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processing independent of HSPD1

Nelson Yeung,1 Daisuke Murata,1 Miho Iijima,1,* and Hiromi Sesaki1,2,*

SUMMARY

The human mtHSP60/HSPD1-mtHSP10/HSPE1 system prevents protein misfold-
ing and maintains proteostasis in the mitochondrial matrix. Altered activities of
this chaperonin system have been implicated in human diseases, such as cancer
and neurodegeneration. However, how defects in HSPD1 and HSPE1 affect mito-
chondrial structure and dynamics remains elusive. In the current study, we address
this fundamental question in a human cell line, HEK293T.We found that the deple-
tion of HSPD1 or HSPE1 results in fragmentation of mitochondria, suggesting a
decrease in mitochondrial fusion. Supporting this notion, HSPE1 depletion led to
proteolytic inactivation of OPA1, a dynamin-related GTPase that fuses the mito-
chondrial membrane. This OPA1 inactivation was mediated by a stress-activated
metalloprotease, OMA1. In contrast, HSPD1 depletion did not induce OMA1 acti-
vation or OPA1 cleavage. These data suggest that HSPE1 controls mitochondrial
morphology through a mechanism separate from its chaperonin activity.

INTRODUCTION

Human mitochondria contain approximately 1,000–1,500 proteins, more than 99% encoded in nuclear

DNA, synthesized in the cytosol, and imported tomitochondria.1 Only 13 proteins are encoded in mtDNA.2

Since the protein translocases that import proteins into mitochondria have small pores, nuclear-encoded

mitochondrial proteins must be translocated into mitochondria in an unfolded conformation.3 Once im-

ported into mitochondria, protein folding is aided by chaperones via an oxidative protein folding pathway

in the intermembrane space and an ATP-driven protein folding pathway in the matrix.4 After maturation,

correct folding of mitochondrial proteins is ensured by chaperonins.5 Defects in mitochondrial chaperones

and chaperonins have been linked to many human diseases.6,7

In themitochondrial matrix, twomajor types ofmachinerymediate protein folding: themtHSP70-mtHSP40 sys-

tem (chaperone) and mtHSP60-mtHSP10 system (chaperonin).5,7,8 The mtHSP70-mtHSP40 system, along with

other proteins, facilitates client proteins to be correctly folded during import into the matrix through the trans-

locase of the inner membrane.7,9–11 ThemtHSP60-mtHSP10 system counteracts proteinmisfolding and unfold-

ing under physiological conditions and in response to different types of stress.7,9 The pioneering studies on the

bacterial GroEL-GroES system, the founding members of the mtHSP60-mtHSP10 system, revealed that GroEL

forms a barrel structure with two ring-shaped GroEL oligomers.5,8,10 The GroEL barrel accommodates sub-

strate proteins and mediates protein folding reactions using ATP hydrolysis. GroES binds to the top and bot-

tom of the barrel and closes a lid to optimize reactions. GroES also regulates the cycle of ATP hydrolysis by

GroEL and faciliates GroEL to bind and fold substrate proteins.5,8,10 While GroEL and GroES are essential

for bacterial cell viability, mtHSP60 and mtHSP10 are vital for mitochondrial function.10

Mitochondria are dynamic organelles and change their morphology through membrane fusion and divi-

sion.12–18 These dynamic processes play important roles in maintaining mitochondrial health.19–22 For

example, bioenergetic stress could lead to fragmentation of mitochondria due to decreasedmitochondrial

fusion relative to division, facilitating efficient mitophagy.12 Three dynamin-related GTPases mediate mito-

chondrial fusion.12,23 An inner membrane GTPase, OPA1, fuses the inner membrane through interactions

with a mitochondria-specific phospholipid, cardiolipin.23 Inner membrane fusion is coupled to outer mem-

brane fusion, which is controlled by two homologous GTPases, MFN1 and MFN2. A regulatory mechanism

for mitochondrial fusion is proteolytic controls of these three GTPases.12–14 For example, OPA1 produces

membrane-anchored long forms that mediate mitochondrial fusion, while its cleavage by a metallopro-

tease, OMA1, greatly inactivates OPA1’s ability to fuse the membrane (Figures 1A and 1B).23–29 MFN1
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Figure 1. Knockdown of HSPE1 or HSPA9 induces OPA1 cleavage in HEK293T cells

(A) Cleavage of OPA1 long isoforms by OMA1 and YME1L to produce short isoforms.

(B) OPA1 isoforms were quantified by measuring band intensity along a uniform line. The images come directly from the

Western blot for OPA1 (C).

(C) The indicated mitochondrial chaperones and chaperonins were knocked down in HEK293T cells for 5 days using

esiRNAs. Whole-cell lysates were analyzed by Western blotting with the indicated antibodies. The asterisks indicate the

target band.

(D) Quantifications of band intensity normalized relative to GAPDH. Bars indicate averages GSD (n = 4 and 6).

(E) Relative mRNA levels of HSPE1 were determined by qPCR in cells treated with the indicated esiRNAs. Bars indicate

averages GSD (n = 6).

(F) A representative band intensity of OPA1 isoforms in cells with the indicated knockdown.

(G) The ratio of short isoforms of OPA1 over long isoforms is quantifiedG SD (n = 4). Statistical analysis was performed by

one-way ANOVA with post hoc Tukey: *p < 0.05, **p < 0.01, ***p < 0.001.
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and MFN2 are subjected to degradation to decrease their fusion activity via different ubiquitin E3 ligases

and proteosomes.27,29,30 Various stresses and bioenergetic deficits can activate these regulatory systems

for mitochondrial fusion.12–14,30 However, it remains unclear whether defects in the mtHSP60-mtHSP10 sys-

tem induce changes in OPA1, MFN1, or MFN2.

In the current study, we depleted mtHSP60 and mtHSP10 in a human cell line and analyzed the impact on

the three GTPases. We found that the knockdown of mtHSP60 or mtHSP10 induced fragmentation of mito-

chondria. To our surprise, mtHSP10 knockdown increased levels of inactive forms of OPA1 through activa-

tion of OMA1 without affecting MFN1 and MFN2 levels. In contrast, mtHSP60 knockdown did not affect

OPA1, MFN1, or MFN2. These findings suggest that mtHSP10 and mtHSP60 affect mitochondrial

morphology through multiple pathways independent of their chaperonin activities.

RESULTS

Knockdown of HSPE1 enhances OPA1 processing independent of HSPD1

To understand the role of mitochondrial chaperones and chaperonins for mitochondrial fusion, we knocked

down four matrix-located heat shock proteins — HSPD1 (mtHSP60), HSPE1 (mtHSP10), HSPA9 (mtHSP70),

and DNAJA3 (mtHSP40) — using esiRNAs for 5 days in HEK293T cells. We then examined OPA1, MFN1,

and MFN2 using Western blotting. Knockdown of each protein was confirmed by Western blotting of

whole-cell lysates except for HSPE1 (Figures 1C and 1D). Since we could not detect HSPE1 byWestern blot-

ting using five commercially available HSPE1 antibodies (Figure S1), we confirmed its knockdown by qPCR

(Figure 1E). The lack of HSPE1 detection by Western blotting may be due to its small size (102 amino acids,

10,932 Da); when ectopically expressed in HEK293T cells, we were able to detect HSPE1-GFP (GFP consists

of 238 amino acids, 27 kDa) using two out of the five anti-HSPE1 antibodies on Western blotting, but not

HSPE1-FLAG (FLAG consists of 8 amino acids, 1 kDa) using anti-FLAG antibodies (Figure S1). In addition,

the expression level may also contribute to the efficiency of detection.

OPA1 is encoded by a single gene and generates multiple isoforms through alternative mRNA splicing and

proteolytic processing.23,24,27 In HEK293T cells, five isoforms, including two long forms (L1 and L2) and three

short forms (S3, S4, and S5) (Figures 1A and 1B), were detected by Western blotting (Figure 1C). S3 and S5

are produced via cleavage of L1 and L2, respectively, by the inner membrane metalloprotease OMA1 (Fig-

ure 1A).23–27 However, in HEK293T cells (unlike inmouse embryonic fibroblasts),27 we noticed that the distances

between L1 and L2 andbetween S4 andS5 inWestern blotswere sometimes too close to clearly separate them.

Therefore, to analyze the conversion of L1 and L2 to S3 and S5, wemeasured the ratio of short forms relative to

long forms (Figures 1F and 1G). Interestingly, we found that the ratio of short forms over long forms increased

after the depletion of HSPE1 or HSPA9 (Figures 1F and 1G). In contrast, we found no significant changes in the

amounts of MFN1 orMFN2 after depletion of HSPD1, HSPE1, HSPA9, and DNAJA3 (Figures 1C and 1D). Since

the role of HSPA9 and DNAJA3 has been reported previously,31 we focused on HSPE1 in the current study.

Previous studies have shown that yeast mtHSP60 and mtHSP10 function together in protein folding in the

mitochondrial matrix as chaperonins.5,8,10 mtHSP60 creates oligomeric rings and assembles into a barrel in

which protein folding reactions occur using ATP binding and hydrolysis.5,8,10 mtHSP10 covers the apical

sides of the mtHSP60 barrel structure as a cap and regulates ATP hydrolysis. Both mtHSP60 and mtHSP10

are required for this protein folding mechanism in the matrix. Therefore, we were surprised by our finding

that knockdown of HSPE1, but not HSPD1, stimulates the conversion of long OPA1 isoforms to short iso-

forms (Figures 1F and 1G). These data suggest that HSPE1 has a role in OPA1 processing distinct from its

protein folding function together with HSPD1. Alternatively, since the loss of HSPE1 could halt the function

of HSPD1, the changes in OPA1 processing may be caused by a dominant-negative effect of HSPD1 in the

absence of HPSE1. This second model predicts that an additional knockdown of HSPD1 could mitigate the

effect of HSPE1 knockdown on OPA1 processing. In the third model, if a decrease in protein folding func-

tion resulted in increased OPA1 processing, double knockdown of HSPD1 and HSPE1 may exacerbate

enhanced OPA1 processing. To distinguish these models, we simultaneously knocked down HSPD1 and

HSPE1 using esiRNAs (Figures 2A and 2B). We found that additional knockdown of HSPD1 did not signif-

icantly change the OPA1 conversion in HSPE1-knockdown cells (Figures 2C and 2D). These data suggest

that HSPE1 depletion stimulates OPA1 processing independently of its chaperonin function with HSPD1.

Another member of the HSP60 family, HSPA14, is located in the cytosol (www.uniprot.org/uniprotkb/

Q0VDF9/entry). We tested whether HSPA14 is upregulated to compensate for the loss of HSPD1. Western
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blotting showed that the level of HSPA14 was not significantly changed in HSPD1-, HSPE1-, and HSPD1/E1-

knockdown cells (Figures 2A and 2B).

To determine whether the depletion of HSPD1 and HSPE1 differently affects mitochondrial function, we

measured oxygen consumption rates in the single and double knockdown cells. Results show that these

knockdown cells similarly decreased oxygen consumption rates at the basal and maximal levels

(Figures 2F–2H). These data suggest that the distinct effects of HPSD1 and HSPE1 depletion on OPA1 pro-

cessing do not result from their impacts on mitochondrial respiration.
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Figure 2. OPA1 cleavage induced by HSPE1 knockdown is independent of HSPD1

(A) Western blot of HEK293T cells after individual or simultaneous knockdown of HSPD1 and HSPE1 using esiRNA. The

asterisks indicate the target band.

(B) Quantitation of band intensity normalized relative to GAPDH. Bars indicate averages GSD (n = 4).

(C) Relative mRNA levels of HSPE1 were determined by qPCR. Bars indicate averages GSD (n = 8).

(D) A representative band intensity of OPA1 isoforms in cells with the indicated knockdown.

(E) The ratio of short isoforms of OPA1 over long isoforms is quantified G SD (n = 4).

(F) OCRs were analyzed in cells with the indicated knockdown.

(G) The basal OCRs are quantified. Bars indicate averages GSD (n = 3).

(H) The maximal OCRs are quantified. Bars indicate averages GSD (n = 3). Statistical analysis was performed by one-way

ANOVA with post hoc Tukey: **p < 0.01, ***p < 0.001.
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OMA1 mediates increased OPA1 processing in HSPE1-knockdown cells

OPA1 is cleaved by a metalloprotease located in the inner membrane, OMA1.23–27,32–36 In response to

mitochondrial stress, OMA1 is activated via its proteolytic cleavage followed by degradation. This stimu-

lation mechanism assures a transient induction of its enzymatic activity.23–27 After activation, OMA1 cleaves

OPA1 long forms and generates its short forms. Therefore, decreased levels of OMA1 have been used as a

readout for its activation.27 In HSPE1-knockdown cells, we found that OMA1 levels are decreased by West-

ern blotting (Figures 1C, 1D, 2A, 2B, 3A, and 3B). Based on these results, we hypothesized that OMA1 is

activated upon HSPE1 depletion.
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Figure 3. Knockdown of OMA1 shows a reduction in OPA1 cleavage induced by HSPE1 knockdown

(A) Western blotting of HEK293T cells depleted for HSPE1 and OMA1 using siRNAs.

(B) Quantitation of band intensity. Bars indicate averages GSD (n = 6).

(C) A representative band intensity of OPA1 isoforms in cells with the indicated knockdown.

(D) Quantifying OPA1 isoforms using the ratio of short isoforms over long isoforms in C G SD (n = 6).

(E) Western blot with or without OMA1 siRNA knockdown in the presence or absence of 10 mM FCCP treatment with the

indicated antibodies.

(F) Quantitation of band intensity. Bars indicate averages GSD (n = 6).

(G) A representative band intensity of OPA1 isoforms in cells with the indicated knockdown.

(H) The ratio of short isoforms of OPA1 over long isoforms is quantifiedG SD (n = 6). Statistical analysis was performed by

one-way ANOVA with post hoc Tukey: **p < 0.01, ***p < 0.001.
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To test whether OMA1 is responsible for converting OPA1 long forms to short forms in HSPE1-depleted

cells, we knocked down OMA1 along with HSPE1 using siRNAs in HEK293T cells (Figures 3A and 3B). West-

ern blotting of whole-cell lysates showed that OMA1 knockdown partially rescued the ratio of the short

forms over the long forms (Figures 3C and 3D). As a control experiment, we treated HEK293T cells with

a proton ionophore, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), which dissipates the

membrane potential across the inner membrane. FCCP treatments activate OMA1 and induce OPA1 pro-

cessing.27 We found that FCCP treatments decrease OMA1 levels and that OMA1 knockdown partially res-

cues FCCP-inducedOPA1 processing (Figures 3E–3G). These data, taken together, suggest that the loss of

HSPE1 activates OMA1 and induces proteolytic cleavage of OPA1 from long forms to short forms.

Althoughwe observed a significant decrease inOPA1 processing in HSPE1/OMA1-knockdown cells compared

to HSPE1-knockdown cells, some processing still remained in HSPE1/OMA1-knockdown cells (Figures 3A and

3D). Similarly, FCCP treatments still produced processed forms of OPA1 in OMA1-knockdown cells (Figures 3E

and 3H). To ask if OPA1 cleavage events occur independently of OMA1, we knocked out OMA1 in HEK293T

cells using CRISPR (Figure S2). We found a complete block of OPA1 processing in the presence or absence

of FCCP in OMA1-KO cells (Figures S2A–S2D), as expected.23–27,32–36 These data suggest that the residual

OPA1 cleavage activities result from remaining OMA1 after OMA1 knockdown. However, it is still possible

that other mitochondrial proteases, such as YME1L, cleave OPA1 when OMA1 and/or HSPE1 are depleted.

Mutations in the mobile loop inhibit the role of HSPE1 in OPA1 processing

The structure of the bacterial homolog of GroEL (HSPD1) together with GroES (HSPE1) has been solved.5,8,37,38

Oligomeric GroEL rings formbarrel structures, andGroES caps the top andbottom of barrels. Amobile loop in

GroES with 20 amino acids mediates its interaction with the apical region of the GroEL barrels. Mutations in

three amino acids (Ile 25, Val 26, and Leu 27) in bacterial GroES have been shown to block its binding to

HSPD1 and protein folding.38,39 The structure and amino acid sequence of the mobile loop are conserved in

bacterial GroES and human HSPE1 (Figure 4A).40 To test the functional importance of the mobile loop, we

mutated the corresponding three residues (Ile 31, Met 32, and Leu 33) to alanine in a siRNA-resistant version

of HSPE1. WT and AAA mutant HSPE1 proteins fused to GFP were expressed in HSPE1-knockdown cells. We

found that WT HSPE1-GFP rescued increased OPA1 cleavage in HSPE1-knockdown cells (Figures 4B–4D). In

contrast, the AAA mutant HSPE1-GFP failed to do so. These data demonstrate that the mobile loop is impor-

tant for the function of HSPE1 in the control of OPA1 processing. Since HSPD1 is not involved in the enhanced

OPA1processingobserved inHSPE1-knockdown cells (Figures 4B–4D), themobile loop has a critical role that is

separable from its interaction with HSPD1 and protein folding.

Fragmentation of mitochondria is induced by the depletion of mitochondrial chaperones and

chaperonins

To test the role of HSPD1 and HSPE1 for mitochondrial morphology, we examined mitochondria using laser

scanning confocal immunofluorescence microscopy using antibodies to TOM20 (a mitochondrial outer mem-

brane protein) and pyruvate dehydrogenase (PDH, a matrix protein) in HEK293T cells knocked down for

HSPD1, HSPE1, HSPA9, and DNAJA3. We found that individual knockdown of all four proteins produced

shorter mitochondria (Figures 5A and 5B). These data show that these proteins are important for maintaining

mitochondrial morphology. Since the ratio of OPA1 short forms and long forms was only altered in HSPE1- or

HSPA9-knockdown cells, mitochondrial fragmentation in HSPD1- or DNAJA3-knockdown cells likely resulted

from other mechanisms. To test whether a decrease in mitochondria size in HSPE1-knockdown cells depends

on OMA1, we simultaneously knocked down HSPE1 and OMA1 in HEK293T cells. We found that the OMA1

depletion slightly increased the size of mitochondria in HSPE1-knockdown cells, although the difference was

not statistically significant (Figures 6A and 6B). These data may result from partial depletion of OMA1 using

siRNA. Alternatively, mitochondrial fragmentation by HSPE1 depletion may involve a mechanism independent

of OMA1 andOPA1. The latter is supported by the fact that depletion of HSPD1 andDNAJA3 led tomitochon-

drial fragmentation without increased OPA1 cleavage (Figures 1C, 1D, 5A, and 5B).

DISCUSSION

Here, we report that the loss of HSPE1 (mtHSP10) leads to the activation of the stress-responsive metallopro-

tease OMA1 and promotes the cleavage of OPA1. In contrast, the depletion of HSPD1 (mtHSP60), a functional

partner of HSPE1 in protein folding, did not induce OMA1 activation or OPA1 cleavage. These data suggest

that HSPE1 plays a role in protection from mitochondrial stress independently of HSPD1. At this moment,
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we do not know how the loss of HSPE1 activates OMA1. If HSPE1 depletion directly activates OMA1, one pos-

sibility is that a pool of HSPE1 is associatedwithOMA1 as a negative regulator, suppressingOMA1 activation at

the steady state. In this model, dissociation of HSPE1 from OMA1 can activate this metalloprotease. However,

our immunoprecipitation experiments found no stable association between HSPE1 and OMA1.

OMA1 is activated by various stressors, such as reactive oxygen species.23–27 Given that HSPE1 deficiency

induces OMA1 activation, some mitochondrial stress may promote OMA1 activation through changes in

A

B C

D

Figure 4. HSPE1 carrying mutations in the mobile loop fails to rescue increased OPA1 processing in HSPE1-

knockdown cells

(A) Amino acid sequence of bacterial GroES and human HSPE1. The mobile loop is highlighted. Mutated residues are

indicated in red.

(B) HSPE1-knockdown HEK293T cells were transfected with siRNA-resistant forms of HSPE1 fused GFP. WT and mutant

HSPE1-GFP carrying the AAA mutations are used.

(C) A representative band intensity of OPA1 isoforms in cells with the indicated knockdown.

(D) Quantifying OPA1 isoforms using the ratio of short isoforms over long isoforms G SD (n = 5).Significance was

calculated using one-way ANOVA with post hoc Tukey: **p < 0.01, ***p < 0.001.
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HSPE1 levels or function. Indeed, a previous study has suggested that sequestration of HSPE1 by patho-

genic alpha-synuclein in the cytosol results in mitochondrial dysfunction and contributes to Parkinson dis-

ease.41 Parkinson disease has been strongly associated with aberrant mitochondrial structure and func-

tion.42 In future studies, it would be interesting to test if alpha-synuclein accelerates OPA1 conversion.

In addition to the chaperonin function of HSPD1 inmitochondria, previous studies have also reported the roles

of HSPD1 outsidemitochondria in protein degradation and tumor necrosis factor alpha-mediated activation of

the IKK/NF-kB survival pathway in the cytosol.43–45 Interestingly, HSPD1 is further exported from cells and reg-

ulates the innate and adaptive immune system.46 Like HSPD1, HSPE1 might also play non-chaperonin roles in-

side or outside mitochondria or even in the extracellular space beyond protein folding.

Mitochondria are equipped with various mechanisms for stress response and quality control to protect

their bioenergetic, metabolic, and signaling functions.12,47,48 For example, superoxide dismutases

and glutathione peroxidases convert toxic reactive oxygen species to non-toxic molecules.49

A B

Figure 5. Mitochondria length decreases with the knockdown of mitochondrial chaperones and chaperonins

(A) Confocal immunofluorescence microscopy of the indicated knockdown HEK293T cells using antibodies to pyruvate

dehydrogenase (PDH, a matrix protein) and TOM20 (an outer membrane protein). Boxed regions are enlarged.

(B)Quantitation ofmitochondria length using TOM20 staining. Bars indicate averagesGSD (n= 150, 150mitochondria in 30 cells

were quantified for each knockdown).Significance was calculated using one-way ANOVA with post hoc Tukey: ***p < 0.0001.

A B

Figure 6. Mitochondria length was not rescued by the depletion of OMA1 in HSPE1-knockdown cells

(A) Confocal immunofluorescence microscopy of the indicated knockdown HEK293T cells using antibodies to PDH and

TOM20. Boxed regions are enlarged.

(B) Quantitation of mitochondria length using TOM20 staining. Bars indicate averagesGSD (n = 150, 150 mitochondria in

30 cells were quantified for each knockdown). Significance was calculated using one-way ANOVA with post hoc Tukey:

***p < 0.001.
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Intramitochondrial proteases degrade misfolded or unfolded protein. In addition, mitochondrial-derived

vesicles and mitophagy sense damage to mitochondria, isolate damaged regions, remove such damaged

portions from the rest of themitochondria or even eliminate the wholemitochondria.12,47,48 Our finding of a

role for HSPE1 independent of protein folding for OMA1 activation and OPA1 processing may add another

layer of defense mechanisms that maintain mitochondrial health against physiological changes and path-

ological insults. It would be of great interest to define the underlyingmolecular mechanism by which HSPE1

senses and eliminates damage in mitochondria.

Limitations of the study

We discovered that the loss of HSPE1, but not HSPD1, activates OMA1 and promotes the proteolytic pro-

cessing of OPA1. These findings indicate that HSPE1 ensures mitochondrial health independently of

HSPD1 and beyond its function in protein folding. Although the underlying mechanism of this was not

determined in the current study, it would be of great importance to how HSPE1 controls OMA1, OPA1 pro-

cessing, and mitochondrial structure and dynamics. We believe such information would help better under-

stand mitochondrial quality control mechanisms and mitochondrial diseases.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-HSPD1 (D6F1) Cell Signaling Technology Cat# 12165; RRID:AB_2636980

Rabbit polyclonal anti-TID1 Proteintech Cat# 11088-1-AP; RRID:AB_2293102

Rabbit polyclonal anti-GRP75 Proteintech 14887-1-AP; RRID:AB_2120458

Rabbit monoclonal anti-HSPA14 Thermo Fisher Scientific Cat# MA5-32413; RRID:AB_2809691

Mouse monoclonal anti-OPA1 BD Biosciences Cat# 612607; RRID:AB_399889

Mouse monoclonal anti-GAPDH (GA1R) Thermo Fisher Scientific MA5-15738; RRID:AB_10977387

Rabbit polyclonal anti-TOM20 (FL-145) Santa Cruz Biotechnology Cat# sc-11415; RRID:AB_2207533

Mouse monoclonal anti-OMA1 (H-11) Santa Cruz Biotechnology Cat# sc-515788; RRID:AB_2905488

Mouse monoclonal anti-MFN1 Abcam ab57602; RRID:AB_2142624

Mouse monoclonal anti-TIM23 BD Biosciences Cat# 611223; RRID:AB_398755

Rabbit anti-GFP Gift from Dr. Peter Devreotes N/A

Alexa Fluor 568 anti-mouse IgG Thermo Fischer Scientific Cat# A10037; RRID:AB_2534013

Alexa Fluor 488 anti-rabbit IgG Thermo Fischer Scientifc Cat# A-21206; RRID:AB_2535792

Chemicals, peptides, and recombinant proteins

Rotenone Sigma Cat# R8875

Antimycin A Sigma Cat# A8674

FCCP Sigma Cat# C2920

Oligomycin Sigma Cat# O4876

BioRad Assay Dye BioRad Cat# 5000006

Fetal Bovine Serum Corning Cat# 35-011-CV

Dulbecco’s Modified Eagle’s Medium Corning Cat# 10-017-CV

Dulbecco’s Phosphate-Buffered Saline Corning Cat# 21-031-CV

0.05% Trypsin-EDTA Gibco Cat# 25300-054

RIPA Buffer (10x) Cell Signaling Technology Cat# 9806

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail Roche Cat# 11836170001

Paraformaldehyde Sigma Cat# P6148

Lipofectamine RNAiMax Reagent Invitrogen Cat# 13778-150

Lipofectamine 2000 Reagent Invitrogen Cat# 11668-019

Critical commercial assays

RNAeasy Mini Kit Qiagen Cat# 74106

Pure Yield Plasmid Mini Prep System Promega Cat# A1222

PowerUp SYBR Green Master Mix Applied Biosystems Cat# A25742

ReadyScript cDNA Synthesis Mix Sigma-Aldrich Cat# RDRT

GeneArt CRISPR Nuclease (OFP Reporter) Vector Kit Thermo Fisher Scientific Cat# A21174

Seahorse XF96 Cell Culture Microplates Agilent Cat# 101085-004

Experimental models: Cell lines

Human: HEK293T cells ATCC Cat# CRL-3216

Oligonucleotides

qRT-PCR for HSPE1 This paper N/A

qRT-PCR for GAPDH This paper N/A
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Hiromi Sesaki (hsesaki@jhmi.edu).

Materials availability

All unique reagents generated in this study are available from the lead contact with a completed materials

transfer agreement.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request

d This paper does not report original code

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells

HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium containing 10% fetal bovine serum in a

37�C incubator with 5% CO2. esiRNAs and Silencer Select siRNAs were obtained from Millipore Sigma and

Thermo Fisher, respectively (esiRNA: HSPD1 [EHU113521], HSPE1 [EHU112631], HSPA9 [EHU011841],

DNAJA3 [EHU091601]; siRNA: Negative control [4390843], HSPD1 [S7003], HSPE1 [S7005], OMA1 [S41775]).

These RNAs were transfected into HEK293T using Lipofectamine RNAiMAX (13778150, Themo Fisher).

METHOD DETAILS

Plasmids

Human HSPE1-GFP was cloned into pcDNA3.1 from the HSPE1 (NM_002157.2) ORF Clone (OHu17870D,

Genscript). The HSPE1-GFP constructs were transfected into cells using Lipofectamine 2000 (11668019,

Themo Fisher). OMA1-KO HEK293T cells were generated using a GeneArt CRISPR Nuclease (OFP Re-

porter) Vector Kit (A21174; Thermo Fisher Scientific) in accordance with manufacturer’s instructions.27

The target gRNA sequence was 50- TCCACGGTTTCAAGCTGCTCCGG -30.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

gRNA OMA1 targeting sequence:

TCCACGGTTTCAAGCTGCTCCGG

This paper N/A

esiRNA HSPD1 Millipore Sigma Cat# EHU113521

esiRNA HSPE1 Millipore Sigma Cat# EHU112631

esiRNA HSPA9 Millipore Sigma Cat# EHU011841

esiRNA DNAJA3 Millipore Sigma Cat# EHU091601

siRNA HSPD1 targeting sequence:

CGAUUUCUGCAAACGGAGAtt

Thermo Fisher Scientific Cat# S7003

siRNA HSPE1 targeting sequence:

AGAAAAAUCUCAAGGAAAAtt

Thermo Fisher Scientific Cat# S7005

siRNA OMA1: GACCCUCGAUUA

CUAUUCAtt

Thermo Fisher Scientific Cat# S41775

Scrambled siRNA Negative Control Thermo Fisher Scientific Cat# 4390843

Recombinant DNA

Human HSPE1 in pcDNA3.1+/C-(K)DYK Genscript Cat# OHu17870D

Software and algorithms

Fiji Fiji https://fiji.sc/
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Western blotting

Cells were harvested and lysed in RIPA buffer (9806S, Cell Signaling Technology) supplemented with cOm-

plete Mini EDTA-free Protease Inhibitor Cocktail (11836170001, Roche) on ice.27 The lysates were centri-

fuged at 16,000 g for 10 min at 4�C, and the supernatants were collected. Proteins were separated by

SDS-PAGE and transferred onto Immobilon-FL Transfer Membrane (Millipore). The membranes were

blocked in PBS-T (PBS containing 0.05% Tween 20) containing 3% BSA at room temperature for 1 h and

then incubated with primary antibodies in PBS-T containing 3% BSA at 4�C overnight. The antibodies

used were HSPD1 (1:1,000 dilution, 12165, Cell Signaling), DNAJA3 (1:1,000 dilution, 11088-1-AP; Protein-

tech), HSPA9 (1:5,000 dilution, 14887-1-AP; Proteintech), HSPA14 (1:1,000 dilution, MA5-32413, Invitrogen),

OPA1 (1:1,000 dilution, 612607; BD Biosciences), GAPDH (1:1,000 dilution, MA5-15738; Invitrogen), TOM20

(1:2,000 dilution, sc-11415; Santa Cruz Biotechnology), OMA1 (1:500 dilution, sc-515788; Santa Cruz

Biotechnology), MFN1/2 (1:1,000 dilution, ab57602; Abcam), PDH (1:1,000 dilution, ab110338; Abcam),

TIM23 (1:5,000 dilution, 611223; BD), and GFP (1:5,000 dilution, a gift from Dr. Peter Devreotes).50 The

membranes were washed three times in PBS-T, followed by incubation with fluorescently labeled appro-

priate secondary antibodies at room temperature for 1 h. After washing the membranes three times in

PBS-T, fluorescence signals were detected using a Typhoon laser-scanner platform (Amersham). Band in-

tensity was quantified using the NIH FIJI software.27

Real-time qPCR

Total RNAs were purified from HEK293T cells using an RNeasy Mini Kit (74106; Qiagen) and reverse-tran-

scribed using a ReadyScript cDNA Synthesis Mix (RDRT; Sigma-Aldrich).28,51 PCR was performed using

Quant Studio 3 (Thermo Scientific) and PowerUp SYBR Green Master Mix (A25741; Thermo Scientific).

The DNA oligos are CAGTAGTCGCTGTTGGATCG and TCCAACTTTCACGCTAACTGG.

Mitochondrial respiration

Mitochondrial OCRs were measured using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience).27,52

Cells were seeded at 20,000 cells/well in an XF 96-well culture microplate and cultured for 48 h. Cells were

washed twice in an XF base medium supplemented with 25 mM glucose, and 4 mM L-glutamine. The cul-

ture medium was replaced with the XF base medium and then cells were incubated at 37�C in a CO2-free

incubator for 1 h. OCRmeasurement was performed according to the manufacturer’s instructions. Baseline

OCR was recorded three times, and then, 1.6 mg/ml oligomycin, 1 mM FCCP, and 0.5 mM rotenone/antimy-

cin A were sequentially injected into each well. OCRs were normalized relative to the amount of protein in

each well.

Immunofluorescence microscopy

HEK293T cells were fixed in pre-warmed (37�C) PBS containing 4% paraformaldehyde for 20 min, washed

three times in PBS, permeabilized with PBS containing 0.1% Triton X-100 for 8 min, washed again three

times in PBS, and blocked in PBS containing 0.5% BSA at room temperature for 30 min.27,53 Cells were

then incubated with antibodies to PDH (1:400 dilution) and TOM20 (1:300 dilution) at 4�C overnight. Cells

were washed three times in PBS and incubated with Alexa 568-conjugated anti-mouse IgG (A10037,

Thermo Fisher Scientific) and Alexa 488-conjugated anti-rabbit IgG (A21206, Thermo Fisher Scientific) at

room temperature for 1 h. Cells were washed again, three times in PBS. The samples were observed using

an LSM800 GaAsP laser scanning confocal microscope with a 1003 objective.27

Quantification of mitochondrial size

To measure the mitochondria length, a circle with a 10 mm diameter was randomly drawn on each cell, and

the length of at least five randomly selected mitochondria was measured in the long axis based on an anti-

TOM20 signal using the NIH FIJI software.50 Each condition had a total of 30 cells that were analyzed,

totaling 150 mitochondria per condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis is performed using GraphPad Prism 7 and described in corresponding figure legends.
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