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Background: Mitochondrial rhomboid protease PARL mediates the cleavage of PINK1 in healthy mitochondria.
Results: PARL mediates the cleavage of PGAMS5 in damaged mitochondria.

Conclusion: PARL regulates differential cleavage of PINK1 and PGAMS5 depending on the health status of mitochondria.
Significance: This is the first implication of stress-dependent regulation of PARL-mediated RIP.

Regulated intramembrane proteolysis is a widely conserved
mechanism for controlling diverse biological processes. Consid-
ering that proteolysis is irreversible, it must be precisely regu-
lated in a context-dependent manner. Here, we show that phos-
phoglycerate mutase 5 (PGAMS5), a mitochondrial Ser/Thr
protein phosphatase, is cleaved in its N-terminal transmem-
brane domain in response to mitochondrial membrane poten-
tial (AW,) loss. This AW, loss-dependent cleavage of PGAMS5
was mediated by presenilin-associated rhomboid-like (PARL).
PARL is a mitochondrial resident rhomboid serine protease and
has recently been reported to mediate the cleavage of PINK1, a
mitochondrial Ser/Thr protein kinase, in healthy mitochondria
with intact AW . Intriguingly, we found that PARL dissociated
from PINK1 and reciprocally associated with PGAMS5 in
response to AW,  loss. These results suggest that PARL medi-
ates differential cleavage of PINK1 and PGAM5 depending on
the health status of mitochondria. Our data provide a prototyp-
ical example of stress-dependent regulation of PARL-mediated
regulated intramembrane proteolysis.
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Intramembrane cleaving proteases (I-Clips)® are an evolu-
tionarily conserved group of multipass membrane proteins that
catalyze the cleavage of transmembrane (TM) domains within
lipid bilayers (1). Intramembrane proteolysis controls many
biological processes by liberating the functional domains of
substrates; thus, it is referred to as regulated intramembrane
proteolysis (RIP). Rhomboid proteases, which belong to the
I-Clips family of proteins, are serine proteases that were origi-
nally identified as regulators of epidermal growth factor recep-
tor signaling in Drosophila (2, 3). At least five active rhomboids
have been found in the mammalian genome, including prese-
nilin-associated rhomboid-like (PARL) (4). PARL has been
shown to be targeted to the inner mitochondrial membrane
(IMM) (5, 6). PARL knock-out (KO) mice, whose primary
defects in mitochondria appeared to be impaired cristae junc-
tional sealing resulting from the reduced processing of OPA1, a
component of the mitochondrial fusion machinery, die post-
natally because of massive apoptosis (6, 7). However, several
lines of evidence suggest that PARL is only partly responsible
for the cleavage of OPA1, at least in mammals (8, 9), and other
PARL substrates, such as Omi/HtrA2, have been identified
(10), suggesting that unidentified PARL substrates still exist in
mitochondria.

Phosphoglycerate mutase 5 (PGAMS5) belongs to the PGAM
family, an evolutionarily conserved enzyme family, the proto-
type of which converts 3-phosphoglycerate to 2-phosphoglyc-
erate during glycolysis (11). Although all the amino acid resi-
dues composing the catalytic core of the other family members
are conserved in PGAMS5, we have previously reported that
PGAMS5 lacks mutase activity and instead acts as a Ser/Thr

2 The abbreviations used are: I-Clip, intramembrane cleaving protease; IMM,
inner mitochondrial membrane; OMM, outer mitochondrial membrane;
OPAT1, optic atrophy 1; PINK1, PTEN-induced kinase 1; RIP, regulated
intramembrane proteolysis; PARL, presenilin-associated rhomboid-like;
TM, transmembrane; PGAM5, phosphoglycerate mutase 5; TPCK, N-p-to-
syl-.-phenylalanine chloromethyl ketone; PA, paraformaldehyde; CCCP,
carbonyl cyanide m-chlorophenyl hydrazone; IB, immunoblot
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protein phosphatase that activates the stress-activated MAP
kinase pathways (12). PGAMS5 has also been reported to be
targeted to mitochondria through its N-terminal TM domain
(13), indicating that PGAMS5 is a unique mitochondrial resident
phosphatase involved in cellular stress responses. It was
recently reported that PGAMS5 plays a critical role in necrosis
induction by facilitating mitochondrial fragmentation (14).

In this study we show that PARL mediates the cleavage of
PGAMS5 and that this is induced in response to mitochondrial
membrane potential (AW, ) loss. Interestingly, recent reports
have suggested that, in healthy mitochondria that maintain
AW, PARL mediates the cleavage of PINK1, a mitochondrial
Ser/Thr protein kinase known as a gene product responsible for
early-onset autosomal recessive Parkinson disease (15-17).
Taken together with this finding, our data suggest that the
PARL regulates differential cleavage of PINK1 and PGAMS5
depending on the health status of mitochondria. Our data pro-
vide a prototypical example of stress-dependent regulation of
PARL-mediated RIP.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Cells were cultured as previ-
ously described (12). The transfection of expression plasmids was
performed using FuGENE6 (Roche Applied Science) or PEI-Max
(Polysciences). For RNAI, cells were transfected with the follow-
ing siRNAs (Invitrogen) using Lipofectamine RNAiIMAX
(Invitrogen) according to the manufacture’s instructions:
human PARL (#1),5'-CCCAGAAGGGAGGCUUGCCAUUA-
UU-3’; human PARL (#2), 5'-CCUAUCCUAUAAGGAGUC-
UCAUAAA-3'; mouse PARL (#1), 5'-AAAGACUGUUUCUU-
CCAGAGGCGGG-3'; mouse PARL (#2), 5'-AAACAAGU-
UAAACCUGCGUCCAAGC-3'; human OMA1, 5'-CAGCA-
GUCCCUAGUCUGUCAGUAUU-3'. Stealth RNAi Negative
CTL Medium GC Duplex #2 was used as a control.

Quantitative Reverse Transcription (RT)-PCR—Total RNA
was isolated from siRNA-treated HEK293A cells using Isogen
(Wako) and reverse-transcribed with the QuantiTect Reverse
Transcription kit (Qiagen). Quantitative PCR was performed
with Power SYBR Green PCR Master Mix (Roche Applied Sci-
ence) on an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems). To normalize the relative expression of
PARL and OMA1 to the S18 control, a standard curve was pre-
pared for S18, PARL, and OMAI.

Expression Plasmids and Mutagenesis—cDNAs for human
PARL and PINK1 were cloned by RT-PCR using total RNA
isolated from HEK293A cells and subcloned into the mamma-
lian expression plasmid pcDNA3 (Invitrogen). Site-directed
mutagenesis of PARL (S277G, H335A) and PGAMS5 (S24F) was
performed using the QuikChange site-directed mutagenesis
kit (Stratagene) with the following primers and their respective
complementary sequence primers: PARL (§277G), 5'-CCA-
TCACTTGGTGCAGGTGGTGCCATCATGACA-3"; PARL
(H335A), 5'-TTTGATCATGCGGCAGCTCTTGGGGGAG-
CTCTT-3'; PGAMS5 (S24F), 5'-GCCGCCGTGCTCTTCTTT-
GCCGTGGCGGTAGGG-3'. The generation of AIF-FLAG,
FLAG-Fisl, and DRP1 K38 A-GFP mammalian expression vec-
tors was described previously (18 —20).
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Antibodies—The generation of the rabbit polyclonal anti-
PGAMS5 antibody (RTL) was described previously (12). The rat
monoclonal anti-PGAMS5 antibody (K1B6) was raised against
purified GST-tagged PGAMS5 lacking the TM domain (amino
acids 30-289) as previously described (21). To generate the
rabbit polyclonal anti-cleaved PGAMS5 antibody (RB2), antisera
raised against the synthetic peptide NH,-AVAVGKPR-COOH
were affinity-purified with the same peptide. The purified frac-
tion was then negatively purified using a peptide mimicking the
uncleaved protein (N-terminally acetylated AVAVGKPR).
Mouse polyclonal anti-cleaved PGAMS5 antibody (K15) was
generated using the same peptide as an immunogen (22). A pool
of hybridomas-secreting antibodies that specifically recognized
the non-acetylated peptide was selected by screening with
enzyme-linked immunosorbent assay. The following antibod-
ies were also used in this study: FLAG (D8, Santa Cruz; M2,
Sigma; 1E6, Wako), HA (3F10, Roche Applied Science), OPA1
(BD Transduction Laboratories), Complex III subunit CORE 1
(Invitrogen), voltage-dependent anion channel protein
(VDAC; Abcam), GRIM19 (Mito Sciences), PINK1 (Novus Bio-
logicals), cytochrome ¢ (BD Pharmingen), and actin (Sigma).
The generation of Tom70, Mitofilin, and Tim23 antibodies was
described previously (23-25).

Immunoblotting and Immunocytochemistry—Immunoblot-
ting was performed as previously described (12). For immuno-
cytochemistry, cultured cells were fixed with 2% formaldehyde
in PBS and permeabilized with 0.2% Triton X-100. After 30 min
of blocking with 2% BSA in PBS, cells were stained with the
respective antibodies. AW, was monitored by staining with 50
nM MitoTracker Red CMXRos (Molecular Probes) for 15 min
before fixation. Cells were imaged using an inverted micro-
scope (LSM510 Meta; Carl Zeiss, Inc.).

Generation of Recombinant PGAMS5—pGEX-4T (GE Health-
care)-based bacterial expression plasmids encoding PGAM5
(amino acids 24 —-289, 25-289, and 26 —289) in which the Factor
Xarecognition sequence (Ile-Glu-Gly-Arg) was inserted imme-
diately N-terminal to PGAMS5 were constructed and expressed
in Escherichia coli strain BL21. Purified GST-IEGR-PGAMS5
proteins on a glutathione-Sepharose column were cleaved with
0.04 unit/mg of protein Factor Xa (GE Healthcare) in a reaction
buffer (1 mm CaCl,, 100 mm NaCl, and 50 mm Tris-HCI, pH 8.0)
for 30 min at 4 °C. Cleaved products were eluted with the same
reaction buffer.

Assays of Isolated Mitochondria—For trypsin digestion, iso-
lated mitochondria were resuspended in the following buffers
with various concentrations of trypsin (Sigma) for 30 min on
ice: isotonic buffer (10 mm HEPES-KOH, pH 7.4, 0.22 M man-
nitol, and 0.07 M sucrose), hypotonic buffer (10 mm HEPES-
KOH, pH 7.4), or Triton X-100 buffer (1% Triton X-100, 10 mm
HEPES-KOH, pH 7.4, 0.22 M mannitol, and 0.07 m sucrose). For
sucrose density gradient centrifugation, an isolated mitochon-
drial membrane fraction was layered over a linear gradient of
sucrose from 0.6 to 1.6 M and centrifuged in a SW 41 Ti rotor
(Beckman Coulter) at 100,000 X g for 15 h at 4 °C. For alkaline
extraction, crude mitochondria were treated with a hypotonic
buffer containing 10 mm Tris-HCI (pH 7.4 or pH 11; adjusted
with Na,CO;), 50 mm NaCl, and 1 mm EDTA for 5 min on ice.
Membranes and supernatants were isolated by centrifugation
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at 8000 X g for 10 min at 4 °C. For protease inhibitor assay,
isolated mitochondria were incubated with each protease
inhibitor for 5 min on ice followed by stimulation with 20 um
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) for 1 h at
30 °C in vitro. The following protease inhibitors purchased
from Sigma were used: 1 mMm o-phenanthroline, 20 um E64d, 5
uM pepstatin A, 100 uMm dichloroisocoumarin (DCI), 100 pum
N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK), and 1
mMm phenylmethylsulfonyl fluoride (PMSE).

Quantification of Cellular ATP Level—Cellular ATP was
quantified using the ATP Determination kit (Invitrogen)
according to the manufacturer’s instructions.

Generation of HeLa-PGAMS-FLAG Cells—HeLa cells stably
expressing PGAMS5 C-terminally tagged with FLAG (HeLa-
PGAMS5-FLAG cells) were established by infecting cells with
recombinant retroviruses. Retrovirus packaging PLAT-E cells
(provided by T. Kitamura, University of Tokyo) (26) were trans-
fected with a pMXs-puro vector encoding PGAM5-FLAG and
were cultured for 48 h. The viral supernatant was collected and
used for infection. Before infection, HeLa cells were transfected
with an expression vector encoding murine cationic amino acid
transporter 1 (mCAT; provided by N. Fujita and T. Yoshimori,
Osaka University), which mediates ecotropic retrovirus infec-
tion. HeLa cells were plated onto a 6-well plate before infection,
and the medium was replaced with the viral supernatant
including 10 ug/ml Polybrene (Sigma). Two days later infected
cells were selected in medium containing 10 ug/ml puromycin.

Electron Microscopy and Immunoelectron Microscopy Using
Ultrathin Cryosections—Cells grown on gridded glass were
fixed in 2% glutaraldehyde, 2% paraformaldehyde (PA) buffered
with 0.1 M phosphate buffer, pH 7.2, for ordinary electron
microscopy and in 4% PA buffered with phosphate buffer. pH
7.2, for immunoelectron microscopy (27). In the former proce-
dure the cells were post-fixed with 1% OsO, and embedded in
Epon 812 after dehydration. Ultrathin sections, 60 nm, were cut
with an ultramicrotome (UC6, Leica) and stained with uranium
acetate and lead citrate. In the latter procedure, fixed cells were
rotated in 2.3 M sucrose in phosphate buffer overnight and
plunged into liquid nitrogen. Sections ~60-nm thick were cut
with a cryo-ultramicrotome (UC7/FC7, Leica) and reacted
overnight at 4 °C with rabbit anti-FLAG (Santa Cruz; 1:10) and
then for 1 h with goat anti-rabbit IgG conjugated with 10-nm
colloidal gold particles (British Biocell International). The spec-
imens were examined with a Hitachi H-7100 electron
microscope.

RESULTS

PGAMS Is an IMM-resident Protein Phosphatase—PGAMb5
has been reported to be targeted to mitochondria through its
N-terminal TM domain (13). To characterize the localization
and membrane topology of PGAMS5 in mitochondria, we
treated the isolated mitochondria with trypsin under isotonic
or hypotonic conditions (Fig. 14). The IMM-resident proteins,
Mitofilin and Tim23, were digested more efficiently under
hypotonic conditions than under isotonic conditions, indicat-
ing that mitochondrial integrity was preserved during isolation
and subsequent trypsin digestion of mitochondria. Similar to
the IMM-resident proteins examined, PGAM5 was digested
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more efficiently under hypotonic conditions than under iso-
tonic conditions, suggesting that PGAMS5 is an IMM-resident
protein (Fig. 14). In addition, because the antibody used in this
experiment specifically recognizes the C terminus of PGAMS5,
the C-terminal phosphatase domain appears to face the inter-
membrane space. The fractionation of mitochondrial mem-
branes also revealed that PGAM5 was mainly co-fractionated
with Tim23 but not with outer mitochondrial membrane
(OMM)-resident proteins Tom70 and voltage-dependent
anion channel protein (VDAC; Fig. 1B). To strengthen these
biochemical results, we further examined the localization of
PGAMS5 in mitochondria in HeLa cells stably expressing
PGAMS5 (HeLa-PGAMS5-FLAG cells) by immunoelectron
microscopy analysis. In these cells mitochondrial cristae struc-
ture was well organized within each mitochondrion (Fig. 1C,
left panel), and gold particles representing PGAM5 accumu-
lated inside mitochondria, mostly along cristae (Fig. 1C, right
panel). Although PGAM5 was previously described as an
OMM-resident protein (13), our results suggest that PGAMS5 is
mainly targeted to the IMM with the phosphatase domain fac-
ing the intermembrane space (Fig. 1D).

PGAMS Is Cleaved in Its TM Domain in Response to AW,
Loss—From the above finding that PGAMS5 is an IMM-resident
protein together with our previous finding that PGAMS5 regu-
lates the stress-activated signaling pathways (12), we wondered
whether PGAMS5 might respond to stresses that damage mito-
chondria. Among various mitochondrial stress inducers, we
tested CCCP, which causes depolarization of mitochondria,
ethidium bromide, which preferentially impairs replication and
transcription of the mitochondrial genome, and paraquat,
which promotes accumulation of reactive oxygen species.
Interestingly, a doublet band of PGAMS5 observed in unstimu-
lated cells by SDS-PAGE converged into a lower single band
when cells were stimulated with these reagents (Fig. 24). This
suggested that the modification of PGAMS5 is commonly
induced by various forms of mitochondrial damage.

Because depolarization of mitochondria is known to induce
their fragmentation (19), we examined whether mitochondrial
fragmentation triggers the modification of PGAM5. Mitochon-
drial fragmentation induced by CCCP is known to be sup-
pressed by overexpressing Drpl K38A, a dominant-negative
mutant that inhibits the mitochondrial fission machinery (19).
Although the mitochondria in Drpl K38A-expressing cells
failed to fragment even in the presence of CCCP (Fig. 2B, lower
panels), CCCP-dependent changes in the band pattern of
PGAMS5 were not disrupted (Fig. 2B, upper panels). In contrast,
overexpression of a component of the mitochondrial fission
machinery, Fisl, which caused mitochondrial fragmentation
with minimal perturbation of AW, (18) (Fig. 2C, lower panels),
was not sufficient to change the band pattern of PGAMS5 (Fig.
2C, upper panels). These results suggest that mitochondrial
damage-induced changes in the post-translational modifica-
tions of PGAM5 do not depend on the mitochondrial
fragmentation.

CCCP, acting as a uniporter for H", dissipates both ApH and
AW _ across the IMM and, therefore, inhibits ATP production.
To determine which of these factors triggers the post-transla-
tional modifications of PGAMS5, we tested the effects of a cou-
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FIGURE 1. PGAMS is an IMM-resident protein phosphatase. A and B, biochemical characterization of PGAM5 in mitochondria is shown. Isolated mitochon-
dria from HEK293A cells treated with the indicated concentrations of trypsin in the indicated buffer conditions were solubilized and subjected to immuno-
blotting (/B) (A). The isolated membrane fraction from mouse liver mitochondria was subjected to sucrose density gradient centrifugation followed by IB (B). C,
ultrastructural characterization of the localization of PGAM5 in mitochondria is shown. HeLa-PGAMS5-FLAG cells were subjected to ordinary electron micros-
copy (left panel) and immunoelectron microscopy using ultrathin cryosections (right panel). Most of the 10-nm gold particles representing PGAM5-FLAG are
mostly localized along mitochondrial cristae. Scale bars: 1 um (left panel) and 0.5 um (right panel). D, shown is a schematic view of the localization of the
mitochondrial proteins examined in A and B. PGAM5 is mainly localized in the IMM with the phosphatase domain facing the intermembrane space.
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FIGURE 2. AW, loss induces the dynamic changes in the band pattern of PGAMS5. A, mitochondria-damaging agents induce changes in the band pattern
of PGAMS5. HEK293A cells treated with 10 wMCCCP, 20 ug/ml ethidium bromide (EtBr), or 2 mm paraquat for indicated time periods were subjected to IB. B,
mitochondrial fragmentation is dispensable for the changes in the band pattern of PGAM5. 48 h after co-transfection of Drp1 K38A-GFP and PGAM5-HA in
HEK293A cells, cells were untreated or treated with 30 um CCCP for 3 h and subjected to IB (upper panels) or immunocytochemistry (lower panels). Scale bar =
10 um. C, mitochondrial fragmentation is not sufficient to change the band pattern of PGAM5. 24 h after co-transfection of FLAG-Fis1 and PGAM5-HA in
HEK293A cells, cells were untreated or treated with 30 um CCCP for 3 h and subjected to IB (upper panels) orimmunocytochemistry (lower panels). Scale bar =
10 um. D-F, the changes in the band pattern of PGAM5 are induced by the AW, loss-inducing agents. HelLa cells were treated with 20 um CCCP, 20 uM nigericin,
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was performed in glucose-free medium. After each stimulus, cells were lysed and subjected to IB (D). AW, in D was detected with the AW, -dependent dye,
MitoTracker red CMXRos. Scale bar = 10 um (E). Cellular ATP levels in D were quantified using the ATP detection kit (F).
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ple of ionophores, the H" /K™ antiporter nigericin, which low-
ers ApH but not AW, and the K* uniporter valinomycin,
which dissipates AW but not ApH, as well as the effect of
glucose-free medium containing inhibitors of glycolysis and the
ATP synthase, 2-deoxy-D-glucose and oligomycin, respectively,
as previously described (28). We found that treatment of cells
with valinomycin but not nigericin or 2-DG/oligomycin
induced the modification change of PGAMS5, although less
effectively than that with CCCP (Fig. 2, D-F). These results
suggest that the modification of PGAM5 depends mainly on
AW loss rather than on ApH and ATP loss.

Because similar changes in the band pattern of OPA1 were
demonstrated to be the result of AW _ loss-dependent proteo-
lytic cleavage (8, 29-31), we hypothesized the possibility that
PGAMS5 might also be cleaved by proteases. Because the CCCP-
induced lower band of PGAMS5 was detected by an antibody
that recognizes the C terminus of PGAMS5 (Fig. 24), we specu-
lated that the cleavage site was located in the N-terminal region.
Therefore, we performed Edman degradation analysis of the
lower band of PGAM5 and determined that its N-terminal
sequence was Ala-Val-Ala-Val-Gly (amino acids 25-29). This
suggested that the lower band of PGAMS5 was a processed form
and that the cleavage site was located in the TM domain (Fig.
3A). When isolated mitochondria were subjected to alkaline
extraction, the membrane-anchoring efficiency of the pro-
cessed form of PGAMS5 was lower than that of full-length
PGAMS5 (Fig. 3B), supporting the above result that the pro-
cessed form of PGAMS5 has lost most of the N-terminal region
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of the TM domain. Nevertheless, cleaved PGAMS5 was still
mostly localized in the IMM when we examined the localiza-
tion of cleaved PGAMS5 in CCCP-treated HEK293A and HelLa-
PGAMS5-FLAG cells by trypsin protection assay and immuno-
electron microscopy analysis, respectively (supplemental Fig.
S1, A-C).

To confirm the cleavage site, we generated an antibody
against a synthetic peptide starting with the identified cleavage
site (amino acids 25-32 of PGAMS5) that does not cross-react
with the N-terminally acetylated peptide that mimics the
uncleaved protein. The antibody generated against cleaved
PGAMS5, named RB2, specifically recognized PGAMS5 with the
identified cleaved end (AVAV) but did not recognize PGAM5
with the cleaved end one amino acid forward (SAVAV) or back-
ward (VAV), demonstrating the specificity of the antibody (Fig.
3C). Importantly, this antibody specifically recognized the
lower band of PGAMS5 that was increased after CCCP treat-
ment but not the upper band (Fig. 3D). When we used Mito-
Tracker red CMXRos, which accumulates in mitochondria
with an intact AW, and thus discriminates healthy mitochon-
dria from damaged mitochondria lacking AW, staining with
another cleaved PGAMS5 antibody (K15) was detected only in
damaged mitochondria with much lower MitoTracker staining
(Fig. 3E). These results indicate that PGAMS5 is cleaved in its
TM domain in response to AV _ loss.

PARL Mediates the Cleavage of PGAMS5—Next, we sought to
identify the protease that mediates the cleavage of PGAMS5.
Because the cleavage site is located in the TM domain, we spec-
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ulated that PGAMS5 might be cleaved by I-Clips. Currently
known I-Clips are divided into three classes of proteases
depending on their catalytic residues: the metalloproteases (site
2 proteases), the aspartyl proteases (presenilin and signal pep-
tide peptidase), and the serine proteases (rhomboid proteases)
(1). To determine which class of I-Clips is responsible for the
cleavage of PGAMS5, mitochondria isolated from cells express-
ing PGAMS5 were treated with several protease inhibitors under
CCCP stimuli. As shown in Fig. 44, CCCP-induced cleavage of
PGAMS5 was inhibited by the metalloprotease inhibitor o-phe-
nanthroline (0-Phe) and the serine protease inhibitor dichloroi-
socoumarin (DCI), whereas it was insensitive to other serine
protease inhibitors, such as TPCK and PMSEF.

The protease inhibition profile was interesting because
dichloroisocoumarin is a unique serine protease inhibitor that
inhibits a broad spectrum of rhomboid-mediated intramem-
brane proteolysis (32). We thus examined the possibility that
the rhomboid proteases regulate the cleavage of PGAMS5,
although o-phenanthroline-sensitive processes may also be
involved in PGAMS5 cleavage (see “Discussion”). A comprehen-
sive genome sequence analysis of the eukaryotic rhomboid pro-
tease family revealed that there are at least five genes encoding
putative rhomboid proteases in mammals: RHBDL1, RHBDL2,
RHBDL3, RHBDD1, and PARL (4). Because PARL has only
been reported to be localized in mitochondria, we knocked
down PARL using three siRNAs that target different regions in
the PARL gene. As shown in Fig. 4, B and C, CCCP-induced
cleavage of PGAMS5, but not of OPAL1, was severely impaired by
suppressing PARL expression in HEK293A cells, suggesting
that PARL is required for CCCP-induced cleavage of PGAMS5.
To negate that this was cell- and/or species-specific result, we
also used mouse L929 cells (Fig. 4, D and E). In these cells we
found the requirement of PARL for CCCP-induced cleavage of
PGAMS5, suggesting that PARL-mediated cleavage of PGAMS5
is conserved at least in mammals. Consistent with this, co-ex-
pression of PGAMS5 with PARL strongly induced the processing
of PGAMS5 even in the absence of CCCP (Fig. 4F, top panel,
second lane), whereas the co-expression of the protease-inac-
tive PARL mutants, in which the active site Ser-277 or His-335
was substituted with Gly or Ala, respectively, failed to process
PGAMS (Fig. 4F, top panel, third and fourth lanes). Moreover,
the processed form of PGAMS5 induced by co-expression with
PARL was specifically detected by the cleaved PGAMS5 anti-
body (RB2) (Fig. 4F, second 2nd panel), indicating that PARL
mediates the cleavage of PGAMS5 at the same site as is induced
by CCCP.

Recently, it has been reported that rhomboids recognize a
specific amino acid sequence surrounding the cleavage site of
their substrates (33). Among these, the helix-destabilizing res-
idues, such as Ala, Gly, Cys, and Ser, in the P1 position (indi-
cated in Fig. 3A4) are important because they have been shown
to facilitate local helix unfolding and allow the efficient cleavage
within a lipid bilayer. To examine the requirement of this motif
for PARL-mediated cleavage of PGAMS5, we generated the
PGAMS5 S24F mutant in which Ser-24 at the P1 position was
substituted by a bulky amino acid, Phe. As shown in Fig. 4G,
co-expression with PARL still induced the band shift of
PGAMS5 S24F to some extent; however, the lower band was no
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longer detected by the cleaved PGAMS5 antibody (RB2), sug-
gesting that the cleavage of PGAMS5 S24F at least between
Phe-24 and Ala-25 was completely blocked. The residual band
shift of PGAMS5 S24F may represent cleavage at other sites,
because many helix-breaking residues exist in the TM domain
of PGAMS5 (Fig. 34).

Consistent with our data showing the localization of PGAM5
in the IMM and the previous reports that PARL is also located
in the IMM (5, 6), PGAMS5 interacted with the two different
inactive mutants of PARL (Fig. 4H). It was unlikely that the
PARL mutants used above tended to non-specifically bind to
IMM-localized proteins, because another IMM-localized pro-
tein, AIF, did not interact with PARL (Fig. 4/). The binding
efficiency of PGAMS5 and inactive PARL was higher than that of
PGAMS5 and wild-type PARL, suggesting that wild-type PARL
but not the inactive PARL is rapidly dissociated from PGAM5
after the cleavage. These results, taken together strongly sug-
gest that the AW loss-induced cleavage of PGAMS5 is mediated
by PARL.

PARL-mediated cleavage of PINKI and PGAMS Is Recipro-
cally Regulated Depending on the AW,, Status—Recently,
PINK1 has been reported to be rapidly and constitutively
degraded under steady-state conditions but stabilized in
response to AW loss (34, 35). Stabilized PINKI acts as a
marker of damaged mitochondria and triggers mitophagy, a
system for selective elimination of damaged mitochondria by
autophagy (36). More recently, it has been reported that the
proteolytic destabilization of PINK1 in healthy mitochondria is
mediated by PARL (15). Drosophila genetics also provides evi-
dence that PINK1 is a substrate of PARL (37). From these find-
ings, we speculated that PARL could change its substrate from
PINK1 to PGAMS5 in response to AW, loss. We found that the
time-course of CCCP-induced stabilization of endogenous
PINK1 was coincident with that of CCCP-induced cleavage of
endogenous PGAMS5 (Fig. 54). Moreover, PINK1 bound to the
inactive mutant of PARL, PARL (S277G), under unstimulated
conditions and dissociated from PARL in a time-dependent
manner in response to CCCP, whereas the PGAMS5-PARL
interaction increased in a manner inversely correlated with the
PINKI1-PARL interaction (Fig. 5B). Similar results were
obtained when another inactive mutant of PARL, PARL
(H335A), was used as bait (supplemental Fig. S2). These results
suggest that the protease activity of PARL is maintained regard-
less of the health status of mitochondria but that PARL medi-
ates differential cleavage of PINK1 and PGAMS5 depending on
AW .

DISCUSSION

In this study we revealed that PARL mediates the cleavage of
PGAMS5 in response to AW loss. In addition, PARL-mediated
cleavage of PINK1 and PGAMS5 is reciprocally regulated
depending on the AW status (Fig. 5C).

The interaction between inactive mutants of PARL and
PGAMS5 was stronger than that between wild type PARL and
PGAMS5 (Fig. 4H). In addition, the helix-breaking residue at the
P1 position, which is known to be critical for recognition by
rhomboids, appeared to also be critical in the case of recogni-
tion of PGAMS5 by PARL (Fig. 4G). These results suggest that
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FIGURE 5. PARL-mediated cleavage of PINK1 and PGAMS5 are reciprocally regulated in a AW, -dependent manner. A, time-course of PINK1 stabilization
and PGAM5 cleavage in response to CCCP is shown. HEK293A cells treated with 20 um CCCP for indicated time periods were lysed and subjected to IB. B,
CCCP-dependent reciprocal binding of PINKT and PGAMS5 to PARL is shown. HEK293A cells were transfected with the indicated plasmids. After 48 h, cells were
treated with 50 um CCCP for indicated time periods. After stimuli, cells were lysed, and PARL was immunoprecipitated (/P) using a FLAG antibody. Immuno-
precipitates and cell lysates were subjected to IB. ¥, indicates IgG band. C, a proposed model of AW _ dependent regulation of PARL-mediated cleavage of
PINK1 and PGAMS5 is shown.

PGAMS5 is directly cleaved by PARL. Currently, however, it is
difficult to exclude the possibility that PARL indirectly regu-
lates the cleavage of PGAMS5 via unknown direct substrates of
PARL. The establishment of an in vitro reconstitution assay
system of PARL-mediated cleavage will enable us to address
this important question.

We found that AW __ status is a critical determinant of PARL-
mediated cleavage of PGAMS5 (Fig. 2, A—E). Recently, it has
been reported that the cleavage of several mitochondrial resi-
dent proteins, such as OPA1 and PINK]1, is regulated depend-
ingon AW _ (36, 38). Whereas the cleavage of OPA1 is induced
by AW, loss, the cleavage of PINK1 is inhibited by AW, loss,
resulting in the accumulation of full-length PINK1 on the
OMM. It has also been reported that the cleavage of a zinc

metalloprotease, OMAL, is inhibited by AW loss, and the
resulting stabilized OMA1 is in turn responsible for AW loss-
dependent cleavage of OPA1 (30). These findings indicate that
the AW, loss-dependent cleavage of PGAMS5 is a hot example
of these complicated proteolysis regulations in mitochondria.
Because the cleavage of PGAMS5 was inhibited by the metal-
loprotease inhibitor, o-phenanthroline, as by the serine prote-
ase inhibitor, dichloroisocoumarin (DCI; Fig. 44), we examined
the involvement of OMALI in the cleavage of PGAMS5 (supple-
mental Fig. S3A). Whereas OMA1l knockdown impaired
CCCP-induced cleavage of OPAL1 as previously reported (30,
31), we observed a marginal, if any, impairment of the cleavage
of PGAMS. In contrast, the attenuation of the cleavage of
PGAMS5 by PARL knockdown was more significant. These

FIGURE 4. PARL mediates AW, loss-induced cleavage of PGAMS5. A, sensitivity of CCCP-induced cleavage of PGAM5 to various protease inhibitors is shown.
24 h after transfection of PGAM5-FLAG in HEK293A cells, mitochondria were isolated from the cells and pretreated with or without the indicated protease
inhibitors followed by stimulation with or without 20 um CCCP in vitro. B-E, PARL is required for CCCP-induced cleavage of PGAMS5. 48 h after transfection with
siRNAs for human PARL (hPARL), HEK293A cells were treated with 10 um CCCP for the indicated time periods and subjected to IB (B). In mouse L929 cells,
knockdown of PARL using siRNAs for mouse PARL (mPARL) also suppressed the CCCP-induced cleavage of PGAMS5 (D). Knockdown efficiency of siRNAs used in
(Band D) was evaluated using quantitative RT-PCR (Cand E). F, co-expressed PARL, but not inactive mutants of PARL, cleaves PGAM5. PGAM5 was co-expressed
with C-terminally FLAG-tagged PARL (PARL-WT-FLAG) or the inactive mutants of PARL (PARL-S277G-FLAG and PARL-H335A-FLAG) in HEK293A cells. After 48 h,
cells were lysed and subjected to IB. G, mutating the helix-breaking residue in P1 position disturbs the cleavage of PGAM5 at the correct site. HEK293A cells were
transfected with PARL-WT-FLAG and PGAM5-WT-HA or a mutant of the P1 position, PGAM5-S24F-HA. After 48 h, cells were lysed and subjected to IB. Hand /,
PARL interacts with PGAMS5. HEK293A cells were transfected with the indicated expression plasmids. After 48 h, cells were lysed, and PARL (H) and PGAM5 and
AIF (/) were immunoprecipitated (IP) using a FLAG antibody. All the immunoprecipitates (top and middle panels) and /16 of the total cell lysate (bottom panels)
were subjected to IB. Based on the quantification of the band intensity using the ImageJ software, ~5 and 1% of total PGAM5 appeared to bind to PARL (5277G)
and PARL (H335A), respectively (H).
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results suggest that the contribution of PARL to the cleavage of
PGAMS5 is higher than that of OMALI at least under cellular
conditions examined here. Elucidation of the relationship
between OMA1 and PARL in the cleavage of PGAMS5 (e.g. inde-
pendent or co-operative) will uncover the precise molecular
mechanism how AW, _-dependent cleavage of PGAMS5 is
regulated.

What are the underlying molecular mechanisms that regu-
late the AW, -dependent change of substrates for PARL? Con-
sidering that the transport of PINK1 to the IMM is blocked by
AW loss (15), it was possible that the disappearance of PINK1
from the IMM allowed the PARL-mediated cleavage of
PGAMS5. However, we found that the cleavage of PGAMS5 was
not induced by siRNA-mediated suppression of PINK1 expres-
sion (data not shown). Thus, the PARL-mediated cleavage of
PINK1 and PGAMS5 appears not to be regulated in a competi-
tive manner with each other. Moreover, because the affinity of
PGAMS5 for PARL increased in response to AW, loss (Fig. 5B
and supplemental Fig. S2), it is rather likely that some changes
in PGAMS5 and/or PARL induced by AW loss facilitate prote-
olysis of PGAMS5 by PARL. Although the regulatory mecha-
nisms of rhomboid-mediated proteolysis are not well known in
mammals, some models, especially those of how the substrates
are presented to rhomboids, have been proposed in other
organisms. For example, in Drosophila, a regulated compart-
mentalization mechanism has been well characterized; Rhom-
boid-1 processes its substrate Spitz in Golgi, before which a
membrane protein, Star, escorts Spitz from the endoplasmic
reticulum to Golgi and, therefore, is required for the efficient
processing of Spitz (2). Although this compartmentalization
model operates at the inter-organelle level, a similar model, but
at the inner-organelle level, might apply to PGAMS5; it would be
possible that some Star-like proteins assist the translocation of
PGAMS5 to the PARL-resident compartment in the IMM in
response to AW, loss. Another possibility is that the scissile
region within the TM domain of PGAMS5, which may be con-
cealed in healthy mitochondria, is presented to PARL in
response to AW, loss. In yeast it has been reported that IMM-
resident motor proteins mediate the correct positioning of the
TM domains of substrate proteins within lipid bilayers, facili-
tating the presentation of their scissile regions to Rbd1/Pcpl, a
yeast ortholog of PARL (39, 40).

At present, the physiological role of AW, loss-dependent
cleavage of PGAMS5 is not known. AW _ loss-dependent cleav-
age of OPAL1 is thought to be a mechanism that prevents the
re-fusion of damaged mitochondria to healthy mitochondria,
because the mitochondrial fusion activity of OPA1 is inhibited
by its cleavage (38). On the other hand, AV, loss-dependent
stabilization and accumulation of PINK1 on the OMM triggers
mitophagy, one of the mitochondrial quality control systems
(36). These findings indicate that AW _ -dependent proteolysis,
including that of PGAMS5, might be utilized as a general tool for
the stress response of mitochondria.

It has been reported that PARL KO mice display defects in
postnatal growth and lifespan because of increased sensitivity
to cell death-inducing stimuli (6, 7), indicating the anti-apop-
totic roles of PARL. Interestingly, recent reports have suggested
that PGAMS is involved in multiple cell death pathways in a
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context-dependent manner. For example, we have recently
reported that flies deficient in the Drosophila ortholog of mam-
malian PGAMS5 (dPGAMS5) are vulnerable to heat shock stress
mainly because of increased apoptosis in neurons in the mush-
room body, suggesting the role for PGAMS5 in apoptosis regu-
lation (41). On the other hand, dPGAMS5 has recently been
shown to act as an exacerbating factor for mitochondrial degen-
eration and dopaminergic neuronal cell death in the model of
Parkinson disease induced by mutation of the Drosophila
PINKI gene (42). In addition, it has more recently been
reported that PGAMS5 is activated downstream of necrosis pro-
moting kinases, RIP1 and RIP3, and subsequently induces
necrosis via activating mitochondrial fission factor, Drp1 (14).
Thus, it is important to determine whether or not the PARL-
mediated cleavage of PGAMS5 plays a critical role in the regula-
tion of cell death.

In conclusion, we presented here a prototypical example of
stress-induced regulation of PARL-mediated RIP. Importantly,
PARL appears to mediate differential cleavage of kinases and
phosphatases depending on mitochondrial conditions and
might thus indirectly regulate the phosphorylation status of
their common and/or respective substrates. The elucidation of
the detailed mechanisms and roles of this model may provide
important insights into the mitochondrial and cellular stress
responses.
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