10> m~'s™' and
2.0 x 10° m~ 57! (Fig. 5).

Metacaspase exscinds the UBA domain from
Ddi1 proteins

Ddil displays a characteristic modular architecture
(Fig. 6A). Remarkably, all Ddil proteins were cleaved
at the RVP-UBA domain boundaries, even when the
protein sequence identity along this region is consider-
ably low. Alignment of the Ddil sequences in the
vicinity of the cleavage sites (Fig. 6B) suggests that
besides the well-known strict specificity for basic
amino acid residues at the P1 position, metacaspases
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A Oh 5h 16 h B TcDDI1 GST
WT C201A WT C201A WT C201A TcMCAS 3xFLAG WT D248A
kDa
116 -
< TcDDHM GST
66 -
45-
35. < TcDDH GST

a- GST

cleaved
fragment

a- GST

a- 3xFLAG

Fig. 2. 7cDDI1 cleavage in bacteria co-expressing TcMCA5. (A) Time course studies of TeDDI1 cleavage by TcMCA5 in E. coli BL21(DE3)
harboring plasmids pBAD-SC-TcDDI1-GST and pBAD24-TcMCAB-3xFLAG (WT) or the corresponding metacaspase active site mutant
(C201A). Cells were grown at 37 °C up to ODgpo =~ 0.6, induced with 0.2% arabinose for 3 h, and disrupted in lysis buffer supplemented
with 100 pm CaCl, and 10 mm DTT to stimulate metacaspase activity. Samples were taken at the indicated time points and subjected to
western blotting with anti-GST antibodies (Top panel). Full length and C-terminal proteolysis fragment are marked with arrowheads.
TcMCA5 presence in all samples was confirmed using anti-FLAG antibodies (Bottom panel). (B) Immunoblot analysis of recombinant wild-
type and active site mutant (D248A) TcDDI1 purified by glutathione-affinity chromatography. For both constructs, overexpression resulted in
the production of the full length protein together with additional fragments, which most likely correspond to bacterial degradation products.

TcDDI1 GST TcDDI1 R377A GST
-+ o+ - + + TcMCAS5GST
- o+ - -  + - 1AM

a- GST

Fig. 3. /In vitro processing of TcDDI1 by TeMCA5S using purified
recombinant proteins. Purified recombinant TcDDI1-GST (25 pg)
was incubated with TcMCA5-GST (2.5 png) in 200 puL of 50 mm
HEPES pH 7.2 containing 100 um CaCl,, 10 mm DTT and 10%
glycerol in the presence (+) or absence (—) of 20 mm
jodoacetamide (IAM). After 1 h at 37 °C, 20 uL samples were
separated in 12.56% SDS/PAGE, transferred to nitrocellulose
membranes and analyzed by western blot using anti-GST
monoclonal antibodies. Similar reactions were performed for the
R376A cleavage site mutant.

might prefer polar groups (S, T) or small (G) residues
at the first and second positions C-terminal to the site
of cleavage (P1’ and P2’ respectively).

Based on these sequences we designed five FRET
substrates with the general form Abz-XXXRXXXK
(Dnp) to evaluate if metacaspase cleavage can also
take place in the context of a short peptide. When ini-
tial rates for the enzymatic hydrolysis were determined
using identical stocks of enzymes and substrates, we
found that all but one of the tested substrates were
cleaved. For each enzyme the highest catalytic effi-
ciency was obtained with Abz-AAKRSTAK(Dnp) as
substrate (Table 1). Noteworthy, this novel peptide is
cleaved by the T. cruzi and yeast metacaspases more
efficiently than the model substrate Z-VRPR-AMC.
Interestingly, the peptide Abz-PTGRSTAK(Dnp),
which shares identical P1-P4’ positions with the most
efficient substrate, was resistant to metacaspase
cleavage.

Yeast Ddi1p is cleaved by Ycalp in vivo

To assess if Ddilp could undergo metacaspase medi-
ated proteolytic processing in yeast, the DDII gene
was endogenously N-terminal HA-tagged in strains
with wild-type YCAI as well as null ycald and
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A R292A/
WT R292A R325A R292A/R325A  ThDDIM GST K324A/R325A ThDDI1 GST
C202A WT  C202A WT C202A WT C202A WT  ThMCAS5 GST c202Aa WT  TbMCAS GST

kDa

130 -
100 -

TbDDI
70-
55-
40 -
R292 »
35-
R325 IESH > * <« K324?
a- GST a- GST
B WT R367A R377A R367A/R377A Ddi1p GST
C276A WT C276A WT C276A WT C276A WT Ycalp GST

kDa

100 -
70-

65-

40 -

R367 »
R377 IS >
25-
Fig. 4. Ddil

a- GST

is a conserved metacaspase substrate. (A) In vitro cleavage reactions for TbDDI1-GST using TbMCA5 (WT) or the

corresponding active site mutant (C202A). Single and double mutants at the cleavage sites identified by Edman degradation (R292A and
R325A) were analyzed by western blot using anti-GST antibodies. A triple mutant (R292A, K324A, R3245) including a third potential
cleavage site (whose proteolysis fragment is labeled with an asterisk) was evaluated similarly. Relevant protein species are marked with
arrowheads and depicted to the left. (B) /n vitro cleavage reactions for Ddi1p-GST and individual or combined double mutants (R367A and
R377A) using Ycalp (WT) or the corresponding active site mutant (C276A). All reactions were carried out using 25 pg of each tested
substrate and 2.5 pg of the corresponding peptidase in 200 pL of 50 mm HEPES pH 7.2 containing 100 um CaCl,, 10 mm DTT, and 10%

glycerol.

inactive ycal“*’** mutant backgrounds. Western blot

analysis showed that in all three transgenic strains
Ddilp is mainly present in both its phosphorylated
and unphosphorylated forms [22] but without any dif-
ferential cleavage product among them (not shown).
Since structural studies have shown that calcium sta-
bilizes metacaspase active site we examined if an
increase in the cytosolic levels of this cation caused by
ionophores or environmental stimuli (such as the addi-
tion of glucose to nutrient-starved cells (G-TECC)
[23,24]) could eventually lead to Ddilp processing. The
use of calcium ionophores A23187 or ionomycin did
not alter Ddilp pattern in the different metacaspase

The FEBS Journal (2018) © 2018 Federation of European Biochemical Societies

backgrounds (Fig. 7A). However, when calcium influx
was mediated by addition of glucose (Fig. 7B) an addi-
tional pair of bands could be detected in the sample
relative to the YCAI strain (Fig. 7A). The molecular
weight of these fragments (~43 kDa) as well as the
fact that they remained undetectable in the samples
derived from the strains lacking an active metacaspase
(yeal“?’®*) suggested that they could be the result of
Ycalp mediated in vivo cleavage of the HA-Ddilp
fusion protein at R367 and R377. To verify this possi-
bility the HA-DDII gene in the YCAI background
was replaced by equivalents that code for the previ-
ously identified single and double, arginine to alanine,
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Fig. 5. Kinetic analysis for Ddi1 processing reactions. (A-C) western blot analysis of time-course processing reactions of Ddi1 proteins at
different concentrations (four of them are shown on top of the Westerns). The assays were performed at 37 °C in 50 mm HEPES pH 7.2
containing 100 pum CaCl,, 10 mm DTT and 10% glycerol. Reactions were stopped at indicated times by mixing with Laemmli sample buffer
and subsequently assessed by 12.5% SDS/PAGE, followed by western blot using anti-GST monoclonal antibodies. Bands were detected
using an Odyssey laser-scanning system and quantified with Image Studio software. The fluorescent signal of full length Ddi1 proteins and
cleaved products were used to determine the processing rates as described in [46]. (D-F) Michaelis-Menten graphical analysis of
metacaspases processing rates with Ddil1 proteins. Data were obtained at least in duplicate to determine standard deviations. The error of
the Ky value represents the standard error on the fit.

metacaspase cleavage resistant mutants. As shown in Removal of the C-terminal UBA domain can
Fig. 8, while in vivo Ddilp cleavage was prevented at reduce the stability of Ddi1p

each corresponding site in the single R367A and
R377A mutants, it was completely blocked in the dou-
ble R367A/R377A.

To assess the effects of Ycalp mediated proteolytic
processing, we compared the expression profiles of

6 The FEBS Journal (2018) © 2018 Federation of European Biochemical Societies
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endogenously HA-tagged full length Ddilp to those
of derived mutants that mimic the possible products
of metacaspase cleavage (HA-Ddilp'?®” and
HA-Ddilp'?"7). Both shorter variants showed a four-
fold reduction in their respective steady-state abun-
dances (Fig. 9A). To establish if such reduction could
be a consequence of lowered protein stability,
cycloheximide chase assays were performed. While the
half-life of a-tubulin in all three genetic backgrounds
remained constant (> 20 h) that of the different Ddilp
variants decreased from > 15 h, for the full length
fusion protein, to 2h for HA-Ddilp'**’ and
HA-Ddilp'3"’ (Fig. 9B).

A
= )
/ ‘j y:x )
1 72 208 331 . 445 480
TcDDI1 - [NUBEN RVP uBA
A
1 63 142 265 340 378
TbDDI1 UbL RVP VD
A A
1 75 180 302 .3.95 428
Dditp UbL RVP H
AA
B

AKGQQHIGSARP
SEEPH[HGTPFYV
GTAAK[HSTHAPS
PALAPHTGMGP
PTPTGHSTHGA

TcDDI1 ¥
TbDDI1 2727
TbDDI1 2050
Dd|1 p 362-372
Dd|1 p 372-382

Fig. 6. Metacaspase exscinds the UBA domain from Ddi1 proteins.
(A) The cleavage sites identified by Edman degradation (marked
with arrowheads) were located between the retroviral protease-like
domain (RVP) of Ddi1 proteins and the ubiquitin-associated
domains (UBA), responsible for interacting with ubiquitylated
cargos. (B) Alignment of the Ddi1 sequences in the vicinity of the
cleavage sites.

Metacaspase-mediated Ddi1 proteolytic processing

Altogether our results suggest that metacaspase
might directly interfere with Ddil functions through
proteolytic removal of the UBA domain or indirectly
by destabilizing the full length protein.

Discussion

In this study, we describe how Ddil protein is cleaved
by metacaspases in different model organisms:
T. cruzi, T. brucei, and S. cerevisiae. For the three
metacaspase/Ddil protein pairs analyzed, processing
sites were located between the RVP and UBA
domains. Despite the low sequence identity shared in
this region (11%-21% according to pairwise align-
ments), N-terminal sequencing experiments revealed, in
addition to the stringent specificity for basic amino
acids at Pl position, a marked preference for polar
and/or small amino acids at P1’and P2’. Other identi-
fied type I metacaspase cleavage sites in protein sub-
strates (Table 2) also support the specificity for small
side chain amino acids after the scissile bond. This fea-
ture, shared with caspases and paracaspases [2], con-
trasts the preferred acidic residue at P1’ reported for
the type Il metacaspase 9 of A. thaliana [18]. Regard-
ing the catalytic efficiency of these enzymes, the values
obtained for metacaspases on Ddil proteins are com-
parable to those reported for the human paracaspase
MALT!] on its protein substrate CYLD (10°-
10* M~ s [25].

The use of peptide substrates derived from the cleav-
age sites in the Ddil orthologues hinted at the high
selectivity of metacaspases. Whereas the Abz-AAKR-
STAK(Dnp) FRET substrate was hydrolyzed with the
highest k.,/Ky values by all three metacaspases used,
Abz-PTGRSTAK(Dnp) remained intact even though
both peptides share identical residues spanning P1 to
P4'. The presence of a Lys residue at P2 in the former
might explain these differences since it matches the
reported preference of ThMCA2 when acting on small
peptide substrates [26]. Furthermore, the fact that the
site in Ddilp corresponding to the noncleavable FRET

Table 1. Comparative catalytic efficiencies of TcMCA5, TOMCAbS and Ycalp on FRET substrates. Values for the enzyme concentration were
obtained using active-site-titrated enzymes, as described in the experimental section. R, Resistant; n.d., not detected.

TBMCAB kgai/Ky (M~ 1-s77) Yealp Kea/ Ky (M~ 1s™")

Substrate TEMCAS kea/ Kng (M~ "5
Abz-GQQRGSAK(Dnp) 3.64 +0.13
Abz-AAKRSTAK(Dnp) 9.09 + 0.36
Abz-EPHRGTPK(Dnp) n.d.
Abz-LAPRTGMK(Dnp) 6.78 + 0.41
Abz-PTGRSTAK(Dnp) R

Z-VRPR-AMC 2.82 + 0.09

81.31 + 3.00 29415 + 15.93

123.9 + 6.67 3446.24 + 82.78

32.61 + 0.68 63.43 + 2.99

37.95 + 0.76 1510.39 £+ 93.92
R R

459.55 + 10.04 581.03 + 9.53

The FEBS Journal (2018) © 2018 Federation of European Biochemical Societies
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- - - - - - + - [A23187]
- - - - - - - + [lonomycin]
kDa
55 -
ey -
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40-
a- HA

Fig. 7. Ddil1p is cleaved in vivo under specific metabolic conditions. (A) Nutrient starved yeast cells expressing HA-tagged versions of Ddi1p
at the endogenous locus (HA:Ddi1p) from different metacaspase backgrounds (wild-type YCAT and inactive yca?®?’®" mutant) were pre-
incubated in the presence (+) or absence (—) of 10 mm calcium for 1 h before the addition of 25 mm glucose (Glu) or calcium ionophores
(10 um A23187 or 1 pm lonomycin). After 2 h cells were harvested and analyzed by immunoblot with anti-HA antibody. (B) The transient
elevation of cytosolic calcium was verified by the increase in fluorescence of the genetically encoded calcium indicator GCaMP6f in mock
treated cells (upper panel) or after triggering influx with the addition of 256 mm glucose (lower panel).

yca1C2?5A YCA1

WT WT R367A/ R377A RB367A HA:Ddi1p

kDa R377A

¥ — ey U Gy | < FL

*

S b conpg < Cleaved fragments

*

40 -

a- HA

Fig. 8. Ddi1p is cleaved in vivo at R367 and R377. Yeast cultures expressing HA:Ddi1lp were subjected to glucose mediated transient
elevation of cytosolic calcium. HA-Ddi1p full lenght (FL) and its cleavage products were detected by western blot analysis using anti-HA
antibodies. Cleaved fragments are depicted with one (cleavage at R367) or two (cleavage at R377) closed circles. Asterisks indicate
nonspecific bands that are recognized by the anti-HA antibody.

A HA-Ddi1p* B
FL 1-367 1-377 Chase (h) Chase (h)
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Fig. 9. UBA domain stabilizes Ddi1p. (A) Steady-state levels of HA-tagged Ddi1 variants (FL: full length Ddi1p, 1-367: truncated version at
R367, 1-377: truncated version at R377) determined by western blotting with an anti-HA specific antibody. (B) Degradation of HA-tagged
Ddi1p variants after blocking translation with 0.5 mg-mL~" cycloheximide. Samples were taken at the indicated time points and probed with
anti-HA antibody. a-tubulin is shown as loading control. Bands were detected using an Odyssey laser-scanning system, quantified with
Image Studio software and values were fitted to a first-order decay model.

peptide substrate can be processed in vivo by Ycalp hydrolysis. The finding that the catalytic efficiencies of
suggests that the appropriate three dimensional context trypanosome metacaspases for Ddil proteins are 150-
and surface presentation are important for efficient to 1000-fold higher than those obtained for each
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Table 2. Experimentally identified type | metacaspase auto
processing and cleavage sites in protein substrates.

Cleaved Clevage site P1
Metacaspase protein sequence position Reference
Autoprocessing
TbMCA2 TbMCA2 FRDAKGLHG 55 [53]
SADVKNTAT 268 [53]
Ycalp Ycalp MAYNRPVYP 72* [5]
QEQAKAQLS  86* [5]
GSIFKTVKG 331 [5]
FKTVKGGMG 334 [5]
Substrates
TbMCA2 EF-Tu TPIVRGSAL 172 [53]
EF-Tu GSALKALEG 177 [53]
His-TbOMCA2 GLVPRGSHM  —4 [53]
TcMCA5 TcDDIN KGQQRGSAR 377 This work
TbMCAb ThDDI1 EEPHRGTPF 292 This work
TbDDI1 TAAKRSTAP 324 This work
Ycalp Ddi1p ALAPRTGMG 367 This work
Ddilp TPTGRSTAG 377 This work

*Calcium dependent. Bold letter is used to indicate the site of clea-
vage.

corresponding peptide substrate strongly supports this
hypothesis. These results indicate that metacaspases
are extremely selective enzymes possibly requiring
extended interactions with the substrate beyond those
established within the active site. In this context, the
high affinity of TcMCAS for the Tc¢Ddil protein sub-
strate (Ky; in the nanomolar range) as well as the low
turnover of the enzyme might explain the occurrence
of a protein substrate among a set of interactors. Nev-
ertheless, the ability of pull-down assays in identifying
protease substrates is limited by the intrinsic transient
nature of their interaction and is restricted to a few
examples [27,28].

Removal of the C-terminal UBA domain by meta-
caspase can significantly alter the properties of Ddil
proteins. This domain is a small motif (= 45 residues
long) shown to interact with ubiquitin [29,30] that is
frequently found in proteins associated with the ubiq-
uitin-proteasome system [31,32]. The expression of
Ddilp protein variants that simulate the loss of the C-
terminal UBA domain by Ycalp cleavage at R367 or
R377, showed a significant reduction in their steady
state abundances as well as stabilities when compared
to those of the wild-type full length protein. These
results are in agreement with the protein stabilization
function assigned to UBA domains [33-35]. Full length
Ddilp contains a 62 residue long disordered region
between the RVP and UBA domains [36]. Such an
internal unstructured loop is too short to act as a pro-
teasomal initiation region, however, cleavage by Ycalp
not only removes the UBA domain but yields a 42 to
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52 residue long disordered C-terminus that might be
engaged by the proteasome much more efficiently [35].
In addition this internal loop contains a predicted
PEST sequence [22] that might further direct Ddilp to
degradation after cleavage. To date all UBA related
stability studies have been performed with synthetic
and chimeric constructs, thus the proteolytic removal
of UBA domains could be considered a novel in vivo
mechanism as a means to affect turnover of certain
proteins.

Although stability loss might determine the ultimate
fate of Ddilp, cleavage by Ycalp can have other more
immediate effects. Some Ddilp functions, such as Ho
endonuclease turnover [37] as well as its participation
in S-phase checkpoint control [38] require the C-terminal
UBA domain. Interestingly, Rad23p, which has par-
tially redundant roles with Ddilp in cell cycle control
[39], was identified as a potential Ycalp modulated
protein, although no processing evidence was detected
[10]. On the other hand, metacaspase could affect the
role of Ddilp as a secretory repressor since cleavage
disrupts the linker region between the RVP and
UBA domains (residues 344 to 395), shown to be
required for interaction with the exocytic t-SNARE
Ssolp [22].

In yeast, Ycalp-mediated Ddilp cleavage appears to
be a tightly regulated event. No processing could be
observed during log phase growth or after H,O, treat-
ment, heat shock or extended stationary phase growth
(not shown) despite that these stimuli have been asso-
ciated to metacaspase activation as evidenced by its
autoproteolytic cleavage [14,40]. In this work, we have
found that in vivo Ddilp processing by Ycalp can be
detected after a transient elevation of cytosolic calcium
in response to glucose re-addition to carbohydrate
starved yeast cells (G-TECC).

In G-TECC two main methodological steps can be
distinguished [24]. First, a glucose starvation phase
that conduces to a complex reprogramming of yeast
metabolism. Among the physiological changes mani-
fested by nutrient deprived cells, the induction of the
general stress response and autophagic pathways [41]
are events that, noteworthy, also take place in null-
yeal yeast strains [42]. Moreover, in Leishmania major,
metacaspase has been linked directly to autophagy as
a response to serum deprivation and proposed to act
on or upstream of ATGS [43].

The second methodological step in G-TECC corre-
sponds to the addition of glucose to the cell suspen-
sion triggering the influx of extracellular calcium [24].
Successful Ddilp cleavage by Ycalp relies on supple-
mented Ca®" ions, however, no processing could be
detected when ionophores were used instead of glucose
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(Fig. 7A). These results suggest that other stimuli
rather than the sole increase in cytosolic Ca’" are
required for Ycalp mediated processing of Ddilp and
it is likely that these involve, at least to some extent,
glucose signaling pathways. In this sense, considering
metacaspase downstream effects, it is remarkable how
the increasing evidences hint at a possible association
with carbohydrate metabolism. Different proteins,
including various enzymes that are involved in gly-
colytic pathways, have their abundances altered as a
consequence of YCAI deletion [42,44,45]. Moreover,
even in divergent organisms, potential as well as con-
firmed metacaspase substrates correspond to enzymes
that participate in carbohydrate metabolism [16,18—
20]. In perspective, these results highlight the possibil-
ity that different signaling pathways might lead to
cleavage of alternative sets of substrates.

Recently, by means of a proteomics approach, the
Ddil orthologue of the divergent yeast Candida albi-
cans was identified as a potential metacaspase sub-
strate [20]. This variant lacks the C-terminal UBA
domain and the disordered region which is a property
shared with mammalian isoforms [21]. Remarkably,
the putative cleavage site lies at the o-helical domain
that links the UbL and RVP domains [36]. This sug-
gests that even though the substrate is conserved the
proteolytic event followed divergent evolutionary
pathways.

Materials and methods

Expression of recombinant proteins in bacteria

The list of plasmids used for heterologous expression of
metacaspases and Ddil proteins can be found in Table S2.
Escherichia coli BL21 Codon Plus (DE3) bacteria trans-
formed with the different constructs were cultured in Luria-
Bertani (LB) medium at 37 °C with vigorous shaking
(250 r.p.m.) to an ODgqyo of 0.6, and then induced for 3 h
at 37 °C with 0.2% w/v arabinose (Sigma-Aldrich, St.
Louis, MO, USA). Soluble expression of wild-type Ycalp-
GST and ThMCAS5-GST as well as inactive mutant deriva-
tives was achieved at 18 °C for 16 h.

For coexpression assays bacteria transformed with
pBAD-T¢cMCA5-3xFLAG or pBAD-TcMCAS5(C201A)-
3xFLAG were used for the preparation of CaCl, competent
cells and subsequently transformed with pBAD-SC-
TcDDI1-GST. Cells were harvested by centrifugation and
resuspended in lysis buffer (50 mm TrisHCI, 150 mm NaCl,
0.2 mg-mL™" lysozyme, 0.1% Triton X-100, 1 mm phenyl-
methylsulfonyl fluoride (PMSF) pH 7.6) and sonicated.
Samples were centrifuged for 30 min at 23 000 x g to
obtain the bacterial crude extracts. Soluble fractions were
analyzed by western blot.
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To study TeMCAS/TcDDI1 interaction, clarified extracts
supplemented or not with 10 mm DTT (Promega, Fitch-
burg, WI, USA) and 100 pm CaCl, were incubated with
glutathione-agarose resin (GE Healthcare, Chicago, IL,
USA) equilibrated in TBS (50 mm TrisHClI pH 7.6,
150 mm NaCl) for 30 min at 4 °C. Resin was washed ten
times with TBS. The bound proteins were eluted with
50 mm TrisHCl pH 8.8 containing 20 mm reduced glu-
tathione. Samples were analyzed by western blot.

For recombinant protein purification bacteria were har-
vested by centrifugation, resuspended in lysis buffer, and
sonicated when necessary. Samples were centrifuged at
23 000 x g for 30 min at 4 °C to obtain the bacterial crude
extract. DTT was added to a final concentration of 1 mm.
The recombinant proteins were purified using a glu-
tathione-agarose resin (GE Healthcare) equilibrated with
TBS buffer. The columns were washed with 20 column vol-
umes of TBS and the samples were eluted with 50 mm
TrisHCI pH 8.8 containing 20 mm reduced glutathione.

In vitro metacaspase-mediated Ddi1 cleavage
assay

Purified Ddil recombinant proteins (25 pg) were mixed
with purified recombinant metacaspases or their corre-
sponding active site mutants (2.5 pg) in 200 pL of 50 mm
HEPES pH 7.2 containing 100 um CaCl,, 10 mm DTT,
and 10% glycerol. The protein mixtures were incubated at
37 °C for 16 h and reactions were stopped by the addition
of Laemmli sample buffer and 5 min of boiling. Fifteen
microliters of each sample were analyzed by western blot.

Kinetic rate constants were studied as described in [46].
Briefly, metacaspases were incubated with various concen-
trations of Ddil proteins and cleavage was subsequently
assessed by 12.5% SDS/PAGE, followed by western blot.
Blots were scanned on an Odyssey infrared scanner (LI-
COR Biosciences, Lincoln, NE, USA) and the fluorescent
signal of full-length Ddil proteins and the cleaved products
were used to determine the processing rates. The obtained
values were fitted to a hyperbolic 2-parameter, single rect-
angular Michaelis-Menten function (v = V. [S]/Km + [S])
using GraphPad Prism software (GraphPad Software Inc,
La Jolla, CA, USA). Metacaspase concentration was deter-
mined by titration with the irreversible inhibitor z-VRPR-
FMK as described below.

Metacaspase enzymatic assay using FRET
peptides

Cleavage site sequences identified in Ddil orthologues were
synthesized by GenScript (Piscataway, NJ, USA) as highly
sensitive FRET substrates, bearing an ortho-aminobenzoyl
(Abz) fluorescent group and an N-(2,4-dinitrophenyl)-ethy-
lenediamine (Dnp) quenching group, as the donor/acceptor
pair. FRET substrates were dissolved in DMSO
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(Sigma-Aldrich) and the concentration was obtained by
colorimetric determination of the K(Dnp) group (e =
17 300 M~ 'em™" at 365 nm). To determine metacaspase
activity, each substrate (final concentration 10 pum to avoid
inner filtering effect) was incubated with Ycalp-GST (final
concentration 8.24 x 107° M), TeMCAS5-GST (final con-
centration 9.9 x 1077 m) and ThPMCAS5-GST (final concen-
tration 8.23 x 1078 m) in 200 puL of 50 mm HEPES pH 7.5
containing 10 mm DTT and optimized concentrations of
CaCl, (Ycalp-GST: 800 um; ThMCAS-GST and TcMCAS-
GST: 100 um). The increase in fluorescence resulting from
peptide-cleavage was continuously monitored (excitation:
320 nm; emission 420 nm; sensitivity: 750 volts) over
1800 s at 30 °C with an Aminco Bowman Series 2 spec-
trofluorometer (Thermo Spectronic, Madison, WI, USA).
In the case of Abz-PTGRSTAK(Dnp), which resulted resis-
tant to metacaspase hydrolysis, substrate functionality was
positively confirmed by cruzipain hydrolysis under
described conditions [47].

Catalytic efficiency (kcai/Kn) for the hydrolysis of FRET
peptides by metacaspases were evaluated at low substrate
concentrations. Metacaspase activity was assayed at 30 °C
for decreasing substrate concentrations (ranging from 10 to
0625 pm) in the same buffers described above (supplemented
with 0.01% Triton X-100). Assay was performed in a solid
black 384-well plate (final reaction volume ~ 50 pL) and flu-
orescence was monitored continuously with a FilterMax F5
Multi-Mode Microplate Reader (Molecular Devices, Sunny-
vale, CA, USA) using standard 320 nm excitation and
430 nm emission filter set. Active site concentration of
T. cruzi, T. brucei and yeast metacaspases was determined
by titration using the irreversible inhibitor Z-VRPR-FMK
(GenScript) as described in [48]. For k,./Ky estimation, only
data in the linear portion of the Michaelis-Menten plot (first-
order conditions: [Sg] << Ky;) were considered.

Electrophoresis and immunoblotting

Proteins were separated by SDS/PAGE (10 or 12.5% acry-
lamide) and transferred to a nitrocellulose Hybond ECL
membrane (GE Healthcare) for probing with anti-FLAG
M2 mouse monoclonal antibody (Sigma-Aldrich) diluted
1 : 2500 or anti-GST (clone 2H3D10) mouse monoclonal
antibody diluted 1 : 2000 (Sigma-Aldrich). Anti-HA High
Affinity (clone 3F10) was purchased from Roche (Basel,
Switzerland). Monoclonal anti o-tubulin 1 : 5000 clone B-
5-1-2 (Sigma-Aldrich) was used as loading control. Horse-
radish peroxidase-conjugated goat anti-mouse secondary
antibody (Sigma-Aldrich) diluted 1 : 5000 was detected by
chemiluminescence using SuperSignal West Pico Chemilu-
minescent Substrate (Pierce, Rockford, IL, USA). Alterna-
tively, blots were probed with Alexa Fluor® 790 AffiniPure
Goat Anti-Rat IgG (H + L) or Alexa Fluor® 680 Affini-
Pure Goat Anti-Mouse IgG (H + L) secondary antibodies
(Jackson Immunoresearch Laboratories, West Grove, PA,
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USA), signal intensities were detected using an Odyssey
laser-scanning system and quantified with Image Studio
software (LI-COR Biosciences). Prestained Protein Molecu-
lar Weight markers used were from Pierce.

N-terminal sequencing

For N-terminal sequencing, proteins separated by SDS/
PAGE were transferred to a PVDF membrane (Merck Mil-
lipore, Burlington, MA, USA). Ddil digested fragments
were excised from the membrane and sent to The Protein
Facility of the Iowa State University for Edman N-terminal
sequencing.

Yeast strains and plasmids

Saccharomyces cerevisiae wild-type background strain
BY4742 (MATa; his3A1; leu2A0; lys2A0; ura3A0) and YCAI
disruption strain Y 12453 (BY4742; YORI197w::kanMX4)
were obtained from the European Saccharomyces cerevisiae
archive for functional analysis (EUROSCARF, Oberursel,
Germany). For the list of strains that express ycal©>"%A
tive mutant and different N-terminal HA tagged variants of
Ddilp as well as the plasmids used in their generation see
Table S3. For the expression of GCaMP6f, yeasts were trans-
formed with Pvull linearized pRS306K-GPD1p-ADHIt-a-
GCaMPof [49] (kindly provided by Dr. Pablo S. Aguilar,
Instituto de Investigaciones Biotecnoldgicas, Universidad de
San Martin, San Martin, Argentina).

inac-

Yeast culture and media

For routine culture of yeasts YPDA medium (1% w/v yeast
extract (BD, Franklin Lakes, NJ, USA), 2% w/v tryptone
(BD), 2% w/v glucose (Sigma-Aldrich), 0.02% w/v adenine
(Sigma-Aldrich) was used. For selection of cells trans-
formed with kanMX bearing genetic constructs the medium
was supplemented with 200 pg-mL ™' of G418 (Thermo
Fisher, Waltham, MA, USA). For selective growth of aux-
otrophic strains and oxidative stress experiments SCD med-
ium (0.67% w/v yeast nitrogen base with ammonium
sulfate (BD), 0.192% w/v yeast synthetic drop-out medium
with or without uracil (Sigma-Aldrich), 2% w/v glucose
(Sigma-Aldrich) was used instead. Counter selection of
URA3 was performed on SCD media supplemented
with 1 mgmL ™! of 5-fluoroorotic acid (5-FOA) (Zymo
Research, Irvine, CA, USA). Solid media was obtained by
the addition of 2% w/v bacto-agar (BD). Yeasts were cul-
tured at 30 °C with vigorous shaking (250 r.p.m.).

Yeast extracts for western blots

The mild alkali treatment protocol was employed [50].
Briefly cells were harvested by centrifugation at 5000 x g
for 30 min at 4 °C and resuspended with water to a density

1
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of ODggo 25 per mL, further diluted with the addition of one
volume of 200 mm NaOH and incubated for 10 min on ice.
Afterwards cells were centrifuged, resuspended in water to a
density of ODggo 100 per mL, diluted by addition of a vol-
ume of 2 x concentrate Laemmli sample buffer and boiled
for 5 min. An equivalent of ODyg, 1 was loaded per lane and
resolved by SDS/PAGE electrophoresis.

Glucose mediated transient elevation of cytosolic
calcium

Glucose starvation and glucose readdition were carried out
essentially as described in [24]. Briefly, exponentially grow-
ing cells in SCD medium containing 2% glucose were har-
vested, washed and resuspended in SCD medium
containing 0.02% glucose to a final density of 1x10° cells
per mL. After incubation for 24 h at 28 °C, starved cul-
tures were harvested by centrifugation, washed once with
0.1 m 2-(N-morpholino)ethanesulfonic acid adjusted with
1 m Tris (pH 10.8) to pH 6.5 (MES/Tris buffer). Cells were
resuspended in the same buffer, incubated for 2 h at 28 °C,
and then CaCl, was supplemented to 10 mm final concen-
tration. Transient elevation of cytosolic calcium was trig-
gered by the addition of glucose to 25 mwm final
concentration. For western blot analysis cells were lysed
and an equivalent of ODgoo 1 was loaded per lane. Alterna-
tively, starved cells were allowed to bind to poly-L-lysine
coated coverslips in CaCl, supplemented MES/Tris buffer
and GCaMP6f fluorescence was monitored with an Eclipse
80i microscope (Nikon, Shinagawa, Japan) after triggering
calcium influx by the addition of 25 mm glucose.

Cycloheximide chase analysis

Degradation kinetics of Ddilp were studied as described in
[51]. Briefly, overnight grown yeast cultures were diluted to
an ODggg value of 0.2 in fresh YPDA medium, and incu-
bated at 30 °C with vigorous shaking (250 r.p.m.) until the
cells reached midlogarithmic growth phase (an ODggg
between 0.8 and 1.2). To terminate protein synthesis, cyclo-
heximide was added to 500 pg-mL~' final concentration.
Cells were collected at specific time points, lysed and sepa-
rated by SDS/PAGE followed by western blot analysis.
Bands were quantified with Image Studio software and val-
ues were fitted to a first-order decay model [52].
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