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Rhomboid-7 and HtrA2/Omi act in a common pathway
with the Parkinson’s disease factors Pink1 and Parkin

Alexander J. Whitworth'>*¥, Jeffrey R. Lee3*, Venus M.-W. Ho'?, Robert Flick?, Ruhena Chowdhury* and G. Angus McQuibban?*

SUMMARY

Parkinson’s disease (PD) is a common neurodegenerative disorder caused by loss of midbrain dopaminergic neurons, the pathogenetic mechanisms
of which remain unclear. Mitochondrial dysfunction, which has long been implicated in sporadic PD, has recently been highlighted as a key pathological
cause, particularly with the identification of mutations in the PTEN-induced putative kinase (pink1), parkin and htrA2 (also known as omi) genes that
are linked to PD. Studies in Drosophila melanogaster have shown that pink1 and parkin act in a common genetic pathway that maintains mitochondrial
integrity, but other upstream or downstream components of this pathway are currently unknown. Using ectopic expression in the Drosophila eye
as an assay, we have investigated the involvement of the mitochondrial protease encoded by omi in the Pink1/Parkin pathway and found that it
acts genetically downstream of pink1 but functions independently of Parkin. Using the same approach, we also found that Rhomboid-7, a mitochondrial
protease not previously implicated in PD, acts as an upstream component of this pathway, and showed that it is required to cleave the precursor
forms of both Pink1 and Omi. These data further elucidate the composition of the Pink1 pathway and suggest that regulated intramembrane proteolysis

is involved in its regulation.

INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative
disorder caused by the progressive loss of midbrain dopaminergic
neurons, but the pathological mechanism remains unknown.
Mitochondrial dysfunction has recently been highlighted as a
potential, common disease mechanism in PD linking
environmental, genetic and age-related influences (Abou-Sleiman
et al., 2006; Mandemakers et al., 2007). Our understanding of
the molecular events in PD pathogenesis has been greatly
advanced by the identification and analysis of PD-associated
genes (Farrer, 2006). The identification of mutations in PTEN-
induced putative kinase (PINKI, which encodes a mitochondrial-
targeted kinase) leading to autosomal recessive PD (Valente et
al.,, 2004), and mutations in high temperature requirement A2
(HTRA2, also known as OMI, encoding a mitochondrial serine
protease) in sporadic PD patients (Strauss et al., 2005), provide
a compelling molecular link to mitochondrial function.
Furthermore, an important role for Parkin, an ubiquitin-protein
ligase and the most common cause of autosomal recessive PD,
has been shown in the maintenance of mitochondrial integrity
(Darios et al., 2003; Greene et al., 2003; Muftuoglu et al., 2004;
Palacino et al, 2004; Ved et al, 2005). Importantly, genetic
analysis of pinkl and parkin in Drosophila has shown that they
act together in a common pathway, with parkin acting
downstream of pinkl (Clark et al., 2006; Park et al., 2006; Yang
et al.,, 2006). This pathway appears to maintain mitochondrial
integrity via a mechanism affecting mitochondrial dynamics
(Exner et al., 2007; Poole et al., 2008; Yang et al., 2008).
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The striking similarities between the Drosophila mutant
phenotypes pinkl and parkin, such as apoptotic muscle
degeneration, male sterility, mitochondrial defects and
flightlessness, led us to consider other Drosophila mutants with
similar characteristics. Flies with mutations in rhomboid-7 (which
encodes a mitochondrial intramembrane protease) share all of
these phenotypes (McQuibban et al., 2006), suggesting that it may
function in a common biological pathway with Pink1 and Parkin.
This presents the possibility that mitochondrial Rhomboid could
function to regulate the Pink1/Parkin pathway, although no link
to Pink1 or Parkin has so far been shown. In addition, the activity
of Pinkl has recently been linked to Omi (Plun-Favreau et al.,
2007); however, the in vivo relevance of this interaction is
currently unclear. Similarly, it is also unknown whether the
activity of Omi is related to Parkin.

Thus, we sought to elucidate the functional relationship of Pink1,
Parkin, Omi and Rhomboid-7 in Drosophila. We have conducted
genetic interaction studies using a combination of overexpression
and loss-of-function mutations in the Drosophila compound eye —
a system that has proven particularly useful for genetic dissection of
neurodegenerative mechanisms (Warrick et al., 1999; Fernandez-
Funez et al., 2000; Shulman and Feany, 2003; Bilen and Bonini, 2005;
Bilen and Bonini, 2007). Our findings indicate that omi acts
downstream of pinklI but in an independent pathway from parkin;
whereas the rhiomboid-7 gene interacts with pinkl, parkin and omi,
acting upstream of pinkI. Furthermore, we find that Rhomboid-7 is
required for the processing of full-length forms of both Pinkl and
Omi, presumably by regulated intramembrane proteolysis.
Importantly, we only find the Rhomboid-7-dependent processed
form of Pinkl in the cytoplasm, where it has recently been shown
to protect from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced mitochondrial dysfunction (Haque et al., 2008).
These findings suggest an important role for Rhomboid-7-mediated
proteolysis in the regulation of the Pinkl/Parkin/Omi molecular
pathway of PD.
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RESULTS

Omi acts downstream of Pink1 and independently from Parkin
The Drosophila compound eye forms a stereotypical lattice of ~800
ommatidia (Fig. 1A). Overexpression of Drosophila pinkl causes
a disorganization of the ommatidial array and roughening of the
external eye morphology (Fig. 1B). The physiological relevance of
this phenotype to the normal function of the Pink1/Parkin pathway
can be inferred since the rough eye, resulting from pinkl
overexpression, is significantly suppressed by removal of Parkin,
which acts downstream of Pinkl (Fig. 1C,K). Furthermore,
overexpression of both pinkl and parkin results in a severe rough
eye phenotype, which greatly exceeds that conferred by pinkI or
parkin overexpression alone (Fig. 1D and supplementary material
Fig. S1B). These data are consistent with the finding that the pink1
overexpression phenotype is derived from amplified signaling
through the normal physiological targets of Pinkl, which
commends this system as a useful tool to test whether certain genes
interact with pinkI.

The PD-linked mitochondrial serine protease Omi is
phosphorylated in a Pink1-dependent manner (Plun-Favreau et al.,
2007); however, a functional relationship between Omi and the
Pink1/Parkin pathway has not been demonstrated. Thus, we sought
to test whether Omi functions in the Pinkl pathway, and to
determine its epistatic relationship with pinkI and parkin. To test
for a genetic interaction between omi and pinkl, we assessed the
effects of combinations of omi and pinkl overexpression and loss-
of-function. Overexpression of omi alone does not cause
disorganization of the eye surface, but does result in a loss of
pigmentation (supplementary material Fig. S1C,E). Dual
overexpression of omi and pinkl causes a dramatic reduction in
eye size (Fig. 1E), indicating a strong genetic interaction. Moreover,
the pinkl overexpression phenotype is largely suppressed by loss
of omi function (Fig. 1FK). Conversely, the loss of pigment caused
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by omi overexpression is not suppressed in a pinkl mutant
background (supplementary material Fig. S1F). To verify that
suppression of the pinkl phenotype by loss of omi is not due to
non-specific prevention of apoptosis, we expressed the pan-caspase
inhibitor P35, and found that this does not suppress the pinkl
overexpression phenotype (supplementary material Fig. S1H).
Together these data indicate that omi acts downstream of pinkI.

Given the strong genetic interaction between pinkI and omi, we
surprisingly find that co-expression of parkin and omi has no such
synergistic interaction (Fig. 1G). To better understand the epistatic
relationship between these factors we tested whether parkin or omi
loss-of-function mutations disrupted the synergistic interactions
with pinkl. We found that synergistic disruption of the eye by co-
expression of pinkl and omi is not altered by loss of parkin (Fig.
1H). Similarly, the pinkl/parkin interaction is not affected in omi
mutants (Fig. 1I). These findings indicate that parkin does not act
between, or downstream of, the pinkl/omi interaction and that omi
does not act in the pinkl/parkin interaction, suggesting that parkin
and omi function in parallel pathways downstream of pinkl.
Bifurcation of the pathway also explains why suppression of pinkl
rough eye is incomplete when either parkin or omi are removed.
To further support this interpretation, we found that when parkin
and omi are both removed, the pinkl overexpression phenotype is
completely suppressed (Fig. 1],K). Taken together, these results are
consistent with both parkin and omi acting downstream of pinkl,
but in independent pathways.

rhomboid-7 genetically interacts with pink1, parkin and omi

The mutant phenotypes of Drosophila rhomboid-7 showed striking
similarity to those of pinkl and parkin mutants, thus, we
hypothesized that Rhomboid-7 may function in the Pink1/Parkin
pathway. To explore a potential functional relationship between
Rhomboid-7 and Pink1, we performed a series of genetic interaction
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Fig. 1. Gentic epistatis analysis in the Drosophila eye indicates that Parkin and Omi function downstream of Pink1. Scanning electron microscopy (SEM)
images of fly eyes expressing indicated transgenes. (A) GMR-GAL4 driver alone reveals the wild-type eye morphology of regularly arrayed ommatidia.
Overexpression of pink1 causes a rough eye phenotype (B) that is partially suppressed in parkin mutants (C). (D) Overexpression of both pink1 and parkin shows
an enhanced phenotype. (E) Overexpression of both pinkT and omi also shows a strong interaction. (F) omi mutants suppress the pink1 rough eye. (G) Parkin and
Omi do not genetically interact. (H) parkin mutants do not suppress the Pink1/Omi interaction, and (I) omi mutants do not suppress the Pink1/Parkin interaction.
(J) Loss of both parkin and omi completely suppresses the pink1 overexpression phenotype. (K) Mean + s.d. from more than 50 flies of specified genotypes,

scored blind for relative roughness (see Methods).
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Fig. 2. Genetic epistatis assays reveal that Rhomboid-7 is an upstream regulator of the Pink1 pathway. (A) Overexpression of rhomboid-7 causes a rough
eye phenotype. Overexpression of both rhomboid-7 and pink1 enhances the rough eye (C), through an interaction that requires the catalytic serine of Rhomboid-
7 (C). The rhomboid-7 phenotype is suppressed in pink1 mutants (D), whereas the pink1 phenotype is not suppressed in rhomboid-7 mutants (E). rhomboid-7
overexpression is also enhanced by co-expression with parkin (F) and omi (G). Synergistic interaction of Rhomboid-7 and Omi requires the catalytic serine of
Rhomboid-7 (H). The rhomboid-7 phenotype is also suppressed by loss of parkin (1) and omi (J). (K) Mean + s.d. from more than 50 flies of specified genotypes,

scored blind for relative roughness (see Methods).

experiments utilizing Drosophila eyes. Overexpression of
rhomboid-7 causes a rough eye phenotype, with widespread loss
of bristles (Fig. 2A); expression of both rhomboid-7 and pinkl
together enhances this phenotype, causing a much smaller eye with
distorted morphology and complete loss of bristles (Fig. 2B).
Importantly, this strong interaction is significantly reduced when
the Rhomboid-7 catalytic serine residue is mutated to an alanine
residue (Fig. 2C). To address the epistatic relationship of rhomboid-
7 and pinkl, we combined overexpression genotypes with loss-of-
function mutant backgrounds. Interestingly, we found that the
rhomboid-7 overexpression phenotype was significantly suppressed
in a pinkl mutant background; notably the normal abundance of
bristles was restored (Fig. 2D,K). In contrast, the pinkl
overexpression phenotype (disorganization and roughening) was
not suppressed in a rhomboid-7 mutant background (Fig. 2E; Fig.
1K) indicating that rhomboid-7 acts upstream of pinkI.

Consistent with parkin and omi acting as downstream effectors
of pinkl, we find that parkin and omi also act downstream of
rhomboid-7. Overexpression of rhomboid-7 with either parkin or
omi shows a strong genetic interaction, causing a severe loss of eye
tissue (Fig. 2F,G). Furthermore, the rhomboid-7 overexpression
phenotype is partially suppressed in either parkin or omi mutant
backgrounds (Fig. 2I-K). Taken together, these data place riiomboid-
7 upstream of pinkl in a common pathway with both parkin and
omi (Fig. 4E). Also, because additional evidence indicates that
parkin and omi act independently downstream of pinklI, we find
that omi and parkin mutants do not suppress rhomboid-7/parkin
and rhomboid-7/omi synergistic phenotypes, respectively
(supplementary material Fig. S1LJ).

Rhomboid-7 is required to process Pink1 and Omi in vivo

The genetic interactions between rhiomboid-7, pinkl, parkin and
omi suggest there may be some physical and functional interaction;
therefore, we investigated the molecular relationship between
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these factors. Consistent with their known mitochondrial function,
Rhomboid-7, Pinkl and Omi co-localized with each other (Fig. 3A),
and with the alpha subunit of complex V (CV-a) of the inner
membrane ATPase (supplementary material Fig. S2A) in
Drosophila S2 cells, suggesting that they could physically interact.
To test this, we conducted immunoprecipitation assays using
cultured Drosophila cells. We find that both Omi and Pinkl are
able to physically interact with Rhomboid-7, as both proteins are
detected with Rhomboid-7 in their respective immunoprecipitation
assays (Fig. 3B,C). Interestingly, we also detected an interaction
between Pinkl and Omi (Fig. 3D), consistent with a recent report
demonstrating that Omi is phosphorylated in a Pinkl-dependent
manner (Plun-Favreau et al., 2007). In addition, we also find that
Pink1 and Parkin co-purify in immunoprecipitates when they are
expressed in cultured Drosophila cells (Fig. 3E). To demonstrate
the specificity of the protein interactions in our exogenous
immunoprecipitation assay, we investigated other potential
interactions and found no association between Rhomboid-7 and
the CV-o, subunit of the inner membrane ATPase, nor with the
outer membrane protein Porin (supplementary material Fig. S2D,E).

The physical interaction of Rhomboid-7 with Pinkl and Omi,
coupled with our genetic interaction and epistasis data, suggest that
Pinkl and Omi may be targets of Rhomboid-7 intramembrane
proteolysis. To test the processing of Pinkl in vivo, we utilised a
9myc-tagged pinkl transgenic line that drives expression from its
endogenous promoter, and that has previously been shown to
function normally (Clark et al., 2006). Consistent with previous
reports, we find Pinkl exists as two distinct isoforms (Fig. 4A), a
full-length form and a C-terminal portion that has been cleaved at
the putative transmembrane domain (Mugit et al., 2006). To test
whether Rhomboid-7 functions in the processing of Pinkl, we
assessed the protein isoforms present in a rhomboid-7 mutant
background. Strikingly, we find that in the absence of Rhomboid-
7, the shorter isoform of Pinkl is no longer found (Fig. 4A and
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supplementary material Fig. S2F). Notably, production of this short
isoform is restored upon reintroduction of a wild-type rhomboid-
7 transgene. This result demonstrates that Rhomboid-7 is required
for the processing of full length Pink1. Given the important roles
for Pink1, both inside and outside of the mitochondria, we assessed
the subcellular localization of the two Pink1 isoforms. While both
forms of Pink1 are found in mitochondria, we found that only the
Rhomboid-7-dependent shorter isoform of Pinkl is constitutively
present in the cytoplasm both in vivo and in vitro (Fig. 4B;
supplementary material Fig. S2C).

To determine whether Omi is a Rhomboid-7 substrate, we
assayed Omi protein patterns in vivo. Detection of endogenous Omi
from wild-type flies revealed three isoforms (Fig. 4C), consistent
with a full-length form and two processed forms, as previously
described (Challa et al., 2007). In rhomboid-7 null mutant flies, one
of the shorter forms of Omi is lost (Fig. 4C and supplementary
material Fig. S2F), indicating that Rhomboid-7 is required for this
processing event. Additionally, when omi is co-expressed with
rhomboid-7 in cultured cells, the amount of the shorter form of
Omi increases relative to the longer form, whereas a catalytically
inactive Rhomboid-7 has no effect on Omi processing (Fig. 4D).
Further, a recent report has determined that the cleavage site that
corresponds to the Rhomboid-dependent isoform lies within the
putative transmembrane domain (Khan et al., 2008). These data
strongly suggest that the Rhomboid-7 intramembrane protease
performs this cleavage. Interestingly, the cleavage of both Pinkl
and Omi by Rhomboid-7 appears to be functionally important since
their synergistic genetic interactions in our eye assay are
significantly attenuated upon mutation of Rhomboid-7’s catalytic
serine (Fig. 2C,H).

Since Rhomboid-7 appears to be required for the processing of
two transmembrane proteins of the mitochondrial inner
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Fig. 3. Rhomboid-7, Pink1 and Omi
physically interact in the mitochondria.

(A) Co-expression of Rhomboid-7 and Omi (top
row); Pink1 and Rhomboid-7 (middle row); and
FLAG IB Pink1 and Omi (bottom row) in Drosophila S2

| cells shows respective co-localization in
mitochondria. (B) Immunoprecipitation of

| — — | (HaP
g | [HAIB Rhomboid-7-FLAG with Omi-HA in 52 cells.
- (C) Immunoprecipitation of Rhomboid-7-FLAG
LYS with Pink1-HA in S2 cells.
36 FLAG IB

(D) Immunoprecipitation of Pink1-FLAG with
i Omi-HA in S2 cells. (E) Immunoprecipitation of
Parkin-HA with Pink1-FLAG in S2 cells.

membrane, Pinkl and Omi, we sought to determine whether
Rhomboid-7 is a non-selective protease for mitochondrial inner-
membrane proteins. Not many proteins are known to exist as a
mitochondrial inner-membrane tethered form and undergo
proteolysis to produce a soluble form, but one such protein is the
dynamin-related GTPase optic atrophy 1 (OPA1) (Satoh et al,
2003). Thus, we assessed whether Rhomboid-7 was required for
cleavage of the Drosophila ortholog of OPA1 (dOpal) in vivo.
Although we detect multiple isoforms of dOpal, loss of Rhomboid-
7 does not affect the relative abundance of these isoforms
(supplementary material Fig. S2B), indicating that Rhomboid-7 is
not required for the processing of dOpal.

In conclusion, our results indicate that Rhomboid-7 cleaves two
different components of the Pinkl pathway and that this activity
is functionally important for signaling, at least in our assay system.

DISCUSSION

A significant advance in elucidating the pathologic mechanisms of
PD was made with the genetic analysis of Drosophila pinkI and
parkin, which revealed that they act in a common pathway to
maintain mitochondrial homeostasis (Clark et al., 2006; Park et al.,
2006; Yang et al., 2006); however, other components of this pathway
have not yet been demonstrated in vivo. Using genetic approaches
in the fly eye we sought to identify additional components of the
Pinkl pathway. We have shown that the mitochondrial
intramembrane protease Rhomboid-7 acts upstream of Pink1 and,
furthermore, found that Omi acts functionally downstream of Pink1l
but in a pathway that is independent from Parkin (Fig. 4E).

We also found that Rhomboid-7 is required to cleave the full-
length forms of Pink1 and Omi; a processing event that is required
for their respective genetic interactions. This is largely in agreement
with a recent study showing that the presenilin-associated,
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Fig. 4. Rhomboid-7 is required for cleavage of both Pink1 and Omi.

(A) Western blot analysis of Pink1-myc expression from whole fly lysates with
the indicated genotypes. Pink1 appears as two forms, a long form (arrow) and
a short form (arrowhead with asterisk) that is absent in rhomboid-7 mutants.
Tubulin expression is used as a loading control. (B) Differential centrifugation
of adult fly cells into mitochondrial (mito) and cytoplasmic (cyto) fractions.
Porin and tubulin indicate the separation of mitochondria and cytosol,
respectively. (C) Left panel: western blot analysis of endogenous Omi from
whole fly lysates, showing a long form of Omi (arrow) and a shorter form
(arrowhead with asterisk), which is absent in rhomboid-7 mutant flies. Right
panel: western blot analysis of 52 cells treated with double-stranded RNA
specific for Omi. The mitochondrial inner-membrane protein CV-o.is used as a
loading control. (D) Western blot analysis of Omi-HA expression in S2 cells with
FLAG-tagged Rhomboid-7 and the Rhomboid-7 S256A catalytic mutant.

(E) Schematic of the Pink1 pathway in Drosophila.

rhomboid-like (PARL) protease, the mammalian ortholog of
Rhomboid-7, promotes the cleavage of vertebrate Omi (Chao et
al., 2008); however, we note some differences with this report. We
find that Drosophila Rhomboid-7 and Omi can physically interact,
and that Rhomboid-7 is both necessary and sufficient to process
one Omi isoform in vitro and in vivo. In contrast, vertebrate PARL
does not directly interact with OMI and requires HAX1, a Bcl-2
family protein not found in Drosophila, to process it. Our findings
further extend the repertoire of Rhomboid-7 to include Pinkl;
however, it remains to be determined whether PARL acts similarly
to Drosophila Rhomboid-7 regarding the processing of vertebrate
PINKI.

Recently, Omi has been shown to be phosphorylated in a Pink1-
dependent manner (Plun-Favreau et al, 2007), although the
functional importance of this interaction was unclear. Our studies
confirm the interaction of Pinkl with Omi and, further,
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demonstrate that Omi functions downstream of Pink1. Surprisingly,
however, we found no evidence that omi genetically interacts with
parkin. Rather, our epistatis experiments indicate that parkin and
omi act as independent downstream effectors of pinkl. Although
emerging evidence indicates that the Pink1/Parkin pathway is likely
to affect mitochondrial dynamics, the function of the Pink1/Omi
pathway is currently unclear.

Our subcellular fractionation results corroborate previous
reports in which the processed form of Pinkl is found in the
cytoplasm (Haque et al., 2008; Takatori et al., 2008), whereas cleaved
Drosophila Omi is not constitutively found there (Challa et al., 2007;
Khan et al., 2008). Although Omi released into the cytosol is known
to induce apoptosis (Vande Walle et al., 2008), in contrast, Omi
was recently shown to cooperate with Pinkl, likely to be within
mitochondria, to promote cell survival (Plun-Favreau et al., 2007).
Significantly, cytoplasmic Pink1 has been shown to protect against
toxic insult in neurons (Haque et al., 2008), indicating that it has
additional and important unidentified functions outside of the
mitochondria. Together these results suggest that mitochondrial
and cytoplasmic forms of Pinkl and Omi may have distinct
functions, and further, that the Rhomboid-dependent cleavage that
we have identified may play a important role in regulating the
abundance and localization of these isoforms.

Interestingly, while the Pink1/Parkin pathway has recently been
linked to mitochondrial dynamics (Exner et al., 2007; Poole et al.,
2008; Yang et al., 2008) — the process of fission and fusion reactions
that control mitochondrial morphology — the function of the
mitochondrial rhomboids in yeast, flies and mammals has also
previously been linked to mitochondrial dynamics (McQuibban et
al., 2003; Cipolat et al., 2006; McQuibban et al., 2006). Further work
will be needed to determine the role and/or significance of these
PD signaling pathway components with mitochondrial dynamics,
but our findings further indicate the significance of this function
for the Pinkl pathway.

In conclusion, our molecular and genetic studies in Drosophila
demonstrate that mitochondrial Rhomboid-7 participates in the
Pinkl pathway by regulating levels of the mitochondrial inner
membrane-bound and cleaved forms of Pinkl and Omi. However,
further work will be required to determine whether the vertebrate
pathway is similarly composed, and how this pathway acts to
maintain neuronal integrity.

METHODS

Fly stocks

Drosophila melanogaster stocks were raised on cornmeal agar
media under standard conditions. The glass multiple reporter
(GMR)-GAL4 driver line was obtained from the Bloomington
Drosophila Stock Center, and the same line was used throughout
for consistency. rhomboid-7*" null mutants (McQuibban et al.,
2006), parkin®* null mutants and parkin combined with an
upstream activating sequence (UAS-parkin) have been described
previously (Greene et al., 2003). pink1®° null mutant flies, and UAS-
pinkl and UAS-omi sequences were a gift from J. Chung (KAIST)
(Park et al., 2006), and the pinkI-9myc transgenic line was provided
by M. Guo (UCLA) (Clark et al., 2006). UAS-rhomboid-7 was
constructed using the Gateway system (Carnegie Institute of
Washington). Loss of omi/htrA2 was achieved by using omi/htrA2
null mutants, provided by N. Tapon (CRUK), or by using UAS-
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omi-RNAi from M. Miura (Univ. Tokyo) (Igaki et al., 2007); both
methods gave equivalent phenotypes.

Scanning electron microscopy and eye quantification

Scanning electron microscopy (SEM) was performed according
to a standard protocol (Sullivan et al., 2000). All animals of a given
genotype displayed essentially identical phenotypes and randomly
selected representative images are shown. Quantification of the
partial rough eye phenotypes was achieved in the following way:
specified genotypes were collected by one researcher, coded and
given to another researcher for blind scoring. Scoring of relative
roughness was conducted in comparison to known, uncoded
‘standard’ flies, i.e. GMR/+ flies, or flies overexpressing pinkl
(GMR>Pinkl) or rhomboid-7 (GMR>R7), respectively, as
appropriate. We assigned GMR/+ flies a relative roughness score
of 0 and GMR>Pinkl or GMR>R?7 flies a score of 3. ‘Test’ flies
were viewed under a dissecting microscope side-by-side with a
few sample flies of ‘standard’ genotypes. Each individual fly was
given a relative roughness score in comparison with the known
standards:

0 — perfect WT eye with no aberrations; perfect facet/bristle
alignment

1 — not perfect WT, slightly rough/disorganized

2 — slightly less rough than GMR>Pink1/R7 standards; greater
degree of organization

3 — same/equivalent roughness to GMR>Pink1/R7 standards

4 — more rough than GMR>Pink1/R7 standards.

Groups of flies of the same genotype as the ‘standards’ were also
included in blind scoring. For consistency, one researcher scored
all of the individual flies. Scores were collected for at least 50
individual flies before the blinding was removed. In addition, a
second researcher assessed groups of coded flies (modifiers and
appropriate controls) and ranked whole groups for roughness,
relative to each other. The ranked groups were in exact agreement
with the detailed number of scored individual flies.

Immunohistochemistry

Transfected Drosophila S2 cells seeded on concanavalin A-coated
coverslips were fixed for 15 minutes in 4% paraformaldehyde in
PBS, permeabilized for 15 minutes in 0.1% TX-100 in PBS, blocked
overnight in 10% goat serum in PBS, and subsequently incubated
at room temperature with primary and secondary antibodies in 10%
goat serum in PBS (1-2 hours each) with extensive washing in PBS
between incubations. The following primary antibodies were used:
mouse M2 anti-flag (Sigma), rabbit anti-HA (Sigma), mouse anti-
CVo (Mitosciences). Alexa Fluor 546- and 488-conjugated
secondary antibodies (Invitrogen) were used to detect the primary
antibodies using a Zeiss LSM 510 confocal microscope.

Immunoprecipitation, fractionation and western blotting

S2 cells were transiently transfected with FUGENE6 (Roche). Cells
were harvested 48 hours after transfection and lysed in IP buffer
(150 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 1% TX-100, 0.5%
NP-40) with protease inhibitor cocktail (Bioshop Canada) and
PMSE. Following centrifugation at 1000 g, lysates were precleared
with Protein G Sepharose beads (Invitrogen), incubated with
primary antibody overnight, followed by precipitation of tagged
proteins with Protein G Sepharose beads. Whole adult flies were
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Clinical issue

Parkinson’s disease (PD) is a neurodegenerative disease typified by severe
movement and muscle deterioration that affects approximately six million
people worldwide. The average age of onset is 60, and the incidence of
PD is expected to increase as the world’s elderly population grows.
Despite ongoing clinical and basic science research efforts, the etiology
and pathogenetic mechanisms of PD remain unclear. Scientists are
beginning to identify causative genes, including mutations in genes
important to mitochondrial function. Mitochondrial dysfunction is
strongly implicated in sporadic PD and the mitochondrial-associated
proteins Pink1, Parkin and Omi/HtrA2 (Omi), have genetic mutations
linked with PD pathogenesis. Pink1, Parkin and Omi are enzymes that
respond to cell stress and death processes, and are imported into
mitochondria where they promote mitochondrial integrity and provide
protection against toxic insults.

Results

In this report, the authors use the fruit fly Drosophila melanogaster to
uncover a new gene that may be a key regulator of mitochondrial
dysfunction during the pathogenesis of PD, by influencing the
Pink1/Parkin pathway. Using a combination of genetic and biochemical
approaches, the authors identified two proteases that influence this
pathway. They identify Omi, as a mitochondrial protease downstream of
Pink1, and another mitochondrial protease called Rhomboid-7. They show
that Rhomboid-7 is necessary to cleave the precursor forms of Pink1 and
Omi - a process that regulates their localization. This finding should be
relevant to humans, since Rhomboid-7 is conserved in humans, where it is
called PARL and is known to cleave mitochondrial proteins. The authors
report that the protease activity of Rhomboid-7 is required to process the
initially mitochondrial-membrane tethered form of both Pink and Omi
into their soluble forms. This Rhomboid-7-dependent cleavage is
necessary for the relocalization of Pink and Omi, and may affect their
overall function and, consequently, mitochondrial integrity.

Implications

This paper suggests that the mitochondrial rhomboid protease
Rhomboid-7 regulates the function and localization of Pink1 and Omi by
cleaving their inner membrane tethering transmembrane domains,
allowing these enzymes to be released into the mitochondrial
intermembrane space and cytoplasm. If the human mitochondrial
rhomboid protease, PARL, regulates human mitochondrial proteins during
PD pathogenesis in this way, then PARL should offer a novel therapeutic
target. Other proteases, like PARL, are effective disease drug targets,
owing to the effectiveness of bioactive small molecules in selectively
activating or inhibiting their proteolytic function.

doi:10.1242/dmm.001099

fractionated by differential centrifugation. Following an initial
1500 g spin, the mitochondria were sedimented at 10-10° g while
the cytosol was purified from remaining organelles, as supernatant,
following a 100-10° g spin. The following primary antibodies were
used: mouse M2 anti-flag (Sigma), mouse HA7 anti-HA (Sigma),
rabbit anti-HA (Sigma), mouse anti-myc (Santa Cruz
Biotechnology), mouse anti-Tubulin (Sigma), rabbit anti-
Porin/VDAC (Sigma), and rabbit anti-Omi (generous gift from
Masayuki Miura).

DNA contructs

To make cell culture expression constructs, cDNAs for Drosophila
Rhomboid-7, Omi (catalytically inactive S266A) and Pinkl were
obtained from the Canadian Drosophila Microarray Centre and
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recombined using the Gateway system (Invitrogen) into pAWF and
PAWH for C-terminal FLAG and HA epitope tagging, respectively.
See: http://www.ciwemb.edu/labs/murphy/Gateway vectors.html.
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