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SUMMARY

Mitochondrial permeability transition is a phenomenon in which the mitochondrial permeability 

transition pore (PTP) abruptly opens resulting in mitochondrial membrane potential (ΔΨm) 

dissipation, loss of ATP production, and cell death. Several genetic candidates have been proposed 

to form the PTP complex however the core component is unknown. We identified a necessary and 

conserved role for spastic paraplegia 7 (SPG7) in Ca2+ and ROS-induced PTP opening using 

RNAi based screening. Loss of SPG7 resulted in higher mitochondrial Ca2+, similar to cyclophilin 

D (CypD, PPIF) knockdown with sustained ΔΨm during both Ca2+ and ROS stress. Biochemical 

analyses revealed that the PTP is a hetero-oligomeric complex composed of VDAC, SPG7 and 
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CypD. Silencing or disruption of SPG7-CypD binding prevented Ca2+ and ROS-induced ΔΨm 

depolarization and cell death. This study identifies a ubiquitously expressed IMM integral protein, 

SPG7, as a core component of the PTP at the OMM and IMM contact site.

Graphical Abstract

INTRODUCTION

Mitochondrial function plays a critical role in providing not only the majority of the cell’s 

ATP but also as the pathophysiological phenotypic source of major cell death mechanisms 

(Newmeyer and Ferguson-Miller, 2003). Mitochondrial Ca2+ ([Ca2+]m) overload promotes 

the opening of the mitochondrial permeability transition pore (PTP) leading to bioenergetic 

crisis and cell death (Bernardi, 1999; Duchen, 2000; Halestrap et al., 1993). Though the 

identity of the pore is unknown, known inducers of the PTP include Ca2+ and reactive 

oxygen species (ROS). PTP opening is characterized by a decoupling of electrochemical 

potential (ΔΨm) across the inner mitochondrial membrane (IMM) which results in 

mitochondrial matrix osmotic disequilibrium, perturbation of Ca2+ handling, and ATP 

depletion (Bernardi, 1999; Kroemer et al., 2007). PTP opening has been implicated in 

several necrosis model systems and pathological states such as ischemia/reperfusion injury, 

cerebral stroke, and myocardial infarction (Kroemer et al., 2007). Since then, multiple 

proteins have been proposed to play a role in PTP opening by Ca2+ or ROS challenge, but of 

these, only CypD is regarded as a bona fide component while others remain controversial. 

For example, studies have suggested the outer mitochondrial membrane (OMM) proteins, 

voltage-dependent anion channel (VDAC), peripheral benzodiazepine receptor, hexokinase, 

the IMM proteins, adenine nucleotide translocase (ANT), mitochondrial phosphate carrier, 

and the soluble matrix peptidyl prolyl isomerase F, cyclophilin D (PPIF) (Elrod et al., 2010; 

Kroemer et al., 2007). Recently, the F1Fo ATP synthase was shown to be involved in PTP 

opening (Alavian et al., 2014; Bonora et al., 2013; Giorgio et al., 2013). Additionally, a 

tumor suppressor, p53, was shown to translocate to the mitochondria upon oxidative stress, 
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interact with CypD, and elicit PTP opening (Vaseva et al., 2012). However, genetic 

silencing approaches have only confirmed PPIF as essential for Ca2+-sensitive PTP opening 

(Baines et al., 2005; Nakagawa et al., 2005; Schinzel et al., 2005).

To identify the molecular components of the PTP complex in an unbiased manner, an 

experimental system using HEK293T and HeLa cells was developed in which expression of 

mitochondrial proteins were individually silenced by shRNA and evaluated for Ca2+ and 

ROS-induced PTP opening. Here, we report the identification of SPG7 as a key component 

of Ca2+ and ROS-induced PTP opening in multiple cell types. We further demonstrate that 

the SPG7 KD was able to handle a large number of Ca2+ pulses, similar to PPIF KD, with or 

without oxidant treatment. Our complementary protein-protein interaction studies revealed 

that SPG7 (IMM) recruits CypD (matrix) and VDAC1 (OMM). Importantly, we show that 

SPG7/CypD-dependent PTP opening and the binding of CypD and SPG7 were cyclosporine 

A (CsA) sensitive. SPG7 thus represents a conserved core component that constitutes the 

PTP complex and regulates its function.

RESULTS

Silencing 14 of 128 Mitochondrial Proteins Significantly Enhanced Mitochondrial Ca2+ 

Retention in Human Cells

To search for PTP components, we designed a shRNA based loss-of-function screen for 

Ca2+ and ROS desensitization by measuring [Ca2+]m retention and ΔΨm. A total of 128 

candidates were selected to include transmembrane, previously proposed PTP components, 

and less-studied mitochondrial proteins (Table S1) (Pagliarini et al., 2008; Smith et al., 

2012). Stable knockdown was achieved in HEK293T cells by evaluating three to five 

different lentiviral shRNAs for each candidate gene. The levels of target mRNA reduction in 

the clones selected for further experiments were between 80–90% compared with negative 

shRNA (Neg shRNA) (Table S1). To examine the role of individual target genes in PTP 

opening, a series of 10 µM Ca2+ boluses was delivered to cells in which the plasma 

membrane was permeabilized by digitonin allowing direct access to mitochondria in the 

presence of thapsigargin to exclude ER Ca2+ uptake (Hoffman et al., 2013). A 

spectrofluorometer was used to detect the changes in [Ca2+]m retention and ΔΨm during 

repeated Ca2+ pulses (Ichas et al., 1997; Mallilankaraman et al., 2012b). Upon exposure to 

excessive Ca2+, Neg shRNA expressing 293T cells exhibited rapid ΔΨm collapse due to 

Ca2+-induced PTP opening (Figure 1A and B). This assay confirmed that excessive matrix 

Ca2+ promotes mitochondrial depolarization and dissipation of electrochemical potential 

(Nakagawa et al., 2005; Williams et al., 2013). Puromycin-selected, stably expressing 

shRNA cells were subjected to a similar protocol to measure [Ca2+]m retention and ΔΨm 

simultaneously (Mallilankaraman et al., 2012b). For loss of PTP function, PPIF knockdown 

cells were used as a positive control and showed increased [Ca2+]m retention compared to 

Neg shRNA (~22 pulses versus ~9 pulses) (Figure 1A and 1D). Of the experimental group, 

14 clones (ANT2, PPIF, AFG3L2, SLC25A30, PMPCA, CHCHD3, GBAS, C10orf10, 

C18orf19, C6orf203, SPG7, CCDC58, MAVS and VDAC1) exhibited robust [Ca2+]m 

retention capacity with sustained ΔΨm maintenance suggesting a link between these 

candidates and Ca2+-dependent PTP opening (Figure 1C–1P and Figure S1).
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SPG7, CypD, and VDAC1 Emerge as Putative PTP Components

Besides excessive [Ca2+]m overload, mitochondrial PTP opening is modulated by oxidants 

(Crompton, 1999; Halestrap, 2009). Therefore, we asked whether 14 PTP candidates that 

handled more Ca2+, were also resistant to oxidant sensitization in combination with 

excessive [Ca2+]m while maintaining ΔΨm. To explore the hypothesized inducible interplay 

of PTP opening by Ca2+ and ROS, 293T cells were challenged with hydrogen peroxide 

(H2O2) then assayed for sensitization to Ca2+-induced PTP opening. These permeabilized 

cells were pretreated with H2O2 (8 mM) for 250 s prior to external Ca2+ pulses. We 

compared the PTP phenotype of 14 KD candidates without and with oxidant pretreatment 

and analyzed [Ca2+]m retention and ΔΨm during Ca2+ pulses similar to Figure 1. Neg 

shRNA cells exposed to oxidant pretreatment exhibited rapid Ca2+-potentiated ΔΨm 

depolarization (blue trace) when compared to experiments lacking H2O2 (black trace) 

(Figure 2A, 2P and 2Q). Remarkably, cells lacking SPG7, PPIF, and VDAC1 were 

indifferent to the oxidant pretreatment, handling a similar number of Ca2+ pulses without or 

with oxidant pretreatment (Figure 2C, 2L, 2O, 2P and 2Q). Although GBAS KD cells 

exhibited similar [Ca2+]m retention with or without oxidant pretreatment, the [Ca2+]m 

retention (13 pulses) was lower than PPIF KD cells (20 pulses). Importantly, stable 

knockdowns did not affect mitochondrial morphology with the exception of SPG7 

(elongated) (Figure S2A and 2B). We next asked if the elongated phenotype of SPG7 KD 

contributed to increased [Ca2+]m retention. To test this, we measured [Ca2+]m retention in 

wild-type cells overexpressing mitochondrial fission dominant negative Drp1K38A, known to 

result in elongated mitochondria (Cereghetti et al., 2008; Frank et al., 2001; Smirnova et al., 

2001). As expected Drp1K38A overexpression resulted in elongated mitochondria (Figure 

S2C–2E). However, [Ca2+]m retention was unchanged between wild-type, wild-type + Drp1, 

and wild-type + Drp1K38A (Figure S2F) in contrast to SPG7 KD cells suggesting that 

SPG7’s elongated mitochondrial morphology is not a determinant of PTP opening. 

Collectively, these results indicate that loss of SPG7, PPIF, and VDAC1 alleviated ROS-

sensitized, Ca2+-induced PTP opening.

SPG7 Interacts with PTP Matrix Regulatory Component CypD and OMM Resident VDAC1

Based on results from Ca2+ and ROS-induced PTP opening, we sought to identify proteins 

associated with CypD in the mitochondria. We first generated C-terminal tagged CypD-HA 

and Flag-tagged 13 genes of interest. Individual candidate genes were transiently transfected 

in COS-7 cells, and cell lysates were subjected to immunoprecipitation with HA-antibody. 

Transfection of COS-7 cells with these tagged proteins showed considerable ectopic protein 

expression (Figure S3A, left). The Flag-tagged as well as HA-tagged individual protein cell 

lysates were incubated with antibodies specific for HA to immunoprecipitate the protein 

complexes. HA-tagged CypD protein was immunoprecipitated, while Flag-tagged candidate 

proteins did not pull-down demonstrating antibody specificity (Figure S3A, right). Next, we 

cotransfected PPIF-HA with Flag-tagged 13 candidate proteins in COS-7 cells. Only a 89 

kDa molecular weight SPG7-Flag protein band was observed by immunoprecipitation using 

a HA-antibody in cells cotransfected with PPIF-HA + SPG7-Flag (Figure S3B, top right) 

(Atorino et al., 2003; Casari et al., 1998). Notably, no interaction was seen between CypD 

and ANT2 nor CypD and VDAC1 (Figure S3B, top right).
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To further confirm the interaction between CypD and the putative PTP component SPG7, 

SPG7-HA was cotransfected with the remaining Flag-tagged 13 candidate proteins in COS-7 

cells. As expected, ~20 kDa CypD pulled-down using an antibody specific for HA in cells 

cotransfected with SPG7-HA (Figure S3C, top right). In addition, HA antibody 

immunoprecipitated a known SPG7 binding partner AFG3L2 (Atorino et al., 2003) (Figure 

S3C, top right). VDAC1 was also associated with SPG7 indicating that IMM 

transmembrane protein SPG7 is in close proximity to the OMM (Figure S3C, top right). 

These results show that SPG7 interacts with CypD in the matrix and with VDAC1 possibly 

at IMM and OMM contact sites.

To further explore VDAC1 and SPG7 interaction, we coexpressed VDAC1-HA with Flag-

tagged plasmid constructs in COS-7 cells and immunoprecipitated VDAC1 with anti-HA 

antibodies. The Flag-tagged SPG7 (IMM resident) but not CypD-Flag (matrix resident) was 

immunoprecipitated with VDAC1-HA (OMM resident) (Figure S3D, top right). SLC25A30 

(IMM resident) and GBAS (OMM resident; Figure S3E) also interacted with VDAC1 

(Figure S3D, top right). This reciprocal immunoprecipitation experiment further confirmed 

that VDAC1 interacts with SPG7. These results suggest that IMM SPG7 may interact 

directly with CypD, AFG3L2, and VDAC1, while AFG3L2 interacts only with SPG7. We 

next asked whether SPG7/AFG3L2 association is determinant of SPG7/CypD and SPG7/

VDAC1 interaction. To address this, immunoprecipitation was performed in AFG3L2 KD 

HEK293T cells which were cotransfected with CypD-Flag/SPG7-HA or VDAC1-Flag / 

SPG7-HA. Immunoprecipitation with HA antibodies were able to pull-down both CypD-

Flag and VDAC1-Flag proteins suggesting that SPG7 interaction with CypD and VDAC1 is 

independent of AFG3L2 interaction (Figure S3F). Collectively, these data establish the 

formation of a multimeric PTP complex that is composed of OMM, IMM, and matrix 

components.

Direct Association of SPG7 and CypD in Vivo and in Vitro

To verify that the interaction between SPG7 and CypD occurs in an endogenous condition, 

HeLa cell lysates were subjected to immunoprecipitation with an antibody specific for 

SPG7, and immunoprecipitates were probed with an antibody specific for CypD. Similar to 

ectopic protein-protein interaction data (Figure S3B), binding of endogenous SPG7 and 

CypD was observed (Figure 3A). The endogenous interaction between SPG7 and CypD was 

disrupted by CypD inhibitor, CsA, suggesting direct binding of CypD and SPG7 (Figure 

3A). As a second test for direct interaction between SPG7 and CypD, we incubated purified 

SPG7-GST/CypD, AFG3L2-GST/CypD, GST/CypD, or CypD alone. After in vitro binding, 

glutathione sepharose 4B beads were used to pull-down the complexes. SPG7-GST co-

precipitated CypD, while AFG3L2-GST did not pull-down CypD (Figure 3B). GST alone 

did not interact with CypD suggesting that SPG7 binds directly to CypD.

To determine if the presence of SPG7 alters CypD oligomerization leading to the formation 

of higher molecular weight complexes, size exclusion chromatography was performed. As a 

first step, CypD-HA and SPG7-HA were expressed alone and in combination in COS-7 cells 

(Figure 3C, left). Western blot analysis verified both CypD-HA and SPG7-HA protein 

expression when probed with an antibody specific for HA. Next, lysates from COS-7 cells 
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expressing CypD-HA were subjected to size exclusion separation to identify and quantify 

CypD by molecular weight fraction. As expected, CypD alone eluted around 20 kDa (Figure 

3C, first right). Similarly, SPG7 alone eluted as homodimeric or trimeric forms (Figure 3C, 

second right). Analysis of the eluate fractions by SDS-PAGE revealed coexpressed SPG7 

(~89 kDa) and PPIF (~20 kDa) elute at a high molecular weight of ~670 kDa (Figure 3C, 

third right). Although SPG7 was able to pull-down AFG3L2, we did not observe the CypD-

AFG3L2 interaction (Figure 3B and S3B). To further confirm that AFG3L2 and CypD do 

not form a heterooligomeric complex, lysates from COS-7 cells expressing either AFG3L2-

Flag alone or in a combination of AFG3L2-Flag and CypD-Flag were subjected to size 

exclusion separation to identify and quantify the complex by molecular weight fraction. We 

found that unlike SGP7, AFG3L2 did not elute in the same fractions as CypD (Figure 3C, 

bottom right), further supporting the evidence that CypD directly binds SPG7 and not 

AFG3L2.

To further explore the possibility of direct binding between SPG7 and CypD in a non-

mammalian system, a Yeast-2-Hybrid (Y2H) assay was performed (Figure 3D). Fusion 

proteins of CypD-GAD and full-length SPG7-GBK (FL-SPG7) or truncated SPG7-GBK (t-

SPG7) which lacks transmembrane regions were co-transfected in a yeast strain containing a 

X-α-galactosidase reporter gene (Figure 3E). Since SPG7 is predicted to be a two 

transmembrane domain (2TM) protein, the truncation mutant lacking the N-terminal 

transmembrane domain was predictably necessary, because the Y2H interaction occurs in a 

soluble condition. Western blot analysis confirmed the ectopic expression of both full-length 

as well as t-SPG7 proteins in yeast (Figure 3F). Yeast containing both the CypD-GAD and t-

SPG7-GBK survived on stringent selections and abundant α-gal activity was observed as 

blue colonies confirming SPG7-CypD interactions, while yeast expressing CypD-GAD, FL-

SPG7-GBK, and CypD-GAD + FL-SPG7-GBK failed to thrive (Figure 3G) indicating that 

SPG7 and CypD can interact in a heterologous system. The CypD-GAD and t-SPG7-GBK 

expression in the α-gal positive yeast lysate from CypD-GAD + t-SPG7-GBK was 

confirmed by Western blot analysis (Figure 3H). Taken together, these complementary 

biochemical results revealed that the interaction of SPG7 and CypD exists as a high 

molecular weight complex that is CsA sensitive.

Mapping CypD-SPG7 Interaction: C-terminal SPG7 (CID; aa 701–795) Binds CypD

To identify essential regions of SPG7 for CypD binding, we characterized the interaction 

using two approaches. We first tested a series of C-terminal truncations of SPG7 for their 

ability to interact with CypD in the mitochondrial matrix (Figure 4A). To identify the 

interaction between the SPG7 regions and CypD, we expressed these SPG7-FLAG 

truncation mutants (Δ1, Δ2, Δ3, Δ4, or Δ5) individually or in combination with CypD-HA 

plasmid constructs in COS-7 cells (Figure 4B, left). Immunoprecipitation of CypD-HA 

followed by Western blotting revealed that the Δ5 region, corresponding to the C-terminus 

of SPG7, is determinant of CypD binding (Figure 4B, top right). Since Y2H data revealed 

that loss of the N-terminal transmembrane regions of SPG7 is not determinant of CypD 

binding (Figure 3G), we performed protein-protein interaction prediction analysis with a 

series of soluble C-terminal SPG7 fragment constructs selected for their ability to bind to 

CypD and induce α-gal activity (Figure 4C). The expression of PPIF-GAD and truncated 

Shanmughapriya et al. Page 6

Mol Cell. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SPG7-GBK (t-SPG7), Δ1 t-SPG7, Δ2 t-SPG7, Δ3 t-SPG7 constructs in transformed yeast 

were verified by Western blot analysis (Figure 4D). Yeast containing both the PPIF and t-

SPG7, Δ1 t-SPG7, Δ2 t-SPG7 constructs survived on stringent selection and produced 

abundant α-gal, while yeast expressing CypD and Δ3 t-SPG7 did not survive (Figure 4E) 

indicating that SPG7 and CypD interaction is determined by the SPG7 C-terminal region 

(701–795 aa). Together, these results show that the C-terminus of SPG7, named here as 

CypD interacting domain (CID) is a determinant of CypD-dependent PTP activity.

SPG7 Proteolytic Activity is Dispensable for PTP Activity

SPG7 was originally characterized as a nuclear-encoded mitochondrial metalloprotease (m-

AAA), and mutations in SPG7 result in a neurodegenerative disorder, hereditary spastic 

paraplegia (HSP) (Casari et al., 1998). The SPG7 protease activity maintains protein quality 

control in the IMM mitochondrial membrane compartment (Nolden et al., 2005; Rugarli and 

Langer, 2006). Since our biochemical and functional data indicated a role for PTP function, 

we next examined whether SPG7 proteolytic activity is necessary for CypD interaction and 

[Ca2+]m retention. Because SPG7 is a metalloprotease, we generated two SPG7 Zn2+ 

binding domain (proteolytic center) mutant constructs, a disease-associated mutation 

(G577S; Mut1) and Zn2+ binding conserved amino acid triple mutation (H574G, E575G, 

G577S; Mut2) (Figure 4F and 4I and Figure S4). To investigate whether protease function is 

necessary for interaction between SPG7 and CypD, Y2H assay was performed. In the Y2H 

assay, both SPG7 mutants exhibited interaction with CypD (Figure 4G and 4H). To further 

explore the interaction between the CypD and SPG7 mutants, COS-7 cells were 

cotransfected with PPIF-HA/SPG7-Flag, PPIF-HA/SPG7G577A-Flag (Mut1) or PPIF-HA/

SPG7H574G, E574G, G577A-Flag (Mut2) and immunoprecipitated with HA antibodies (Figure 

4I and 4J). Flag-tagged, full-length, Mut1 and Mut2 SPG7 were detected in the 

immunoprecipitates of CypD-HA suggesting that the proteolytic function of SPG7 is not 

required for SPG7/CypD binding (Figure 4J). We next investigated whether the loss of 

function proteolytic mutation increased [Ca2+]m retention. Wild-type 293T cells stably 

expressing SPG7 Mut2 were permeabilized and subjected to Ca2+ pulses (Figure 4K). Cells 

expressing SPG7 Mut2 protein were unable to enhance [Ca2+]m retention indicating that the 

functional proteolytic domain is not essential for the SPG7 role in PTP activity.

Interaction of CypD, SPG7 and VDAC1 Forms PTP Complex at the OMM and IMM Contact 
Site

Having observed CsA-sensitive interaction between SPG7 and CypD in an endogenous 

system, to further analyze whether the interaction between SPG7 and CypD is inhibited by 

CsA, we ectopically expressed Flag-tagged SPG7 with HA-tagged PPIF in COS-7 cells and 

immunoprecipitated with or without CsA using anti-HA antibodies. SPG7/CypD interaction 

was significantly reduced by CsA (Figure 5A). CsA binding residues of CypD (R97G, 

S101A, Q105A, G114V, N144G, I159H, and W163G) are highly conserved among species 

(Figure S5A), and therefore to further establish that the CsA binding site is determinant of 

SPG7 binding, we systematically substituted these seven residues, and protein-protein 

interaction and [Ca2+]m retention were examined. Immunoprecipitation of SPG7-HA pulled-

down wild-type CypD but not CypD-ΔCsA which revealed that the CsA binding region is 

determinant of SPG7 binding in the mitochondrial matrix (Figure 5B). As expected size 

Shanmughapriya et al. Page 7

Mol Cell. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exclusion analysis revealed that SPG7 and CypD-ΔCsA failed to form heterooligomeric 

complexes (Figure 5C, bottom). We next examined whether CypD-ΔCsA overexpression 

increased [Ca2+]m retention. Wild-type HEK293T cells stably expressing CypD-ΔCsA were 

permeabilized and subjected to Ca2+ pulses (Figure S5B and Figure 5D and 5E) which 

showed enhanced [Ca2+]m retention indicating that the CypD-ΔCsA domain is essential for 

the PTP activity and that CypD may function as an oligomer. To explore the possibility of 

CypD oligomerization, we designed a protein-protein interaction assay using CypD-HA and 

CypD-ΔCsA-Flag constructs in COS-7 cells. Co-immunoprecipitation of CypD-HA with 

HA antibody was able to pull-down CypD-ΔCsA-Flag suggesting that CypD and CypD-

ΔCsA form oligomeric complexes though the latter lacks CsA binding property (Figure 

S5C). Because expression of PPIF-ΔCsA in wild-type cells increased [Ca2+]m retention 

capacity (Figure 5D and Figure 5E), it is plausible that oligomerization of CypD determines 

SPG7 interaction. Therefore to determine if CypD regulation of SPG7 is dependent upon the 

CsA binding site, 293T cells expressing CypD-ΔCsA-Flag were subjected to 

immunoprecipitation with an antibody specific for SPG7. As expected, an antibody specific 

for SPG7 was able to pull-down endogenous CypD in control but was markedly decreased 

in CypD-ΔCsA indicating that CypD-ΔCsA is a determinant of SPG7 binding (Figure S5D).

Because the PTP is postulated as a multimeric protein complex comprised of both IMM and 

OMM components (Figure S3) (Kroemer et al., 2007), we hypothesized that the 

intermembrane space (IMS) region of SPG7 binds to VDAC1. To test this, a series of SPG7 

IMS mutations were generated based on protein-protein interaction prediction using ISIS 

method of PredictProtein. Flag-tagged SPG7 IMS mutant plasmid constructs (ΔS1, ΔS2, or 

ΔS3,) were cotransfected with HA-tagged full-length VDAC1 in COS-7 cells (Figure 5F). 

Following immunoprecipitation with an antibody specific for HA, samples were probed with 

Flag antibody. While full-length SPG7 (FL-SPG7) and ΔS2-SPG7 showed strong interaction 

with VDAC1, ΔS1 and ΔS3 failed to bind VDAC1, suggesting that the ΔS1 and ΔS3 regions 

of SPG7, corresponding to the IMS region, are determinant of interaction with VDAC1 

(Figure 5G). Because VDAC1-SPG7-CypD form the Ca2+-induced PTP, we next examined 

whether SPG7 and VDAC1 FPLC profiling was consistent with SPG7 and VDAC1 forming 

a complex (Figure 5H, bottom) independently of SPG7/CypD. To address this, 

immunoprecipitation was performed in PPIF KD cells as well as with CsA pretreated 

HEK293T cells. Immunoprecipitation with HA antibodies was able to pull-down VDAC1-

Flag proteins suggesting that SPG7 interaction with VDAC1 is not dependent upon CypD 

interaction (Figure S5E). We also examined the [Ca2+]m retention capacity in HEK293T 

cells expressing either full-length SPG7 (FL-SPG7) or ΔS1-SPG7 and ΔS2-SPG7 (Figure 

5I). We found that ΔS1-SPG7 but not FL-SPG7 or ΔS2-SPG7 mutant exhibited increased 

[Ca2+]m retention capacity (Figure 5J–5L). Together, these results indicate that the matrix 

and IMS regions of SPG7 are required for CypD and VDAC1 interactions that assemble the 

mitochondrial PTP complex.

SPG7 and CypD are Required for Ca2+ Overload and ROS-Induced PTP Opening, 
Mitochondrial Dysfunction, and Cell Death

The MPT is induced following [Ca2+]m accumulation and ROS overproduction (Crompton, 

1999). Since CsA-sensitivity is PPIF dependent, we next explored whether CsA sensitivity 
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occurs in SPG7 KD mitochondria. When permeabilized 293T Neg shRNA cells were 

pretreated with CsA (5 µM) and then exposed to Ca2+ pulses, augmented CsA-dependent 

[Ca2+]m retention was observed (Figure 6A). Remarkably, CsA-dependent [Ca2+]m retention 

was similar in both SPG7 KD and PPIF KD without or with CsA pretreatment (Figure 6B 

and 6C). To ascertain whether mitochondrial integrity was maintained following long 

duration of Ca2+ pulsing, we monitored the ΔΨm and Ca2+ handling in SPG7 and PPIF KD 

cells without or with Ru360 (Shanmughapriya et al., 2015). Since mitochondrial Ca2+ 

overload is mediated by the MCU complex, following boluses of Ca2+ pulses, we delivered 

Ru360 which blocks the MCU-dependent Ca2+ uptake (Figure 6D–6F). Our results indicated 

that SPG7 KD or PPIF KD ΔΨm was immediately restored through inhibition of MCU-

mediated Ca2+ influx demonstrating that the OMM is intact. Importantly, knockdown of 

either SPG7 or PPIF did not alter mitochondrial Ca2+ flux components (Figure S6A–S6C), 

however SPG7 KD demonstrated enhanced mitochondrial bioenergetics (NADH/NAD+ 

ratio, ATP and oxygen consumption rate; OCR) (Figure S6D–S6I). To test whether the 

normalization of OCR abrogated PTP inhibition in SPG7 KD, cells were challenged with 

antimycin A (5 nM) for 30 minutes. OCR measurements revealed that both basal and 

maximal OCR were similar to Neg shRNA (Figure S6J–6L). After normalization of 

bioenergetics, we next investigated the [Ca2+]m retention in SPG7 KD cells. These results 

revealed that normalization of bioenergetics in SPG7 KD cells did not alter [Ca2+]m 

retention (Figure S6M and S6N) suggesting that SPG7 participates in the PTP complex.

To further investigate the role of SPG7 in PTP opening and mitochondrial dysfunction, we 

tested mitochondrial swelling as an indicator of PTP opening. Mitochondria isolated from 

Neg shRNA, SPG7 KD, and PPIF KD HeLa cells were subjected to mitochondrial swelling/

permeability transition induction by Ca2+ and/or t-butyl hydroperoxide. Mitochondria from 

SPG7 and PPIF KD cells were resistant to both Ca2+ and/or t-butyl hydroperoxide-induced 

swelling, indicating that SPG7 and CypD are necessary for PTP opening (Figure 6G–6I). 

Because opening of the PTP uncouples the electron transport chain, leading to dissipation of 

the ΔΨm across the IMM, we tested whether Ca2+ or H2O2-induced PTP opening and ΔΨm 

loss are SPG7-dependent in intact cells. To assess the role of SPG7 in Ca2+ overload and 

ROS-induced ΔΨm dissipation, we used cationic indicator, tetramethylrhodamine ethyl ester 

(TMRE), which accumulates in healthy mitochondria, and upon ΔΨm dissipation, 

mitochondrial-localized TMRE is rapidly lost. Neg shRNA HeLa cells exposed to both 

ionomycin and H2O2 exhibited a significant loss of ΔΨm (Figure 6J and 6K). In contrast, 

ΔΨm was unaffected after exposure to ionomycin and H2O2 in SPG7 KD and PPIF KD cells 

(Figure 6J and 6K). The oxidant and Ca2+ overload-induced ΔΨm dissipation was CsA-

sensitive as CsA pretreatment significantly prevented this event (Figure 6J and 6K). To 

further support these results, we examined PTP opening in intact cells using confocal calcein 

quenching analysis in which upon PTP opening, mitochondrial calcein fluorescence 

becomes quenched by cobalt chloride (CoCl2) entering the matrix. Neg shRNA cells treated 

with ionomycin or H2O2 were unable to sustain calcein fluorescence in the mitochondria, 

while calcein quenching was significantly inhibited in cells lacking SPG7 and CypD (Figure 

6L and 6M). Taken together, these findings reveal that SPG7 is an essential component of 

the PTP complex that promotes Ca2+- and ROS-induced PTP opening.
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Although mitochondria play a central role in apoptosis through OMM permeabilization and 

subsequent release of intermembrane space apoptogens (Tait and Green, 2010), Ca2+ 

overload and ROS-induced necrosis that result from PTP opening are independent of OMM 

permeabilization. To further confirm the significance of SPG7 and CypD in Ca2+-overload 

and ROS-induced necrosis, HeLa Neg shRNA, SPG7KD, and PPIF KD mitochondria were 

treated with Ca2+ (200 µM) or pro-apoptotic protein, tBid (truncated Bid; 10 nM), for 10 

minutes. Both mitochondrial pellet and the supernatant were evaluated for cytochrome c 

release by Western blot analysis. Cytochrome c release from the tBid permeated 

mitochondria were similar in Neg shRNA, SPG7 KD, and PPIF KD cells but was prevented 

in Bax−/−Bak−/− double knockout MEFs (Figure S7A). These results revealed that both 

SPG7 and CypD are not involved in tBid-induced Bax/Bak-dependent OMM 

permeabilization. To further support the role of SPG7 in Ca2+ overload and ROS-induced 

cell death, cells were exposed to ionomycin (25 µM) or H2O2 (0.8 mM) in the absence or 

presence of CsA (5 µM) for 6 hrs. Consistent with the preservation of mitochondrial 

function (Figure S6 and Figure 6D–M), ATP levels were significantly decreased in Neg 

shRNA but not in SPG7 or PPIF KD cells (Figure S7B). We also examined whether SPG7 

and PPIF KD cells were resistant to cell death following ionomycin or H2O2 challenge. In 

support, necrotic cell death occurred only in the Neg shRNA cells but not in the SPG7 KD 

and PPIF KD cells (Figure S7C and S7D). Analysis of necrotic cells indicated that both 

ionomycin and H2O2-mediated cell death are CsA sensitive (Figure S7D).

To further support the role of SPG7 in PTP complex formation and oxidative-stress-induced 

cell death, we used primary neonatal rat ventricular cardiomyocytes (NRVMs). To verify 

loss of PTP function, NRVMs were transfected with siRNAs for SPG7 and PPIF and mRNA 

and protein abundance were measured (Figure S7E–S7G). After RNAi-mediated 

knockdown, permeabilized NRVMs were analyzed for [Ca2+]m retention. Consistent with 

293T and HeLa cells, increased [Ca2+]m retention was observed in SPG7 and PPIF 

knockdown NRVMs (Figure S7H–7J). We next tested whether knockdown of SPG7 

prevents Ca2+ overload and oxidative stress-induced mitochondrial PTP opening and cell 

death. Similar to HeLa cells, calcein quenching was seen in scrambled siRNA but not in 

SPG7 or PPIF KD NRVMs (Figure S7K and S7L). Since SPG7 and PPIF KD NRVMs 

exhibited reduced PTP opening, possible mitigation of ionomycin and H2O2-induced cell 

death was examined. Control siRNA NRVMs treated with ionomycin or H2O2 exhibited 

marked cell death (Figure S7M and S7N), however knockdown of SPG7 and PPIF 

significantly prevented ionomycin or H2O2-induced cell death (Figure S7M and S7N).

Finally, to confirm the SPG7 role as a PTP component, SPG7 KO 293T cells were generated 

by CRISPR-Cas9 mediated gene targeting (Figure 7A, and 7B). Similar to shRNA 

knockdown cells, SPG7 KO 293T cells robustly handled numerous Ca2+ pulses with 

sustained ΔΨm (Figure 7C and 7D). To further confirm the role of SPG7 as a PTP 

component, proteolytic dead mutant SPG7 (SPG7 Mut2) was reconstituted in SPG7 KO 

cells (Figure 7E). Stable expression of SPG7 Mut2 in SPG7 KO cells rescued the PTP 

phenotype indicating that proteolytic activity is dispensable for PTP activity (Figure 7F). 

Similar to SPG7 KD cells, SPG7 KO 293T cells were resistant to both ionomycin and H2O2-
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mediated cell death (Figure 7G). Together, these results demonstrate the role of SPG7 in 

mitochondrial Ca2+ retention, PTP opening, and cell death.

DISUCSSION

Biochemical and genetic studies revealed that PTP opening is dependent on the 

mitochondrial matrix resident protein CypD (Baines et al., 2005; Basso et al., 2005; 

Nakagawa et al., 2005; Schinzel et al., 2005; Tanveer et al., 1996). Loss of CypD exhibited 

enhanced [Ca2+]m retention and protection from Ca2+ and ROS-induced mitochondrial 

dysfunction and necrosis. On the basis of these evidences, we conducted both functional and 

physical interaction studies which further confirmed that CypD is necessary for Ca2+ and 

ROS-induced PTP opening. Our protein-protein interaction studies revealed that CypD 

directly interacts with SPG7, and not the previously proposed PTP components, VDAC1 

and ANT2 (Vaseva et al., 2012).

Prior to these findings, SPG7 was described as a mitochondrial AAA protease that forms 

heterooligomers with a structurally similar metalloprotease, AFG3L2, that is also 

responsible for assembling ribosomes and eliminating non-functional proteins in the 

mitochondria (Koppen et al., 2007). When SPG7 is mutated, improper m-AAA protease 

complex formation results in defective protein quality control, impaired mitochondrial 

function, and diminished nerve cell signaling causing a challenging human disease, spastic 

paraplegia (Rugarli and Langer, 2006). However, AFG3L2 alone has been demonstrated 

sufficient for metalloprotease function by forming homo-oligomers or alternative hetero-

oligomers (Koppen et al., 2007). By choosing non-neuronal alternative cell types and a 

knockdown approach, we were able to separate SPG7’s known role as a protease to examine 

the participation of SPG7 in PTP opening. In fact, throughout our experiments, loss of SPG7 

yielded mitochondrial performance that could best be described as enhanced and robust 

(Figure S6). Additionally, the dual roles of SPG7, that of the metalloprotease and as a PTP 

component were shown to be independent as loss of heteromeric complex partner, AFG3L2 

KD shows less [Ca2+]m retention than SPG7 KD cells (Figure 1). Hence, while AFG3L2 

withstood 16 extramitochondrial Ca2+ pulses, the observation that SPG7 KD cells handled 

~22 Ca2+ pulses was likely attributable to SPG7’s previously undescribed PTP function.

While the interactions of SPG7/CypD, SPG7/AFG3L2, SPG7/VDAC1, and VDAC1/GBAS 

suggest the existence of a PTP supercomplex, we hypothesize that only two interactions 

(SPG7/CypD and SPG7/VDAC1) are likely to be relevant to PTP opening. Our data 

strongly support SPG7 and CypD forming a complex between the IMM and matrix. 

However, overexpression of SPG7 in control cells did not increase mitochondria 

susceptibility to Ca2+-induced PTP opening (unpublished observation). Additionally, 

VDAC1 interaction with SPG7 is likely important as VDAC’s non-selective channel 

function at the OMM would greatly influence IMM PTP opening, because VDACs are the 

main non-selective proteins critical for transporting ions and solutes across the OMM 

(Colombini, 2012; Hiller et al., 2008). Surprisingly, VDAC1 associated with SPG7 and 

demonstrated protection from mitochondrial Ca2+ overload (Figure 1 and Figure S3). It is 

also consistent with previous studies that CypD does not interact directly with VDAC1 or 
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ANT (Vaseva et al., 2012), however VDAC1 is a component of a CypD/SPG7/VDAC1 PTP 

complex.

Three VDAC isoforms exist in mammals, and many previous studies have focused on this 

OMM non-selective anion channel in the context of cell death. VDAC1/VDAC3 knockout 

mice are viable, but mitochondrial functional abnormalities were observed (Anflous et al., 

2001). Intriguingly, deletion of VDAC2 resulted in embryonic lethality, and VDAC2 null 

cells are hyper-sensitive to intrinsic apoptotic cell death (Cheng et al., 2003). Moreover, 

Ca2+ and ROS-induced PTP-dependent cell death were indistinguishable between wild-type 

and a combination of double or triple deletion of VDAC isoforms (Baines et al., 2007). 

Remarkably, double knockout of VDAC1/VDAC3 in mice is associated with learning 

impairments and deficits in short-and long-term synaptic plasticity (Weeber et al., 2002). 

Genetic ablation of SPG7 resulted in spasticity of lower limbs, abnormal axons and 

dendrites which are shorter in length, brisk reflexes, cognitive dysfunction, muscle 

weakness, and bladder disturbances in aged mice (Ferreirinha et al., 2004). Interestingly, 

deletion of PPIF did not offer any distinguishable phenotype in young mice (12 weeks) 

(Baines et al., 2005). However, in aged mice, obesity, behavioral defects and memory 

impairment were observed (Luvisetto et al., 2008; Mouri et al., 2010). These animals’ 

cumulative neurological phenotypes suggest a physiological role for PTP complex and loss 

of function could lead to pathological symptoms such as Alzheimer’s disease, ischemia and 

multiple sclerosis. Our findings not only reveal the PTP complex molecular identity but also 

contribute understanding to physiological role of PTP complex and therapeutic strategy for 

the degenerative disorders. Although the precise phenotype of PTP is unknown, we 

speculate that CypD, SPG7, and VDAC1 are core components residing in the matrix, IMM, 

and OMM, respectively. Since PTP activity is modulated by both Ca2+ and ROS, CypD may 

participate in a Ca2+ and ROS-sensitive mechanism, while PTP core components, SPG7 and 

VDAC1, could be modulated by various signals.

In summary, our cellular, biochemical, and genetic experimental findings suggest the 

existence of a PTP integral junction in which several proteins determine [Ca2+]m overload-

dependent PTP opening. The mitochondrial IMM and matrix harbor SPG7 and CypD which 

are essential for PTP opening. SPG7 is a core component of the PTP which not only 

interacts with matrix protein CypD but also with the OMM channel VDAC1 at OMM/IMM 

contact sites. Although questions remain, the identification of the PTP complex will permit 

manipulation of these structures in vitro and in vivo to rigorously investigate SPG7-

dependent PTP function in health and disease.

EXPERIMENTAL PROCEDURES

Additional information regarding primary NRVMs, HEK293T, HeLa, and COS-7 cultures, 

plasmids, buffers, antibodies, primer sequences, sample preparation, cell permeabilization 

and detailed procedures are provided in the Extended Experimental Procedures.

Primary Cell Isolation and Cell Cultures

HEK293T, HeLa and COS-7 were obtained from ATCC and maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% FBS, and penicillin/
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streptomycin. NRVMs were cultured in Ham’s F-10 supplemented with 5% fetal bovine 

serum (FBS) and penicillin/streptomycin. Details can be found in Extended Experimental 

Procedures.

Generation of Stable shRNA Knockdown Cell Lines

HEK293T and HeLa (5 × 105 per well) were infected with lentivirus expressing short 

hairpin RNA (for knockdown experiments). 48 hr post-infection, cells were selected with 

puromycin (2 µg/ml) for 10 days. Details can be found in Extended Experimental 

Procedures.

Ca2+ Uptake and ΔΨm Measurement in Permeabilized Cell System

The simultaneous measurement of ΔΨm and extramitochondrial Ca2+ ([Ca2+]out) clearance 

as an indicator of [Ca2+]m retention was achieved as described previously (Mallilankaraman 

et al., 2012a; Mallilankaraman et al., 2012b). A series of Ca2+ boluses (10 µM) and 

mitochondrial uncoupler, CCCP (2 µM), were added at the indicated time points.

Size Exclusion Chromatographic Analysis of PTP Complex

Gel filtration was performed at 4°C by fast protein liquid chromatography (ÄKTA Pure 

FPLC; GE Healthcare), and the Superdex-200 Increase 10/300 GL column was equilibrated 

with PBS. Column calibration was carried out with a gel filtration protein standards kit (Bio-

Rad) (Park et al., 2009). Cell lysates were directly loaded onto the column and fractions 

were collected at a flow rate of 0.5 ml/min.

Mitochondrial Isolation and Swelling Assay

HeLa cell mitochondria were isolated as described previously (Hoffman et al., 2013). 

Isolated mitochondria were subjected to swelling assay. Mitochondrial swelling was 

measured by decrease in absorbance at 540 nm after addition of Ca2+ (250 µM) or t-BH (100 

µM) (Tecan) (Riley and Pfeiffer, 1985). Details can be found in Extended Experimental 

Procedures.

NADH/NAD+ Measurement

Neg shRNA, SPG7 and PPIF KD 293T cells were transiently transfected with NADH-

NAD+ redox sensor, peredox m-cherry (Hung et al., 2011). Confocal images were acquired 

at 405 nm and 561 nm excitation every 3s using Carl Zeiss 710 Meta NLO.

Statistical Analyses

Data from multiple experiments were quantified and expressed as Mean ± SE., and 

differences between groups were analyzed by using two-tailed paired Student’s t-test or, 

when not normally distributed, a nonparametric Mann-Whitney U test. Differences in means 

among multiple data sets were analyzed using 1-way ANOVA with the Kruskal-Wallis test, 

followed by pairwise comparison using the Dunn test. P value less than 0.05 was considered 

significant in all analysis. The data were computed either with Graphpad Prism version 6.0 

or SigmaPlot 11.0 Software.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of the Molecular Identity of Mitochondrial Ca2+-Induced PTP 
Opening
(A) HEK293T cells stably expressing lentiviral Neg shRNA or shRNA against 128 

mitochondrial PTP candidate genes. X-axis numbers represent one PTP candidate 

knockdown (KD) (see Table S1). Bars represent quantification of the number of [Ca2+]out 

pulses (10 µM) handled by the mitochondria ([Ca2+]m retention) before collapsing ΔΨm. 

Mean ± SEM.; n=3–4. See also Figure S1.

(B) Representative traces of [Ca2+]out clearance (purple) and ΔΨm (orange). 293T cells 

stably expressing negative shRNA (control). n=6. See also Figure S1.
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(C–P) Representative traces of [Ca2+]out clearance (purple) and ΔΨm (orange). 293T cells 

stably knockdown for PTP candidates sequestered between 14–25 Ca2+ pulses (10 µM) 

before ΔΨm depolarization. n=3–4. See also Figure S1 and Table S1.
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Figure 2. Silencing of SPG7, PPIF, and VDAC1 Prevents Oxidant-Dependent PTP Sensitization
(A–O) Representative traces of [Ca2+]out clearance with or without H2O2 (8 mM) 

pretreatment at 250 seconds. [Ca2+]out pulses and CCCP were delivered as indicated. 293T 

cells stably expressing Neg shRNA handled nine Ca2+ pulses (10 µM) without H2O2 

pretreatment (black) and three pulses with H2O2 pretreatment (blue). A similar protocol was 

applied for 14 PTP candidates. n=3–4.

(P) Quantification of number of Ca2+ pulses handled in PTP candidate 293T KD cells with 

(blue) or without H2O2 (black). Mean ± SEM.; n=3–4.
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(Q) Bar graph illustrates [Ca2+]m retention ratio (R(H2O2+Ca2+)/Ca2+). Mean ± SEM.; n=3–

4. See also Figure S2.
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Figure 3. SPG7 Directly Binds CypD
(A) HeLa cell lysate was pretreated with or without CsA (CsA; 5 µM) and 

immunoprecipitated with SPG7 antibody. IgG was used as a negative control. Inputs (left) 

and immunoprecipitates (right) were probed with antibodies specific for SPG7 (bottom) and 

CypD (top). n=5.

(B) Western blot analysis of GST-pull down assays performed using purified CypD and 

GST, SPG7-GST, and AFG3L2-GST. GST protein was used as negative control. Inputs 
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(left) and glutathione sepharose-4B beads pull-down samples (right) were probed with 

antibodies specific for GST (bottom) and CypD (top). n=4.

(C) COS-7 cells expressing CypD-HA, SPG7-HA or CypD-HA and SPG7-HA were lysed, 

and cell lysates were probed with antibodies specific for HA (left). These cell lysates were 

separated on a Superdex column, and fractions were immunoblotted with HA antibody 

(right). COS-7 cells expressing AFG3L2-Flag or AFG3L2-Flag and CypD-Flag were lysed, 

and cell lysates were fractionated and immunoblotted with Flag antibody. The bottom left 

panel indicates the coexpression of CypD-Flag and AFG3L2-Flag. n=3.

(D) Schematic of yeast two-hybrid assay for SPG7 and CypD interaction.

(E) Full-length SPG7 with its functional domains (FL-SPG7;top) and truncated SPG7 

lacking N-terminal region (t-SPG7-(Δ270 aa); bottom).

(F) Western blot analysis of yeast lysates expressing Myc-tagged Full-length SPG7 (FL-

SPG7) and Myc-tagged t-SPG7. n=3.

(G) Full-length SPG7 and t-SPG7 were subcloned into GBK vector as bait, and PPIF was 

cloned into a GAD vector as prey. Upon interaction, yeast expressing GBK-tSPG7/GAD-

CypD activated X-α-gal and produced blue colonies (triplicates). GBK-FL-SPG7, GAD-

CypD, pGBK-FL-SPG7/pGAD-CypD were negative for X-α-gal. n=3.

(H) Western blot analysis of lysates prepared from X-α-gal activation-positive t-

SPG7+CypD yeast cells in panel G were immunoblotted for HA (left) and Myc (right). n=3. 

See also Figure S3.
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Figure 4. SPG7 C-Terminus Interacts with CypD, and the SPG7 Proteolytic Activity is 
Dispensable for SPG7-CypD PTP function
(A) Full-length SPG7 with its functional domains (FL-SPG7) and truncated SPG7 (Δ1-Δ5-

SPG7).

(B) Cell lysates (left) or immunoprecipitated material (right) from COS-7 cells expressing 

CypD-HA/SPG7-Flag or CypD-HA/Δ1–5-SPG7-Flag and immunoblotted for Flag (Top) 

and HA (Bottom). n=3.

(C) t-SPG7 with its functional domains and truncated t-SPG7 (Δ1-Δ3 t-SPG7) for Y2H 

assay.
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(D) Lysates from yeast cells co-expressing CypD-HA/t-SPG7-Myc or CypD-HA/Δ1–3 

tSPG7-Myc and immunoblotted for Myc (Top) and HA (Bottom). n=3.

(E) As in Figure 3G, yeast were transformed with GBK-t-SPG7/GAD-PPIF and GBK-Δ1–

3t–SPG7/GAD-PPIF and subjected to selection. X-α-gal activation was shown as triplicate 

blue colonies. GBK-Δ3 t-SPG7/GAD-CypD was negative for X-α-gal. n=3.

(F) t-SPG7 (top) and t-SPG7 proteolytic domain mutants (Mut1 and Mut2 t-SPG7; bottom).

(G) Lysates from yeast cells coexpressing CypD-HA + t-SPG7-Myc, t-SPG7Mut1-Myc, or 

t-SPG7 Mut2-Myc were immunoblotted for Myc (left) and HA (right). n=3.

(H) As in Figure 3G, yeast were transformed with GBK-t-SPG7/GAD-PPIF, GBK-t-

SPG7Mut1/GAD-PPIF and GBK-t-SPG7Mut2/GAD-PPIF and subjected to selection. X-α-

gal activation was shown as triplicate blue colonies. n=3.

(I) Full-length SPG7 (top) and proteolytic domain mutants (Mut1 and Mut2 FL-SPG7; 

bottom).

(J) Cell lysates (left) or immunoprecipitated material (right) from COS-7 cells expressing 

CypD-HA + FL-SPG7-Flag, SPG7 Mut1-Flag, or SPG7 Mut2-Flag were immunoblotted for 

Flag (Top) and HA (Bottom). n=4.

(K) Similar to Figure 1B, representative traces of [Ca2+]out clearance (black) and ΔΨm 

(blue). 293T wild-type (top), SPG7 KD (middle) or wild-type cells stably expressing SPG7 

Mut2 (bottom). n=3. See also Figure S4.
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Figure 5. Interaction of CypD, SPG7 and VDAC1 Forms the PTP Complex at OMM and IMM 
Contact Site
(A) Western blots of cell lysates (left) or immunoprecipitated material (right) from COS-7 

cells expressing HA-tagged CypD and/or Flag-tagged SPG7. COS-7 cell lysates were 

pretreated with CsA (5 µM), immunoprecipitated with HA antibody, and immunoblotted for 

Flag (top) or HA (bottom). (n = 4).
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(B) Western blots of cell lysates (left) or immunoprecipitated material (right) from COS-7 

cells expressing HA-tagged SPG7, Flag-CypD wild-type, and Flag-CypD-ΔCsA. HA-

immunoprecipitated material was immunoblotted for Flag (top) or HA (bottom). (n = 3).

(C) COS-7 cells expressing CypD-ΔCsA-Flag (top) or CypD-ΔCsA-Flag and SPG7-Flag 

(bottom) were lysed, gel filtration column fractions were immunoblotted with Flag 

antibodies. n=3.

(D and E) Similar to Figure 1B, representative traces of [Ca2+]out clearance (orange) and 

ΔΨm (brown). 293T wild-type (top) or wild-type cells stably expressing CypD-ΔCSA 

(bottom). n=3.

(F) Schematic of full-length SPG7 with its functional domains (FL-SPG7). Mutations in FL-

SPG7 are highlighted in red (ΔS1, ΔS2, ΔS3).

(G) Western blots of cell lysates (left) or immunoprecipitated material (right) from COS-7 

cells expressing SPG7-Flag, VDAC1-HA, and ΔS1-ΔS3-Flag. HA antibody co-

immunoprecipitated FL-SPG7-Flag and ΔS2-Flag with VDAC1-HA. n=3.

(H) COS-7 cells expressing VDAC1-HA (top) or coexpressing VDAC1-HA and SPG7-HA 

(bottom) were lysed, and gel filtration column fractions were immunoblotted with HA 

antibodies. n=3.

(I) Western blot analysis of 293T wild-type or wild-type cells stably expressing ΔS1-SPG7-

Flag and ΔS2-SPG7-Flag.

(J–L) Similar to Figure 1B, representative traces of [Ca2+]out clearance (blue) and ΔΨm 

(black). 293T wild-type (J), wild-type cells stably expressing ΔS1-SPG7-Flag (K) or ΔS2-

SPG7-Flag (K). n=3. See also Figure S5.
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Figure 6. Ca2+ and Oxidant-Induced PTP Opening is a SPG7/PPIF-Dependent Process
(A–C) Representative traces of [Ca2+]out clearance with (blue) or without CSA (pink) (5 

µM) pretreatment at 250 seconds. [Ca2+]out pulses and CCCP were delivered as indicated. 

n=3.

(D–F) Mitochondrial membrane integrity in Neg shRNA, SPG7 KD and PPIF KD cells. 

Permeabilized cells were then challenged with 10 µM Ca2+ bolus pulses after 500 s. Then, 

MCU blocker Ru360 (1 µM) and CCCP (3 µM) were added as indicated. n=3.
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(G–I) Isolated mitochondria from Neg shRNA, SPG7 KD and PPIF KD cells were 

incubated with Ca2+ (250 µM) or t-butyl hydroperoxide (100 µM), and mitochondrial 

swelling was measured at 540 nm. The mean value traces were plotted with a polynomial fit. 

n=3–6.

(J) Neg shRNA, SPG7 KD and PPIF KD cells were pretreated with DMSO or CsA (5 µM) 

for 30 min prior to ionomycin (25 µM; 6 hrs) and H2O2 (0.8 mM; 6 hrs) treatment. ΔΨm was 

measured using TMRE as an indicator.

(K) Quantification of mitochondrial TMRE fluorescence. Mean ± SEM; **p<0.01, 

***p<0.001, n=3–4.

(L) Calcein quenching assay was performed to assess the PTP opening following Ca2+ 

overload and oxidative stress. Neg shRNA, SPG7 KD and PPIF KD cells were treated as in 

J. Calcein fluorescence was measured by confocal microscopy.

(M) Quantification of mitochondrial calcein fluorescence. Mean ± SEM; **p<0.01, 

***p<0.001, n=3–4. See also Figures S6 and S7.
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Figure 7. CRISPR/Cas9-Mediated spg7 Knockout Mitochondria Retained High [Ca2+]m and are 
Resistant to Cell Death
(A) Genotyping strategy for CRISPR/Cas9-Mediated spg7 KO in HEK293T cells.

(B) Representative agarose gel image depicts the predicted targeting PCR products.

(C and D) Representative traces of [Ca2+]out clearance (magenta) and ΔΨm (green) of wild-

type (left) and spg7 knockout 293T cells (right).

(E) Western blot depicts the reconstitution of SPG7 Mut2 in spg7 knockout 293T cells.
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(F) Representative trace of spg7 knockout 293T cells expressing SPG7 proteolytic domain 

mutant2 (SPG7 Mut2). n=3.

(G) Quantification of cell death as PI positive cells. Mean ± SEM; *p<0.05, ***p<0.001, ns, 

not significant. n=3–4. See also Figures S7.
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