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Mitochondrial fusion depends on the evolutionary conserved dynamin, OPA1/Mgm1p/Msp1p, whose
activity is controlled by proteolytic processing. Since processing diverges between Mgm1p (Saccha-
romyces cerevisiae) and OPA1 (mammals), we explored this process in another model, Msp1p in
Schizosaccharomyces pombe. Generation of the short isoform of Msp1p neither results from the mat-
uration of the long isoform nor correlates with mitochondrial ATP levels. Msp1p is processed by
rhomboid and a protease of the matrix ATPase associated with various cellular activities (m-AAA)

family. The former is involved in the generation of short Msp1p and the latter in the stability of long
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Msp1p. These results reveal that Msp1p processing may represent an evolutionary switch between
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1. Introduction

Mitochondrial dynamics, an adaptative process to cells needs,
results from a regulated balance between antagonist fusion and fis-
sion forces acting on mitochondrial membranes [1]. It specifies the
morphology of the organelle that ranges from isolated bead-like to
filamentous structures. The core machinery governing mitochon-
drial dynamics is best understood in Saccharomyces cerevisiae
where it comprises three main proteins belonging to the dynamin
family that are conserved throughout evolution [2]. Dnm1p and
Fzolp, respectively, mediate fission and fusion of the mitochon-
drial outer membrane and Mgm1p acts on fusion of the mitochon-
drial inner membrane. The importance of this later protein in
mitochondrial functions and cell survival has been highlighted by
the discovery that OPA1, the mammalian counterpart of Mgm1p,
is mutated in autosomal dominant optic atrophy (ADOA), leading

Abbreviations: MPP, mitochondrial processing peptidase; m-AAA, matrix ATPase
associated with various cellular activities; i-AAA, inter-membrane space ATPase
associated with various cellular activities
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to retinal ganglion cell death, optic nerve atrophy, and eventually
blindness [3].

OPAL1 is involved in mitochondrial fusion, maintenance of cris-
tae structure and apoptosis but the extend to which each of these
processes contributes to the etiology of ADOA is currently un-
known. Understanding the functions and dysfunctions of OPA1 is
complicated by the existence of eight alternatively spliced mRNAs,
each of them leading to several isoforms generated by proteolysis
of the precursor protein [4].

Upon import into mitochondria, the first maturation step of
OPA1 is the removal of the mitochondrial import signal by the
mitochondrial processing peptidase (MPP), generating long iso-
forms of the protein (1-OPA1) [5]. Limited proteolysis of I-OPA1
then gives rise to short isoforms (s-OPA1), but the nature of the
proteases implicated remains controversial [4,6]. It has been ini-
tially proposed that 1-OPA1 is processed into s-OPA1 by the rhom-
boid protease PARL [7], but PARL implication was not subsequently
confirmed [8-11]. Matrix ATPase associated with various cellular
activities (m-AAA) proteases were shown to be involved in gener-
ation of s-OPA1 while the subunit composition of the complex, i.e.,
paraplegin and/or AFG3L2, remains unclear, probably reflecting the
capacity of these proteases to act as homo- or hetero-oligomers
[8,10,11]. Furthermore, some studies reported an OPA1 processing
by the inter-membrane space ATPase associated with various cel-
lular activities (i-AAA) protease YMEI1L [4,9,11].
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In S. cerevisiae, the Mgm1p precursor (p-Mgm1p) is translated
from a single mRNA and further processed into two isoforms in
the mitochondria following the “alternative topogenesis” model
[12,13]. p-Mgm1p is either cleaved by MPP and liberated from
the import machinery as a long isoform (I-Mgm1p) or processed
by both MPP and Pcp1p, the yeast counterpart of PARL, to generate
a short isoform (s-Mgm1p) [12,14,15]. Experiments with the heter-
ologous expression of mammalian OPA1 in S. cerevisiae did not en-
lighten the implication of the rhomboid protease in the dynamin
processing since its cleavage was either compromised or unaf-
fected by the deletion of PCP1 [8,10]. Moreover, no implication of
m-AAA proteases in Mgm1p processing has been shown, although
yeast m-AAA proteases YtalOp and Ytal2p can efficiently cleave
OPA1 [8].

Since contradictory results have been obtained concerning
OPA1 processing in mammalian cells and since it may differ from
that of Mgm1p in S. cerevisiae, we explored the maturation process
of Msp1p in Schizosaccharomyces pombe, another yeast model that
diverged from S. cerevisiae and which mitochondria are more clo-
sely related to those of human in several aspects [16]. Unlike S.
cerevisiae, S. pombe are “petite negative” and, as mammalian cells,
die when they lose their mtDNA, although nuclear mutations may
yield viable rho zero S. pombe strains [17,18]. Also, mitochondria
associate to microtubules in S. pombe and mammals rather than
to actin and intermediate filaments in S. cerevisiae. Furthermore,
since cytokinesis occurs by fission in S. pombe and higher eukary-
otes, inheritance of mitochondria and of mitochondrial nucleoids

Table 1
S. pombe strains constructed or used in this study.

Description Phenotype

WT h~ ade6-M210 ura4-D18 leu1-32 argl11*::mCherry

Arhl h~ ade6-M210 ura4-D18 leul-32 ASPBC13E7.11::kanMX6
arg11*::mCherry

Arh2 h* ade6-M216 ura4-D18 leul-32 ASPBP4H10.10::natMX6
argl1*::mCherry

Am-AAA  h™ ade6-M210 ura4-D18 leul-32 ASPBC543.09::kanMX6
arg11*::mCherry

Aymel h~ ade6-M210 ura4-D18 leu1-32 ASPCC965.04c::hphMX6
arg11*::mCherry

Aatp1 h* leu1-32 ura4-D18 atp1::kanMX6

Aatp2 h* leu1-32 ura4-D18 atp2::kanMX6

Aatp3 h* ade 6-M216 ura 4-D18 leu 1-32 atp3::kanMX6

Aancl h* leu 1-32 ancl::leu2

A 0 02505 1 3
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among daughter cells might be more similar in these cells as com-
pared to the budding yeast S. cerevisiae.

Similarly to Mgm1p but contrarily to OPA1, we show that gen-
eration of s-Msplp does not result from 1-Msplp maturation.
Moreover, we do not find any correlation between s-Msp1p gener-
ation and mitochondrial ATP levels as shown for the two other
orthologous dynamins [13,19]. Finally, Msp1p is processed by both
rhomboid and m-AAA proteases, the former being involved in the
generation of the s-Msp1p and the later in the stability of I-Msp1p.
Together, our results reveal that the processing of Msp1p may rep-
resent an evolutionary switch between Mgm1p and OPA1.

2. Materials and methods
2.1. Yeast strains and cultures

S. pombe strains deleted for the various proteases were obtained
by standard techniques for fission yeast molecular genetics [20,21].
Gene deletions were verified by PCR and Southern’s blotting.
Strains disrupted for atp1® (Aatp1), atp2* (Aatp2), atp3* (Aatp3)
and ancl1® (Aancl) were gifts from N. Bonnefoy (IGM, Gif-sur-Yv-
ette, France) and V. Trézeguet (IBGC, Bordeaux, France), respec-
tively. Strains carrying pREP41-Msp1HA plasmid have been
described [22].

Deleted and control wild-type strains (Table 1) were exponen-
tially grown (0.5-1 x 107 cells/ml) at 25 °C in glucose rich medium
(YES) provided by Formedium (Norfolk, UK) or in home-made
respiratory medium containing 1% yeast extract, 2% bactopeptone,
0.1% glucose, 3% glycerol and 3% ethanol. Cells carrying plasmids
with the nmt1* promoter were grown in glucose minimal medium
(EMM, Formedium) complemented with uracil and adenine (both
at 225 mg/L) and in the presence of 4 uM thiamine to repress
Msp1 expression, which was induced by three washes in H,0
and further growth at 25 °C in the same medium lacking thiamine
during 24 h.

2.2. Preparation and analysis of total protein extracts

Protein extraction and Western blot analysis were done as de-
scribed [22]. Immunodetection was performed with the chemilu-
minescence detection kit from NEN, using antibodies as follows:
anti-HA (1/5000, Boehringer), purified anti-Msp1p (1/100 [23]),
anti-Actin (1/1 000, Chemicon), anti-HSP60 (1/400, Sigma),
anti-rabbit IgG-HRP and anti-mouse IgG-HRP (1/10 000, AbCam).
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Fig. 1. Generation of s-Msp1p does not result from I-Msp1p maturation. (A) Cells were cultured in YES (t = 0). Cycloheximide (200 pig/ml) was then added to the ongoing
culture and aliquots were taken at the indicated period of time for analysis by Western blot with anti-Msp1p and anti-HSP60 antibodies. Panels are representative of three
independent experiments. MW (kDa) of protein standards are indicated on the right. (B) Protein expression levels were measured by densitometric analysis and normalized
to those of the loading control Hsp60p. Results represent the percentage of I-Msp1p and s-Msp1p levels relative to those before cycloheximide addition.
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Quantification of protein expression levels was done using the Im-
age ] software. Quantitative experiments were analyzed using Stu-
dent’s t test. All P value were determined by 2-sided test.

2.3. Cytological observation

S. pombe cells expressing a genome mCherry-tagged argl1”
gene were fixed in 3.7% formaldehyde for 10 min and observed
using Nikon Eclipse 80i microscope.

3. Results

3.1. Biosynthesis of I-Msp1p and s-Msp1p; relationships with
mitochondrial ATP levels and growth on fermentable or respiratory
media

To analyze the biosynthetic process of Msp1p, we used cyclo-
heximide to inhibit protein synthesis that was evidenced by a
slowing down of cell growth [24]. I-Msp1p and s-Msp1p were very
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Fig. 2. s-Msp1p generation does not correlate with mitochondrial ATP levels. (A)
Cells (4000), of either wild-type (WT) or of strains with a deletion of the genes
coding for ATP synthase subunit alpha (Aatp1), beta (Aatp2) or gamma (Aatp3) or
for Anclp (Aancl) were plated onto solid glucose or ethanol-glycerol containing
media and grown for 7 days. (B) Western blot analysis of Msp1p and Hsp60p in WT,
Aatpl, Aatp2, Aatp3 and Aancl strains cultured in YES. MW (kDa) of protein
standards are indicated on the right. (C) Levels of I-Msp1p (white bars) and s-
Msp1p (grey bars) were measured by densitometric scanning. Results, expressed as
the percentage of each isoform to I-Msp1p plus s-Msp1p, are the means + S.D. of
three independent experiments. No significant differences between each mutant
and the control wild-type strain were observed using Student’s ¢ test (P > 0.05).

stable, with steady cellular amounts for at least 30 h (Fig. 1). No
disappearance of 1-Msp1p at the profit of s-Msp1p was observed
during the time course, showing that no precursor to product rela-
tionships exist between the long and short isoforms.

The influence of mitochondrial ATP levels on Msp1p cleavage
was evaluated by analyzing the ratio of Msp1p isoforms in strains
with individual deletion of the genes coding for the alpha, beta or
gamma subunits of the ATP synthase (Aatp1, Aatp2 and Aatp3,
respectively), or for the ADP/ATP translocase Anclp (Aancl). All
these strains presented a default in mitochondrial ATP synthesis
which features slow or no growth on fermentable and non-fer-
mentable carbon sources, respectively (Fig. 2A). Lowered ATP lev-
els, also suggested by accumulation of Msplp and Hsp60p
precursors, did not induce any variation of total Msp1p amounts
(Fig. 2B) nor of the relative levels of long and short isoforms
(Fig. 2C). This suggested that s-Msp1p generation does not corre-
late with mitochondrial ATP levels.

The influence of the carbon source on Msp1p isoforms ratio was
then analyzed (Fig. 3). In cells grown on fermentable (3% glucose)
medium, 1-Msp1p contributed to 23% of total Msp1p as compared
to 45% in respiratory media (3% ethanol-glycerol).

3.2. Msplp is processed by both Rhomboid 1 and Paraplegin

To specify which protease is implicated in Msp1p processing,
we constructed S. pombe strains bearing deletions of mitochondrial
proteases homologous to those implicated in Mgm1p or OPA1
processing.

In cells deleted for the gene coding for Rhomboid 1 (Arh1), the
S. pombe orthologue of Pcp1p and PARL, the long to short Msp1p
isoforms ratio increased significantly; 1-Msp1p contributing to
67% of total Msp1p compared to 19% in a control wild-type yeast
(WT) (Fig. 4A). When normalized to actin, I-Msp1p levels increased
3-fold in Arhl cells as compared to control cells (WT), with a
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Fig. 3. Variation of 1-Msp1p expression levels in adaptation to carbon sources.
Msplp expression levels were analyzed by Western blot using anti-Msplp
antibodies in cells grown in glucose-containing YES medium and shifted to
ethanol-glycerol medium for 6 h. Levels of I-Msp1p (white bars) and s-Msplp
(grey bars) were measured by densitometric scanning. Results, expressed as the
percentage of each isoform to total Msp1p, are the means + S.D. of three indepen-
dent experiments (***P < 0.001 as compared to glucose).
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Fig. 4. Msp1p is cleaved by both Rhomboid 1 and the m-AAA protease. (A) Msp1p
expression levels were analyzed by Western blot (upper panel) using anti-Msp1p
antibody in control wild-type cells (WT) or in cells bearing a deletion of the gene
coding for the mitochondrial proteases Rhomboid 1 (Arh1), Rhomboid 2 (Arh2), m-
AAA protease (Am-AAA) and Ymelp (Aymel) grown in YES medium. Quantification
(lower panel) of I-Msp1p (white bars) and s-Msp1p (grey bars) levels was obtained
by densitometric analysis. Results, expressed as the percentage of each isoform to
total Msp1p, are the means + S.D. of three independent experiments ( P < 0.05 and

P<0.01 as compare to WT). (B) Msp1p and actin expression levels in WT, Arh1 or
Am-AAA strains grown in YES medium were analyzed by Western blot (upper
panel) using corresponding antibodies. Expression levels of I-Msp1p and s-Msp1p
were estimated by densitometric analysis and normalized to actin loading control.
Results (lower panel) represent the quantity of each isoform (arbitrary units) and
are the means * S.D. of three independent experiments. (C) Total protein extracts
from WT or Am-AAA cells over-expressing HA-tagged Msplp were analyzed by
Western blotting using anti-HA antibody. Arrow indicated a 77 kDa-migrating
product that accumulated in the WT strain but not in Am-AAA strain. MW (kDa) of
protein standards are indicated on the right. (D) WT, Arh1 or Am-AAA cells
expressing the mitochondrial mCherry-tagged Arg11p were grown on YES medium,
fixed and observed by fluorescence microscopy.

concomitant 2-fold decrease in s-Msp1p amounts (Fig. 4B). Thus,
Rhomboid 1 is used in S. pombe to generate a short isoform of
the dynamin. Interestingly, alteration of the relative levels of
Msp1p isoforms in Arh1 cells was concomitant with modification
of mitochondrial morphology which appeared more fragmented
(Fig. 4D). Neither a second Rhomboid protease, present only in S.
pombe as compared to S. cerevisiaze and mammals, nor the i-AAA
peptidase Ymelp were implicated in the formation of s-Msplp
since deletion of the corresponding genes (Arh2 and Aymel,
respectively) did not modify the ratio or quantities of s-Msp1p
and 1-Msp1p (Fig. 4A). A modified ratio of Msp1p isoforms was ob-
served in a strain where the only putative S. pombe m-AAA pepti-
dase, homologous to YtalOp/Ytal2p in budding yeast and to
Paraplegin and AFG3L2 in human, was deleted (Am-AAA,
Fig. 4A). This was due to a 2-fold increase of 1-Msp1p levels in
Am-AAA cells versus wild-type strain (WT), with no significant
modification of s-Msp1p amounts (Fig. 4B). This suggested that
the m-AAA peptidase is not implicated in s-Msplp generation
but rather in controlling the levels of I-Msp1p. In Am-AAA as in
control cells (WT), over-production of HA-tagged Msp1p, which
was previously shown to be correctly localized and functional
[22,25], resulted in accumulation of p-, I- and s-Msp1p and of sev-
eral degradation products (Fig. 4C), one of which that migrated at
77 kDa (arrow), being however absent in the protease-deleted
strain. This suggests that the m-AAA protease might cleave Msp1p
at a specific site for a quality/quantity control survey regulating I-
Msp1p to s-Msp1p ratio and/or Msp1p cellular levels. Again, alter-
ation of the relative levels of Msp1p isoforms in Am-AAA cells was
accompanied by a modified morphology of mitochondria which
became more aggregated (Fig. 4D).

4. Discussion

Mitochondrial fusion depends on the evolutionary conserved
dynamin, OPA1/Mgm1p/Msplp whose activity is controlled by
proteolytic processing generating long and short isoforms of the
protein. These are not functionally equivalent since both isoforms
within a controlled ratio are required to mediate mitochondrial fu-
sion in mammals and yeasts, and to maintain mtDNA in the later
[4,12,25]. Furthermore S. cerevisiae 1-Mgm1p and s-Mgm1p share
distinct biochemical properties and localization [26,27]. Since long
and short forms of the dynamin do not have identical functions, it
is of interest to characterize species divergent processing that may
relate to function specialization. By studying biogenesis of 1- and s-
Msplp in S. pombe, we demonstrated that the two isoforms of
Msp1p are independently generated from the same precursor. In
this respect, Msp1p behaves like S. cerevisiae Mgm1p but diverges
from OPA1 in mammals. However, reduced ATP levels in vivo does
not modify the formation of s-Msp1p as it does for Mgm1p and
OPA1 [13,19]. Fission yeast rapidly adapted to a shift from fermen-
tation to respiration by changing the ratio of I- to s-Msp1p while
similar conditions left the ratio of Mgm1p isoforms unaffected in
S. cerevisiae [28]. Since I-Msp1p is integral to the mitochondrial in-
ner membrane whereas s-Msp1p is peripheral to it, this possibly
reflects a specific role of I-Msp1p in the organization of the mito-
chondrial inner membrane and thus in the activity of respiratory
complexes. Such specificity may correlate with different regulation
of respiration in “petite negative” (S. pombe and mammals) versus
“petite positive” (S. cerevisiae) cells.

In S. pombe, as in S. cerevisiae, generation of s-Msp1p implicates
Rhomboid 1. Another protease might also be involved in S. pombe
since s-Msp1p was still significantly present in Arh1 (Fig. 4) and
in Arh1/Arh2 strains (not shown). During evolution, processing
by Rhomboid might have almost disappeared for the mammalian
dynamin, since generation of s-OPA1 by PARL only concerns a few
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percents of total OPA1 [7]. Again as in S. cerevisiae, Yme1p is not in-
volved in the generation of the short form of Msp1p whereas it is
required to process OPA1 [12]. This may relate to the fact that
OPA1 exons 4b and 5b that contain the cleavage sites of YME1
have no corresponding sequences in yeast [4,9]. Recent works have
involved the metallopeptidase OMA1 in OPA1 cleavage induced
by dissipation of mitochondrial membrane potential (mAV) or
apoptosis [29,30]. However, changes in Msp1p processing were ob-
served neither upon mAV\s decrease nor after Oma1* (SPAP14E8.04)
deletion (not shown).

The m-AAA protease is not involved in the generation of the
short form of the dynamin in both fission and budding yeasts. m-
AAA proteases have been implicated in two types of proteolysis:
they can act either as processing peptidases, as they do for OPA1
in mammals [8,10] and cytochrome c peroxidase in yeast [31], or
as quality-control enzymes degrading non-native polypeptides to
peptides [32]. We showed that the m-AAA protease might cleave
Msplp at a specific site(s), generating a second short isoform of
77 kDa (s2-Msplp) that is not accumulated in basal conditions
possibly due to its rapid elimination by oligopeptidases. Processing
by m-AAA protease could serve for controlling the abundance of 1-
Msplp in mitochondria, but we cannot exclude that s2-Msplp
could accumulate under specific conditions.

Altogether, our results showed that Msp1p processing in fission
yeast occurs by two distinct mechanisms, both found in Mgm1p
and/or OPA1 maturation. Thus Msp1p cleavage represents a step
in the evolutionary switch of proteases involved in the processing
of the sole known intramitochondrial dynamin and may thus rep-
resent an interesting tool for studying the regulation of Msp1p and
OPAT1 processing and its involvement in the adaptation of mito-
chondria to metabolic or other stresses.
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