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SUMMARY

Stress-regulated signaling pathways protect mito-
chondrial proteostasis and function from pathologic
insults. Despite the importance of stress-regulated
signaling pathways in mitochondrial proteome
maintenance, the molecular mechanisms by which
these pathways maintain mitochondrial proteostasis
remain largely unknown. We identify Tim17A as a
stress-regulated subunit of the translocase of the
inner membrane 23 (TIM23) mitochondrial protein
import complex. We show that Tim17A protein levels
are decreased downstream of stress-regulated
translational attenuation induced by eukaryotic
initiation factor 2a (eIF2a) phosphorylation through
a mechanism dependent on the mitochondrial pro-
tease YME1L. Furthermore, we demonstrate that
decreasing Tim17A attenuates TIM23-dependent
protein import, promotes the induction of mitochon-
drial unfolded protein response (UPR)-associated
proteostasis genes, and confers stress resistance
in C. elegans and mammalian cells. Thus, our results
indicate that Tim17A degradation is a stress-respon-
sive mechanism by which cells adapt mitochondrial
protein import efficiency and promote mitochondrial
proteostasis in response to the numerous pathologic
insults that induce stress-regulated translation
attenuation.

INTRODUCTION

Maintaining mitochondrial protein homeostasis (or proteostasis)

in response to stress is critical to prevent the pathologic

mitochondrial dysfunction associated with numerous human

diseases (Baker et al., 2011; Nunnari and Suomalainen, 2012;

Rugarli and Langer, 2012). A primary mechanism by which cells

maintain mitochondrial proteostasis is the activation of stress-

responsive signaling pathways (Haynes and Ron, 2010; Ryan

and Hoogenraad, 2007). These pathways function by adapting

the composition and activity of mitochondrial protein import,

folding, and proteolytic pathways to prevent the accumulation
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of misfolded proteins within the mitochondrial environment that

can lead to pathologic mitochondrial dysfunction.

A prominent mitochondrial stress-responsive signaling

pathway is the mitochondrial unfolded protein response (UPRmt)

(Haynes and Ron, 2010; Ryan and Hoogenraad, 2007). The

UPRmt is activated by the accumulation of misfolded proteins

within the mitochondrial matrix and functions through the tran-

scriptional upregulation of nuclear-encoded proteins involved

in mitochondrial proteostasis, including chaperones, proteases,

and components of mitochondrial protein import pathways

(Aldridge et al., 2007; Nargund et al., 2012; Zhao et al., 2002).

UPRmt activation is critical for maintaining mitochondrial proteo-

stasis during development and is essential for lifespan extension

induced by electron transport chain perturbations in C. elegans

(Baker et al., 2012; Durieux et al., 2011). The mechanism of

UPRmt signaling has been primarily elucidated in C. elegans

and requires both mitochondrial and cytosolic proteins,

including the mitochondrial protease CLPP-1, the ABC trans-

porter HAF-1, and the bZIP transcription factor ATFS-1 (Haynes

et al., 2007; Haynes et al., 2010). While the mechanism of

mammalian UPRmt activation remains poorly characterized,

mammalian UPRmt target genes have been identified (Aldridge

et al., 2007; Zhao et al., 2002).

Mitochondrial proteostasis is also regulated by other stress-

responsive signaling mechanisms, such as the integrated stress

response (ISR). The ISR is a collective term for the network of

stress-regulated kinases (protein kinase R [PKR], PKR-like endo-

plasmic reticulum kinase [PERK], general control nonrepressed

2 [GCN2], and heme-regulated eIF2a kinase [HRI]) that phos-

phorylate the a subunit of eukaryotic initiation factor 2 (eIF2a)

in response to pathologic insults, such as endoplasmic reticulum

(ER) stress, amino acid starvation, viral infection, oxidative

stress, and heme deficiencies (Wek and Cavener, 2007; Wek

et al., 2006). Phosphorylation of eIF2a induces translational

attenuation of new protein synthesis and activates stress-

responsive transcription factors, such as activating transcription

factor 4 (ATF4) (Harding et al., 2000). The ISR has a critical role in

regulating mitochondrial function during stress. Deletion of the

ISR kinase GCN-2 sensitizes C. elegans to mitochondrial stress

and impairs lifespan extension mediated by genetic perturba-

tions of mitochondrial function (Baker et al., 2012). Similarly,

genetic inhibition of eIF2a phosphorylation in mice results in sig-

nificant mitochondrial damage in pancreatic b cells (Back et al.,

2009). The ISR-activated transcription factor ATF4 also directly
Inc.
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regulates mitochondrial proteostasis through the transcriptional

upregulation of proteins involved in mitochondrial proteome

maintenance (Harding et al., 2003).

Adapting mitochondrial protein import pathways is also an

important mechanism for regulating mitochondrial proteostasis

and function during stress. Mitochondrial protein import com-

plexes, such as the translocase of the outer membrane (TOM)

and translocase of the inner membrane 23 (TIM23) are respon-

sible for the posttranslational import of the >99% of mitochon-

drial proteins encoded by the nuclear genome (Chacinska

et al., 2009; Schmidt et al., 2010). Despite the importance of

these complexes in establishing the mitochondrial proteome,

themechanisms bywhich these complexes are regulated remain

poorly understood. The yeast TOM complex is regulated by

cytosolic kinases, providing a mechanism to adapt TOM assem-

bly and activity in response to metabolic stress (Schmidt et al.,

2011). In human cells, posttranslational degradation of the core

TIM23 subunit Tim23 contributes to caspase-independent cell

death following chronic stress (Goemans et al., 2008), and the

expression of the mammalian TIM23 subunit Tim17A is induced

by the UPRmt (Aldridge et al., 2007). Furthermore, activation

of the UPRmt-associated transcription factor ATFS-1 in

C. elegans requires stress-induced reduction in TIM23-

dependent ATFS-1 import (Nargund et al., 2012).

Here, we characterize the impact of stress on the composi-

tion of mammalian TIM23, the translocase responsible for

importing two-thirds of the mitochondrial proteome across the

inner mitochondrial membrane into the mitochondrial matrix

(Chacinska et al., 2009; Schmidt et al., 2010). We show that

the core TIM23 subunit Tim17A is selectively decreased in

response to cellular insults that induce translational attenuation

through ISR-dependent eIF2a phosphorylation. The stress-

regulated decrease in Tim17A involves both reduced Tim17A

biogenesis and increased targeting of Tim17A to the mitochon-

drial protease YME1L for degradation. We show that RNAi

depletion of TIM17A attenuates TIM23 protein import efficiency,

indicating that stress-dependent reduction in Tim17A

decreases mitochondrial protein import. Furthermore, we find

that RNAi depletion of TIM17A in mammalian cells or the

TIM17A homolog, tim-17, in C. elegans induces expression of

stress-responsive mitochondrial proteostasis genes and con-

fers stress resistance against oxidative insult. Collectively, our

results indicate that Tim17A is a stress-regulated TIM23 subunit

whose proteins levels are decreased by protective ISR activa-

tion, revealing a stress-responsive mechanism to adapt

mitochondrial protein import and protect mitochondrial function

during pathologic insult.

RESULTS

Tim17A Is a Stress-Sensitive TIM23 Subunit whose
Protein Levels Decrease Downstream of ISR Activation
The subunit composition of the mammalian TIM23 import com-

plex is nearly identical to that of yeast, although mammals

encode two homologs of the yeast Tim17 subunit: Tim17A and

Tim17B. TIM17A and TIM17B are expressed ubiquitously in

mammals; however, they demonstrate tissue-specific expres-

sion profiles, with TIM17A enriched in the brain and TIM17B

enriched in skeletal muscle (Bauer et al., 1999). While no func-
Cell M
tional differences between Tim17A and Tim17B are currently

known, TIM17A is a transcriptional target of the mammalian

UPRmt, suggesting that these two Tim17 homologs are differen-

tially regulated during stress (Aldridge et al., 2007).

Using quantitative immunoblotting, we found that the environ-

mental toxin arsenite, As(III), induces a rapid decrease of Tim17A

in human embryonic kidney 293T (HEK293T) cells, demon-

strating a half-time (t50) of �2 hr (Figures 1A and 1B). Neither

Tim17B nor Tim23 were affected over the time course of this

experiment. Tim17A was highly sensitive to As(III) in HEK293T

cells, demonstrating reduced protein levels at As(III) concentra-

tions as low as 5 mM (Figure S1A available online). Similar results

were observed in all cell lines tested, including SHSY5Y, HeLa,

and Huh7 (Figures S1B–S1D). As(III) also decreased Tim17A

protein levels in retinoic acid-differentiated SHSY5Y cells

(Figure S1E), indicating that the observed effect occurs in post-

mitotic cells.

As(III) is a potent activator of the ISR (McEwen et al., 2005).

This is shown by the transient increase in eIF2a phosphorylation

in As(III)-treated HEK293T cells (Figure 1A). This transient

increase in phosphorylated eIF2a results from the ISR-depen-

dent induction of the eIF2a phosphatase regulatory subunit

GADD34 in a negative feedback loop of ISR signaling (Novoa

et al., 2001). We evaluated whether As(III)-dependent reductions

in Tim17A could be attributed to ISR activation using wild-type

mouse embryonic fibroblasts (MEFWT) and knockin MEFs ex-

pressing the S51A eIF2a mutant (MEFA/A) (Scheuner et al.,

2001). The S51A eIF2a mutant is refractory to stress-induced

eIF2a phosphorylation, preventing ISR activation (Scheuner

et al., 2001). MEFWT demonstrate a 60% decrease in Tim17A

in response to As(III) (Figures 1C and 1D). Tim23 protein levels

were also decreased in As(III)-treated MEFWT, albeit to a lower

extent. Alternatively, we observed a significant increase in

Tim17A and Tim23 protein levels in As(III)-treated MEFA/A, indi-

cating that As(III)-dependent reductions in Tim17A require

eIF2a phosphorylation. The similar levels of phosphorylated

eIF2a in control and As(III)-treated MEFWT (Figure 1C) reflect

the transient increase in eIF2a phosphorylation mediated by

the ISR-dependent increase in GADD34 (Novoa et al., 2001). A

time course of As(III) treatment in MEFWT shows this As(III)-

dependent, transient increase in eIF2a phosphorylation

(Figure S1F).

We used a HEK293 cell line stably expressing the ligand-

activated eIF2a kinase Fv2e-PERK (Lin et al., 2009; Lu et al.,

2004) to evaluate whether stress-independent ISR activation

decreases Tim17A. Fv2e-PERK kinase activity is activated by

the addition of the ligand AP20187, increasing eIF2a phosphor-

ylation. The addition of AP20187 significantly reduced Tim17A in

Fv2e-PERK-expressing cells (Figure 1E). Neither Tim17B nor

Tim23 was affected by Fv2e-PERK activation. AP20187 did not

influence Tim17A in control cells that do not express Fv2e-

PERK. AP20187-dependent Fv2e-PERK activation rapidly

decreases Tim17A protein levels at a rate similar to that

observed for As(III) (Figure S1G).

The ISR is activated by a variety of pathologic insults, including

ER stress (Wek and Cavener, 2007; Wek et al., 2006), which

should similarly decrease Tim17A. Tim17A protein levels are

reduced in MEFWT treated with the ER stress inducer thapsi-

gargin (Tg) (Figures 1F and 1G), a small molecule SERCA
etabolism 18, 908–919, December 3, 2013 ª2013 Elsevier Inc. 909
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Figure 1. Tim17A Protein Levels Are

Reduced by Activation of the Integrated

Stress Response

(A) Representative immunoblot of lysates pre-

pared from HEK293T cells treated with As(III)

(50 mM) for the indicated time.

(B) Quantification of Tim17A, Tim17B, and Tim23

in immunoblots as shown in (A). Error bars

represent SEM for n = 5.

(C) Representative immunoblot of lysates pre-

pared from MEFWT and MEFA/A cells treated with

As(III) (100 mM) for 8 hr.

(D) Quantification of Tim17A and Tim23 in

immunoblots as shown in (C). Error bars indicate

SEM for n = 3.

(E) Immunoblot of lysates prepared from HEK293

cells stably expressing Fv2e-PERK treated with

AP20187 (5 nM) or As(III) (50 mM) for 6 hr. HEK293T

cells treated with AP20187 are shown as a control.

(F) Immunoblot of MEFWT andMEFA/A cells treated

with thapsigargin (1 mM) for the indicated time.

(G) Quantification of Tim17A and Tim23 at 6 hr for

immunoblots as shown in (F). Error bars indicate

SEM for n = 7.

(H) Immunoblot of lysates prepared from MEFWT

andMEFA/A cells treatedwith cycloheximide (CHX;

50 mg/ml) for 6 hr.

*p<0.05, **p<0.01, ***p<0.005.SeealsoFigureS1.
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inhibitor that increases eIF2a phosphorylation through activation

of the endogenous eIF2a kinase PERK as part of the ER unfolded

protein response (Harding et al., 2002; Schröder and Kaufman,

2005). Tim17A was not affected in Tg-treated MEFA/A. Tg did

not influence Tim23 levels in either MEFA/A or MEFWT. The

transient Tg-dependent increase in eIF2a phosphorylation

observed in MEFWT reflects the GADD34 negative feedback

loop of ISR signaling (Figure 1F) (Novoa et al., 2001). Tg also

reduced Tim17A in HEK293T cells (Figure S1H). These results

further confirm the sensitivity of Tim17A to ISR activation.

ISR-dependent reductions in Tim17A could be afforded by

ISR-mediated translational attenuation or the increased expres-

sion of stress-responsive genes, such as a protease induced by

stress-regulated transcription factors activated by the ISR (e.g.,

ATF4) (Harding et al., 2000, 2003; Vattem and Wek, 2004). We

explored the contributions of these two potential mechanisms

by monitoring the stress-induced decrease of Tim17A in cells
910 Cell Metabolism 18, 908–919, December 3, 2013 ª2013 Elsevier Inc.
treated with the ribosomal translation

inhibitor cycloheximide (CHX). CHX

decreases Tim17A independently of

stress in HEK293T cells (Figure S1I).

Neither Tim17B nor Tim23 was signifi-

cantly affected by CHX. CHX reduces

Tim17A in both MEFWT and MEFA/A

(Figure 1H), demonstrating that CHX

decreases Tim17A independently of

eIF2a phosphorylation. CHX is known

to increase eIF2a phosphorylation (Jiang

et al., 2003) (shown in the CHX-treated

MEFWT cell; Figure 1H), but CHX pre-

vents translation of ISR-induced stress-

responsive genes. The sensitivity of
Tim17A to CHX indicates that the ISR-dependent decrease in

Tim17A is most likely attributed to reductions in cytosolic

protein synthesis rather than the ISR-dependent increase in a

stress-responsive protein(s).

Stress-Dependent Reductions in Tim17A Are Mediated
by Decreased Tim17A Biogenesis and Increased
Targeting of Tim17A to Proteolytic Degradation
To explore the mechanism of stress-dependent reductions in

Tim17A, we initially measured TIM17A mRNA in As(III)-treated

HEK293T cells using quantitative PCR (qPCR) (Figure 2A). As(III)

increased TIM17A mRNA levels in these cells following a 6 hr

treatment, consistent with TIM17A being a stress-responsive

gene (Aldridge et al., 2007). The mRNA of the stress-responsive

HSP60 was similarly induced by As(III), while TIM23 was not.

TIM17A mRNA decreased to basal levels following 12 hr As(III)

treatment. Other ISR activators, including Tg, also induced
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Figure 2. As(III) Reduces Tim17A Bio-

genesis and Increases Tim17A Targeting

to Proteolytic Degradation

(A) qPCR of TIM23, TIM17A, and HSP60 in

HEK293T cells treated with As(III) (50 mM) for 6 hr

(gray) or 12 hr (red). The error bars show the

mean ± 95% confidence interval.

(B) Representative autoradiogram of newly

synthesized, [35S]Tim17A immunopurified from

HEK293T cells pretreated with As(III) (100 mM) for

the indicated time. The labeling protocol is shown

above.

(C) Quantification of autoradiograms as shown

in (B). Error bars represent SEM for n = 4.

(D) Representative autoradiogram of Tim17A

immunopurified from HEK293T cells labeled with
35S then chased in the absence or presence of

As(III) (100 mM) for the indicated time. The labeling

protocol is shown above.

(E) Quantification of autoradiograms as shown

in (D). Error bars represent SEM from n R 4.

(F) Representative autoradiogram of Tim17A

immunopurified from HEK293T cells labeled with
35S and chased in the absence or presence of

cycloheximide (CHX; 50 mg/ml). The labeling

protocol is shown above.

(G) Quantification of autoradiograms as shown

in (F). Error bars represent SEM from n R 3.

(H) Illustration showing that stress-dependent

reductions in Tim17A result from both a decrease

in Tim17A biogenesis and an increase in Tim17A

targeting to proteolytic degradation.

*p < 0.05, **p < 0.01, ***p < 0.005. See also

Figure S2.
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TIM17A in MEFWT cells (Figure S2A). These results show that

the As(III)- or Tg-dependent reduction in Tim17A cannot be

attributed to decreased TIM17A mRNA.

We used 35S metabolic labeling to measure the impact of

As(III) on Tim17A biogenesis, a process including protein trans-

lation, mitochondrial import, and incorporation into the mito-

chondrial inner membrane (Káldi et al., 1998). We pretreated

HEK293T with As(III) prior to labeling with [35S]Met/Cys (Fig-

ure 2B). Tim17A was immunopurified from these samples, and

the amount of newly synthesized [35S]Tim17A was measured

by autoradiography. Tim17A biogenesis was reduced to 25%

of control levels following a 2 hr As(III) pretreatment (Figures

2B and 2C), consistent with the reduced translation afforded

by As(III)-dependent ISR activation (Wek and Cavener, 2007;

Wek et al., 2006). Following 4 or 6 hr As(III) pretreatment,

Tim17A levels were restored to 60% or 40% of control levels,

respectively, reflecting, at least in part, the restoration of
Cell Metabolism 18, 908–919, D
ribosomal translation afforded by ISR-

dependent increases in GADD34 (Novoa

et al., 2001).

We also measured the rate of Tim17A

degradation in As(III)-treated cells using
35S metabolic labeling. HEK293T cells

labeled with [35S]Met/Cys were chased

with nonradioactive media in the pres-

ence or absence of As(III) (Figure 2D).
Tim17A was immunopurified from these cells at varying times,

allowing direct measurement of Tim17A degradation. In the

absence of As(III), [35S]Tim17A has an intracellular half-life (t1/2)

of �6 hr (Figures 2D and 2E). The addition of As(III) to the chase

media reduced the t1/2 for [
35S]Tim17A to 2 hr, a t1/2 nearly iden-

tical to the t50 for As(III)-dependent reductions in Tim17A

observed by quantitative immunoblotting (cf. Figures 1B and

2E). This shows that As(III) decreases Tim17A intracellular stabil-

ity and increases Tim17A degradation. The addition of CHX to

the chase media similarly reduced Tim17A intracellular stability

and increased Tim17A degradation (Figures 2F and 2G). As a

control, we show that the stability of the global [35S]proteome

was not affected by CHX (Figures S2B and S2C).

Collectively, theabove results areconsistentwith amechanism

where translational attenuation reduces Tim17A protein levels

through both reductions in Tim17A biogenesis and increased

targeting of Tim17A to proteolytic degradation (Figure 2H).
ecember 3, 2013 ª2013 Elsevier Inc. 911
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Figure 3. Tim17A Degradation Requires the

i-AAA Mitochondrial Protease YME1L

(A) Immunoblot of extracts prepared from mito-

chondria isolated from HEK293T. Isolated mito-

chondria were treated with ATP (5 mM) and

o-phenanthroline (o-phe; 1 mM) for 0 or 6 hr at

37�C, as indicated.

(B) Immunoblot of lysates prepared from SHSY5Y

cells stably expressing control or YME1L shRNA

and treated with As(III) (50 mM; 6 hr), as indicated.

Two separate stable lines expressing YME1L

shRNA are shown.

(C) Immunoblot of lysates prepared from SHSY5Y

cells stably expressing control or YME1L shRNA

and treated with cycloheximide (CHX; 50 mg/ml;

6 hr), as indicated. Two separate stable lines

expressing YME1L shRNA are shown.

(D) Immunoblot of purified mitochondria isolated

from HEK293T cells expressing control or YME1L

shRNA.Mitochondria were incubated for 0 or 6 hr at

37�C in the presence of ATP (5 mM) and o-phe-

nanthroline (o-phe; 1 mM), as indicated. See also

Figure S3.

Cell Metabolism

Tim17A Degradation Protects Mitochondria
Stress-Regulated Tim17A Degradation Requires the i-
AAA Protease YME1L
We sought to identify the protease responsible for Tim17A

degradation. We monitored Tim17A stability in isolated mito-

chondria purified from HEK293T cells. Tim17A is stable in

isolated mitochondria incubated in the absence of ATP (Fig-

ure 3A). The addition of ATP significantly reduced Tim17A

protein levels (Figure 3A). The ATP-dependent decrease in

Tim17A could be inhibited by the membrane-permeable zinc

chelator o-phenanthroline (o-phe), suggesting that Tim17A

degradation requires the activity of a mitochondria-localized

ATP-dependent zinc metalloprotease.

Mitochondrial inner membrane proteins are primarily

degraded by three constitutively active, ATP-dependent AAA+

zinc metalloproteases localized to the inner mitochondrial mem-

brane: YME1L, AFG3L2, and paraplegin (Koppen and Langer,

2007; Tatsuta, 2009). The primary difference between these

three ATP-dependent metalloproteases is the localization of

their proteolytic activity. The active site for the i-AAA protease

YME1L is oriented to the mitochondrial intermembrane space

(IMS), while the active sites for the m-AAA proteases AFG3L2

and paraplegin are oriented toward the mitochondrial matrix.

We evaluated the dependence of Tim17A degradation on the

i-AAA protease YME1L using shRNA. The knockdown of

YME1L significantly impaired As(III)- and CHX-dependent

Tim17A degradation (Figures 3B and 3C). Genetic depletion of

AFG3L2 did not impair CHX-dependent Tim17A degradation

(Figure S3). The ATP-dependent degradation of Tim17A was

also attenuated in mitochondria isolated from cells depleted of

YME1L (Figure 3D), further demonstrating that Tim17A degrada-

tion requires YME1L.
912 Cell Metabolism 18, 908–919, December 3, 2013 ª2013 Elsevier Inc.
YME1L-dependent Tim17Adegradation

could occur while Tim17A remains in com-

plex with TIM23 or following stress-

induced dissociation from TIM23. We

differentiated these two potential mecha-
nisms by measuring the impact of As(III) on the interaction

between the core TIM23 subunits Tim23 and Tim17A or

Tim17B.We immunopurifiedTim23 fromdigitonin-permeabilized

mitochondria isolated from SHSY5Y cells treated with or without

As(III) and measured the coimmunopurification of Tim17A and

Tim17B by immunoblotting (Geissler et al., 2002). Both Tim17A

andTim17Bcoimmunopurify with Tim23 inmitochondria isolated

from untreated cells (Figure 4A) (Bauer et al., 1999). Alternatively,

only Tim17B coimmunopurifies with Tim23 in mitochondria

isolated from As(III)-treated cells, indicating that the rapid

decrease in Tim17A protein levels reduces the population of

TIM23 with a core Tim23-Tim17A interaction but does not signif-

icantly influence TIM23with a Tim23-Tim17Bcore. Similar results

were observed by blue native (BN)-PAGE, showing that the size

of the TIM23 core complex (containing Tim23-Tim17A/Tim17B)

is not significantly affected by As(III), although we did observe a

35%decrease in TIM23 (Figure 4B). This decrease in TIM23 com-

plexes is consistent with the selective loss of TIM23 complexes

containing a core Tim23-Tim17A interaction.

We next evaluated whether As(III) affected the Tim23-Tim17A

interaction by immunopurifying Tim23 from As(III)-treated

HEK293T cells RNAi depleted of YME1L (cells deficient

in stress-induced Tim17A degradation). Tim17A efficiently

coimmunopurifies with Tim23 in control and As(III)-treated

HEK239T cells RNAi depleted of YME1L (Figure 4C), indicating

that As(III) does not induce Tim17A dissociation from Tim23.

This result strongly suggests that YME1L-dependent Tim17A

degradation is initiated while Tim17A remains in complex

with TIM23.

Stress-dependent increases in YME1L-dependent Tim17A

degradation could result from stress-dependent alterations in
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Figure 4. As(III) Does Not Induce Tim17A

Dissociation from the TIM23 Complex

(A) Immunoblot of Tim23 immunopurified from

mitochondria isolated from SHSY5Y treated with

or without As(III) (50 mM; 6 hr).

(B) BN-PAGE immunoblot and quantification of

Tim23 in mitochondria isolated from HEK293T

treated with As(III) (50 mM; 6 hr), as indicated.

Error bars represent SEM from n = 3 experiments.

**p < 0.01.

(C) Immunoblot of Tim23 immunopurified from

mitochondria isolated from HEK293T cells ex-

pressing control or YME1L shRNA treated with or

without As(III) (50 mM; 6 hr).

(D) Immunoblot of BN-PAGE/SDS-PAGE of

YME1L in mitochondria isolated from HEK293T

cells treated with As(III) (50 mM; 6 hr), as indicated.

HSP60 oligomers are shown as a control.
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YME1L proteolytic activity. While yeast Yme1 is known to be in

close proximity with TIM23 (Rainey et al., 2006), we did not

recover YME1L in our Tim23 immunopurifications in the pres-

ence or absence of As(III), indicating that As(III) does not induce

a stable interaction between mammalian YME1L and TIM23

(Figure 4C). We also did not observe significant alterations in

YME1L oligomeric size induced by As(III), as measured by

BN-PAGE (Figure 4D), suggesting that As(III) does not increase

or decrease YME1L interactions with regulatory adaptor pro-

teins, such as those identified for yeast Yme1 (Dunn et al.,

2006, 2008). Since no adaptors for mammalian YME1L have

been identified to date and YME1L is not known to be posttrans-

lationally regulated (Koppen and Langer, 2007; Tatsuta, 2009),

our results suggest that As(III) does not alter YME1L proteolytic

activity toward Tim17A, although we cannot explicitly exclude

the possibility that As(III) induces conformational changes within

YME1L through other mechanisms, such as posttranslational

modification (e.g., phosphorylation) or transient interaction with

unidentified adaptor proteins.

Reduced Tim17A Attenuates TIM23-Dependent
Mitochondrial Protein Import
The As(III)-dependent decrease in TIM23 complexes containing

Tim17A (Figures 4A and 4B) will decrease cellular mitochondrial

protein import efficiency by reducing the population of functional

complexes containing the essential 1:1 interaction between

Tim23 and either Tim17A or Tim17B (Bauer et al., 1999;

Chacinska et al., 2009; Schmidt et al., 2010). We measured the

impact of As(III) on the mitochondrial import of a C-terminally

hemagglutinin (HA)-tagged ornithine transcarbamylase (OTCHA)

and a monomeric transthyretin variant (M-TTR; Jiang et al.,

2001) targeted to the mitochondrial matrix by an N-terminal

CoxVIII mitochondrial targeting sequence (mtM-TTR). We

employed M-TTR as a model TIM23 substrate, as M-TTR is a

well-established soluble protein that has no biochemical activity

that can disrupt mitochondrial function. Mitochondrial matrix
Cell Metabolism 18, 908–919,
populations of OTCHA and mtM-TTR

can be identified by their increased

mobility on SDS-PAGE afforded by the

cleavage of their mitochondrial targeting
sequences by mitochondria-localized processing peptidase

(Gakh et al., 2002) (Figures S4A and S4B).

Using the differential mobility of mitochondria-localized

OTCHA and mtM-TTR observed by SDS-PAGE, we monitored

the impact of As(III) on mitochondrial protein import efficiency

using 35S metabolic labeling (Figures 5A and 5B). Cells pre-

treatedwith or without As(III) were labeledwith 35S prior to immu-

nopurification of OTCHA or mtM-TTR. Import efficiency was then

quantified by measuring the mitochondrial fraction of [35S]

OTCHA and [35S]mtM-TTR. Pretreatment with As(III) decreased

themitochondrial import of OTCHA (Figure 5A) and mtM-TTR (Fig-

ure 5B). Mitochondrial import of these proteins was also reduced

when the uncoupling agent carbonyl cyanide m-chlorophenyl

hydrazine (CCCP; an efficient inhibitor of mitochondrial protein

import) was coadministered during the pulse. The As(III)-depen-

dent reduction in mitochondrial protein import cannot be attrib-

uted to depolarization of the mitochondrial membrane, as we

did not observe significant alterations in mitochondrial mem-

brane potential in As(III)-treated cells measured by tetramethylr-

hodamine ethyl ester (TMRE) fluorescence (Figure S4C).

We next evaluated the impact of genetic depletion of TIM17A

on the import of mtM-TTR in HEK293T-REx cells. We con-

firmed >90% knockdown of Tim17A in these cells by immuno-

blotting (Figure 5C). TIM17A depletion did not significantly influ-

ence Tim17B or Tim23 protein levels. Genetic depletion of

TIM17A reduced the import efficiency of mtM-TTR by�25% (Fig-

ure 5D). This effect could not be attributed to alterations in total

protein production, as the total amount of [35S]mtM-TTR was

nearly identical in HEK293T-REx cells expressing control or

TIM17A shRNA (Figure S4D). Furthermore, the reduction in
mtM-TTR import cannot be attributed to a reduction in mitochon-

drial membrane potential afforded by TIM17A depletion, as

reduced Tim17A does not influence the mitochondrial mem-

brane potential measured by TMRE fluorescence (Figure S4E).

Alterations inmitochondrial protein import afforded by TIM17A

depletion could directly impact mitochondrial proteome
December 3, 2013 ª2013 Elsevier Inc. 913
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Figure 5. Reduced Tim17A Decreases

TIM23 Mitochondrial Protein Import

Efficiency

(A) Representative autoradiogram and quantifica-

tion of [35S]OTCHA in HEK293T cells pretreated

with As(III) (50 mM; 6 hr), as indicated. Arrows show

the cytosolic (cyto) and mitochondrial (mito)

OTCHA. The mitochondrial uncoupler CCCP

(50 mM) was added coincident with [35S]Met/Cys,

as indicated. The experimental paradigm is shown

above. Fraction OTCHA import was calculated as

described in Experimental Procedures. Error bars

show SEM from n = 3.

(B) Representative autoradiogram and quantifica-

tion of [35S]mtM-TTR in HEK293T cells pretreated

with As(III) (50 mM; 6 hr), as indicated. Arrows

indicate the cytosolic (cyto) and mitochondrial

(mito) mtM-TTR bands. The mitochondrial uncou-

pler CCCP (50 mM)was added coincident with [35S]

Met/Cys, as indicated. The experimental paradigm

is shown above. Fraction mtM-TTR import was

calculated as described in Experimental Pro-

cedures. Error bars show SEM from n = 5.

(C) Immunoblot of lysates prepared from

HEK293T-REx cells expressing control non-

silencing shRNA or TIM17A shRNA.

(D) Representative autoradiogram and quantifi-

cation of cytosolic and mitochondrial mtM-TTR in

HEK293T-REx cells stably expressing control or

TIM17A shRNA. Dox (1 mg/ml) was added for 4 hr

prior to labeling to induce tet-inducible mtM-TTR

expression. CCCP (50 mM) was added during the

label to the indicated cells. The experimental

protocol is shown above the autoradiogram.

Fraction mtM-TTR import was calculated as

described in Experimental Procedures. Error bars

show SEM from n = 6.

(E) Plot showing relative mitochondrial protein

concentrations in HEK293T cells expressing con-

trol or TIM17A shRNA. The plot depicts the �log p

value versus the log2 fold change of protein con-

centration in TIM17A-depleted cells relative to cells

expressing control shRNA. The 317 GO-annotated

mitochondrial proteins are shown. The vertical

dashed lines represent fold changes> 1.5-fold. The

horizontal dashed line indicates a p < 0.01.

*p < 0.05, **p < 0.01. See also Figure S4 and

Tables S1 and S2.
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composition. We measured the impact of TIM17A depletion on

the mitochondria proteome using quantitative multidimensional

protein identification technology (MuDPIT) proteomics (Yates

et al., 2009). Enriched mitochondria isolates from cells express-

ing control or TIM17A shRNA were trypsinized, labeled with

distinct tandem mass tags (TMTs), and analyzed by the liquid

chromatography-tandem mass spectrometry (LC/LC-MS/MS)

MuDPIT protocol (Washburn et al., 2001). The compositions of

mitochondrial proteomes from these two preparations were

directly compared by measuring the recovery of differentially

TMT-labeled peptides. We identified 317 gene ontology (GO)-

annotated mitochondrial proteins (Figure 5E; Table S1).

TIM17A depletion did not significantly influence the global

composition of the mitochondrial proteome, although we cannot

explicitly rule out alterations in protein levels for mitochondrial

proteins not detected in the MuDPIT analysis.
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Reduced TIM17A/tim-17 Increases Expression of
Stress-Responsive Mitochondrial Proteostasis Genes
and Confers Stress Resistance in Mammalian Cells and
C. elegans

Reducing TIM23 import efficiency leads to the activation of the

UPRmt in C. elegans (Nargund et al., 2012). This suggests that

reducing TIM23 import efficiency by depleting the worm

TIM17A homolog, tim-17 (E04A4.5), should induce the UPRmt.

Consistent with this prediction, N2 wild-type worms expressing

the UPRmt reporter hsp-60pr::gfp fed bacteria expressing tim-

17(RNAi) demonstrated a robust increase in GFP fluorescence,

reflecting UPRmt activation. The activation of the UPRmt by tim-

17(RNAi) was independent of mitochondrial matrix stress, as

tim-17(RNAi) significantly activated hsp-60::gfp in a HAF-1

mutant worm (haf-1(ok705)) (Figure 6A); HAF-1 is an ABC

peptide transporter required for UPRmt activation in response
Inc.
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Figure 6. Decreasing Tim17A/TIM-17

Increases Expression of Stress-Responsive

Mitochondrial Proteostasis Genes and

Confers Stress Resistance in C. elegans

and Mammalian Cells

(A) Representative images depicting the activation

of the UPRmt reporter hsp-60pr::gfp in C. elegans

strains fed E. coli expressing empty vector (EV),

tim-17(RNAi), or tim-23(RNAi), as indicated. The

strains used in this figure are N2 (wild-type;

top), haf-1(ok705) (middle), and atfs-1(tm4525)

(bottom).

(B) qPCR of HSP60 and YME1L in HEK293T cells

stably expressing control or TIM17A shRNA.

mRNA levels were normalized to GAPDH. The

error bars show the mean ± 95% confidence

interval. Data are representative of three inde-

pendent experiments.

(C) Survival analysis of N2 worms fed E. coli ex-

pressing empty vector (EV; black), tim-17(RNAi)

(red), or tim-23(RNAi) (blue). Animals were treated

with the indicated concentration of paraquat at

day 1 of adulthood. Animal survival was scored

following a 24 hr paraquat treatment. Error bars

showSEM for n = 8. Data are representative of four

independent experiments.

(D) Survival analysis of atfs-1(tm4525) mutant

worms fed E. coli expressing empty vector (EV;

black), tim-17(RNAi) (red), or tim-23(RNAi) (blue).

Animals were treated with the indicated concen-

tration of paraquat at day 1 of adulthood. Animal

survival was scored following a 24 hr paraquat

treatment. Error bars show SEM for n = 8. Data are

representative of four independent experiments.

(E) Bar graph showing the resazurin fluorescence

of HEK293T cells expressing control or TIM17A

shRNA and treated with the indicated concentra-

tion of paraquat for 24 hr. Error bars show SEM for

n = 8. Data are representative of three independent

experiments.

**p < 0.01, ***p < 0.005. See also Figure S5.
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tomitochondrial matrix stress (Haynes et al., 2010). Alternatively,

tim-17(RNAi) did not increase hsp-60pr::gfp expression in worms

expressing a mutant of the UPRmt transcription factor ATFS-1

(atfs-1(tm4525)), indicating that tim-17(RNAi)-dependent UPRmt

activation requires ATFS-1 (Figure 6A). The UPRmt activation

induced by tim-17(RNAi) is identical to that previously observed

with tim-23(RNAi) (Nargund et al., 2012)(Figure 6A).

Although the mammalian UPRmt remains poorly character-

ized, we anticipated that depletion of TIM17A would increase

the expression of mammalian mitochondrial stress-responsive

genes, such as the chaperonin HSP60 and the protease

YME1L (Aldridge et al., 2007). We observed a modest increase

in HSP60 and YME1L mRNA in HEK293T cells RNAi depleted

of TIM17A (Figure 6B). Similar results were observed in

TIM17A-depleted SHSY5Y cells (Figure S5). While the modest

increase in expression of these genes is consistent with previous

reports measuring mammalian UPRmt activation (Aldridge et al.,

2007; Zhao et al., 2002), other stress-responsive inputs (e.g.,

activation of a stress-responsive transcription factor) may also

be required for a robust UPRmt activation in mammalian cells.
Cell M
The induction of mitochondrial stress-responsive genes

afforded by reduced TIM23 import efficiency should increase

organismal stress resistance against pathologic insults that chal-

lenge mitochondrial proteostasis. We explore this prediction in

C. elegans treated with the superoxide generator paraquat, a

stress that disrupts C. elegans mitochondrial proteostasis

(Nargund et al., 2012; Runkel et al., 2013). Wild-type N2 worms

fed tim-17(RNAi) demonstrated a significant increase in stress

resistance against the toxin paraquat (Figure 6C). Similar stress

resistance was observed in worms fed tim-23(RNAi). Surpris-

ingly, tim-17(RNAi) and tim-23(RNAi) increased paraquat stress

resistance in atfs-1(tm4525) mutant worms, indicating that the

increased paraquat stress resistance afforded by reduced

TIM23 import activity is not solely dependent on activation of

the UPRmt-associated transcription factor ATFS-1 (Figure 6D).

TIM17A depletion in HEK293T also results in a modest, but

statistically significant, increase in paraquat stress resistance

(Figure 6E). These results indicate that reducing Tim17A protein

levels increases cellular and organismal resistance to oxidative

insult.
etabolism 18, 908–919, December 3, 2013 ª2013 Elsevier Inc. 915
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Figure 7. Model Showing the Predicted Mechanism of ISR-

Dependent Remodeling of Mitochondrial Protein Import through

Stress-Induced Tim17A Degradation

Pathologic insults—e.g., As(III), ER stress, etc.—induce eIF2a phosphorylation

(step 1), which leads to stress-regulated translational attenuation (step 2).

Reduced translation decreases the stability of Tim17A protein levels through

reduced Tim17A biogenesis (step 3) and increased YME1L-dependent

Tim17A degradation (step 4). This decreases the population of active TIM23

complexes containing a core Tim23-Tim17A interaction, reducing TIM23

import efficiency and facilitating induction of stress-responsive mitochondrial

proteostasis genes (step 5). Reduced TIM23 import activity also confers

stress resistance through a mechanism independent of ATFS-1-mediated

transcriptional upregulation of mitochondrial proteostasis genes (step 6).
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DISCUSSION

Here, we identify Tim17A as a stress-regulated subunit of the

TIM23 import complex (Figure 7). We show that Tim17A protein

levels are significantly decreased downstream of protective,

ISR-mediated translational attenuation. Furthermore, we show

that reduction in Tim17A attenuates mitochondrial protein

import, increases transcription of mitochondrial proteostasis

genes, and confers stress resistance against oxidative insult.

Thus, our results indicate that reductions in Tim17A afforded

by stress-regulated translational attenuation provide a mecha-

nism by which to adapt mitochondrial protein import and

increase cellular stress resistance during pathologic insults.

Stress-dependent reductions in Tim17A result from a

decrease in Tim17A biogenesis and an increase in Tim17A

degradation. While the decrease in Tim17A biogenesis can be

largely explained by reductions in Tim17A synthesis during

ISR-dependent translational attenuation (Wek and Cavener,

2007; Wek et al., 2006), the increased degradation of Tim17A

observed following CHX treatment suggests that Tim17A stabil-

ity is sensitive to alterations in new protein synthesis. One poten-

tial mechanism to explain this decreased Tim17A stability is that

reductions in new protein synthesis directly influence the confor-

mation of Tim17A within the TIM23 complex by reducing the

delivery of substrate proteins for support. The opening of the

TIM23 channel requires the presence of newly synthesized pro-

teins containing an N-terminal mitochondrial targeting sequence

(Chacinska et al., 2009; Schmidt et al., 2010). Therefore, reduc-

tions in new protein synthesis will result in less TIM23 opening.

Since Tim17A directly associates with the channel-forming

subunit Tim23, the decreased capacity for TIM23 to open during
916 Cell Metabolism 18, 908–919, December 3, 2013 ª2013 Elsevier
translation attenuation could induce conformational conversions

within Tim17A that lead to increased degradation. This mecha-

nism is consistent with our results demonstrating that Tim17A

does not dissociate from Tim23 during stress, indicating that

Tim17A degradation is initiated while it remains in complex

with TIM23. While the relationship between Tim17A stability

and reduced translation remains to be further elucidated, our

results clearly show that the sensitivity of Tim17A to stress-

regulated translational attenuation reveals a cellular mechanism

by which to adapt TIM23 import efficiency and promote mito-

chondrial proteostasis during stress.

The capacity to regulate mitochondrial protein import through

stress-regulated decreases in Tim17A provides a mechanism by

which to promote proteostasis remodeling in mammalian cells

through the UPRmt. In C. elegans, reductions in TIM23 import

are required for UPRmt activation (Nargund et al., 2012), although

the biological mechanisms that reduce import during stress are

currently unknown. We show that reductions in Tim17A

decrease mitochondrial protein import efficiency and increase

expression of known mammalian UPRmt target genes, suggest-

ing that stress-regulated Tim17A degradation is a biological

mechanism that can regulate mitochondrial import and promote

UPRmt activation in mammalian cells. Consistent with this pre-

diction, the UPRmt-dependent upregulation of TIM17A allows

restoration of Tim17A following stress through a negative feed-

back loop (a common feature of stress-regulated signaling

pathways).

Our results also suggest a cooperative interaction between

ISR-dependent reductions in Tim17A and UPRmt activation (Fig-

ure 7). This potential role for the ISR in UPRmt activation is

conceptually similar to that employed to activate NF-kB in

response to UV irradiation, where the ISR-dependent reduction

in inhibitor of kB (IkB) synthesis contributes to the decreased

intracellular levels of this inhibitory protein and facilitates

NF-kB activation (Jiang and Wek, 2005; Wu et al., 2004). While

ISR-dependent Tim17A degradation represents one potential

mechanism by which to attenuate mitochondrial protein import

and activate the UPRmt, other mechanisms are likely employed

for UPRmt activation in response to proteotoxic imbalances in

the mitochondrial matrix, explaining the involvement of the mito-

chondrial matrix protease CLPP-1 and the peptide transporter

HAF-1 in UPRmt activation in response to these types of stresses

(Haynes et al., 2007, 2010).

Interestingly, we also show that reduced TIM23 import effi-

ciency increases organismal stress resistance through mecha-

nisms independent of the UPRmt-associated transcription factor

ATFS-1 (Figure 7). Altering mitochondrial protein import has

been previously shown to be beneficial for promoting mitochon-

drial function in response to stress. PKA-dependent phosphory-

lation of the TOM subunit Tom70 decreases the import of

mitochondrial metabolite carriers in nonrespiring conditions,

adapting mitochondrial protein import (and thus function) to

the metabolic state of the cell (Schmidt et al., 2011). Although

we did not identify significant alterations in the composition of

mitochondrial proteomes in TIM17A-depleted cells, reductions

in Tim17Amay alter the import of specific mitochondrial proteins

not identified in our proteomic analysis, providing a mechanism

by which to adapt mitochondrial function in response to patho-

logic insults that induce ISR activation. Alternatively, reductions
Inc.
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in TIM23 import efficiency afforded by reduced Tim17A could

function to reduce the burden of newly synthesized proteins

entering the mitochondrial matrix during conditions of stress.

Newly synthesized, unfolded polypeptides are the predominant

substrates for mitochondrial folding and proteolytic pathways.

Therefore, reducing the population of these proteins entering

the mitochondrial matrix during stress would increase the

available capacity for mitochondrial proteostasis pathways to

maintain mitochondrial proteome integrity and prevent the path-

ologic accumulation of misfolded proteins within the mitochon-

drial matrix. This mechanism is analogous to the reduced burden

on cellular proteostasis pathways afforded by ISR-dependent

translational attenuation (Wek and Cavener, 2007; Wek et al.,

2006) and suggests that altering the import rate of newly syn-

thesized mitochondrial proteins entering the matrix is a mecha-

nism by which to selectively promote mitochondrial proteostasis

during stress.

While TIM17A and TIM17B are ubiquitously expressed (Bauer

et al., 1999), the tissue-selective expression of these proteins

and their differential sensitivities to stress-regulated translational

attenuation suggests unique requirements for TIM23 import

regulation in different tissues. Tim17B is stable during stress,

suggesting more of a housekeeping role for this Tim17 homolog.

The stability of Tim17B, and thus mitochondrial import activity,

could be important for tissues, such as skeletal muscle, that

express high levels of TIM17B, providing a mechanism to ensure

efficient mitochondrial protein import to maintain the high meta-

bolic activities required of these tissues during stress. Alterna-

tively, the stress sensitivity of Tim17A suggests that tissues

that selectively express TIM17A, such as the brain, are highly

dependent on TIM23 import regulation to promote mitochondrial

proteostasis during pathologic insults. Thus, the tissue-specific

requirements for TIM23 import activity could reflect the evolu-

tionary advantage for metazoans having two Tim17 homologs,

while yeast only requires one Tim17 (Chacinska et al., 2009).

Mitochondrial proteome maintenance is critical to ensure

organismal viability in response to environmental, genetic, or

aging-related stress. Thus, determining cellular stress-resis-

tance pathways involved in adapting mitochondrial proteostasis

in response to pathologic insults is critical. Here, we identify

Tim17A as a stress-regulated subunit of the TIM23mitochondrial

protein import complex whose protein levels decrease down-

stream of ISR-mediated translation attenuation. Identifying

Tim17A as a stress-regulated mitochondrial import component

provides insight into the coordination of stress-responsive

signaling cascades in defining mitochondrial function during

stress and reveals therapeutic targets (e.g., ISR signaling) to

adapt mitochondrial protein import and potentially attenuate

mitochondrial dysfunction in human disease pathology.
EXPERIMENTAL PROCEDURES

Cell Culture

HEK293T, HeLa, and Huh7 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) (Cellgro) supplemented with 10% fetal bovine serum (FBS)

(Cellgro), 1% penicillin/streptomycin (Gibco). and 1% L-glutamine (Cellgro)

at 37�C (5% CO2). MEFWT and MEFA/A cells were cultured as above

and supplemented with b-mercaptoethanol. SHSY5Y cells were cultured in

DMEM/F12 (Cellgro) supplemented with 10% FBS (Cellgro), 1% penicillin/

streptomycin (Gibco), and 1% L-glutamine (Gibco).
Cell M
Cell Lysis and Immunoblotting

Cellular lysates were prepared using a standard lysis buffer (20 mM HEPES

[pH 7.5], 100 mM NaCl, 1 mM EDTA, 1% Triton supplemented with EDTA-

free protease inhibitors; Roche). Cellular lysates were normalized by total

protein concentration using Bio-Rad protein quantification. Lysates were

separated on Tris-glycine gels and transferred onto nitrocellulose membranes

(Bio-Rad) for immunoblotting. Following incubation with primary antibodies,

membranes were incubated with IRDye secondary antibodies (LI-COR

Biosciences) and analyzed using the Odyssey Infrared Imaging System

(LI-COR Biosciences).

35S Metabolic Labeling

Metabolic labeling was achieved using 20 mCi/ml TRANS35S-LABEL (MP

Biomedical) in DMEM lackingmethionine and cysteine (Cellgro) supplemented

with 10%dialyzed serum. Following labeling, cells were incubated in complete

media, as indicated. At the indicated time, cellular lysates were prepared in

lysis buffer and denatured using 1% SDS and boiling for 5 min at 100�C.
The denatured lysates were diluted 1:10 into RIPA buffer lacking SDS

(50 mM Tris [pH 7.5], 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40)

and cleared using quenched sepharose. Tim17A was immunoprecipitated

using a-Tim17(H-1) antibody (Santa Cruz) conjugated to protein G Sepharose

(Invitrogen). Following stringent washing in RIPA buffer, Tim17A was eluted by

boiling in Laemmli buffer, separated on SDS-PAGE, and analyzed by autoradi-

ography using a Typhoon Trio Imager (GE Healthcare).

Mitochondrial Isolation and Immunopurification of the TIM23

Complex

Mitochondria were isolated from cells using a previously reported mitochon-

drial isolation protocol (Haynes et al., 2010). Freshly isolated mitochondria

were resuspended in mitochondrial import buffer (25 mM HEPESdKOH

[pH 7.4], 250 mM sorbitol, 150 mM KCl, 10 mM MgCl2, 2 mM K2PO4) supple-

mented with 5 mM malate, 10 mM pyruvate, and 20 mM succinate and

incubated at 37�C in the presence or absence of 5 mM ATP and 1 mM

o-phenanthroline, as indicated. Mitochondria were then collected by centrifu-

gation, lysed in lysis buffer, and analyzed by immunoblotting.

Immunoprecipitation of the TIM23 complex was carried out as described in

(Geissler et al., 2002), using Tim23 antibody (BD Transduction Laboratories)

precoupled to protein G Sepharose beads (GE Healthcare) and incubating

for 3 hr at room temperature. After washing, samples were eluted with Laemmli

buffer.

BN-PAGE Analysis

Isolated mitochondria were resuspended in BN-lysis buffer (20 mM Tris

[pH 7.5], 10% [w/v] glycerol, 50 mM NaCl, 0.1 mM EDTA, and 1 mM PMSF),

lysed by the addition of digitonin, separated on 4%–16% polyacrylamide

gels, and western blotted as described (Schmidt et al., 2011).

Mitochondrial Protein Import Assay

HEK293T or HEK293T-REx cells expressing OTCHA or mtM-TTR were labeled

for 30 min using 20 mCi/ml TRANS35S-LABEL (MP Biomedical) in DMEM lack-

ing methionine and cysteine (Cellgro) supplemented with 10% dialyzed serum

in the absence or presence of CCCP (50 mM). Cells were then lysed with RIPA

buffer, andOTCHA or mtM-TTRwas immunopurified using protein GSepharose

preconjugated to anti-HA (Covance) or protein A Sepharose preconjugated to

a rabbit polyclonal anti-TTR, respectively. Immunopurified proteins were

separated by SDS-PAGE and analyzed by autoradiography using a Typhoon

Trio Imager (GE Healthcare). Fraction import was calculated using the

following equation: mitochondrial [35S]protein / (cytosolic [35S]protein +

mitochondrial [35S]protein).

Resazurin Cell Viability Assay

Cells were plated at a density of 10,000 cells per well into black 96-well plates

and cultured overnight in cell media. Indicated stressors were introduced to

each well in equal volume and incubated for the indicated time. Resazurin

was diluted 1:10 into each well (final concentration of 50 mM) and incubated

for 1 hr. Resazurin fluorescence was measured using a Safire2 fluorescent

plate reader (Tecan) with an emission wavelength of 590 nm and an excitation

wavelength of 560 nm. All resazurin assays were performed in triplicate.
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Quantitative RT-PCR

The relative mRNA expression levels of TIM17A, TIM23, and HSP60 were

analyzed by quantitative RT-PCR as described (Shoulders et al., 2013).

Statistical Analyses

Data were analyzed using Student’s t test to determine significance. Error bars

depict SEM.

Additional Materials and Methods are included in the Supplemental

Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and two tables and can be found with this article online at http://
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