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Misfolding of mutant adenine nucleotide 
translocase in yeast supports a novel mechanism 
of Ant1-induced muscle diseases
Yaxin Liu, Xiaowen Wang, and Xin Jie Chen
Department of Biochemistry and Molecular Biology, State University of New York Upstate Medical University,  
Syracuse, NY 13210

ABSTRACT Approximately one-third of proteins in the cell reside in the membrane. Muta-
tions in membrane proteins can induce conformational changes and expose nonnative polar 
domains/residues to the lipid environment. The molecular effect of the resulting membrane 
stress is poorly defined. Adenine nucleotide translocase 1 (Ant1) is a mitochondrial inner 
membrane protein involved in ATP/ADP exchange. Missense mutations in the Ant1 isoform 
cause autosomal dominant progressive external ophthalmoplegia (adPEO), cardiomyopathy, 
and myopathy. The mechanism of the Ant1-induced pathologies is highly debated. Here we 
show that equivalent mutations in the yeast Aac2 protein cause protein misfolding. Misfolded 
Aac2 drastically affects the assembly and stability of multiple protein complexes in the mem-
brane, which ultimately inhibits cell growth. Despite causing similar proteostatic damages, 
the adPEO- but not the cardiomyopathy/myopathy-type Aac2 proteins form large aggre-
gates. The data suggest that the Ant1-induced diseases belong to protein misfolding disor-
ders. Protein homeostasis is subtly maintained on the mitochondrial inner membrane and can 
be derailed by the misfolding of one single protein with or without aggregate formation. This 
finding could have broad implications for understanding other dominant diseases (e.g., reti-
nitis pigmentosa) caused by missense mutations in membrane proteins.

INTRODUCTION
Adenine nucleotide translocase (Ant) belongs to a large family of 
proteins known as mitochondrial carriers, which transport nucleo-
tides, cofactors, signaling molecules, and metabolic intermediates 
across the mitochondrial inner membrane (Palmieri, 2004, 2014). 
Ant primarily catalyzes the export of ATP out of mitochondria by 
exchanging with cytosolic ADP (Klingenberg, 2008). Under low–
membrane potential conditions, Ant reverses its transport direction-
ality, allowing the import of cytosolic ATP into mitochondria against 

matrix ADP. In addition to ATP/ADP exchange, Ant also mediates 
proton leak across the membrane (Brand et al., 2005). This activity 
mildly uncouples the membrane, which prevents hyperpolarization 
and excessive production of superoxide.

Ant is one of the most conserved proteins through evolution 
and is present in multiple isoforms in different species. In humans, 
Ant1 is predominantly expressed in skeletal muscle and heart 
(Stepien et al., 1992). Yeast cells express three isoforms of Ant, with 
Aac2 being the major ADP/ATP carrier under respiring conditions 
(Lawson and Douglas, 1988; Lawson et al., 1990). Ant contains 
three repeats of a sequence module of ∼100 amino acids, with each 
predicted to form two transmembrane α-helices (Saraste and 
Walker, 1982; Walker and Runswick, 1993). The compact organiza-
tion was confirmed by atomic structures established for the bovine 
Ant1 and yeast Aac2 and Aac3 isoforms in the presence of the com-
petitive inhibitor carboxyatractyloside (Pebay-Peyroula et al., 2003; 
Ruprecht et al., 2014). These structures revealed that the six trans-
membrane helices in an Ant monomer form a central channel that 
is sufficiently large to accommodate the bulky ADP and ATP. This 
led to the alternating-access transport model, predicting that an 

Monitoring Editor
Thomas D. Fox
Cornell University

Received: Jan 20, 2015
Revised: Mar 25, 2015
Accepted: Mar 26, 2015

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E15-01-0030) on April 1, 2015.
Address correspondence to: Xin Jie Chen (chenx@upstate.edu).

© 2015 Liu et al. This article is distributed by The American Society for Cell Biol-
ogy under license from the author(s). Two months after publication it is available 
to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: adPEO, autosomal dominant progressive external ophthal-
moplegia; Ant, adenine nucleotide translocase; BN-PAGE, blue native polyacryl-
amide gel electrophoresis; DDM, n-dodecyl β-d-maltoside; HA, hemagglutinin; 
mtDNA, mitochondrial DNA; YPD, yeast extract/peptone/dextrose medium.



1986 | Y. Liu et al. Molecular Biology of the Cell

and A123D mutations in human ANT1, are synthetically lethal, 
with the disruption of YME1 even in cells expressing an endoge-
nous wild-type copy of AAC2 (Wang et al., 2008a). YME1 encodes 
the i-AAA protease involved in the quality control of proteins on 
the mitochondrial inner membrane (Thorsness et al., 1993; 
Leonhard et al., 1999). This observation suggested that expression 
of the mutant Aac2 may dominantly affect protein homeostasis on 
the membrane, which cannot be tolerated in cells lacking Yme1. In 
support of this idea, we found that cells expressing a mutant allele 
of AAC2 are hypersensitive to diverse conditions that affect pro-
teostasis and the biochemical properties and functionality of the 
membrane. First, meiotic spores cosegregating AAC2A128P with 
the disruption of OXA1 failed to form viable colonies on yeast ex-
tract/peptone/dextrose (YPD) medium (Figure 1A). OXA1 encodes 
the mitochondrial inner membrane insertase that mediates the in-
sertion of mtDNA-encoded proteins from the matrix side (Bon-
nefoy et al., 1994; Herrmann et al., 1997; Stuart, 2002). Loss of 
Oxa1 directly affects the assembly of respiratory complexes on the 
inner membrane. Second, AAC2A128P was found to be synthetically 
lethal with ybr238cΔ (Supplemental Figure S1). Ybr238c is an inner 
membrane–associated protein that, together with its paralogue 
Rmd9, controls mRNA processing/stability in mitochondria (Nouet 
et al., 2007; Williams et al., 2007). Given that the ybr238CΔ single 
mutant has barely detectable defect in respiratory growth, the syn-
thetic lethality suggests that mitochondria expressing Aac2A128P 
are sensitive to subtle disturbance to the respiratory complexes on 
the membrane due to reduced mitochondrial gene expression. 
Third, the AAC2A128P allele was also synthetically lethal, with the 
disruption of PSD1 (Figure 1B), encoding the phosphatidylserine 
decarboxylase on the inner membrane involved in the synthesis of 
phosphatidylethanolamine (Figure 1C). Compositional alterations 
to the lipid environment on the membrane are therefore detrimen-
tal to mitochondria expressing Aac2A128P. Finally, we found that 
haploid cells coexpressing the wild-type AAC2 and AAC2A128P are 
hypersensitive to antimycin on YPD, which inhibits the bc1 com-
plex in the electron transport chain (Supplemental Figure S2). This 
indicates that the defect in the electron transport chain synergizes 
with AAC2A128P, which leads to membrane stress and the inhibition 
of cell growth.

To provide direct evidence for the proteostatic stress hypothesis, 
we examined whether general protein quality control is affected on 
the inner membrane in cells coexpressing the wild-type and a mu-
tant variant of Aac2. The hemagglutinin (HA)-tagged NADH dehy-
drogenase Nde1 is unstable in vivo and is stabilized in cells defec-
tive in the Yme1 protease (Figure 1, D and E; Augustin et al., 2005). 
We found that the Yme1-dependent turnover of Nde1-3HA is mar-
ginally delayed by AAC2A128P and AAC2A137D (Figure 1, F and G) but 
significantly reduced by AAC2A106D and AAC2M114P (Figure 1, H and 
I). These data suggest that the mutant Aac2 proteins dominantly 
affect the turnover of misfolded proteins on the inner membrane, 
including Nde1-3HA.

Aac2 variants with the adPEO-type mutations are prone 
to aggregation
We hypothesized that the mutant Aac2 proteins may be misfolded, 
which causes global proteostatic stress on the inner membrane. 
Misfolded proteins often have increased propensity to form ag-
gregates. To test whether the mutant Aac2 proteins form aggre-
gates, mitochondria were isolated from cells cultured at 30°C. 
After detergent solubilization, the proteins were analyzed by Blue 
Native PAGE (BN-PAGE). As shown in Figure 2A, the monomeric 
wild-type Aac2 migrated as a band of ∼60 kDa, in contrast to an 

Ant monomer alternates between the cytosolic and matrix confor-
mations, which allows the alternate access and then translocation of 
cytosolic ADP and matrix ATP during the nucleotide exchange cy-
cle (Kunji and Crichton, 2010).

Several missense mutations in Ant1 (A90D, L98P, D104G, A114P, 
and V289M) cause autosomal dominant progressive external oph-
thalmoplegia (adPEO), characterized by late or adult-onset muscle 
weakness and exercise intolerance (Kaukonen et al., 2000; Napoli 
et al., 2001; Komaki et al., 2002; Siciliano et al., 2003; Deschauer 
et al., 2005). Another missense mutation, A123D, leads to hypertro-
phic cardiomyopathy and myopathy in homozygous patients 
(Palmieri et al., 2005). These diseases are commonly manifested by 
multiple mitochondrial DNA (mtDNA) deletions. Several models 
have been proposed to explain the Ant1-induced pathogenesis. 
Fontanesi et al. (2004) found that the adPEO-type mutants preferen-
tially import ATP over ADP in in vitro reconstituted proteoliposomes. 
This novel property was proposed to promote a futile ATP/ATP ho-
moexchange and elevated mitochondrial ATP and dATP levels, 
which consequently affect the accuracy of mtDNA replication and 
stability. In mouse C2C12 myotube cells, Kawamata et al. (2011) 
found that mitochondria of myotubes expressing the ANT1A114P 
allele are switched to the reversal ATPcytosol

4−/ADPmatrix
3− exchange 

mode at a higher membrane potential. This may also lead to in-
creased ATP level and possibly, nucleotide imbalance in the mito-
chondrial matrix.

More recently, Ravaud et al. (2012) showed that the missense 
pathogenic variants of Ant1 have altered nucleotide-binding affinity 
and translocation kinetics when expressed on the plasma membrane 
of Escherichia coli. This observation raises the possibility that loss of 
nucleotide transport function may be responsible for the pathogen-
esis, possibly by a haploinsufficient mechanism. However, this model 
is inconsistent with the findings that both humans and mice hetero-
zygous for a complete loss-of-function ant1 allele are healthy 
(Graham et al., 1997; Palmieri et al., 2005; Echaniz-Laguna et al., 
2012) and that homozygous ant1-null alleles do not cause ophthal-
mologia or ocular motility defect (Echaniz-Laguna et al., 2012; 
Strauss et al., 2013). The latter findings tend to suggest that the 
pathogenesis induced by the missense mutations involves a novel 
mechanism that is different from the loss-of-transport-function mode.

Our previous studies showed that the adPEO-type Ant muta-
tions in a yeast model severely affect cell viability in a dominant 
manner and that mtDNA instability in the mutant cells arises inde-
pendent of adenine nucleotide transport (Chen, 2002; Liu and 
Chen, 2013; Wang et al., 2008a,b). We proposed that the mutant 
proteins may interfere with general mitochondrial biogenesis in ad-
dition to their effect on oxidative phosphorylation and mtDNA sta-
bility and that mtDNA instability likely arises as a secondary effect of 
mitochondrial damage. By using the filamentous fungus Podospora 
anserine as a model system, El-Khoury and Sainsard-Chanet (2009) 
also showed that expression of the adPEO-type Ant variants leads 
to severe mitochondrial damage, as manifested by low mitochon-
drial membrane potential. The mechanism by which the mutant Ant 
causes mitochondrial damage is unknown. In the present study, we 
provide evidence suggesting that pathogenic missense mutations 
cause the misfolding of Ant, which subsequently induces pro-
teostatic stress on the membrane and loss of cell viability.

RESULTS
Mutant Aac2 proteins affect protein quality control on the 
mitochondrial inner membrane
We previously showed that the A106D, M114P, A128P, and A137D 
alleles of AAC2, equivalent to the pathogenic A90D, L98P, A114P, 
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In contrast to the adPEO-type mutant Aac2 proteins, no appar-
ent aggregates were detected with the cardiomyopathy- and myop-
athy-type Aac2A137D variant under the same conditions (Figure 2B). 
The monomeric form of Aac2A137D was noticeably reduced in BN-
PAGE. This was not caused by protein degradation, as SDS–PAGE 
analysis of n-dodecyl-β-d-maltoside (DDM)–extracted mitochondrial 
proteins showed that the level of Aac2A137D was little changed after 
the 16-h incubation (Figure 2C). It is possible that Aac2A137D has a 
poor reactivity with the antibody under the native conditions.

Further, in organello aggregation assays revealed that Aac2A106D, 
Aac2M114P, and Aac2A128P formed aggregates 8–12 h after the incu-
bation at 25°C (Figure 2E). Extended incubation eventually led to 
noticeable reduction of signals for the aggregates. This could be 
due to the formation of excessively large aggregates that become 
resistant to DDM extraction and separation by BN-PAGE. The time-
course study also confirmed that Aac2A137D does not form aggre-
gates during the entire period of incubation at 25°C.

estimated molecular weight of 34.4 kDa for the protein. The in-
creased mass in BN-PAGE is related to the association of deter-
gent-lipid micelles and Coomassie blue G-250, as previously re-
ported (Crichton et al., 2013). The electrophoretic properties of 
the four mutant Aac2 proteins are indistinguishable from the wild 
type under these conditions. Of interest, when mitochondria were 
preincubated at 25°C before BN-PAGE, we found that Aac2A106D, 
Aac2M114P, and Aac2A128P formed large aggregates of >720 kDa 
(Figure 2B). The monomeric form of these proteins was accord-
ingly reduced or became undetectable. The increased propensity 
of aggregation indicates that the mutant Aac2 proteins are mis-
folded. Parallel analysis of the cold-treated protein samples by 
SDS–PAGE revealed that the Aac2 aggregates can be resolubi-
lized by SDS (Figure 2C). No obvious aggregates were detected 
when mitochondria were isolated from cells grown at 25°C and 
analyzed by BN-PAGE without prior incubation at low temperature 
(Figure 2D).

FIGURE 1: Expression of mutant Aac2 induces proteostatic stress and affects protein quality control on the 
mitochondrial inner membrane. (A) The AAC2A128P allele is synthetically lethal, with the disruption of yme1∆ and oxa1∆. 
The diploid strains were sporulated and dissected on YPD medium. All the meiotic segregants express an endogenous 
copy of the wild-type AAC2. Circled are the nonviable spores deduced to cosegregate AAC2A128P and yme1∆ or oxa1∆. 
(B) Growth phenotype of a complete tetrad from CS1422 on YPD showing that expression of AAC2A128P leads to severe 
growth defect in the psd1Δ background. (C) Schematic representation for a role of PSD1 in the synthesis of 
phosphophatidylethanolamine (PE) from phosphatidylserine (PS) on the mitochondrial inner membrane. PC, 
phosphophatidylcholine. (D) Representative Western blot showing steady-state levels of Nde1-3HA and the mtDNA-
encoded Cox2 in the strains CS1546/2 (WT), CS1551-8C (yme1∆), CS1552-2C (WT + AAC2A128P), CS1772-1B(WT + 
AAC2A137D), CS1771-1A (WT + AAC2A106D), and CS1770-2A (WT + AAC2M114P) at the indicated time points after the 
inhibition of cytosolic protein synthesis by cycloheximide at 37°C. (E–I) Stability of Nde1-3HA in the yme1∆ mutant and 
in strains coexpressing the wild-type and a mutant allele of AAC2. Error bars are SDs of three independent experiments. 
*p < 0.05 (unpaired Student’s t test).
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To evaluate the possible effect of Aac2 misfolding on membrane 
function, we first determined whether the assembly state of the oxi-
dative phosphorylation pathway is dominantly affected in strains 
coexpressing the wild-type and mutant AAC2 alleles. In yeast mito-
chondria, the complexes III (coenzyme Q:cytochrome c oxidoreduc-
tase) and IV (cytochrome c oxidase) in the electron transport chain 
form the III2IV2 and III2IV1 supercomplexes to facilitate substrate 
channeling, whereas complex V (ATP synthase) is present in both 
monomeric and dimeric forms (Schagger and Pfeiffer, 2000). These 

The mutant Aac2 proteins affect the assembly and stability 
of multiple protein complexes on the inner membrane
The three adPEO-type mutations occur at Ala-106, Met-114, and 
Ala-128, which are located at the end of α-helices 2 (H2) and 3 (H3) 
on the intermembrane space side, with their side chains facing the 
lipid phase in the carboxylatractyloside-inhibited conformation 
(Figure 3A). The cardiomyopathy- and myopathy-type mutation 
occurs at Ala-137, which is also located on H3 but is deeply embed-
ded in the membrane with its side chain relatively facing inward. 

FIGURE 2: Aac2A106D, Aac2M114P, and Aac2A128P, but not Aac2A137D, are prone to aggregation. (A) Analysis of freshly 
prepared mitochondria isolated from cells grown in YPD at 30°C. Mitochondria were isolated from strains W303-1B 
(WT), CS341/1 (aac2∆), CS1434/4 (aac2∆, trp1Δ::AAC2A106D), CS1433/3 (aac2∆, trp1Δ::AAC2M114P), CY4193 (aac2∆, 
trp1Δ::AAC2A128P), and CS1762-8A (aac2∆, lys2Δ::AAC2A137D). A 40- μg amount of DDM (2%)-solubilized proteins was 
separated by BN-PAGE, followed by immunoblotting using anti-Aac2 antibody. (B) BN-PAGE, followed by 
immunoblotting of mitochondria after incubation at 25°C for 16 h before being solubilized by 2% DDM. 
(C) Immunoblotting of a SDS–PAGE gel with mitochondrial proteins after incubation at 25°C for 16 h. The level of the 
mitochondrial matrix Ilv5 protein was determined as a loading control. (D) BN-PAGE of freshly prepared mitochondria 
isolated from cells grown in YPD at 25°C. The same strains were used as in A. (E) Time-dependent aggregation of 
mutant Aac2. Isolated mitochondria were incubated at 25°C for 4, 8, 12, or 16 h and solubilized by 2% DDM. A 40-μg 
amount of proteins was analyzed by BN-PAGE followed by immunoblotting using an anti-Aac2 antibody.



Volume 26 June 1, 2015 Ant misfolding causes muscle diseases | 1989 

derives from disassembled V1 and V2. We 
also observed that the level of free F1-
ATPase, which is not associated with the in-
ner membrane, was unaffected by mutant 
Aac2, indicating that the mutant Aac2 pro-
tein specifically affects protein complexes 
within the inner membrane.

To assess further the damage to mem-
brane protein complexes, we expanded our 
analysis to the TIM22 and TIM23 protein 
translocases. The TIM22 complex is in-
volved in the membrane insertion of mito-
chondrial carriers, including Aac2, whereas 
TIM23 promotes the translocation of precur-
sor proteins across the inner membrane to 
the mitochondrial matrix (Chacinska et al., 
2009). We found that AAC2A106D, AAC2M114P, 
and AAC2A128P reduce the level of assem-
bled TIM22 complex on the native gel 
(Figure 4A). Multiple bands of lower mole-
cular weight were detected, suggesting that 
the TIM22 protein translocation channels 
may be disassembled or delayed in assem-
bly. The disassembled or unassembled 
TIM22 complex may become unstable, be-
cause the levels of the Tim22 protein were 
accordingly reduced, as revealed by SDS–
PAGE (Figure 4C). The level of neither the 
TIM22 complex nor the Tim22 protein was 
reduced by AAC2A137D, although fast-mi-
grating bands suggestive of TIM22 disas-
sembly/unassembly were detected in cells 
expressing this particular allele. Because no 
bands with a molecular weight higher than 
the ∼400-kDa TIM22 complex were de-
tected, it does not appear that the mis-
folded Aac2 proteins are stably trapped in-
side the twin-pore TIM22 translocation 
channels.

Finally, we determined the effect of the 
misfolded Aac2 on the TIM23 complex. As 
shown in Figure 4B, TIM23 was barely de-
tectable in cells coexpressing the wild-type 
AAC2 and AAC2A106D or AAC2M114P. The 
level of TIM23 was strongly reduced by 
AAC2A128P and AAC2A137D. The Tim23 pro-
tein level was only slightly reduced by the 
mutant AAC2 alleles, as shown by SDS–
PAGE analysis (Figure 4C). These observa-

tions indicate that the assembly of TIM23 is also dominantly de-
terred by the mutant Aac2 proteins. The overall loss of Tim23 signal 
in the mutant mitochondria on the BN-PAGE gel may be caused by 
the aggregation of unassembled Tim23 or the poor solubility of 
structurally altered TIM23 complex, which may cause poor protein 
recovery before electrophoretic separation.

The i-AAA protease Yme1 plays a critical role in the quality 
control of misfolded Aac2
Misfolded membrane proteins are expected to be degraded by 
specific protein quality control machineries. To provide further sup-
port to the model that the mutant Aac2 proteins are misfolded, we 
first determined the in vivo stability of Aac2A128P compared with the 

supramolecular structures in wild-type mitochondria can be readily 
resolved by BN-PAGE (Figure 3B). We found that expression of the 
four mutant Aac2 proteins drastically affected the formation of these 
structures. III2IV1 was reduced by AAC2M114P and AAC2A128P and be-
came barely detectable in cells expressing AAC2A106D and 
AAC2A137D. III2IV2 was severely reduced by all the four mutant alleles 
(Figure 3, B and C). Immunoblotting of the native gels revealed that 
the dimeric form of the ATP synthase (V2) was severely reduced by 
AAC2M114P and AAC2A128P and mildly decreased by AAC2A137D. The 
monomeric form of the ATP synthase (V1) was drastically decreased 
in cells expressing all the four mutant alleles (Figure 3D). The reduc-
tion of V2 and V1 correlated with the appearance of a band with a 
molecular weight corresponding to an α/β dimer, which likely 

FIGURE 3: Expression of mutant Aac2 affects the assembly/stability of protein complexes in the 
oxidative phosphorylation pathway. (A) Crystal structure of yeast Aac2 (Ruprecht et al., 2014). 
The positions of amino acids equivalent to the mutated residues in human Ant1 are indicated by 
arrows. H2 and H3, α-helices 2 and 3, respectively. Carboxylatractyloside trapped in the putative 
substrate translocation channel is highlighted in magenta. IMS, intermembrane space. 
(B) BN-PAGE showing the assembly state of respiratory supercomplexes and the ATP synthase. 
A representative gel from two independent experiments is presented. Yeast cells were grown at 
25°C in YPD. Mitochondria were isolated from M2915-6A (WT), 6A/UDU (WT + AAC2A106D 
[A106D]), 6A/UP2U (WT + AAC2M114P [M114P]), 6A/UPU (WT + AAC2A128P [A128P]), and 
CS1482/1 (WT + AAC2A137D [A137D]) and solubilized by 2% digitonin. A 25-μg amount of 
proteins was loaded on the BN-PAGE gel. V1 and V2, monomeric and dimeric forms of FoF1-ATP 
synthase (or complex V), respectively. III2IV2, respiratory supercomplex containing dimeric 
complex III and dimeric complex IV. III2IV1, respiratory supercomplex containing dimeric 
complex III and monomeric complex IV. (C) Relative levels of respiratory supercomplexes in 
strains coexpressing wild-type and mutant Aac2. (D) Western blotting analysis of a native gel, 
showing the assembly state of complex V using antisera against the α and β subunits.
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induced mitochondrial damage, by screening for genes that sup-
press Aac2A128P-induced growth defect (Figure 6A). Expression of 
AAC2A128P from the galactose-inducible GAL10 promoter strongly 
inhibited cell growth on galactose medium. We found that over-
expression of YME1, but not RCA1 and AFG3, suppressed growth 
inhibition by Aac2A128P. In contrast to YME1, which encodes the i-
AAA protease to preferentially degrade misfolded membrane pro-
teins from the intermembrane space side, YTA12/RCA1 and YTA10/
AFG3 encode the two subunits of the hetero-oligomeric m-AAA pro-
tease, which degrades misfolded and unassembled proteins on the 
inner membrane from the matrix side (Arlt et al., 1996). Overexpres-
sion of SOD2, CTA1 and CTT1, encoding the mitochondrial superox-
ide dismutase and catalases that reduce oxidative stress, failed to 
suppress aac2A128P. These observations suggest that the Yme1 pro-
tease likely plays a major role in the quality control of Aac2.

To further support a role of Yme1 in the surveillance of Aac2 
quality, we asked whether loss of Yme1 accelerates Aac2A128P ag-
gregation. The pathogenic Aac2 variants are synthetically lethal 
with yme1Δ (Wang et al., 2008a). We previously showed that the 

wild type. We observed that both Aac2A128P and its wild-type control 
remain stable 24 h after cycloheximide chase (Figure 5A). We then 
determined the stability of Aac2A128P by an in organello assay. Iso-
lated mitochondria were incubated at different temperatures, and 
the levels of Aac2 were monitored by immunoblotting (Figure 5B). 
We found that the wild-type Aac2 remained stable 3.5 h after incu-
bation at all three temperatures tested. Aac2A128P was stable at 25°C 
but became unstable at 30°C. Aac2A128P degradation was further 
accelerated at 37°C. The temperature-dependent turnover of Aa-
c2A128P correlated with the growth phenotype of the AAC2A128P mu-
tant (Figure 5C). Incubation at 25°C, but not 37°C, inhibited cell 
growth on complete medium containing glucose or glycerol plus 
ethanol as carbon sources. It remains unclear as to why AAC2A128P 
turnover is detected in the in organello but not in vivo assays. We 
speculate that the in organello conditions may exacerbate the mis-
folding of the mutant protein, which accelerates its recognition and 
then turnover by protein quality control systems.

We next attempted to identify potential protein quality control 
mechanisms and other cellular pathways that might reduce Aac2A128P-

FIGURE 4: Expression of mutant Aac2 affects the assembly/stability of the TIM22 and TIM23 complexes. 
(A, B) Immunoblotting of native gels showing the assembly state of the TIM22 and TIM23 protein translocases, 
respectively. Mitochondria were isolated from M2915-6A (WT), 6A/UDU (WT + AAC2A106D [A106D]), 6A/UP2U 
(WT + AAC2M114P [M114P]), 6A/UPU (WT + AAC2A128P [A128P]), and CS1482/1 (WT + AAC2A137D [A137D]). (C) Western 
blots of SDS–PAGE gels showing the steady-state levels of Tim22 and Tim23 in mitochondria isolated from the same 
strains used in A and B. The level of the mitochondrial matrix protein Ilv5 was used as loading control.

FIGURE 5: Increased turnover of Aac2A128P. (A) Cycloheximide chase experiment showing the stability of Aac2A128P in 
vivo. Cells were grown at 37°C in YPD. Cycloheximide (1 mg/ml), was added and cell lysates were extracted from 
M2915-6A (AAC2) and UPU5-6B (AAC2A128P) at the indicated time points. Western blotting was performed using 
antisera against Aac2 and Cox2. (B) In organello assay showing increased turnover of Aac2A128P. Mitochondria were 
isolated from M2915-6A (AAC2) and UPU5-6B (AAC2A128P) and incubated at 25, 30, and 37°C. The levels of Aac2 at 
different time points were analyzed by Western blotting. (C) Growth phenotype of M2915-6A (AAC2) and UPU5-6B 
(AAC2A128P) on YPD (Glu) and YPGly plus ethanol (Gly+E) medium.
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of the Aac2 proteins may have been degraded by other proteases 
before maturing on the inner membrane. The remaining mutant 
Aac2 that is successfully matured on the inner membrane is suffi-
cient to affect cell survival because of severe misfolding in the ab-
sence of Yme1.

DISCUSSION
We found that the adPEO-type Aac2A106D, Aac2M114P, and Aac2A128P 
share similar biochemical properties. Of note, they all have in-
creased propensity to form large aggregates and are capable of in-
ducing proteostatic stress and severe defects in the assembly and 
structural maintenance of multiple protein complexes on the mito-
chondrial inner membrane. The data strongly support the view that 
Ant1-induced adPEO is a protein misfolding disorder. In addition to 
damages to the oxidative phosphorylation pathway, the mutant 
Ant1 likely reduces cell viability by affecting the function of multiple 
membrane protein complexes, including TIM22 and TIM23, which 
directly participate in mitochondrial biogenesis. The mutant Aac2 
proteins therefore gain a toxic function, which is consistent with the 
dominant nature of the disease.

synthetic lethality is suppressed by the disruption of RPL6B, which 
partially reduces cytosolic protein synthesis and improves global 
protein homeostasis (Wang et al., 2008b). We thus constructed vi-
able strains that combine AAC2A128P with yme1Δ in the rpl6BΔ back-
ground. Cells were first grown at 30°C, and freshly prepared mito-
chondria were analyzed by BN-PAGE. As shown in Figure 6B, 
yme1Δ reduced the level of monomeric form of the wild-type Aac2, 
but no obvious aggregates were detected. No Aac2A128P aggre-
gates were formed in cells expressing YME1 under these experi-
mental conditions. In contrast, yme1Δ induced the formation of vis-
ible Aac2A128P aggregates that migrated as a distinct band of ∼1.0 
mDa in the native gel. Aac2A128P aggregation was concomitant to 
the loss of its monomeric form. Because these conditions did not 
induce Aac2A128P aggregation in cells expressing YME1 (Figure 2A), 
the data strongly suggest that Yme1 plays a role in quality control of 
Aac2 and prevention of Aac2A128P aggregation. SDS–PAGE revealed 
that the levels of both Aac2A128P and wild-type Aac2 were reduced 
instead of increased in the absence of Yme1 (Figure 6, C and D). It 
is possible that yme1Δ-induced inner membrane stress affects the 
membrane insertion of both wild-type and mutant Aac2. A fraction 

FIGURE 6: Yme1 protease plays a key role in the quality control of Aac2. (A) Suppression of Aac2A128P-induced cell 
death by YME1 overexpression. Aac2A128P was expressed from the GAL10 promoter on complete medium containing 
galactose and raffinose as carbon sources at 30°C. All the genes were cloned into a multicopy vector and introduced 
into the PG1 strain by transformation. (B) BN-PAGE coupled with immunoblotting showing the aggregation of Aac2A128P 
in fresh mitochondria prepared from a strain with the yme1Δ background. The strains CS1153/1 (rpl6BΔ, AAC2), 
CS1227-4A (rpl6BΔ, AAC2, yme1∆), CS1374-2D (rpl6BΔ, AAC2A128P), and CS1699/1 (rpl6BΔ, AAC2A128P, yme1∆) were 
grown at 30°C in YPD. Mitochondria were isolated and solubilized by 2% DDM. Approximately 40 μg of solubilized 
proteins was applied to BN-PAGE, followed by immunoblotting using anti-Aac2 antibody. (C) Steady-state levels of 
Aac2A128P compared with wild-type Aac2 in the presence or absence of Yme1. Mitochondria were prepared as in B, and 
30 μg of proteins was analyzed by SDS–PAGE and Western blotting. The matrix Ilv5 protein was used as a loading 
control. (D) Relative steady-state levels of Aac2 in C. Error bars indicate the SDs of three independent experiments. 
*p < 0.05 (unpaired Student’s t test). (E) A model for the membrane damage caused by misfolded Aac2. See Discussion 
for details. The red star denotes the pathogenic missense mutations. IM, inner membrane; IMS, intermembrane space.
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clearly indicate that the mutant proteins are biophysically distinguish-
able from the wild-type Aac2. Compared with Ala-106, Met-114, and 
Ala-128, which have side chains facing directly to the lipid phase, the 
side chain in Ala-137 faces relatively inwardly. It is possible that 
Aac2A137D adopts a specific conformation that is unfavorable for 
oligomerization and aggregation.

In considering possible mechanisms of mitochondrial damage 
(Figure 6E), one can speculate that the misfolded Aac2 alters the 
surface property of the protein and exposes nonnative residues. 
This may in turn promote ectopic interactions with other membrane 
proteins. Interactions with unassembled proteins may prevent their 
incorporation into protein complexes. Previous studies suggested 
that Aac2 physically associates with multiple protein complexes in 
the membrane, including the III-IV supercomplexes and TIM23 
(Claypool et al., 2008; Dienhart and Stuart, 2008; Mehnert et al., 
2014). The intrinsic affinity to Aac2 may explain the severe defects in 
the assembly of these complexes in cells expressing a misfolded 
Aac2. On the other hand, as Aac2 is inserted into the membrane 
through the TIM22 complex, the interaction with the misfolded 
Aac2 appears to directly destabilize the TIM22 structure, as mani-
fested by the breakdown of the complex. As alternative mecha-
nisms, it is also possible that the misfolded Aac2 proteins deplete 
the molecular chaperones and proteases required for the biogene-
sis and quality control of other protein complexes. The damage to 
TIM22 and defective membrane protein import may also contribute 
to the defect in the biogenesis of respiratory complexes and the 
TIM23 preprotein translocase.

Two AAA proteases play key roles in the quality control of pro-
teins on the mitochondrial inner membrane (Gerdes et al., 2012). The 
i-AAA protease (or Yme1) has its catalytic domain facing the inter-
membrane space, whereas the m-AAA protease, composed of the 
Yta12 (or Rca1) and Yta10 (or Afg3) subunits, has the catalytic domain 
facing the matrix. These proteases sense the folding state of solvent-
exposed domains on either side of the membrane and specifically 
degrade unfolded membrane proteins (Arlt et al., 1996; Leonhard 
et al., 1996, 1999, 2000). The suppression of Aac2A128P-induced cell 
lethality by YME1 overexpression and accelerated accumulation of 
Aac2A128P aggregates in cells lacking Yme1 suggest that the i-AAA 
protease plays a key role in the quality control of Aac2A128P. The pre-
mature termination of α-helix 2 likely distorts the conformation of the 
solvent-exposed loop between helices 2 and 3, which is recognized 
and attacked by Yme1. Whether other mutants are also recognized 
by Yme1 for degradation has yet to be determined.

In summary, our data strongly suggest that Ant1-induced adPEO 
is a protein misfolding disease, which distinguishes it from clinical 
conditions caused by null mutations in ANT1. Of greater impor-
tance, our work provides evidence that the misfolding of one single 
protein could have detrimental effects on the biogenesis and stabil-
ity of other membrane complexes on the membrane and that pro-
teostatic stress could be a significant source of damage to the oxi-
dative phosphorylation apparatus under pathophysiological 
conditions. Our finding could have general implications for under-
standing the physiological consequences of other destabilizing mu-
tations in transmembrane proteins that are associated with an in-
creasing number of dominant diseases, including retinitis 
pigmentosa (Sanders and Myers, 2004; Mendes et al., 2005; Hirsch 
et al., 2009; Houck and Cyr, 2012).

MATERIALS AND METHODS
Cell growth conditions and yeast strains
Standard media were used to cultivate yeast cells. The genotypes 
and sources of Saccharomyces cerevisiae strains used in this study 

We found that Aac2A137D, mimicking Ant1A123D, which causes car-
diomyopathy and myopathy (Palmieri et al., 2005), does not form 
visible aggregates. However, cells expressing AAC2A137D share 
many common phenotypes with those expressing the adPEO-type 
alleles (Wang et al., 2008a). These include uncoupled respiration, 
cold sensitivity, ρo-lethality, mtDNA instability, and synthetic lethality 
with yme1Δ. Furthermore, as shown in the present study, Aac2A137D 
also interferes with the assembly and stability of multiple protein 
complexes on the membrane. These findings argue that Aac2A137D 
may also be misfolded and affect mitochondrial function by the 
same mechanism as the adPEO-type Aac2 variants. Although 
Aac2A137D does not aggregate in in organello assay, it may have al-
tered conformation that causes proteostatic stress on the mem-
brane. Definitive proof for Aac2A137D misfolding is lacking. If 
Aac2A137D were misfolded, an extended speculation would be that 
protein misfolding, rather than aggregation per se, may be the pri-
mary cause of membrane damage (Figure 6E). Because the A137D 
mutation (or A123D in human Ant1) completely abolishes nucleo-
tide transport activity (Palmieri et al., 2005), the cardiomyopathy and 
myopathy phenotypes observed in the reported homozygous pa-
tient may result from a double hit. The pathogenesis may involve 
both Ant1 misfolding and defective ATP/ADP exchange. In the fu-
ture, it would be interesting to see whether ANT1A123D can cause 
adPEO in a dominant manner in heterozygous individuals if such 
clinical cases become available.

The quality control mechanism of plasma membrane proteins has 
been extensively studied. It involves the recognition of misfolded do-
mains by E3 ubiquitin ligases on the endoplasmic reticulum (ER) 
membranes, followed by ER-associated degradation (ERAD; Hirsch 
et al., 2009; Houck and Cyr, 2012). The removal of the misfolded 
proteins by ERAD decreases the delivery of functional proteins on the 
cell surface, leading to recessive pathologies such as cystic fibrosis. 
However, in other clinical cases, destabilizing mutations in transmem-
brane domains cause dominant diseases (e.g., retinitis pigmentosa). 
These diseases often involve the toxic accumulation of misfolded 
proteins (Sanders and Myers, 2004; Mendes et al., 2005). Not much 
is known about the extent to which the delivery of a misfolded pro-
tein might affect membrane functionality and cell viability. We pro-
vide evidence that the misfolded Aac2 proteins affect the assembly 
and stability of multiple protein complexes on the mitochondrial in-
ner membrane. Among the adPEO-type mutations, M114P and 
A128P are expected to introduce a proline kink that would prema-
turely terminate α-helices 2 and 3 (Figure 3A). A106D introduces a 
negative charge in the proximity of the membrane surface, which 
could stretch the helix 2 toward the positively charged intermem-
brane space. The cardiomyopathy- and myopathy-type A137D muta-
tion introduces a negative charge at a deeper position within the 
membrane. Possibly, a common consequence of these structural and 
conformational changes could be the exposure of nonnative, espe-
cially polar residues to the membrane environment. This may induce 
structural perturbations (e.g., helix misalignment) in order to solvate 
the unfavorable energy potential within the membrane. In this re-
gard, aggregation of Aac2A106D, Aac2M114P, and Aac2A128P may be a 
compensatory molecular strategy that helps to shield the exposed 
nonnative patches to defuse the unfavorable energy potential. Al-
though we detected visible aggregates of mutant Aac2 in freshly pre-
pared mitochondria in cells lacking the Yme1 protease, Aac2 aggre-
gates were not observed in fresh mitochondria isolated from YME1 
cells, even when cells were grown at 25°C. Aggregates were readily 
detected in isolated mitochondria after extended incubation at 25°C. 
It remains unknown what exactly triggers the aggregation of the mu-
tant Aac2 during the in organello incubation. Nonetheless, the data 
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are listed in Supplemental Table S1. To generate the NDE1-3HA 
allele, the HA epitope was added to the C-terminus of NDE1 by the 
integration of a PCR product amplifying from the 3HA-KanMX6 
cassette. The strain PG1 (MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, 
trp1::GAL10-AAC2A128P-HIS3) was derived from BY4741.

Determination of protein stability
Yeast cells were grown in YPD to late exponential phase and shifted 
to 37°C after addition of cycloheximide (1 mg/ml). At indicated time 
points, three OD600 equivalents of cells were harvested. The cell 
extract was prepared as previously described (Chen, 2001). Approx-
imately 5 μl of cell extracts was analyzed by SDS–PAGE, followed by 
Western blot using antisera against Aac2, Cox2, or HA.

Mitochondrial preparation and BN-PAGE analysis
Yeast cells were grown at 25 or 30°C in YPD. Crude mitochondria 
were isolated as described (Boldogh and Pon, 2007), except that the 
cell wall was removed by enzymatic digestion at 5 mg of Zymolyase 
20T/g of wet cells at 25 or 37°C. Isolated mitochondria were resus-
pended in SEH buffer (0.6 M sorbitol, 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [HEPES]-KOH, pH 7.4, 2 mM 
MgCl2, 1 mM ethylene glycol tetraacetic acid, 1 mM phenylmethyl-
sulfonyl fluoride). For BN-PAGE analysis, crude mitochondria were 
solubilized in a 2% DDM or digitonin solution containing 50 mM 
NaCl, 2.5 mM MgCl2, 20 mM HEPES-KOH (pH 7.4), 10% (vol/vol) 
glycerol, and 1 mM EDTA (pH 7.4) on ice for 30 min. Insoluble mate-
rial was removed by centrifugation of 10,000 × g at 4°C for 15 min. 
Approximately 30–40 μg of mitochondrial proteins were mixed with 
5% G-250 sample additive (Life Technologies, Carlsbad, CA) such 
that the final concentration of G-250 was 0.5%. The protein samples 
were loaded to a 3–12% NativePAGE Bis-Tris gel (Life Technologies), 
which was run at 150 V in dark cathode buffer for 1 h and then 250 V 
in light cathode buffer for 45 min at 4°C. Staining and destaining of 
native gels were performed according to the protocols of the manu-
facturer (Life Technologies). For immunoblotting, the native gel was 
prewashed in a transfer buffer (25 mM Tris, 192 mM glycine, 
20% methanol) containing 2% SDS for 30 min before being trans-
ferred on a polyvinylidene fluoride membrane at 30 V overnight. 
The membrane was then incubated in 8% acetic acid for 15 min to 
fix the proteins, followed by rinse with deionized water. Before 
immunoblotting, the membrane was rewetted with methanol to 
remove excessive dye bound to the membranes.
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