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A metacaspase of Trypanosoma brucei causes loss of respiration
competence and clonal death in the yeast Saccharomyces cerevisiae
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Abstract Metacaspases constitute a new group of cysteine
proteases homologous to caspases. Heterologous expression of
Trypanosoma brucei metacaspase ThMCA4 in the budding
yeast Saccharomyces cerevisiae resulted in growth inhibition,
mitochondrial dysfunction and clonal death. The metacaspase
orthologue of yeast, SceMCAI (YOR197w), exhibited genetic
interaction with WWMI1 (YFL010c), which encodes a small
WW domain protein. WWMI overexpression resulted in growth
arrest and clonal death, which was suppressed by concomitant
overexpression of ScMCAI. GFP-fusion reporters of WWMI,
ScMCA1 and TbMCA4 localized to the nucleus. Taken
together, we suggest that metacaspases may play a role in
nuclear function controlling cellular proliferation coupled to
mitochondrial biogenesis. © 2002 Published by Elsevier Sci-
ence B.V. on behalf of the Federation of European Biochemical
Societies.
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1. Introduction

Cysteinyl proteases of Clan CD [1] serve diverse functions
in various organisms. Legumains are involved in lysosomal
degradation, caspases control apoptosis, a form of pro-
grammed cell death (PCD), and modulate signal transduction,
Gpi8 proteins are a core component of the endoplasmic retic-
ulum glycosylphosphatidylinositol (GPI) transamidase com-
plex, gingipains are virulence factors of pathogenic bacteria
[1] and separins trigger anaphase progression [2]. All these
proteases share a typical secondary and, where known, terti-
ary core structure composed of several consecutive B-strands
and o-helices around a catalytic dyad of histidine and cysteine
constituting the active center [1,3,4]. Metacaspases have been
denoted as putative Clan CD peptidases by iterative sequence
analyses and seem to be homologous to caspases and para-
caspases [5]. They occur in virtually all non-metazoan eukary-
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Abbreviations: GFP, green fluorescent protein; GPI, glycosylphos-
phatidylinositol; PCD, programmed cell death; RT-PCR, reverse
transcription based polymerase chain reaction; WW domain, domain
with two conserved tryptophan (W) residues

otic lineages and might be functional homologues of metazo-
an caspases, which are primarily involved in PCD [3].

PCD is thought to be a product of the coevolution of the
eukaryotic cell and its mitochondrial endosymbiont [6-10]. Tt
is anticipated to occur not only in metazoans, but also in
plants and unicellular eukaryotes [10-12]. Conclusive genetic
evidence for the existence of PCD in plants and in Dictyo-
stelium was presented [13,14]. Interestingly, plant PCD could
be inhibited by expression of various metazoan antiapoptotic
genes such as p35 of baculovirus [15], which acts as a sub-
versive substrate upon diverse caspases [16], and Bcl-xp, a
protector of mitochondrial function and integrity [13].

On unicellular eukaryotes, such as the yeast Saccharomyces
cerevisiae, cellular death can be inflicted by expression of di-
verse PCD mediating metazoan gene products. Bax for in-
stance caused clonal death of yeast by perturbation of their
mitochondria [17,18].

We performed studies on the metacaspases of S. cerevisiae
and Trypanosoma brucei in budding yeast to take advantage
of the versatility with which gene function can be assessed in
this model organism. Recent comprehensive two-hybrid
screens of yeast protein interactions [19,20] revealed interac-
tions of the yeast metacaspase (Mcalp, YOR197p) with sev-
eral proteins, amongst others Wwmlp (YFL010p) [19].

WWMI1 (YFL010c) encodes a protein of 211 amino acids
and is characterized by a high glycine content (14%) and a
high hydrophilicity. It was categorized as a potential hydro-
philin, which are often involved in osmotic stress response
[21]. Wwmlp contains a 40 amino acid N-terminal domain
with two signature tryptophan (W) residues (WW domain),
a widespread module mediating protein—protein interactions
in a variety of cellular processes [22].

2. Materials and methods

2.1. Cloning of ThMCAI-5

Genes of T. brucei metacaspases ThM CAI-5 were cloned by reverse
transcription based polymerase chain reaction (RT-PCR) as described
previously [23] using Pwo polymerase (Roche, Mannheim, Germany)
into pBluescript KS* (Stratagene, La Jolla, CA, USA). Primer se-
quences were TGT GTG GAC TGA TCA CTT CCG ACT GCG
C (ThMCAI sense), GTG TCA ACA CCG ACT TAT GCA CAT
(ThMCAI antisense), TAA TTT TCC ACG CAC ATC CGC AGA
CAG TAG (ThMCA2 sense), GTG GTA GAA GCT CTIT GCT
ACA ACA (ThMCA3 sense), AAC CCT TCT GCA GCT CCC
AGG CAC (ThMCA2/3 antisense), GCG AAT TCC TGA AAA
CAT GGG AGG C (ThMCA4 sense), CAC ATC TTC ATT CCA
GGC AAA GAG (ThMCA4 antisense), AGC ATT TAA GAT AAA
ATA CAG AAA GC (ThMCAS5 sense), GAG GCA AAT CCT GCA
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CCA GGC TTG (ThMCAS antisense). Sequencing was carried out by
GATC GmbH (Konstanz, Germany) according to the Sanger-dide-
oxynucleotide method. Sequences have been submitted to EMBL
(accession numbers AJ437301, AJ437302, AJ437303, AJ437304,
AJ437305).

2.2. Metacaspase sequence retrieval and analysis

The sequence of Rhodobacter sphaeroides was obtained from the
Rhodobacter genome project by the University of Texas (http:/
mmg.uth.tmc.edu/sphaeroides), designated putative ORF ‘OR0035.
The sequence of Geobacter sulfurreducens was obtained from the
TIGR database (http://www.tigr.org), designated contig 2947. Se-
quences of fission and budding yeast as well as of Arabidopsis were
obtained from the NCBI database (http://www.ncbi.nlm.nih.gov; ac-
cession numbers AAG38593, Z75105, AAC24380, AADI11574 and
CAB79420). Metacaspase sequences were aligned with DNAMAN
software (version 4.15, Lynnon BioSoft). Each one of the primary
sequences was calculated for putative secondary structures, the align-
ment was fit manually for conserved secondary structures.

2.3. Yeast expression constructs

For expression in yeast several vectors were used with the desired
genes under control of inducible promoters. Vector pRS416 (cen,
URA3, METI7 (formerly MET25) promoter) [24], YEp52 (2u,
LEU2, GALIO) as well as pYES2 (2u, URA3, GALI promoter)
were used. ThMCAI-5 were cloned into pRS416, YEp52 and
pYES2 (only ThMCA4). SpMCAI was cloned from Schizosaccharo-
myces pombe by RT-PCR using primers CAT GAC AAG CTT CCA
TGA GCT ACA ACT CCA ATC CTT ATA AC (sense) and GAC
CTG AAG CTT CTA TAA AAC CAT GGC AAG ATT CAT GTC
(antisense) into pRS416. ScMCAI was cloned from BY4742 wild-type
strain genomic DNA using primers GGT CAG AAG CTT CCA
TGA AGA TGA GCC TCG AAG TTT ATC TAA AC (sense)
and GCA TAC AAG CTT ATT TCT ACA TAA TAA ATT GCA
GAT TTA C (antisense) into pRS416, YEp52 and pYES2.
ScMCA 1AN-terminus w5 made accordingly using sense primer CAG
ATA AGC TTA CCA TGG CTA GAA AGG CTT TGA TTA
TCG GTA (initiator ATG bold, thus replacing amino acids
GR!5/156 with MA). WWMI was amplified with primers CAG
TAC AAG CTT ATG GCT CAA AGT AAA AGT CCT CC (sense)
and ACA GTC AAG CTT TTA AAA GTC ACT ACC GTC AAA
TCC (antisense) and cloned into pRS416. Mouse Bcl-Xp, (on expres-
sion vector, courtesy of Dr. S. Kugler, Gottingen, Germany) was
amplified by CAG TCC AAG CTT ATG TCT CAG AGC AAC
CGG GAG CTG (sense) and AGC TGC AAG CTT TCA CTT
CCG ACT GAA GAG TGA GCC (antisense) into pRS416 and
YEp52. Baculovirus p35 (on expression vector, courtesy of Dr. S.
Kugler, Gottingen) was amplified by primers GCA ATA ATG TGT
GTA ATT TTT CCG GTA GAA ATC (sense) and AGT ACT TAT
TTA ATT GTG TTT AAT ATT ACA TTT TTG TTG (antisense)
into pRS416 and YEpS52.

Green fluorescent protein (GFP) fusion constructs: a GFP gene
(ECFP variant, on expression vector, courtesy of Dr. S. Kugler, Got-
tingen, Germany) was amplified with primers CGC TAA GCT TAT
GGT GAG CAA GGG CGA GGA GCT G (sense) and CCG TTA
CTT GTA CAG CTC GTC CAT GCC GAG (antisense) into pBlue-
script KS*. Likewise, PCR products of ScMCAI, ThMCA4 and
WWMI were cloned into pBluescript KS™ using sense primers listed
above and antisense primers GCT ACA GAA GCT TCA TAA TAA
ATT GCA GAT TTA CGT CAA, CAG AAG CTT CAG GAG
CGT CCG TTC CTG CG and CAA GCT TAA AGT CAC TAC
CGT CAA ATC CAT C, respectively. Subcloned products were cut
with HindIll (site introduced with primers) and ligated. A second
round of PCR with respective sense primers and the GFP antisense
primer amplified the GFP fusions that were cloned into pRS416.

Similarly, site-directed mutagenesis was carried out with ScMCAI
and ThMCA4. In a first round of PCR, 5’ and 3’ overlapping frag-
ments of the respective gene were amplified with the primers listed
above and primers introducing nucleotide changes. The mutagenesis
primers were complementary to each other. In a second round of
PCR, the 5’ and 3’ overlapping fragments together served as template
(1:100) for amplification of full length gene using the primers listed
above, carrying the defined nucleotide changes (verified by sequenc-
ing). Mutagenesis primers were (complementary antisense primer
omitted, changed codon in bold) ScMCAIC7®A: CAA CTG CGT
GGT GCT ATC AAT GAT GCT; ScMCAI™4Y: CAT TAT TCT
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GGA TAT GGT GGC CAA ACT; ScMCAI®A: TTG TTT GAC
TCT GCT CAT TCG GGT ACA; ThMCA4%4: CAG CTC TCT
GGT GCT GCC CAT GAC ATT ATG; ThMCA4M1%A . CAC TAC
TCG GGT GCC GGT ACG CGT GCT; and ThMCA4*3A; GCT
GTG TTC GAC GCC TCG CAC TCC GGT.

2.4. Yeast strains, growth and media

S. cerevisiae strains employed were BY4742 (S288C background)
and derivatives thereof carrying a kanamycin resistance cassette re-
placing and thereby deleting defined ORFs (ScMCAIl, WWMI-A
strains) (Euroscarf, Frankfurt/M., Germany).

Yeast cells were grown at 28°C with 2% agar to solidify medium on
plates or agitated at 170 rpm in case of liquid cultures. Yeast strains
were propagated either with YPD or CM medium. YPD contained
1% yeast extract, 2% bacto-peptone and 2% p-glucose. CM contained
0.67% nitrogen base without amino acids and nucleotide bases (Difco,
Detroit, MI, USA), 0.5% ammonium sulfate and 0.2% amino acids
(all except those needed for marker selection at equal proportion of
weight). CM-S was CM medium lacking methionine and cysteine.
Yeast transformations were carried out as described [25].

2.5. Clonogenicity assays

Yeast culture harboring expression vectors were grown overnight in
non-inducing selective media and then inoculated into inducing selec-
tive media (CM-S with or without 2% galactose as carbon source),
starting off at ODggp of 0.2-0.3. At defined time points samples were
withdrawn from the culture. Its ODgy was measured (Pharmacia
spectrophotometer, in the range of 0.1-0.15) and an aliquot of diluted
cell suspension was plated on non-inducing selective plates — 120 pl of
cell suspension 0.1 ODg diluted 1/400 in two steps. This amount was
found to correspond to 500 cells as determined by counting using a
hemocytometer (Neubauer). After 2-7 days of incubation the final
number of colonies was counted. Experiments generally were run in
parallel. All series of experiments were repeated at least three times.

2.6. TCC overlay assay

Tetrazolium red (2,3,5-triphenyltetrazolium chloride, Sigma, Ger-
many) was solved (0.5%) in 100 mM Tris-HCl pH 7.0 containing
1% agar; 20 ml were poured on culture plates. This procedure has
been described previously [26].

2.7. Microscopy

Cells (200 pl of ODgpp 0.5-1) were incubated in water with an
appropriate amount of dye (bisbenzimide, 1 ug in 1 pl stock solution,
MitoTracker® CMXRos, 1 pl 20 uM), washed in water, mounted on
slides and viewed using an Olympus BH2-RFCA or a Zeiss Axioplan
microscope equipped with Nomarski optics and fluorescence devi-
ces.

3. Results

3.1. Sequence analysis of metacaspases

Amino acid sequences of several metacaspases were aligned

with respect to putative common secondary structures (as
shown as supplementary information on the net: http://
www.pci.chemie.uni-tuebingen.de/midu/miduhome.html).
This alignment includes the single metacaspases of Saccharo-
myces and Schizosaccharomyces, four Arabidopsis orthologues
and orthologues of R. sphaeroides and G. sulfurreducens. The
two latter a- and J-proteobacterial sequences are the only
bacterial sequences with definite homology to the eukaryotic
ones. The genes of the five T. brucei metacaspases ThMCAI-5
were cloned from bloodstream form trypanosomes by RT-
PCR, using sequences provided by the TIGR database
(www.tigr.org).

The block of highest sequence homology among metacas-
pases corresponds to the large subunit of caspases [3] carrying
the catalytic dyad histidine and cysteine residues, N-terminally
flanked by short B-strands as characteristic for Clan CD cys-
teinyl proteases [1]. As in caspases [3] or gingipain [4] the same
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consecutive secondary structures are predicted to occur in all
metacaspases alike. In accordance with Clan CD peptidases
the catalytic dyad histidine and cysteine residues are well con-
served.

Apart from the high homology region, metacaspases show
only a limited similarity to each other in the last third of their
sequences (see web site as stated above). This region seems to
be analogous to the small subunit of caspases [3]. The region
that separates both main blocks of homology is variable in
length and becomes particularly large in metacaspases of
plants (‘latex-abundant RNA protein’ [27], ‘type II metacas-
pases’ [5], which are not included in our alignment). Another
common feature of the metacaspases presented here is their
proline-rich N-terminus (see Fig. 1); the aforementioned
metacaspases lack this N-terminus.

Notably, in ThMcalp a tyrosine substitutes for the putative
catalytic histidine and serine substitutes for the putative cata-
Iytic cysteine. However, a cysteine residue is located immedi-
ately adjacent, as is also the case in ThMcadp. As in other
Clan CD peptidases some conserved glycine residues can be
found which may constitute ‘oxanion holes’, facilitating nu-
cleophilic attack by the catalytic dyad of histidine and cys-
teine. Residues which may specify the P1 scissile bond amino
acid (for which Clan CD members are always highly specific)
may be constituted by two conserved aspartate residues. This
would imply that metacaspases are specific for a basic Pl
amino acid such as arginine or lysine.

An extraordinary feature of metacaspases is the occurrence
of a conserved cysteine between the first strand and helix
motifs (see web site as stated above). Superposition of these
predicted secondary structures upon the known crystal struc-
tures of caspase-1 and gingipain [3,4] puts this conserved cys-
teine in spatial proximity to the catalytic dyad.

3.2. Deletion or overexpression of ScMCAI is not detrimental
to mitochondrial function

Assuming that metacaspases were introduced into eukary-
otes by their mitochondrial progenitor (see Section 4), we
expected a physiological function of metacaspases in mito-
chondrial biogenesis. Since the yeast S. cerevisiae is unique
in its ability to live with dysfunctional mitochondria, this
model eukaryotic organism seems apt to study a putative
mitochondrial biogenesis function of metacaspases. However,
a yeast strain deleted in its only endogenous metacaspase
gene, ScMCAI (mcalA strain), did not show any petite phe-
notype that is characteristic for compromised essential mito-
chondrial functions. In addition, no slow growth phenotype,
no alteration in clonogenicity rates or impairment of respira-
tory competence was noted under various regimes tested such
as different temperatures, different carbon and nitrogen sour-
ces. Likewise, overexpression of ScMCAI using different plas-
mids and promoters (cen MET17, 2u GALI1/10) did not lead
to any obvious phenotype (data not shown).

3.3. Expression of T. brucei metacaspase TbMCA4 induces a
petite phenotype in yeast

Five metacaspase genes of 7. brucei (TbM CAI1-5) were het-
erologously expressed in yeast, as well as the only one of S.
pombe (SpMCAI). Of these, only expression of ThMCA4
brought about phenotypic consequences. Strains expressing
ThMCA4 were significantly retarded in growth (Fig. 1A). Fur-
thermore, clonogenicity of ThMCA4 expressing cultures di-
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minished gradually but irreversibly over time of expression
(Fig. 1C). Clonogenicity loss was preceded by loss of respira-
tory competence (Fig. 1D,E). Even a short induction of
ThMCA4 was sufficient to abolish respiratory competence
completely (Fig. 1D).

The phenotypes induced by ThMCA4 expression in yeast
were completely lost when the putative catalytic dyad residues
histidine-164 and cysteine-218 were both independently mu-
tated to alanine. Yeast expressing the respective alleles of
ThMCA4 was able to grow as the control (Fig. 1A). This
result clearly demonstrates that the effects of ThMcadp de-
pend on the putative catalytic dyad residues. Therefore, the
assumption that ThMcadp is a cysteine proteinase inferred by
sequence homology to Clan CD proteases is confirmed.

In addition, exchange of the other conserved cysteine
amongst metacaspases, cysteine-98 in 7hMcadp (to alanine,
the adjacent cysteine was changed to alanine simultaneously),
rendered ThMCA4 inactive as well (Fig. 1A).

To monitor abundance and shape of mitochondria in
ThMCA4 expressing yeast mitochondrial staining was per-
formed. Staining with MitoTracker Green FM dye revealed
that there was no significant difference in mitochondrial abun-
dance or shape in ThMCA4 expressing yeast compared with
control cells. However, staining with MitoTracker CMXRos
was significantly weaker in ThMCA4 expressing yeast than in
the control cells (see web site as stated above). Accumulation
of MitoTracker CMXRos within mitochondria is dependent
on free thiols and thus indicative of metabolically functional
organelles.

3.4. Metacaspase—GFP fusion constructs localize to the nucleus

To determine intracellular localization of ScMcalp and
ThMcadp in yeast, the gene for GFP was fused to the respec-
tive 3’ ends of the respective metacaspase genes and expressed
in yeast cells upon induction from pRS416.

The ScMcal-GFP fusion apparently localized to the nu-
cleus, as did the ThMcad4-GFP fusion (Fig. 2B,C). Apart
from nuclear localization, ScMcal-GFP fluorescence could
also be monitored throughout the cell (Fig. 2B), this local-
ization was indistinguishable in wild-type and Amcal yeast
(data not shown).

3.5. Metacaspase ScMCAI exhibits genetic interactions with
WWMI

Protease function generally is expected to be controlled
tightly. Thus it was not surprising that ScMCAI overexpres-
sion did not result in a phenotype as seen by heterologous
expression of ThMCA4. Considering that ScMcalp function
might be controlled by endogenous activator or inhibitor pro-
teins, we focused on a reported physical interaction of
ScMcalp with Wwmlp (YFLO10p) [19].

Interestingly, overexpression of WWMI in wild-type yeast
(pRS416) caused severe growth retardation and loss of clono-
genicity, similar to the effects exerted by ThMCA4 (Fig.
1B,C). These effects were independent of ScMCAI, since a
mcalA strain was also susceptible to WWMI overexpression
(Fig. 1B, data not shown). A wwmlA strain was likewise sus-
ceptible to WIWMI1 pRS416-based expression but otherwise
did not reveal any phenotype considering growth, clonogenic-
ity rates and respiratory competence as compared to the re-
spective wild-type strain (data not shown).

Simultaneous overexpression of WWMI and ScMCAI re-
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Fig. 1. Ten-fold dilution series of wild-type yeast spotted on CM/glucose agar plates. A: Vector based expression (pRS416) of ThMCA4. Left
panel: control (promoter shut off). Right panel: expression of ThMCA4 and mutant alleles. First row: empty vector (pRS416), second row:
ThMCA4, third row: ThMCA4*A, fourth row: ThMCA4IA | fifth row: ThMCA4“*'3A, B: Vector based expression (pRS416) of WWMI.
Left panel: control (promoter shut off). Right panel: expression of WWMI. First row: empty vector in wild-type strain, second row: WWMI
in wild-type strain, third row: empty vector in mcalA strain, fourth row: WWMI in mcalA strain. C: Upper panel: growth of wild-type yeast
in liquid CM/glucose medium expressing ThMCA4 (O), WWM]I (a) and control (m). Lower panel: clonogenicity (colonies counted) of wild-
type yeast cultures expressing 7bMCA4 (O), WWM]I (a) and control (m), corresponding to growth shown in upper panel. D: Outgrown colo-
nies of wild-type yeast culture previously having expressed ThMCA4 (same experiment as depicted in Fig. 2C) divided into respiration compe-
tent (white parts of bars) and respiration incompetent (black parts of bars) ones as judged by TCC-overlay assay. E: Example of TCC overlay
assay with plate of outgrown colonies of wild-type yeast culture previously expressing 7ThMCA4 for 2 h (independent experiment from that
shown in Fig. 2C,D). Bigger red staining colonies are respiration competent, smaller white colonies are respiration incompetent.
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Fig. 2. Images of wild-type yeast cells expressing GFP fusion constructs (pRS416). Left panels: GFP fluorescence. Middle panels: Nuclear fluo-
rescence (stained with Hoechst). Right panels: Nomarski optics. A: Control cells (solely GFP). B: ScMcal-GFP. C: ThMca4-GFP.

D: Wwml-GFP.

sulted in suppression of the phenotypes caused by the former
alone. Alleles of ScMCAI mutated in the conserved cysteine
(cysteine-176 and cysteine-297) or histidine (histidine-241) res-
idues were capable to suppress WWMI overexpression as
effectively as wild-type ScMCAI. A truncated form of
ScMCAI, however, lacking the 5’ region encoding the pro-
line-rich N-terminus was not able to suppress overexpressed
WWMI (Fig. 3A, data on suppression of loss of clonogenicity
not shown). Since WW domains like the one found in
Wwmlp are known to interact with proline-rich protein do-

mains [22], suppression of overexpressed WWMI by overex-
pressed ScMCAI is most readily explained by titration of
Wwmlp by the N-terminal domain of ScMcalp.

Growth inhibition, loss of clonogenicity and suppression by
ScMCAI were also achieved with a pRS416-based WWMI-
GFP fusion construct (data not shown). The resulting
Wwm1-GFP fluorescence localized to the nucleus (Fig. 2D),
but upon suppression by ScMCAI was observed in large ag-
gregates distributed throughout the cell, no longer co-localiz-
ing with the nucleus (Fig. 3B).
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Fig. 3. Suppression of WWMI/Wwml-GFP overexpression
(pRS416) by overexpression of ScMCAI (YEpS2) in wild-type yeast.
A: Ten-fold dilution series of wild-type yeast carrying WWMI on
plasmid pRS416 in combination with different YEp52 plasmids.
First row: empty YEpS52 (control). Second row: YEp52 with
ScMCAI. Third row: YEpS52 with ScMCAICV%A. Fourth row:
YEp52 with SeMCAIM**1A | Fifth row: YEpS52 with SceMCAIC7A,
Sixth row: YEp52 with ScMCAIAN-tminus - Upper left panel: Nei-
ther induction of WWMI nor expression from YEp52 (2 days incu-
bation). Upper right panel: Induction of WWMI, no expression
from YEp52 (5 days incubation). Lower left panel: No induction of
WWMI but expression from YEp52 (3 days incubation). Lower
right panel: Induction of WWMI and expression from YEp52
(5 days incubation). B: Images of Wwm1-GFP expressing wild-type
yeast (pRS416) overexpressing ScMCAI (YEp52) (7 h in inducing
liquid medium — CM-S with galactose). Left panel: Wwml-GFP
fluorescence. Middle panel: Nuclear fluorescence (bisbenzimide);
Right panel: Nomarski optics.

4. Discussion

Heterologous expression of ThbMCA4 was found to induce
respiration deficiency in yeast. This is obviously due to the
peculiarity of S. cerevisiae of living without fully functional
mitochondria, although the organelle itself remains essential
nevertheless [28]. Loss of clonogenicity (clonal lethality) oc-
curred as a much later, downstream event of ThMCA4 ex-
pression, so that yeast colonies with irreversibly damaged
respiratory competence (‘petites’) were obtained at high
efficiency. Thus it is apparent that the action of ThMcadp
primarily affects yeast by compromising mitochondrial func-
tion. However, no concomitant alteration in mitochondrial
abundance, shape or distribution could be observed by Mito-
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Tracker Green FM or electron microscopy (data not shown).
Only MitoTracker CMXRos, a fluorescent dye specific for
free mitochondrial thiols and thus indicative for mitochon-
drial functions, was not efficiently sequestered by mitochon-
dria of ThMCA4 expressing yeast, underscoring that abnor-
mal mitochondrial biogenesis takes place besides the loss of
respiratory competence.

The site of ThMcadp action on yeast seems to be the nu-
cleus as suggested by a 7bMcadp-GFP fusion reporter.
Although this latter construct was non-functional, the nuclear
localization of a ScMcalp-GFP reporter supports this idea.
Furthermore, yeast growth inhibition by Wwmlp-GFP also
coincided with a nuclear localization of this fusion construct,
which was suppressed by ScMCAI overexpression. Finally,
the effect of 7hMcadp upon yeast mitochondrial respiration
competence and its presumptive nuclear localization suggests
that metacaspases are involved in an aspect of transcriptional
control affecting mitochondrial biogenesis.

Development of respiration incompetence is very common
for mutations in genes necessary or essential for mitochon-
drial biogenesis (PET genes) [29]. For instance, expression
of a truncated cytochrome bc; complex assembly protein of
which the gene was disrupted resulted in a temperature-depen-
dent petite phenotype [30]. The most striking parallels to the
effects of ThMCA4, however, were reported from heterolo-
gous expression of mammalian Bax in yeast. Bax is an im-
portant proapoptotic effector in mammalian PCD which in-
duces growth retardation, loss of clonogenicity and a
permanent loss of respiration competence in yeast [17,18,31—
34]. These effects of Bax could be suppressed by coexpression
of another related Bcl family member, Bcel-x, [17,32]. A gen-
eral protection of yeast mitochondria was achieved by expres-
sion of another Bcl family member, Bcl-2 [35]. Furthermore,
even plant PCD was suppressed by expression of Bcl-xp, [13].
Therefore it appears notable that we were unable to relieve
TbMCA4 expressing yeast by coexpression of mouse Bcl-xp
(data not shown).

Coexpression of antiapoptotic baculovirus p35 also did not
affect TbMCA4 expressing yeast (data not shown), while this
caspase inhibitor was able to suppress PCD in plants [15]. If
metacaspases are mediators of PCD in plants and unicellular
eukaryotes, which appears to be an attractive speculation
[5,10], we expected Bcl-xp and p35 to relieve ThMCA4 ex-
pressing yeast. Our aforementioned experimental results do
not support this idea, however.

The physiological relevance of WWMI still remains un-
solved. It is intriguing to notice that moderate overexpression
of this gene was inhibiting cellular proliferation in such a
potent manner, considering the high transcript levels that
were reported from growing yeast for this gene [36]. In a
recent overexpression screen WWMI was found to be one
of the strongest growth inhibitors, which caused cells to arrest
in G1 [37]. Suppression of WWM]I by the yeast metacaspase
ScMCAI appears an interesting fact, although the physiolog-
ical relevance of this interaction remains elusive. Based on our
results, we would like to suggest that Wwmlp plays a specific
role in metacaspase function. Since Wwm1p-GFP localization
was altered by overexpression of ScMCAI, we assume that
exclusive nuclear localization of Wwmlp-GFP is due to an
increased dosage of Wwmlp.

Sequence analysis shows that metacaspases constitute a new
group of cysteinyl proteases. Accordingly, exchange of the
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putative catalytic dyad residues of ThMcadp by site-directed
mutagenesis resulted in loss of all phenotypes caused by ex-
pression of the respective wild-type gene ThM CA4 in yeast. In
addition, exchange of the other conserved cysteine residue
within metacaspases also rendered 7hMcadp inactive. This
indicates that metacaspases possess a second catalytic nucleo-
phile, which might be important either for maturation or for
the catalytic activity itself. Notably, a conserved cysteine is
also found in Gpi8p transamidases at a comparable site
(our unpublished observations). Exchange of this residue in
the essential yeast ScGpi8p was possible, however [38]. So far,
we cannot exclude that metacaspases are not typical proteases,
but rather transamidases, which mediate protein lipidation
similar to the related Gpi8 proteins.

In our experiments, tagging of ThMcadp (N- or C-termi-
nally with c-myc or FLAG epitopes or with GFP) always
resulted in a loss of function (data not shown). These tagged
variants might not fold properly and consequently are hin-
dered in their activity or in their (self-)maturation. It appears
fortuitous that ThMcadp becomes active in yeast at all, since
expression of the four other 7. brucei metacaspases, the single
metacaspase of S. pombe, or overexpression of ScMCAI did
not lead to any visible phenotype.

In order to demonstrate proteinase activity of ThMcadp,
raw extracts of yeast expressing 7bMCA4 or purified recombi-
nant 7hMcadp from Escherichia coli were incubated with a set
of synthetic quarterpeptides with either N, D, R or K preced-
ing a fluorogenic group (7-amino,4-methylcoumarin). Protease
activity could not be monitored, however (data not shown).

Metacaspase-like sequences with limited homology to meta-
caspases occur in many bacteria. Since the putative secondary
structures of these different sequences appear to be very sim-
ilar to metacaspases, they appear to be distant homologues
of metacaspases [5]. However, only the o-proteobacterial
RsMcalp of R sphaeroides (and the &-proteobacterial
GsMcalp) shows a high degree of sequence homology with
the eukaryotic metacaspases. Thus, in view of the endosym-
biont hypothesis [39], it appears likely that metacaspases were
acquired by the eukaryotic cell from its protomitochondrial
endosymbiont. Interestingly, analysis of the yeast mitochon-
drial proteome revealed that only a minority of proteins (50
out of 400) are clearly derived from the o-proteobacterial
ancestor, reflecting an unexpectedly high degree of coevolu-
tionary development of symbiont and host [40]. If the meta-
caspases are indeed of a-proteobacterial origin, they would be
quite unique for their non-mitochondrial localization. The
only other, also hypothetical, example known so far are as-
partic proteases involved in cell cycle control [41].
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