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Abstract 

Mitochondria are essential organelles responsible for many cellular functions that 

extend beyond oxidative phosphorylation (OXPHOS).  These functions are executed by 

1,000–1,500 proteins, the vast majority of which are encoded in the nucleus, synthesized 

in the cytosol, and then imported into mitochondria.  Mutations in mitochondrial proteins 

cause devastating diseases.  It is now clear that bioenergetic dysfunction cannot explain 

the full spectrum of pathology.  Potential non-bioenergetic mechanisms of mitochondrial 

disease are highly sought-after.   

We recently discovered one potential mechanism by modeling a pathogenic 

variant of adenine nucleotide translocase 1 (Ant1) in yeast.  Mutant Ant1 reduced 

mitochondrial protein import efficiency resulting in the toxic accumulation of un-

imported mitochondrial preproteins in the cytosol.  This process was termed 

mitochondrial Precursor Overaccumulation Stress (mPOS).  The critical next step and 

overall goal of this thesis is to determine whether mPOS can occur in higher eukaryotes 

and cause pathology.  This effort led to three key advances. 

First, we provide proof-of-concept that mPOS can occur in human cells, not just 

in yeast.  We found that overexpression of mitochondrial proteins can saturate the protein 

import machinery, causing the overexpressed protein and endogenously expressed 

mitochondrial preproteins to co-aggregate in the cytosol. 

Second, we determined the mechanism by which pathogenic Ant1 initiates mPOS. 

Using a battery of biochemical techniques, we show that mutant Ant1 directly clogs the 

mitochondrial protein import machinery during its import, thereby obstructing global 

protein traffic into mitochondria.  In a mouse model, expression of a clogger Ant1 variant 
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caused a mitochondrial myopathy that closely resembled patients with dominant ANT1 

mutations.  Importantly, clogging drove mitochondrial preproteins to accumulate in the 

cytosol of atrophic muscle, suggesting that mPOS is pathological in vivo. 

Third, we tested whether mitochondrial protein import clogging can potentiate 

cytosolic protein aggregation and neurodegeneration in a mouse model of Parkinson’s 

disease.  Indeed, clogging potentiated motor coordination defects independent of 

OXPHOS.  Whether mPOS underlies this effect is still under investigation. 

The data presented here firmly establish mitochondrial protein import clogging 

and consequent mPOS as a viable pathogenic pathway.  The scope of diseases that 

involve clogging and/or mPOS are important questions for the future. 
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1.1 – Mitochondrial function 

1.1.1 Overview 

Mitochondria are double membrane-bound organelles required for numerous 

essential cellular processes.  These processes are generally compartmentalized into one of 

the four mitochondrial sub-compartments:  the outer mitochondrial membrane (OMM), 

the intermembrane space (IMS), the inner mitochondrial membrane (IMM), and the 

mitochondrial matrix.  Each sub-compartment has a characteristic set of proteins that are 

mostly encoded in the nucleus and synthesized in the cytosol before they are intricately 

sorted to their final destination.  This sorting process, termed “mitochondrial protein 

import” is largely responsible for the biogenesis of the mitochondrion, and certainly 

required for mitochondrial function.  On the other hand, a small fraction of mitochondrial 

proteins is encoded in mitochondrial DNA (mtDNA) and synthesized by ancestral 

mitochondrial ribosomes.  In this section, we briefly describe the basic functions of 

mitochondria to set the stage for understanding how their dysfunction might stress cells 

and ultimately cause disease. 

 

1.1.2 Oxidative Phosphorylation 

Oxidative phosphorylation (OXPHOS) is the process by which mitochondria 

harness the energy from oxidation of nutrient-derived fuel to drive ATP synthesis.  First, 

oxidation of carbon fuel generates reducing equivalents in the form of NADH and 

FADH2.  These molecules reduce the mitochondrial respiratory complexes I and II, 

respectively, setting off a chain of redox reactions that culminates in the reduction of 

oxygen to generate water.   The redox reactions of the electron transport chain powers the 
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respiratory complexes to pump protons from the mitochondrial matrix into the IMS, 

thereby generating a proton gradient (ΔpH) and an electrical membrane potential (ΔΨm) 

across the IMM.  Together, the ΔpH and ΔΨm create a protonmotive force that is utilized 

by the ATP synthase to generate ATP (Mitchell, 1961, Boyer et al., 1973). 

ATP synthesis relies on the protonmotive force, which relies on electron flow 

through the respiratory chain, which ultimately relies on the reduction of oxygen to form 

water.  Thus, oxygen consumption is coupled to ATP production.  The efficiency of this 

coupling is a general measure of mitochondrial health.  For example, if the IMM becomes 

damaged and aberrantly leaks protons into the matrix, then more oxygen will be 

consumed per unit of ATP produced.  This “uncoupled” state is a common feature among 

many mitochondrial insults, making mitochondrial coupling a sensitive measure of 

mitochondrial health (Brand and Nicholls, 2011).  Later in this thesis, we determine the 

“respiratory control ratio” of purified mouse mitochondria as a proxy for coupling 

efficiency. 

It is important to note that the generation of ΔpH and ΔΨm during OXPHOS is 

also essential for other mitochondrial functions.  For example, efficient import of 

mitochondrial preproteins requires ΔΨm (Schleyer et al., 1982).  In this way, OXPHOS 

and mitochondrial protein import are interdependent (Figure 1.1). 
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Figure 1.1.  Oxidative phosphorylation, membrane potential (ΔΨm), and 
mitochondrial protein import.  Reducing equivalents in the form of NADH and 
FADH2 reduce complex I and complex II, respectively.  Reduction of respiratory 
complexes, with the exception of complex II, drives proton (H+) pumping into the 
intermembrane space, thereby creating the proton gradient (ΔpH) and membrane 
potential (ΔΨm) across the inner mitochondrial membrane. Together, ΔpH and ΔΨm 
make up the protonmotive force, which is utilized by the ATP synthase to drive ATP 
synthesis.  ΔΨm is also utilized by protein translocase complexes to drive protein import.    
Coenzyme Q (CoQ), also known as ubiquinone, transports electrons from complexes I 
and II to complex III.  Cytochrome c (Cyt c) transports electrons between complexes III 
and IV.  Respiratory complexes in this figure are denoted by the roman numeral. Figure 
was made with BioRender. 
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1.1.3 ADP/ATP exchange across the IMM 

ADP must be imported into the mitochondrial matrix for OXPHOS to occur, and 

newly synthesized ATP must be exported to support cellular homeostasis.  ADP and ATP 

are exchanged across the IMM by a mitochondrial carrier protein known as adenine 

nucleotide translocases (Ant), also known as ADP/ATP carrier proteins.  Ant couples 

ADP import with ATP export through an alternating access mechanism in which the 

substrate binding pocket alternates between being open to the IMS (for ATP release and 

ADP binding) and the matrix (for ADP release and ATP binding) (Pebay-Peyroula et al., 

2003, Ruprecht et al., 2014, Ruprecht et al., 2019).  In most cellular conditions this 

process is powered by ΔΨm, as the net negative charge inside the mitochondrial matrix 

makes ADP3– (import) / ATP4– (export) exchange energetically favorable.  On the other 

hand, reversal ADP/ATP exchange can be utilized to maintain ΔΨm when OXPHOS 

function is impaired (Chinopoulos, 2011).  The importance of Ant to mitochondrial 

physiology is underscored by its extremely high abundance across species, accounting for 

up to 10% of total mitochondrial protein in some organisms (Brand et al., 2005).  

There are multiple Ant isoforms in different species.  In Saccharomyces 

cerevisiaie, the major isoform is Aac2, which is essential for OXPHOS despite the 

presence of two other isoforms (Kovac et al., 1967).  S. cerevisiaie is a common model 

system for studying Ant biology because cells remain healthy in the absence of OXPHOS 

as long as they are grown on a fermentable carbon source. This facilitates genetic 

manipulation of Aac2.  In mice and humans, there are three and four Ant isoforms, 

respectively.  The present body of work focuses on Ant1, which is primarily expressed in 

the heart, skeletal muscle, and central nervous system in both species (Levy et al., 2000).  
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Importantly, deficiency in Ant1 in mice results in a compensatory upregulation of Ant2 in 

the heart, skeletal muscle and brain alike (Karch et al., 2019). 

For the sake of completeness, we note that Ant may also have other functions.  

Ant is proposed to be involved in basal proton conductance across the IMM 

(Brustovetsky and Klingenberg, 1994, Brand et al., 2005, Bertholet et al., 2019), 

regulation of the mitochondrial permeability transition pore (Marzo et al., 1998, 

Kokoszka et al., 2004), as well as mitophagy (Hoshino et al., 2019).  These functions are 

beyond the scope of the present thesis.   

 

1.1.4 Additional functions of mitochondria 

Aside from their crucial role in bioenergetics, mitochondria participate in a wide 

array of cellular processes.  For example, mitochondrial calcium uptake participates in 

cellular signaling and homeostasis (Deluca and Engstrom, 1961, Baughman et al., 2011, 

Kamer and Mootha, 2015).  Mitochondria are also major players in apoptosis, most 

notably through the release of cytochrome c (Liu et al., 1996).  The array of 

mitochondrial functions includes additional basic cellular functions such as the 

biosynthesis of heme, iron-sulfur clusters, phospholipids, and precursors for 

macromolecules (Spinelli and Haigis, 2018, Sam et al., 2019).  More recently, 

mitochondria have emerged as signaling hubs for the regulation numerous processes 

including epigenetics and innate immunity (Martinez-Reyes and Chandel, 2020).  Given 

this complexity, dysfunctional mitochondria are likely to impair numerous cellular and 

physiological processes, all of which may occur simultaneously in the context of disease.  

The present thesis investigates just one mitochondria-induced cell stress mechanism, 



 7 

mitochondrial Precursor Overaccumulation Stress (mPOS), in an effort to determine 

whether it might contribute to human disease.   A key hallmark of mPOS is reduced 

mitochondrial protein import. 

 

1.1.5 Overview of mitochondrial protein import 

Mitochondrial protein import consists of several interconnected, multi-step 

pathways.  In general, newly synthesized mitochondrial preproteins are chaperoned 

through aqueous environments (i.e. the cytosol and intermembrane space), and 

transported across mitochondrial membranes via pore-forming protein translocase 

complexes.  A single translocase complex on the outer membrane, the TOM complex, is 

the entry gate for all intra-mitochondrial proteins.  From the TOM complex, the import 

pathways diverge depending on the preprotein’s final destination (Wiedemann and 

Pfanner, 2017).  IMS proteins are recognized by MIA40, an oxidoreductase that catalyzes 

oxidative folding in the IMS (Chacinska et al., 2004).  Proteins containing an N-terminal 

targeting presequence are handed off to the translocase across the inner membrane, 

TIM23 complex.  From TIM23, presequence-containing proteins can either be delivered 

into the matrix or the IMM, followed by proteolytic cleavage of the targeting sequence 

(Wiedemann and Pfanner, 2017). 

Critical to our studies is the import pathway for mitochondrial carrier proteins 

(Figure 1.2).  Mitochondrial carriers comprise the largest family of solute carrier proteins 

in humans, with the prototypical member being the ADP/ATP carrier described above 

(Ruprecht and Kunji, 2020).  Mitochondrial carriers have a highly conserved protein 

domain architecture of six a-helical transmembrane domains.  Unlike presequence-
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containing proteins of the TIM23 pathway, carrier proteins do not appear to have a single 

discrete mitochondrial targeting sequence (Brix et al., 1999, Endres et al., 1999, Curran et 

al., 2002a), and the exact targeting mechanism is not fully understood.  Nevertheless, it is 

clear that nascent carriers are recognized by cytosolic chaperones and delivered to the 

receptor protein Tom70 on the OMM (Young et al., 2003, Bhangoo et al., 2007).  Carrier 

proteins then transit the TOM complex in a partially folded state.  Adjacent 

transmembrane domains line up anti-parallel to one another to form a hairpin loop, which 

passes into the IMS first while the N- and C-termini remain on the cytosolic side 

(Wiedemann et al., 2001, Curran et al., 2002b, de Marcos-Lousa et al., 2006). After 

passing through the TOM complex, the carrier protein is retrieved by the Tim9-Tim10 

heterohexameric chaperone complex (the “small Tims”), and then chaperoned through 

the IMS (Koehler et al., 1998, Sirrenberg et al., 1998, Truscott et al., 2002). Interestingly, 

more recent work has shown that carrier preproteins exhibit partial secondary structure 

while being chaperoned by the Tim9-Tim10 complex (Weinhäupl et al., 2018).  The 

protein is then delivered to the carrier translocase complex on the inner membrane, 

TIM22, for insertion into the IMM in a ΔΨm-dependent manner (Sirrenberg et al., 1996, 

Kerscher et al., 1997, Kovermann et al., 2002, Rehling et al., 2003).  Carrier proteins also 

adopt a hairpin loop conformation for insertion into the TIM22 complex (Rehling et al., 

2004).  From these observations, a picture emerges in which immature conformations of 

the carrier preprotein are intimately tied to their import.  Little is known about the amino 

acid sequences required to maintain these conformational features, or the consequences 

of disrupting them.   
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Figure 1.2.  Mitochondrial carrier protein import pathway.  Carrier preproteins (blue 
lines) remain unfolded in the cytosol, where they require chaperoning for delivery to 
mitochondria.  Cytosolic chaperones (yellow ovals) bind the carrier import receptor, 
Tom70.  This facilitates preprotein binding to Tom70 and ultimate transfer to the 
translocase across the outer membrane (TOM) complex.  As depicted, carrier preproteins 
transit the TOM complex as a “hairpin loop”, whereby an internal segment of the protein 
travels through the complex before the N or C termini.  In the intermembrane space, the 
small heterohexameric TIM chaperones (shown in orange) retrieve the carrier preprotein 
from the TOM complex and deliver it to the translocase across the inner membrane 22 
(TIM22) complex for membrane potential (ΔΨm) dependent insertion into the 
membrane. Figure was made with BioRender. 
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1.2 – Mitochondrial Precursor Overaccumulation Stress (mPOS) 

1.2.1 – Overview 

Mitochondrial Precursor Overaccumulation Stress (mPOS) is a cell stress 

pathway in which mitochondrial damage causes a reduction in protein import efficiency, 

resulting in the toxic accumulation of mitochondrial preproteins in the cytosol  (Wang 

and Chen, 2015) (Figure 1.3).  In some cases, mPOS can reduce cell viability before 

affecting essential mitochondrial functions such as OXPHOS.  Here, we discuss the 

mPOS model in detail. 

  

 

 
 
Figure 1.3.  Schematic of Mitochondrial Precursor Overaccumulation Stress 
(mPOS) Mitochondrial damage causes reduces the import of mitochondrial proteins, 
which causes mitochondrial precursors, or preproteins, to over-accumulate in the cytosol.  
This, in conjunction with preprotein aggregation, leads to cell death. Figure was made 
with BioRender.  
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1.2.2 – The discovery of mPOS 

Mitochondrial protein import is essential for cell survival.  Growth inhibition in 

cells with impaired import might be expected to result from the loss of essential cellular 

functions associated with mitochondria (e.g., the biosynthesis of iron sulfur cluster). 

However, genetic studies in yeast revealed that reduced import can lead to cell death due 

to proteostatic stress in the cytosol (Wang et al., 2008b, Wang and Chen, 2015). 

Suppression of cytosolic protein stress is sufficient to maintain viability in these cells. It 

appears that before mitochondrial damage reaches the threshold to severely affect 

essential mitochondrial functions, reduced protein import is a significant trigger of cell 

death due to increased proteostatic stress in the cytosol. 

In early studies, our group modeled mitochondrial stress in yeast by expressing a 

mutant allele of AAC2, aac2A128P (Chen, 2002, Wang et al., 2008b). AAC2 encodes the 

major isoform of adenine nucleotide translocase that is involved in ATP/ADP exchange 

across the IMM. A128P is equivalent to the A114P allele in the human ANT1 gene that 

causes autosomal dominant Progressive External Ophthalmoplagia (adPEO) (Kaukonen 

et al., 2000). It came as a surprise that expression of aac2A128P dominantly inhibited cell 

growth on a fermentable carbon source, a condition where mitochondrial ATP synthesis 

is dispensable (Chen, 2002). It was subsequently found that Aac2A128P-induced cell death 

is suppressed by mutations that downregulate cytosolic protein synthesis. This 

observation suggested that readjusting cytosolic proteostasis is important for 

accommodating mitochondrial damage. 

To understand how Aac2A128P kills cells, Wang and Chen screened for genes that 

suppress cell lethality when overexpressed (Wang and Chen, 2015). Intriguingly, of the 
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40 suppressor clones characterized, none of them primarily function in mitochondria. 

Instead, these genes are involved in proteostasis in the cytosol by participating in Target 

of Rapamycin (TOR) signaling, ribosomal biogenesis, mRNA decay/silencing, tRNA 

modification, translational control, and protein folding/degradation. This finding led to 

the proposal that Aac2A128P does not kill cells by loss of a mitochondrial process critical 

for cell survival, but rather, by the loss of protein homeostasis in the cytosol. It was 

speculated that Aac2A128P reduces protein import efficiency. This results in a cytosolic 

stress, named mitochondrial Precursor Overaccumulation Stress (mPOS), characterized 

by the toxic accumulation and aggregation of unimported mitochondrial proteins. The 

suppressor genes likely alleviate mPOS by globally reducing protein synthesis, 

preventing protein misfolding, increasing protein turnover, and stimulating the selective 

translation of potential stress-resistant proteins. Strong support for the mPOS model came 

from the analysis of the cytosolic proteome showing that many mitochondrial precursor 

proteins accumulate in the cytosol of cells expressing aac2A128P. The presence of these 

unimported mitochondrial proteins apparently represents a significant proteostatic burden 

for the cytosol. When it exceeds the cell’s capacity to stabilize, sequester and remove 

these proteins, mPOS ensues and cell viability is compromised. These studies firmly 

established that mitochondrial damage that does not directly target the core protein 

import machinery and the OXPHOS apparatus is sufficient to compromise protein import 

into mitochondria and to cause cell death.  How Aac2A128P reduces protein import 

efficiency is an open question. 
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1.2.3 – Conditions that can induce mPOS 

The physiological implications of the mPOS model are broad. The model entails 

that any condition that tips the balance between mitochondrial protein import and the 

cytosolic capacity to handle unimported proteins can compromise cell viability. Genetic 

studies in yeast showed that defects in many pathways can induce mPOS, albeit to 

variable degrees. These pathways include (1) mutations in the core protein import 

machinery, (2) reduced IMM protein quality control, (3) mitochondrial DNA (mtDNA) 

mutations, (4) Δψm dissipation, (5) mutations affecting cytosolic precursor delivery to 

mitochondria, (6) defects in stabilizing pre-imported or degrading unimported 

mitochondrial proteins, and (7) proteostatic stress from the cytosolic proteome (Figure 

1.4). These studies are highlighted and discussed below. 

There are many examples in the literature showing that defects in the core protein 

import machinery cause the cytosolic accumulation of unimported proteins (Figure 1.4, 

pathway 1). For instance, defects in the mitochondrial intermembrane space import and 

assembly machinery (MIA) lead to the accumulation of various unprocessed 

mitochondrial precursors (Wrobel et al., 2015). This accumulation is toxic when 

proteasomal activity is compromised. Clearly, the cytosol has a limited capacity to 

degrade precursor proteins when there is a delay or block in protein import, and 

exceeding this capacity causes cell stress. 

The prototypical trigger of mPOS is mutant aac2, as discussed above. The 

mechanism by which Aac2A128P causes mPOS is not known. Previous work implicated 

Aac2A128P misfolding in the IMM as a potential cause (Liu et al., 2015).  This could have 

multiple effects (Figure 1.4, pathway 2). Aac2A128P could ectopically interact with other 
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proteins to disrupt the assembly and reduce the stability of protein complexes in the 

IMM. The biogenesis and/or stability of the TIM22 and TIM23 complexes are clearly 

reduced in cells expressing misfolded variants of Aac2 (Liu et al., 2015). Aac2A128P could 

also have increased retention time in the TIM22 channel thereby reducing the import of 

other substrate proteins through a clogging effect. Lastly, it is also possible that Aac2A128P 

partially permeabilizes the IMM, which would reduce Δψm and therefore protein import 

efficiency.  The mechanism by which Aac2A128P induces mPOS is clearly elucidated in 

Chapter 3 of the present thesis. 

A contribution of mtDNA mutations and several other mitochondrial processes to 

mPOS was established through the study of cells depleted of mtDNA, known as ro cells. 

ro cells have nonfunctional OXPHOS and therefore low Δψm (Appleby et al., 1999). The 

remaining Δψm is maintained by reversed ATP4-(cytosol) /ADP3-(matrix) exchange, as long as 

a robust free F1-ATPase is present in the matrix to convert the imported ATP into ADP 

(Chen and Clark-Walker, 2000). It has been long believed that a low level of Δψm is 

sufficient to maintain protein import and cell viability. However, genetic studies showed 

that low Δψm and reduced protein import are detrimental for cell survival. The first 

indication that mtDNA depletion is enough to reduce Δψm to a level incompatible with 

cell survival came from the study of the aerobic yeast, Kluyveromyces lactis, published 

more than two decades ago (Chen and Clark-Walker, 1993, Chen and Clark-Walker, 

1995, Chen and Clark-Walker, 1996). In these studies, it was shown that elimination of 

mtDNA leads to cell death due to the loss of Δψm, which could be suppressed by specific 

mutations in the free F1-ATPase that facilitate the conversion of ATP to ADP in the 

matrix to maintain Δψm via electrogenic ATP4-(import) /ADP3-(export) exchange (Clark-
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Walker et al., 2000). The critical role of F1-ATPase-dependent Δψm maintenance in the 

survival of ro cells was subsequently recapitulated in cultured human cells (Buchet and 

Godinot, 1998, Chen et al., 2014). Thus, a Δψm-dependent but OXPHOS-independent 

mechanism of cell survival is evolutionarily conserved upon mutation of mtDNA. 

Subsequent studies in S. cerevisiae supported the idea that protein import in vivo 

is sensitive to Δψm reduction, based on the synthetic lethality between mutations in the 

import machinery and the ro condition that reduces Δψm. In contrast to K. lactis and most 

higher eukaryotes, S. cerevisiae can naturally survive the ro condition due to an 

intrinsically robust ATP hydrolyzing activity associated with the wild-type free F1-

ATPase in this yeast (Chen and Clark-Walker, 1999). Several studies showed that 

mutants with decreased protein import cannot tolerate the ro-condition. For example, 

mutations in the small Tims (Tim9, Tim10 and Tim12), which are components of the 

intermembrane chaperone complexes in the TIM22 protein import pathway, are ro-lethal 

(Senapin et al., 2003). Null mutants of TIM18, TIM54 and TOM70, encoding components 

of the TIM22 and TOM complexes, are also ro-lethal (Dunn and Jensen, 2003, Dunn et 

al., 2006). These genetic data support the idea that mtDNA deletions contribute to a 

reduction in protein import to kill cells. 

A formal connection between ro-lethality and mPOS was established in a study 

showing that manipulation of cytosolic proteostasis suppresses ro-lethality triggered by 

various mitochondrial stressors (Wang and Chen, 2015). S. cerevisiae cells expressing 

Aac2 mutants are ro-lethal (Wang et al., 2008a). Loss of protein homeostasis on the IMM 

by disrupting IMM protein quality control genes such as YME1, and PHB1 and PHB2 

encoding subunits of the prohibitin complex, also leads to ro-lethality (Thorsness et al., 
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1993, Dunn et al., 2006). As mentioned above, null mutant of TOM70 is ro-lethal (Dunn 

and Jensen, 2003). It was found that many genes involved in cytosolic proteostasis that 

suppress aac2A128P-induced mPOS also suppress the ro-lethal phenotype of yme1D, 

phb1D, phb2D and tom70D (Wang et al., 2008b, Wang and Chen, 2015). Several of these 

genes have been previously known to suppress the ro-lethal phenotype of a tim18 mutant 

(Dunn and Jensen, 2003). These observations strongly support the idea that mtDNA 

damage (Figure 1.4, pathway 4), low Δψm (Fig. 1.4, pathway 5), mutations in the core 

protein import machinery (Figure 1.4, pathway 1), IMM protein misfolding (Figure 1.4, 

pathway 2) and reduced protein quality control (Fig. 1.4, pathway 3) can converge to 

induce mPOS and ultimately, cell death. 

Efficient targeting of precursor proteins to mitochondria is critical for preventing 

mPOS. In yeast, nuclear-encoded mitochondrial proteins modified to impair targeting to 

mitochondria accumulate in the cytosol and confer significant toxicity when proteasome 

activity was sub-optimal for their degradation (Fig. 1.4, pathway 6) (Wrobel et al., 2015).  

In addition, mPOS may also be caused by failure of cytosolic chaperones to hold and 

deliver nascent precursors to the import machinery (Fig. 1.4, pathway 7). The cytosolic 

Hsp70, Hsp90 and their cochaperones participate in the stabilization and delivery of 

precursors onto the OMM for import (Hoseini et al., 2016). Interestingly, the ribosome–

associated chaperones, Ssb1, Ssb2 and Zuo1, were found to suppress ro-lethality and 

mPOS-induced cell death in tim18D, yme1D, tom70D, atp1D and aac2A128P cells, and loss 

of these chaperones renders the cells ro-lethal (Dunn and Jensen, 2003, Wang and Chen, 

2015).  One possible explanation for these findings is that these proteins play a “holdase” 

function to prevent the misfolding of the mitochondrial precursor proteins in the cytosol. 
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In human cells, recent studies showed that ubiquitin-like proteins (ubiquilins) play roles 

in handling pre-imported mitochondrial membrane proteins, preventing their aggregation 

and targeting them to the proteasome for degradation (Itakura et al., 2016). Membrane 

proteins may be particularly susceptible to cytosolic aggregation due to the 

hydrophobicity of transmembrane domains. Indeed, genetic ablation of specific 

ubiquilins, including ubiquilin-2, results in cytosolic accumulation and aggregation of 

mitochondrial membrane proteins (Itakura et al., 2016, Whiteley et al., 2017). 

There is strong evidence suggesting that the proteasome is critical for degrading 

unimported mitochondrial proteins. Early studies showed that proteasome inhibition 

results in cytosolic accumulation of mitochondrial proteins in neuronal cells (Muqit et al., 

2006). This is corroborated by the observation in yeast that loss of proteasomal 

chaperones (e.g., Blm10 and Poc4) and reduced expression of proteasomal genes in 

rpn4D cells are synthetically lethal with mitochondrial stress induced by yme1D (Wang 

and Chen, 2015). Loss of the proteasomal chaperones, Poc3 and Poc4, leads to 

hypersensitivity to the cytosolic accumulation of mitochondrial precursors (Wrobel et al., 

2015).  As previously proposed, there may exist a basal, innocuous level of mitochondrial 

protein import failure (Bragoszewski et al., 2017).  On the other hand, ubiquitination and 

subsequent de-ubiquitination was recently shown to regulate the import of mitochondrial 

preproteins at the TOM complex (Phu et al., 2020).  mPOS may develop when there is a 

shift in the balance between mitochondrial precursor import efficiency, precursor 

handling and delivery, and ubiquitin-proteasome activity (Figure 1.4, pathway 7). 

Finally, unimported mitochondrial proteins and cytosol-resident proteins can 

converge into a single proteostatic pool to affect cell viability. Some early indications 
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came from a study by Dunn and Jensen (Dunn and Jensen, 2003). These investigators 

observed that overexpression of cytosolic chaperones and inhibition of cytosolic protein 

synthesis could suppress ro-lethality in yeast mutants defective in Tim18, a component of 

the TIM22 protein translocase. It was speculated that low Δψm in mtDNA-depleted cells 

further reduces protein import therefore decreasing cell viability. Increased availability of 

cytosolic chaperones by gene overexpression or an overall reduction of protein synthesis 

may restore cytosolic proteostasis to protect these cells. Consistent with this, genetic 

ablation of genes that promote protein synthesis suppressed aac2A128P-induced cell death 

and the ro-lethal phenotype of the phb1Δ mutant (Wang et al., 2008b). Overexpression of 

DOT6 and TOD6, two transcriptional repressors negatively controlled by TOR, suppress 

mPOS in aac2A128P, yme1D and tom70D cells (Wang and Chen, 2015).  Furthermore, the 

Dunn group found that a dot6D tod6D double mutant is ro-lethal (Akdogan et al., 2016). 

This may be at least partially explained by the upregulation of global protein synthesis, 

which synergizes with the ro condition to increase the proteostatic burden in the cytosol 

thereby enhancing mPOS. 
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Figure 1.4.  Schematic of pathways that can induce mPOS 

(1) Mutations in the core mitochondrial protein import machinery (TOM, translocase 
across the outer membrane; TIM, translocase across the inner membrane).  

(2) IMM protein misfolding.  This is a proposed model and has not been 
experimentally validated.  

(3) Reduced IMM protein quality control, which can be caused by mutant IMM 
proteases.  

(4) mtDNA mutations, which disrupts OXPHOS to reduce Δψm and increases protein 
misfolding through imbalanced mitochondrially and nuclear-encoded respiratory 
complex subunits.   

(5) Δψm dissipation by factors such as reduced respiration and increased proton leak. 
(6) Defects in precursor delivery to the OMM including mutations in the 

mitochondrial targeting sequences.  
(7) Defects in stabilizing [e.g., by mutant UBL or heat shock protein 70 kDa 

(HSP70)], or degrading [e.g., reduced proteasome function] unimported proteins. 
(8) Potential synergistic relationship between mPOS and the misfolding of cytosol-

resident proteins. 
Figure was made with BioRender. 
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1.3 – Implications of mPOS in disease 

1.3.1 – Mitochondrial disease 

 The original definition of mitochondrial disease referred to syndromes caused by 

OXPHOS defects (Ernster et al., 1959).  OXPHOS-related diseases can be categorized 

based on biochemical etiology, such as mutations directly affecting the respiratory 

components, or those that indirectly affect OXPHOS by impairing mitochondrial DNA 

(mtDNA) maintenance, mtDNA replication, mitochondrial transcription or protein 

translation (Suomalainen and Battersby, 2018).  Each biochemical etiology can result 

either from mutations in mitochondrial or nuclear DNA, and are typically devastating, 

early-onset diseases that affect organs with high energy demand such as the brain, heart 

and skeletal muscle (Ng and Turnbull, 2016).  As our understanding of the vast protein 

diversity and multifunctionality of mitochondria has advanced (Pagliarini et al., 2008, 

Calvo et al., 2016, Rath et al., 2021), the definition of mitochondrial disease has evolved 

to include syndromes caused by other mitochondrial processes.  For example, defects in 

mitochondrial protein quality control cause late-onset neurodegenerative syndromes 

(Bohovych et al., 2015).  To date, there are over 300 monogenic causes of mitochondrial 

disease, having a collective prevalence of more than 1 in 5,000 adults (Ng and Turnbull, 

2016).  Patients classically present with variable phenotypes, even among individuals 

carrying the same genetic mutation.  It has been suggested that such pleiotropy implies 

the existence of pathogenic cell stress pathways that extend beyond ATP production 

(Suomalainen and Battersby, 2018).   

   

1.3.2 – Adenine nucleotide translocase 1 (Ant1) and disease 
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 Ant1 is associated with an increasing number of diseases.  Almost 30 years ago, it 

was first noted that a deficiency in Ant1 was associated with a myopathic phenotype 

(Bakker et al., 1993).  Several years later, the Wallace group generated one of the first 

mouse models of mitochondrial disease by knocking out Ant1 from the nuclear genome 

(Graham et al., 1997).  These mice beautifully recapitulated a typical mitochondrial 

myopathy and cardiomyopathy phenotype, with relatively mild exercise intolerance, 

classic histological changes to skeletal muscle, cardiac hypertrophy, and lactic acidosis.  

Identical phenotypes were subsequently found in humans with homozygous loss of 

function ANT1 mutations (Palmieri et al., 2005, Echaniz-Laguna et al., 2012).  Thus, total 

loss of Ant1 function causes a mild mitochondrial myopathy associated with hypertrophic 

cardiomyopathy.   

 Dominant mutations in Ant1 cause a distinct clinical phenotype, known as 

autosomal dominant Progressive External Ophthalmoplegia (adPEO) (Kaukonen et al., 

2000).  As the name suggests, adPEO patients have specific and reproducible 

involvement of extraocular muscles, inducing opthalmoplegia and ptosis, often in the 

absence of generalized weakness (Kaukonen et al., 1999).  Additional phenotypes are 

associated with adPEO mutations in Ant1, including sensorineural hearing loss, bipolar 

disorder, and dementia (Kaukonen et al., 1999, Siciliano et al., 2003, Simoncini et al., 

2017).  That these phenotypes are not observed in loss of function Ant1 patients implies a 

gain-of-function mechanism of toxicity of the dominant alleles.  As noted above, 

expression of the yeast ortholog of Ant1A114P (an adPEO allele) led to the discovery of 

mPOS.  Our previous work also determined this effect to be independent of nucleotide 

transport, as the addition of a catalytic-dead mutation to the yeast Ant1A114P did not affect 
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the dominant toxicity on glucose medium (Wang et al., 2008b).  However, two critical 

aspects remain unclear: the molecular mechanism by which mutant Aac2 (and potentially 

Ant1) induces mPOS, and whether mPOS can stress higher eukaryotic cells and organs.  

The present body of work addresses these outstanding questions.   

 A third distinct clinical phenotype is associated with dominant, de novo missense 

ANT1 mutations (Thompson et al., 2016).  These patients presented with congenital 

hypotonia requiring ventilation at birth, and most succumb to the disease within a few 

months of life.  This could also be caused by a gain-of-function toxic mechanism of 

mutant Ant1, either distinct from that in adPEO or a more severe version of it.    

 In addition to mutations, overexpression of Ant1 is also associated with disease.  

One example is Faciospaculohumeral Muscular Dystrophy (FSHD) (Laoudj-Chenivesse 

et al., 2005).  FSHD is an autosomal dominant muscle disease characterized by weakness 

and atrophy in specific muscle groups.  Although early work casted doubt on Ant1’s 

involvement in FSHD (Gabellini et al., 2006), it is now clear that overexpression of Ant1 

leads to severe muscle atrophy in mice (Wang et al., 2020).  Chapter 2 of the present 

thesis provides strong evidence that overexpression of Ant1 leads to mPOS in human 

embryonic kidney cells, providing a testable hypothesis that mPOS contributes to muscle 

wasting in transgenic Ant1 animals.   

 On the other hand, it was recently found that overexpression of Ant1 can improve 

phenotypes in multiple models of chronic obstructive pulmonary disease (COPD) 

(Kliment et al., 2021).  Ant1 expression was found to be reduced in COPD lung tissue, 

lending credence to this potential therapeutic approach.  Taken together, these 

observations suggest that Ant1 levels must be tightly controlled, likely in a cell-type-
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specific manner.  When levels are reduced, a certain degree of overexpression can be 

beneficial.  When production exceeds a particular cell type’s limit, mPOS ensues.   

 

1.3.3. – mPOS and disease: an overview 

The induction of mPOS by the clinically relevant aac2A128P mutation raises the 

possibility that mitochondria-induced cytosolic proteostatic stress may occur under 

pathophysiological conditions. A priori, defects in any step listed in Figure 1.4 could 

trigger mPOS and potentially contribute to disease. On the other hand, impaired anti-

mPOS pathways may also predispose to cell death and disease development. In the 

remainder of this Chapter, we speculate on the involvement of mPOS in disease. 

 

1.3.4 – Disease implications for anti-mPOS pathways 

Wang and Chen showed that mPOS can be suppressed by manipulating cytosolic 

processes such as mTOR signaling, ribosomal biogenesis, protein translation, mRNA 

processing and protein turnover (Wang and Chen, 2015). The mechanisms by which 

some of these pathways exert their anti-mPOS function are unclear. Nonetheless, several 

genes in involved are clinically relevant. For example, the Pbp1 protein is an ortholog of 

human ATXN2, a RNA-processing protein associated with Spinocerebellar Ataxia Type 

2, amyotrophic lateral sclerosis, fronto-temporal lobar dementia, and levodopa-

responsive Parkinson’s disease (Auburger et al., 2017). Uncovering the mechanism by 

which anti-mPOS proteins function may provide insights into these neurodegenerative 

diseases.   
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1.3.5 – mPOS and primary mitochondrial disease 

Classic mtDNA diseases are primarily caused by energy deficiency and are often 

accompanied by increased oxidative stress. However, mtDNA mutations only 

consistently cause pathology when mutant mtDNA exceeds ~60% and ~90% for mtDNA 

deletions and point mutations, respectively. This phenomenon is known as the “threshold 

effect” (Rossignol et al., 2003), and suggests that cells can tolerate a considerable level of 

OXPHOS deficiency. Cell models of human diseases showed that, in response to 

OXPHOS dysfunction, enhanced glycolysis is remarkably robust to preserve ATP 

production (von Kleist-Retzow et al., 2007, Bennett et al., 2020). Given these 

considerations, it is not impossible that non-bioenergetic factors such as mPOS contribute 

to pathology. Here we discuss tissue culture, mouse and human patient data that suggest a 

possible involvement of mPOS in mitochondrial diseases. 

It appears that mitochondrial damage triggers proteostatic stress in cultured 

human cells. Pharmacological respiratory complex inhibition causes cytosolic protein 

aggregation in cell lines (Lee et al., 2002a), cultured primary neurons (Chaves et al., 

2010), and in mouse and human neurons in vivo (Betarbet et al., 2000, Singer et al., 1987, 

Langston et al., 1983). Increased expression of a cytosolic chaperone (HSP70) robustly 

suppresses aggregate formation and cell death caused by respiratory complex inhibition 

(Zhou et al., 2004). Other studies showed that mitochondrial damage triggers stress 

response to improve cytosolic proteostasis (Mineri et al., 2009, van Waveren et al., 2006, 

Behan et al., 2005, Quiros et al., 2017). This may be interpreted as a response to mPOS. 

More direct evidence for mPOS in mitochondrial disease came from studies in 

mice (Johnson et al., 2013, Peng et al., 2015). For example, Johnson et al. showed that 
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the neurological symptoms in a mouse model for Leigh Syndrome, which is deficient in 

complex I subunit Ndufs4 (NADH dehydrogenase (ubiquinone) Fe-S protein 4), were 

partially alleviated by rapamycin treatment (Johnson et al., 2013). Rapamycin binds and 

inhibits mammalian TOR (mTOR), thereby partially inhibiting protein synthesis. 

Interestingly, brain lesions in the complex I-deficient mice were prevented and 

neurological symptoms and premature death were delayed by rapamycin treatment in the 

absence of a corresponding rescue in mitochondrial function. This suggests that at least a 

portion of the patho-mechanism is cytosolic and independent of respiratory deficiency. 

Studies from humans also implicate mPOS in mitochondrial diseases. A 

transcriptome analysis of skeletal muscle from a heterogeneous group of 12 

mitochondrial disease patients with confirmed respiratory chain deficiencies revealed 

upregulation of the proteasome and RNA processing proteins, and the downregulation of 

cytosolic ribosomal proteins (Zhang et al., 2013). Alterations to these pathways have 

been shown to suppress mPOS in yeast (Wang et al., 2008b, Wrobel et al., 2015, Wang 

and Chen, 2015).  It is important to note that cytosolic aggregates are not typically 

detected in mitochondrial disease patients. This suggests either that mPOS is effectively 

contained in vivo, or that mPOS contributes to disease without the formation of detectable 

aggregates.  

How mtDNA mutations affect cytosolic proteostasis is not well understood.  It is 

conventionally thought that ATP depletion and oxidative stress decrease ATP-dependent 

protein degradation and increase protein damage in the cytosol, respectively. 

Alternatively, the mPOS model would provide a direct link between mitochondrial 

respiration and cytosolic proteostasis. It can be speculated that blocking the electron 
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transport chain may reduce Δψm and potentialize mPOS, consistent with the observation 

that inhibition of the electron transport chain synergizes with mutant aac2 to kill yeast 

cells (Liu et al., 2015). In addition, deletion of genes encoding OXPHOS components 

affects the assembly of respiratory complexes. This may lead to the accumulation and 

misfolding of their unassembled partner subunits, including those that are nuclear-

encoded. For example, knockout of individual accessory subunits of complex I decreases 

the stability of other complex I subunits (Stroud et al., 2016). Excessive protein 

misfolding may collapse the proteostatic network on the IMM to affect the biogenesis, 

stability and functionality of protein complexes including those required for protein 

import. In summary, accumulating evidence suggests that mPOS is present in human 

cells with mtDNA mutations and respiratory deficiency. Its potential implications for 

pathogenesis in mitochondrial diseases need further investigation. 

 

1.3.6 – Neurodegeneration caused by mutations in the core mitochondrial protein import 

machinery. 

Studies in yeast strongly suggested that mutations in mitochondrial protein import 

complex subunits cause ro-lethality via mPOS (Senapin et al., 2003, Dunn and Jensen, 

2003, Dunn et al., 2006). It is therefore reasonable to speculate that mPOS may 

contribute to diseases caused by mutations affecting the core protein import machinery.  

The TIM23 complex transports precursor proteins across the IMM into the matrix.  

Heterozygous Tim23 knockout mice develop neurodegenerative symptoms and have a 

shortened lifespan (Ahting et al., 2009), supporting a link between diminished protein 

import and neurodegeneration. In humans, defective assembly of the DDP1/TIMM8a-
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TIMM13 complex, which facilitates the transport of TIM22 substrates (Roesch et al., 

2002), causes deafness dystonia syndrome (Tranebjaerg et al., 1995, Jin et al., 1996).  It 

remains to be investigated whether mPOS contributes to the pathogenesis of this disease. 

 

1.3.7 – Neurodegenerative diseases affecting IMM proteostasis. 

IMM stress may be a significant inducer of mPOS in yeast (Figure 1.4). A hyper-

susceptibility of the nervous system to IMM stress is strongly supported by the discovery 

of neuropathogenic mutations affecting protein quality control on the membrane. IMM 

protein quality is maintained by a network of chaperones and proteases that hold, fold, 

and degrade misfolded proteins to prevent their toxic accumulation (Rugarli and Langer, 

2012, Bohovych et al., 2015). Mutations in IMM quality control chaperones and 

proteases cause or are implicated in many neurodegenerative diseases, including 

Parkinson’s disease (Strauss et al., 2005), amyotrophic lateral sclerosis (Daoud et al., 

2011), spastic ataxia-neuropathy syndrome (Pierson et al., 2011), spastic paraplegia 7 

(Casari et al., 1998), and spinocerebellar ataxia (Di Bella et al., 2010). The physiological 

impact of these defects could be multifaceted. Does mPOS contribute to 

neurodegeneration in these diseases? Altered cytosolic proteostasis as a result of IMM 

stress is not unprecedented. The Langer group has shown that neuron-specific depletion 

of prohibitin, a chaperone complex on the IMM, leads to severe neurodegeneration 

(Merkwirth et al., 2012). Interestingly, prohibitin depletion in neurons causes neuronal 

hyperphosphorylation and cytosolic aggregation of the microtubule-associated protein 

tau, a hallmark of Alzheimer’s disease.  The mutant mice exhibit behavioral impairment, 

cognitive deficiencies, and death usually by 5 months old. Histopathologically, cytosolic 
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tau aggregates appear at 6 weeks old, which is before neuronal loss. Both pathological 

markers occur long before OXPHOS defects and oxidative stress can be detected 

(Merkwirth et al., 2012). These observations suggest that mitochondrial damage can 

cause neurodegeneration independent of OXPHOS deficiency and oxidative stress. In a 

more recent study, Kondadi and coworkers showed that depletion of AFG3L2, which 

codes for a subunit in the IMM quality control m-AAA protease, also leads to tau 

hyperphosphorylation and cytosolic aggregation in mice (Kondadi et al., 2014). 

Mutations in AFG3L2 cause spinocerebellar ataxia 28 (Di Bella et al., 2010). This study 

thus provides a clinically relevant example for a causative role of IMM stress in affecting 

cytosolic proteostasis. 

Numerous neuropathogenic mutations have been found in IMM-associated 

proteins that have no apparent link with membrane proteostasis. For instance, missense 

mutations in CHCHD2 and CHCHD10 cause Parkinson’s disease (Funayama and 

Hattori, 2015), and frontotemporal dementia/amyotrophic lateral sclerosis (Bannwarth et 

al., 2014, Johnson et al., 2014), respectively.  While there is no evidence that these 

mutant proteins are misfolded or directly affect protein homeostasis on the IMM, the 

detection of cytosolic stress and/or a cytosolic stress response suggests that mPOS may 

occur. For example, CHCHD2 mutations are associated with neuronal cytosolic protein 

aggregation in patients (Ogaki et al., 2015). Pathogenic CHCHD10 mutations cause 

cytosolic protein aggregation in multiple model organisms (discussed in detail below) 

(Woo et al., 2017). Further work is required to evaluate whether mPOS plays a role in the 

pathogenesis of these diseases. 

 



 29 

1.3.8 – Common ageing-associated neurodegenerative diseases. 

Despite obvious differences in pathology, many ageing-related neurodegenerative 

diseases share two key hallmarks: dysfunctional mitochondria and cytosolic protein 

aggregation (Lin and Beal, 2006, Ross and Poirier, 2004).  Both hallmarks are widely 

believed to contribute to neurodegeneration, but whether and how these two seemingly 

unrelated pathways interact remain unclear.  Often the two pathogenic pathways have 

been investigated independently. Given their consistent concurrence within and across 

neurodegenerative diseases, there is the possibility that mitochondrial dysfunction and 

cytosolic protein aggregation are related by a single pathogenic mechanism.  There is 

significant evidence to suggest that protein aggregates can cause mitochondrial 

dysfunction (Devi et al., 2006, Cenini et al., 2016, Mattiazzi et al., 2002, Igoudjil et al., 

2011, Lasagna-Reeves et al., 2011, Deng et al., 2015). For example, mouse models 

expressing pathogenic aggregate-prone proteins, including mutant SOD1, TDP-43, a-

synuclein and Huntingtin, tend to develop dysfunctional mitochondria (Mattiazzi et al., 

2002, Xu et al., 2011, Martin et al., 2006, Tabrizi et al., 2000).  Here, we offer mPOS as a 

novel mechanism for the interaction between the two neurodegeneration pathways. 

We propose that there are at least two feasible routes by which mPOS may 

contribute to pathological protein aggregation in the cytosol of neurons.  First, protein 

aggregates of non-mitochondrial proteins may precede mitochondrial dysfunction, and 

unimported mitochondrial precursors add to the proteostatic burden once mitochondrial 

degeneration ensues during ageing (Figure 1.5, top).  mPOS would therefore contribute to 

disease progression, not onset.  Second, unimported precursors may serve as ‘seeding 

structures’ that challenge the proteostatic network and induce secondary aggregation of 
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cytosolic proteins (Figure 1.5, bottom).  Importantly, this model may not require severe 

defects in mitochondrial protein import. A basal level of precursor accumulation and 

mPOS that would normally be tolerated in young cells may be amplified during ageing to 

seed cytosolic aggregates in neurons “preconditioned” by the presence (or increased 

concentration) of aggregation-prone proteins. Here, mPOS would be implicated in 

disease onset and progression.  Neither of these models are mutually exclusive with 

aggregate-induced mitochondrial dysfunction.  If aggregates cause mitochondrial 

dysfunction, then both models would portend a feed-forward loop that causes protein 

aggregation and mitochondrial dysfunction to accelerate, presumably until neuronal 

death. 
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Figure 1.5.  Models by which mPOS may reconcile mitochondrial dysfunction and 
cytosolic protein aggregation in neurodegeneration.  On top, cytosolic protein 
aggregates precede mitochondrial damage and mPOS during aging.   On bottom, mPOS 
causes unimported mitochondrial preproteins to aggregate in the cytosol, providing a 
seeding structure with which cytosolic proteins can co-aggregate during aging.  Orange 
lines with plus signs are mitochondrial preproteins; red lines are cytosolic proteins not 
targeted to mitochondria.  On the top left of each panel in green and blue are ribosomes 
synthesizing a mitochondrial preprotein.  Figure was made with BioRender. 
 
 
 

An mPOS contribution to neurodegenerative diseases is supported by numerous 

studies.  Several mitochondrial proteins co-aggregate with synthetic amyloidogenic 

proteins expressed in human cells in the absence of apparent mitochondrial stress 

(Olzscha et al., 2011).  These same mitochondrial proteins, as well as many OXPHOS 

components, are inherently supersaturated in the cellular environment; that is, they are 

expressed at concentrations higher than their solubility (Ciryam et al., 2013).  Such 

proteins are referred to as ‘metastable’, and the metastable proteome is thought to drive 

protein aggregation in neurodegenerative diseases (Ciryam et al., 2015).  Therefore, 
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mitochondrial proteins are implicated in cytosolic aggregate formation in a disease-non-

specific manner. Below is a description of additional evidence that potentially implicates 

mPOS in three neurodegenerative diseases co-hallmarked by mitochondrial dysfunction 

and cytosolic protein aggregation: Parkinson’s disease (PD), Alzheimer’s disease (AD), 

and amyotrophic lateral sclerosis (ALS).  These diseases share other key characteristics 

that make the prospect of a pathogenic mPOS contribution more likely and more 

exciting:  the etiology of the majority of patients is unknown and there is a disease 

dependence on ageing 

A causative contribution of mitochondrial dysfunction has been established in PD 

(Bose and Beal, 2016), as evidenced by two main observations: (1) mutations in 

mitochondrial proteins cause familial PD (Valente et al., 2004, Strauss et al., 2005, Unal 

Gulsuner et al., 2014), and (2) environmental toxins that inhibit complex I can cause PD 

(Singer et al., 1987, Langston et al., 1983, Nicklas et al., 1985).  These familial and 

environment-induced PD patients often share a key pathological hallmark with sporadic 

PD patients: intraneuronal cytosolic a-synuclein protein aggregates known as Lewy 

bodies (LBs).  LBs are also thought to cause PD (Olanow and Brundin, 2013), but 

consideration of mitochondria-induced PD with concurrent LB pathology suggests 

mitochondrial dysfunction can cause cytosolic protein aggregation in these patients.  One 

possible way mitochondrial dysfunction could cause cytosolic protein aggregation is 

through mPOS.  Consistent with this, the two mutant mitochondrial proteins that cause 

familial PD, PTEN-induced putative kinase 1 (PINK1) and Htra2, can reasonably be 

expected to induce mPOS. PINK1 plays a role in mitophagy important for mitochondrial 

quality control (Pickrell and Youle, 2015).  PINK1 also plays a role in protein import in 
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cells (Jacoupy et al., 2019). In mice, loss of PINK1 in mice has been shown to cause a 

progressive reduction in mitochondrial protein import (Gispert et al., 2009). In addition, 

Htra2 is an IMM-associated protease, and its deletion in mice results in Parkinsonism and 

accumulation of misfolded IMM proteins (Moisoi et al., 2009), a potential inducer of 

mPOS. Consistently, transcriptome analysis from Htra2 knockout mice indicated a 

general response to rescue cytosolic proteostasis, including an upregulation of HSPs and 

activation of the Integrated Stress Response (ISR), which would be expected to be 

adaptive responses to cytosolic proteostatic stresses like mPOS. 

There is accumulating evidence that mPOS may also contribute to sporadic PD. 

Reduced activity of respiratory complex I is consistently observed in sporadic PD brains 

(Mann et al., 1994), consistent with complex I inhibition-induced PD noted above.  

Furthermore, it is well established that complex I inhibition induces cytosolic a-

synuclein aggregation (Lee et al., 2002a, Chaves et al., 2010, Betarbet et al., 2000), 

which we propose may occur through mPOS (see above for a discussion of possible 

mechanisms). Support for a potential involvement of mPOS in PD comes from the 

detection of mitochondrial proteins in LBs isolated from the brains of PD patients.  Using 

immunohistochemistry, mitochondrial proteins have been shown to colocalize with a-

synuclein in intraneuronal cytoplasmic inclusions in sporadic PD patient brains (Power et 

al., 2017, Hashimoto et al., 1999, Gandhi et al., 2006).  A proteomic analysis of laser 

capture microdissected LBs from human brains identified additional mitochondrial 

proteins (Leverenz et al., 2007).  This set of mitochondrial components had a clear bias 

towards IMM proteins, and some of which overlap with the aggregation-prone metastable 

proteome (Olzscha et al., 2011, Ciryam et al., 2013).  It should be noted that one of these 
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studies showed an association of LBs with whole mitochondria (Power et al., 2017). The 

reason for such an association is unknown. Nevertheless, whether mitochondrial 

dysfunction contributes to cytosolic a-synuclein aggregation in PD via the mPOS 

mechanism warrants further investigation. 

The link between mitochondrial dysfunction and AD is less understood compared 

with PD. The neuropathological hallmarks of AD include neuron loss, extracellular 

deposits of amyloid beta and neurofibrillary tangles (NFTs).  NFTs are intraneuronal 

cytosolic protein aggregates marked by the presence of hyperphosphorylated, 

microtubule-associated protein, tau.  Mitochondrial dysfunction is also observed in AD, 

which occurs early in disease progression (Onyango et al., 2016, Hirai et al., 2001, Parker 

et al., 1994, Schon and Przedborski, 2011, Reddy, 2011).  Both mitochondrial 

dysfunction and NFTs are thought to contribute to AD pathogenesis, but the relationship 

between the two is unclear. Multiple lines of evidence suggest that dysfunctional 

mitochondria may contribute to NFTs, possibly via mPOS.  First, mPOS-related 

mitochondrial dysfunction can induce tau hyperphosphorylation and cytosolic 

aggregation (i.e. NFTs). We present three examples of this: (1) as discussed above, IMM 

proteostatic stress induced by defective IMM protein quality control can induce tau 

aggregation in two different mouse models (Merkwirth et al., 2012, Kondadi et al., 2014); 

(2) inhibition of complex I induces cytosolic tau hyperphosphorylation and aggregation 

in rats and cultured neurons (Hoglinger et al., 2005, Escobar-Khondiker et al., 2007); and 

(3) the mitochondrial membrane uncoupler CCCP, which dissipates Δψm, also causes tau 

pathology in cultured neurons (Escobar-Khondiker et al., 2007).  Second, genetic variants 

in the core protein import machinery, specifically in the TOMM40 gene, predict AD age 
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of onset (Roses et al., 2009).  This suggests that protein import efficiency contributes to 

disease onset, possibly through mPOS.  Third, the metastable mitochondrial proteins 

discussed above, specifically IMM OXPHOS proteins, are downregulated in AD patient 

brains (Ciryam et al., 2016).  Ciryam et al. interpreted this result as a compensatory 

response to prevent aggregation of these susceptible metastable mitochondrial proteins, 

which would be consistent with mPOS occurring in AD neurons.  Fourth, mitochondrial 

proteins are found in NFTs.  An early study raised antibodies against NFTs and found 

that the anti-NFT antibodies were specific for the a-subunit of the F1Fo-ATP synthase 

(Sergeant et al., 2003).  Proteomic analysis of laser capture microdissected NFTs 

confirmed the presence of the a-subunit of ATP synthase, and detected other ATP 

synthase subunits, several IMM carrier proteins, a complex IV subunit and a metabolic 

matrix protein (Wang et al., 2005).  Taken together, the evidence warrants the study of 

mPOS as a potential neuronal stressor in AD. 

Finally, it is possible that mPOS contributes to ALS as well, although the 

evidence for this is also less strong than for PD. ALS is also marked by coincident 

mitochondrial dysfunction and cytosolic protein aggregation, both of which are thought 

to be causative (Shi et al., 2010, Blokhuis et al., 2013). These two hallmarks are observed 

in both familial and sporadic ALS. The evidence suggesting mPOS in ALS comes from 

studies of familial ALS. Two genes linked to ALS may be related to mPOS.  (1) 

CHCHD10 is an IMM protein involved in cristae morphology maintenance, and 

mutations in the gene cause familial ALS (Bannwarth et al., 2014, Johnson et al., 2014).  

Interestingly, ALS-linked mutations in CHCHD10 were shown to induce cytosolic 

protein aggregation of TDP-43 in multiple model systems (Woo et al., 2017).  TDP-43 is 
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a nuclear transcription factor that commonly mislocalizes to and aggregates in the cytosol 

of sporadic and familial ALS neurons (Blokhuis et al., 2013). It is tempting to speculate 

that CHCHD10 mutations induce mPOS and the resulting unimported mitochondrial 

precursors seed TDP-43 aggregation in these patients.  (2) Mutations in ubiquilin-2 cause 

ALS (Deng et al., 2011).  Ubiquilin-2, along with ubiquilin-1 and -4, functions as a 

chaperone to keep mitochondrial membrane proteins unfolded and soluble before import 

(Itakura et al., 2016).  When pre-imported membrane proteins linger in the cytosol too 

long, these ubiquilins deliver the precursor proteins to the proteasome for degradation.  If 

pathogenic ubiquilin-2 mutations cause mitochondrial membrane precursor proteins to be 

unchaperoned in the cytosol and unable to be delivered to the proteasome, this would 

likely cause mPOS. 

There is little evidence to suggest that mPOS contributes to sporadic ALS, other 

than concurrent mitochondrial dysfunction and cytosolic protein aggregation.  However, 

this could be a fruitful avenue of exploration, especially considering the connection 

between mPOS and familial ALS subtypes. 
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1.4 – Objective 

 The overall objective of this dissertation is to determine whether mPOS 

contributes to human disease.  To this end, we asked three simple questions: 

1. Can mPOS be induced in human cells? 

2. What is the molecular mechanism of Aac2A128P-induced mPOS, and can this 

process induce disease in mice? 

3. Can mPOS potentiate neurodegeneration in a mouse model of Parkinson’s 

disease?  
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2.1 – Abstract 

Studies in yeast showed that mitochondrial stressors not directly targeting the 

protein import machinery can cause mitochondrial Precursor Overaccumulation Stress 

(mPOS) in the cytosol independent of bioenergetics. Here, we demonstrate mPOS and 

stress responses in human cells. We show that overloading of mitochondrial membrane 

carriers, but not matrix proteins, is sufficient to induce cytosolic aggresomes and 

apoptosis. The aggresomes appear to triage unimported mitochondrial proteins. 

Interestingly, expression of highly unstable mutant variants of the mitochondrial carrier 

protein, Ant1, also induces aggresomes despite a >20-fold reduction in protein level 

compared to wild type. Thus, protein overloading, rather than accumulation, is critical for 

aggresome induction. The data suggests that the import of mitochondrial proteins can be 

saturated and that the cytosol is limited in degrading unimported mitochondrial proteins. 

In addition, we found that EGR1, eEF1A1 and ubiquitin C are upregulated by Ant1 

overloading. These proteins are known to promote autophagy, protein targeting to 

aggresomes and the processing of protein aggregates respectively. Finally, we found that 

overexpression of the misfolded variants of Ant1 induces additional cytosolic responses 

including proteasomal activation. In summary, our work captured a profound effect of 

unimported mitochondrial carrier proteins on cytosolic proteostasis and revealed multiple 

anti-mPOS mechanisms in human cells. 
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2.2 – Introduction 

Mitochondria are semi-autonomous organelles that contain over 1,000 

polypeptides (Calvo et al., 2016). Only 13 of these proteins are encoded by mitochondrial 

DNA (mtDNA) and synthesized in the mitochondrial matrix. The remaining ~99% of 

mitochondrial proteins are nuclear-encoded and are synthesized in and imported from the 

cytosol (Chacinska et al., 2009). Effective biogenesis of mitochondria requires the 

coordinated expression of proteins from both the cytosolic and mitochondrial protein 

synthesis machineries. For example, respiratory enzymes of the oxidative 

phosphorylation (OXPHOS) pathway are large protein complexes on the inner 

mitochondrial membrane (IMM) that require the coordinated expression of subunits from 

both mtDNA and nuclear DNA (Richter-Dennerlein et al., 2016). Decreased import of 

specific OXPHOS components into mitochondria is generally expected to affect ATP 

production and energy homeostasis in the cell. Moreover, a global defect in protein 

import would be expected to affect mitochondrial biogenesis and reduce cell viability, as 

mitochondria carry out essential cellular functions in addition to ATP production (Wang, 

2001, Shadel and Horvath, 2015, Gottschling and Nystrom, 2017). Several human 

diseases have been found to be caused by mutations in genes encoding the core 

mitochondrial protein import machinery (Koehler et al., 1999, Vukotic et al., 2017, Kang 

et al., 2017). However, despite the expected consequences of reduced import noted 

above, how reduced import may cause diseases is not fully understood. 

Our previous studies have indicated that severe proteostatic stress in mitochondria 

can reduce protein import. This kills cells by a mechanism independent of bioenergetics, 

termed mitochondrial Precursor Overaccumulation Stress (mPOS), which is characterized 
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by the toxic accumulation of unimported mitochondrial proteins in the cytosol (Wang and 

Chen, 2015). In yeast, we showed that misfolded variants of Aac2, the homolog of human 

Ant1 involved in ATP/ADP exchange across the IMM, somehow reduce protein import 

leading to the accumulation of unimported proteins in the cytosol. This is sufficient to 

cause lethal cytosolic proteostatic stress before the reduced protein import causes defects 

in critical mitochondrial functions. Given that protein import efficiency can be affected 

by many conditions such as IMM stress and low membrane potential, it was speculated 

that various mitochondrial stressors may contribute to diseases via mPOS, in addition to 

their effect on bioenergetic output (Coyne and Chen, 2018). 

It is unknown whether unimported mitochondrial protein can accumulate in the 

cytosol and induce mPOS in human cells, and if so, whether adaptive mechanisms exist 

to tolerate and suppress the stress. In the current study, we found that overexpression of 

mitochondrial carrier proteins, including Ant1, is sufficient to induce the formation of 

large cytosolic aggresomes that appear to contain unimported mitochondrial proteins. The 

data suggest that the mitochondrial protein import pathway is saturable, that the cytosol 

has a limited capacity to degrade unimported proteins, and that aggresome formation is a 

defense mechanism against mPOS. These findings are clinically relevant as 

overexpression of Ant1 has been observed in several human diseases (Laoudj-Chenivesse 

et al., 2005, Gabellini et al., 2002, Sylven et al., 1993, Dorner et al., 1997, Dorner and 

Schultheiss, 2000, Forlani et al., 2010, Kriaucionis et al., 2006). We also found that 

overexpression of pathogenic misfolded variants of Ant1 induces additional proteostatic 

responses in the cytosol. The results support the idea that mitochondrial protein 
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overloading and misfolding have severe consequences on cytosolic proteostasis, and that 

multiple mechanisms exist to protect mammalian cells against the resulting mPOS. 
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2.3 – Results 

2.3.1 – Overloading of mitochondrial carrier proteins induces the formation of cytosolic 

aggresomes. 

We attempted to induce mPOS in mammalian cells by overexpressing a select 

panel of nuclear genes encoding mitochondrial proteins from the cytomegalovirus (CMV) 

promoter in human embryonic kidney 293T (HEK293T) cells. We reasoned that protein 

overloading may saturate the import machinery and, consequently, lead to the 

accumulation and aggregation of unimported mitochondrial proteins in the cytosol (i.e. 

mPOS). To detect potential cytosolic protein aggregates, we used fluorescence 

microscopy after staining transfected cells with an aggresome dye that specifically 

recognizes protein amyloids. Aggresomes can be effectively induced by inhibiting the 

proteasome with MG132 (Figure 2.1A-B). We overexpressed mitochondrial matrix 

proteins including aconitase (Aco2), isoform 2 of isocitrate dehydrogenase (Idh2) and 

succinate dehydrogenase subunit A (SdhA). We found that IDH2 and SDHA do not 

induce detectable aggresomes, and that ACO2 overexpression only marginally increased 

aggresome formation. Interestingly, overexpression of several mitochondrial carrier 

proteins drastically induced the formation of distinct structures in the cytosol that are 

intensely stained by the aggresome dye (Figure 2.1A-B). These proteins include isoform 

1 (Ant1 or Slc25A4) and 3 (Ant3 or Slc25A6) of adenine nucleotide translocase, the 

citrate transporter (Slc25A1), and the 2-oxoglutarate/malate carrier (Slc25A11). When 

entering mitochondria, the transfected carrier proteins appear to be targeted to the IMM, 

as exemplified by sub-mitochondrial localization experiments in cells transfected with 

ANT1-HA (Figure 2.1C). HEK293T cells predominantly express ANT2 and ANT3, while 
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ANT1 is expressed at very low levels. RNA-seq analysis (see below) showed that the 

mRNA level of ANT1 in the transfected cells is 3.71-fold higher than the sum of the 

endogenously expressed ANT2 and ANT3. These observations suggest that the 

mitochondrial import pathway is saturable in vivo. Expectedly, a threshold level of carrier 

overexpression appears to be required for the detection of aggresome induction. When 

transfected in Hela cells, the CMV-ANT1 construct is expressed approximately 1.7-fold 

lower compared with HEK293T cells (Figure S2.1A). No significant induction of 

aggresomes was observed. Similarly, the two misfolded variants of Ant1 (see below) also 

failed to induce aggresome formation in Hela cells (Figure S2.1B). 

We found that the frequency of aggresome formation correlates with increased 

early apoptotic cells (Annexin V-positive, propidium iodide (PI)-negative, Figure 2.1D) 

and total apoptotic cells (total Annexin V-positive cells, Figure S2.1C) 24 hours post-

transfection. Extranuclear DAPI-positive puncta colocalize with the aggresomes in 

ANT1-overexprssing cells (Figure 2.1E). These DNA structures likely represent 

fragmented chromatins that are commonly detected in the cytosol of apoptotic cells. 

These findings suggest that mitochondrial carrier overloading is sufficient to induce 

mPOS and cell death. The rate of apoptosis is not further increased 36 or 48 hours post-

transfection and, correspondingly, there is no decrease in the ~50% of cells that are non-

apoptotic (double-negative cells, Figure S2.1D). In conjunction with our observed ~70% 

transfection efficiency, this supports the idea that while many transfected cells do indeed 

die, others are able to mount effective cellular defense mechanisms to remain viable. 
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Figure 2.1. Overexpression of mitochondrial carrier proteins induces cytosolic 
aggresome formation and apoptotic cell death.  
 

(A) Fluorescence microscopy showing the induction of aggresomes by 
overexpression of ANT1 (or SLC25A4), SLC25A1, SLC25A6 and SLC25A11, but 
not of ACO2, IDH2 and SDHA. MG132 was used as a positive control for 
aggresome induction. Scale bars, 20 µm.  

(B) Quantitation of aggresome formation in (A), normalized to the number of nuclei 
stained by DAPI. Error bars represent s.e.m. of 16 fields of scanning from two 
independent transfections with a total of 12,000 – 28,000 cells examined.  

(C) Sub-mitochondrial localization of Ant1-HA.  
(D) Annexin V-positive and propidium iodide negative early apoptotic HEK293T 

cells overexpressing the mitochondrial proteins. Error bars are s.e.m. of three 
independent experiments.  

(E) Staining of ANT1-transfected HEK293T cells with aggresome dye and DAPI. 
Arrows denote micro-nuclei that colocalize with aggresomes. 
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We then determined whether acute inhibition of mitochondrial protein import can 

also induce aggresome formation. Interestingly, we found that sub-lethal concentrations 

of MitoBloCK-6 (Dabir et al., 2013) (Figure S2.2A), which inhibits protein import, only 

marginally induce aggresome formation (Figure S2.2B). Sub-lethal concentrations of 

carbonyl cyanide m-chlorophenyl hydrazine (CCCP) (Figure S2.2C), which uncouples 

the IMM, do not induce aggresome formation (Figure S2.2D). These compounds would 

be expected to globally inhibit mitochondrial biogenesis. Thus, it is possible that severe 

defects in mitochondria-associated function(s) prevent aggresome formation, even though 

protein import is directly or indirectly inhibited. 

 

2.3.2 – Aggresomes induced by mitochondrial carrier proteins contain densely packed 

protein aggregates and may triage unimported mitochondrial proteins. 

Using transmission electron microscopy, we confirmed the presence of large 

structures with dense materials resembling protein aggresomes (Ag) in cells transfected 

with an ANT1-expressing plasmid (Figure 2.2A(ii)), but not with the empty vector 

(Figure 2.2A(i)). These aggresomes appear to have a much higher electron density 

compared with classic cytosolic aggresomes (Garcia-Mata et al., 1999, Kolodziejska et 

al., 2005). In contrast to classic aggresomes that are membrane-free (Kopito, 2000), we 

observed double- or single-membrane structures enclosing some, but not all ANT1-

induced aggresomes (Figure 2.2A(iii) and (iv)). The membranes may be derived from 

phagophores via the process of autophagy. Areas of low electron-density were detected 

within some aggresomes (Figure 2.2A(iv)), which could result from lysosomal clearance 

of intra-aggresomal protein aggregates as the final step in the process of aggrephagy. 
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Autophagic/lysosomal clearance of intact aggresomes seems highly unlikely due to their 

large size; moreover we speculate that the giant aggresomes arise when aggregate 

deposition exceeds the capacity of lysosomal clearance, leading to the recruitment and 

excessive expansion of the phagophore membrane to sequester proteins. 

In addition to aggresomes that contain mainly aggregated proteins, ANT1 

overexpression also induced large structures resembling autophagic vacuoles (AV) that 

harbor a mixture of protein aggregates, membrane vesicles and mitochondria (Figure 

2.2a(v) and (vi)). However, while the AVs appear to stain positively for LC3 by 

fluorescence microscopy (see Figure S2.8C), we did not see an overall increase in LC3-II 

to LC3-I ratio in ANT1-transfected cells. 

We speculated that the cytosolic aggresomes and AVs may contain triaged 

mitochondrial proteins that fail to enter the mitochondria. Unfortunately, the broad 

emission spectrum of the aggresome dye precluded a direct colocalization of unimported 

mitochondrial proteins and the aggresomes. However, we detected strong 

immunofluorescent signals of the HA-tagged Ant1, and the FLAG-tagged Slc25A1, 

Slc25A6 and SlcA25A11, in vesicular structures resembling aggresomes and AVs 

(Figure 2.2B). Furthermore, we found that the endogenously expressed mitochondrial 

proteins SdhA and Tom20 are also condensed in large spherical vesicles in cells 

overexpressing the mitochondrial carrier proteins (Figure 2.2C). Taken together, these 

data support the idea that the cytosolic aggresomes and AVs are induced to triage the 

overexpressed mitochondrial carrier proteins, as well as endogenous mitochondrial 

proteins. The latter may have failed to enter mitochondria because of a competition for 

binding to import receptors with the overloaded proteins. 
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Figure 2.2. Aggresomes (Ag) and autophagic vacuoles (AV) induced by 
overexpression of mitochondrial carriers in HEK293T cells.  
 

(A) Transmission electron microscopy. i, cells transfected with the control vector. ii-
vi, ANT1-transfected cells. N, nucleus; M, mitochondria. Red arrows in (iii) and 
(iv) indicate membranes.  

(B) Immunostaining showing the condensation of HA- and FLAG-tagged 
mitochondrial carriers in the aggresome-like cytosolic vesicles. Scale bars, 20 
µm.  

(C) Immunostaining showing the presence of mitochondrial proteins SdhA and 
Tom20 in cytosolic vesicles in cells overexpressing mitochondrial carrier 
proteins. Scale bars, 20 µm. 
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2.3.3 – ANT1 overexpression activates the expression of the nuclear transcriptional 

factor Egr1 without severely affecting oxidative phosphorylation. 

Next, we determined the effect of ANT1-overexpression on mitochondria. We 

found that the size of mitochondria in ANT1-overexpressing cells is not drastically 

changed compared with control cells (Figure 2.3A). More importantly, no protein 

aggregates were detected inside mitochondria in aggresome-forming cells. ANT1 

overexpression causes moderate but significant reductions in basal and maximal 

respiratory rates (Figure 2.3B-D), and respiratory coupling efficiency appears unaffected 

(Figure 2.3E). The steady-state levels of representative subunits of respiratory complexes 

and the mitochondrial matrix protein Aco2 are unchanged in total cell lysates, but are 

moderately reduced in isolated mitochondria (Figure 2.3E). This suggests distribution of 

these proteins to extra-mitochondrial compartments because of ineffective import. 

To learn the mechanism by which Ant1 overloading induces aggresome formation 

in the cytosol, we first examined the nuclear transcriptome in ANT1-overexpressing cells. 

RNA-Seq revealed that, despite the drastic proteostatic reconfiguration in the cytosol as 

manifested by aggresome formation, ANT1 overexpression affected the transcription of 

only a limited number of nuclear genes (Figure 2.3G and H; Table S2.1). No genes 

involved in oxidative phosphorylation, bioenergetic adaptation or the classic heat shock 

response are upregulated. Instead, we found that EGR1 (Early Growth Response gene-1) 

is the most upregulated gene, although the magnitude of upregulation is moderate. EGR1 

encodes a transcriptional factor with diverse cellular functions including cell proliferation 

and stress response. It was recently shown to play a central role in the regulation of 

autophagy (Peeters et al., 2018). Among the seven protein-coding genes upregulated by 
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ANT1, predicted EGR1 target genes are highly over-represented (Z-score 18.7) and 

include ZCCHC12 (Zinc Finger CCHC-Type Containing 12, or Sizn1), PHLDA2, SFPQ 

and DOLK. It is possible that these genes participate in the Egr1-orchestrated autophagic 

program to facilitate aggresome formation to triage unimported mitochondrial proteins. 
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Figure 2.3. ANT1 overexpression has only moderate effect on oxidative 
phosphorylation and the nuclear transcriptome.  
 

(A) Transmission electron microscopy showing mitochondrial structure in 
aggresome-forming cells. Ag, aggresome; M, mitochondria; N, nucleus.  

(B) – (E) Oxygen consumption rates (OCR) and coupling efficiency of transfected 
HEK293T cells, determined by Seahorse XF96e extracellular flux analyzer with 
sequential injections of oligomycin (Oligo), FCCP (carbonylcyanide-4-
trifluoromethoxyphenylhydrazone) and rotenone/antimycin A (Rot/AA). Six 
independent transfections were performed. Error bars indicate standard 
deviations. Coupling efficiency is defined by the ratio between ATP production-
driven respiration rate and basal respiration rate.  

(F) Western-blot showing the levels of representative mitochondrial proteins in total 
cell lysates and isolated mitochondria from ANT1-transfected cells.  

(G) Heatmap of differentially expressed genes in cells transfected by ANT1 versus 
control vector.  

(H) Genes upregulated by wild-type ANT1-overexpression. 
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2.3.4 – Induction of aggresome formation in the cytosol by Ant1 is independent of Ant1 

accumulation. 

One interpretation of the data presented above is that aggresomes are induced 

simply by the cytosolic accumulation of hydrophobic carrier proteins, such as Ant1. 

However, here we demonstrate that Ant1 overexpression can induce aggresome 

formation without substantial protein accumulation. We did so by taking advantage of 

mutant Ant1 variants that accumulate poorly in HEK293T cells. 

Our previous studies in yeast showed that mPOS can be induced by various 

conditions that directly or indirectly affect protein import, including the expression of a 

misfolded variant of Aac2, the ortholog of human Ant1 (Wang and Chen, 2015). We then 

asked how human cells might respond to stress induced by the expression of misfolded 

Ant1. We generated variants of Ant1 that contain multiple misfolding mutations. These 

mutations include A90D, L98P, A114P and A123D that are known to cause pathologies 

including autosomal dominant Progressive External Ophthalmoplegia, bipolar affective 

disorder, dementia, myopathy and cardiomyopathy (Kaukonen et al., 1999, Kaukonen et 

al., 2000, Napoli et al., 2001, Siciliano et al., 2003, Deschauer et al., 2005, Simoncini et 

al., 2017, Palmieri et al., 2005). These mutations occur on a-helices 2 and 3 in the 

proximity of IMM-intermembrane space interface (Figure 2.4A), with some of them 

causing the protein itself to aggregate on the IMM (Liu et al., 2015). Consistent with this, 

we found that the steady state levels of the triple (Ant1A90D, L98P, A114P) and quadruple 

(Ant1A90D, L98P, A114P, A123D) mutants of Ant1 are reduced to only 4.77% (p = 5.89X10-6, 

unpaired Students’s t test) and 4.06% (p = 3.98X10-7, unpaired Students’s t test) of the 

wild-type Ant1 level, respectively (Figure 2.4B-C). Meanwhile, detectable mRNA levels 
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of the mutant ANT1 variants were equivalent to that of wild-type as determined by RNA-

Seq. Such a low accumulation suggests that these mutations cause increased turnover of 

the proteins either on or before reaching the IMM. Another interpretation is that the 

mutations cause the mutant proteins to aggregate, thus reducing the solubility in RIPA 

buffer and compromising detection by western blotting. To test this, we attempted to 

enhance extraction of the quadruple mutant with various harsh detergents and chaotropic 

agents. This did not substantially increase protein recovery as shown by western blot 

analysis (Figure S2.3). Moreover, direct dot blot analysis of pre-cleared lysates confirmed 

the low-level accumulation of the mutant Ant1 in the transfected cells (Figure 2.4D-E). 

Clearly, the mutant proteins accumulate at very low levels compared with the wild type 

Ant1. Using a Seahorse metabolic flux analyzer, we found that expression of the triple 

and quadruple mutants of Ant1 have only moderate effects on mitochondrial respiration 

and respiratory coupling efficiency (Figure 2.4F). 
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Figure 2.4. Stability and bioenergetic effect of misfolded Ant1.  
 

(A) Crystal structure of the yeast Aac2 protein (Ruprecht et al., 2014). The amino 
acids equivalent to those mutated in human ANT1 are denoted by arrows. 
Carboxylatractyloside in magenta indicates the putative nucleotide binding site. 
H2, α-helix 2. H3, α-helix 3. IM, inner membrane. IMS, intermembrane space.  

(B) Western blot analysis showing the steady-state levels of the triple and quadruple 
mutants of Ant1 in HEK293T cells.  

(C) Quantitation of the protein levels in (B) (n=3). Error bars represent standard 
deviations.  

(D) Dot blot analysis showing the levels of the triple and quadruple mutants of Ant1 
relative to the wild type. Transfected cells were sonicated in lysis buffer with 5% 
SDS plus 8 M urea, and the total lysates were directly spotted to the membrane 
without centrifugation. Protein signals were detected with an anti-HA antibody.  

(E) Quantitation of dot blot signals in (D). Error bars represent s.e.m. from four 
replicates.  

(F) Oxygen consumption rate of transfected HEK293T cells as measured by Seahorse 
extracellular flux analyzer. The basal respiration, maximal respiration and ATP 
production-driven respiration were calculated. Error bars indicate standard 
deviations. 
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Despite drastically reduced steady state levels of the misfolded triple (Ant1A90D, 

L98P, A114P) and quadruple (Ant1A90D, L98P, A114P, A123D) variants of Ant1, aggresome 

induction remains substantial (Figure 2.5A). We note that the A123D mutation affects the 

function of respiratory complexes (Ogunbona et al., 2018) and completely inactivates 

adenine nucleotide transport activity (Palmieri et al., 2005). Aggresome induction by the 

quadruple mutant, which has the A123D mutation, is therefore independent of nucleotide 

transport. Examination by electron microscopy revealed that aggresomes induced by the 

mutant Ant1 are morphologically indistinguishable from those induced by the wild-type 

ANT1 (Figure 2.5B-G). Small vesicles were frequently seen within the aggresomes 

(Figure 2.5H). Membrane-rich vesicles containing dark punctates were detected in the 

vicinity of the aggresomes (Figure 2.5I). Similar structures have been observed in flies 

when the mitochondrial protein import machinery is directly knocked down (Liu et al., 

2018b). We speculate that these vesicles may be involved in the delivery of aggregated 

proteins to the aggresomes in the HEK293T cells. 
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Figure 2.5. Induction of aggresomes by mutant Ant1.  
 

(A) Staining of transfected HEK293T cells with an aggresome dye showing the 
induction of aggresomes. MG132 treatment was used as a positive control.  

(B) –  (I) Transmission electron microscopy of HEK293T cells transfected with 
vector (B), the wild-type ANT1 (C), ant1A114P (D), ant1A123D (E), ant1A90D, L98P, 
A114P (F) and ant1A90D, L98P, A114P, A123D (G-I). N, nucleus; Ag, aggresome.  H, a 
representative aggresome that contains small vesicles. I, aggresome-cytosol 
interface. Arrow denotes membrane-rich vesicles in the vicinity of an aggresome 
that contains electron-dense particles resembling aggregated proteins. 
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2.3.5 – Expression of mutant Ant1 activates additional proteostatic pathways in the 

cytosol. 

In a search for extra effects of mutant compared with wild type Ant1, we 

examined apoptosis and mitochondrial membrane potential. We found that the triple and 

quadruple mutants of Ant1 do not further increase apoptosis when compared with the 

wild type protein (Figure 2.6A), consistent with a comparable subpopulation of cells with 

severely depolarized mitochondria (Figure S2.4). Expression of the mutant Ant1 

moderately increases rather than decreases the relative mitochondrial membrane potential 

in the main subpopulation of the cells that maintain their potential (Figure 2.6B), which 

suggests a preferential effect on processes that utilize (e.g., ATP synthesis) rather than 

generate (e.g., the electron transport chain) the potential. 

To uncover additional cytosolic pathways induced by mutant Ant1, we performed 

RNA-Seq analysis on cells expressing the triple and quadruple mutant Ant1. 

Interestingly, this revealed that the triple and quadruple mutants alter the expression of 

206 and 560 genes, respectively (Figure 2.6C, Tables S2.3 and S2.4), far more than 

observed for wild type Ant1. Thirty-two genes were commonly up-regulated by the two 

mutants (Figure 2.6D; Figure S2.5A-B). Like the cells overexpressing the wild-type 

ANT1 (Figure 2.3H), expression of EGR1, ZCCHC12 and SFPQ are activated by the 

triple and quadruple mutant Ant1. These genes may facilitate aggresome formation, a 

phenotype shared by the cells overexpressing the wild type and mutant Ant1. 

We found that multiple genes involved in RNA processing are upregulated in 

cells expressing the mutant Ant1 (Figure S2.5B). These include FUS, RBM12 and SFPQ, 

which are implicated in amyotrophic lateral sclerosis, frontotemporal dementia, psychosis 
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and Alzheimer’s disease (Kwiatkowski et al., 2009, Vance et al., 2009, Luisier et al., 

2018, Steinberg et al., 2017, Lu et al., 2018). Further analysis revealed that 21.7% (Z-

score = 6.19) and 27.8% (Z-score = 25.38) of the total upregulated genes induced by the 

triple and quadruple mutants of Ant1 are predicted to be the downstream targets of 

EGR1. More importantly, we found that many genes activated by the mutant Ant1 are 

involved in cytosolic proteostasis by affecting autophagy, heat shock response and 

proteasomal function (Figure S2.5B; Figure 2.6E). Notably, the upregulated RAS-related 

GTP-binding protein, RAB7A, is known to play a critical role in aggresome formation 

and maturation(Hyttinen et al., 2014). Genes encoding cytosolic chaperones and the 

ubiquitin-proteasome system (UPS), but not those involved in endoplasmic reticulum 

stress response, are specifically upregulated in cells overexpressing the quadruple mutant 

of Ant1 (Figure 2.6E). This is consistent with the observation that the caspase-like 

activity of the proteasome is significantly increased in cells expressing the quadruple but 

not the triple mutant or wild type allele of ANT1 (Figure 2.6F). 

The large number of genes that are transcriptionally remodeled in cells expressing 

the quadruple mutant of Ant1 allowed us to determine other putative upstream regulators. 

Ingenuity Pathway Analysis identified 42 gene clusters predicted to be either activated or 

inhibited (Figure S2.5C). Genes controlled by ATF4 are upregulated, supporting the 

activation of the integrated stress response (Quiros et al., 2017). We found that genes 

regulated by rapamycin and RICTOR are down-regulated. Rapamycin is an inhibitor of 

the mechanistic Target of Rapamycin (mTOR) protein kinase and RICTOR is a subunit 

of the mTORC2 complex. These observations suggest that expression of the mutant Ant1 

downregulates mTOR-signaling, which is known to reduce protein synthesis. This is 
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supported by reduced phosphorylation of 4E-BP and Rps6 (Figure S2.6). Taken together, 

the mutant Ant1 specifically induces multiple branches of proteostatic adaptation in the 

cytosol, in addition to EGR1 activation and aggresome formation. 

 

 
 
Figure 2.6. Expression of mutant Ant1 triggers proteasomal activation and 
transcriptional upregulation of heat shock response in the cytosol.  

(A) Apoptosis induced by the expression of mutant versus wild type Ant1. Depicted 
here is the percentage of Annexin V-positive, PI-negative cells as an indication of 
early apoptosis from three independent transfections performed with triplicates. 
Error bars represent s.d. of three independent experiments with triplicates.  

(B) Relative mitochondrial membrane potential in the non-depolarized subpopulation 
of transfected cells (see Figure S2.4 for gating strategy). Error bars represent 
s.e.m. of three independent experiments with triplicates.  

(C) Volcano plots showing the distribution of up- and down-regulated genes in 
HEK293T cells expressing ant1A90D, L98P, A114P (triple) and ant1A90D, L98P, A114P, A123D 
(quadruple).  

(D) Heatmap of the 32 genes that are upregulated both in cells expressing the triple 
and quadruple mutants of ANT1. Color bar indicates the log2 expression change.  

(E) Cytosolic proteostatic genes differentially expressed in cells expressing the triple 
and quadruple mutants of ANT1.  
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(F) Relative proteasome-associated proteolytic activities in cells expressing the wild 
type (WT), the triple (T) and quadruple (Q) mutants of Ant1 compared with 
vector (V)-transfected cells. Error bars represent s.e.m. of six assays from two 
independent experiments. 

 
 

2.3.6 – Increased protein ubiquitination, decreased mitochondrial protein solubility, and 

upregulated ubiquitin C and eEF1a are common post-transcriptional signatures of cells 

overexpressing the wild-type and mutant Ant1. 

As aggresomes are induced by the overexpression of both wild type and mutant 

Ant1, we examined post-transcriptional signatures shared by these cells. We 

hypothesized that aggresomes may contain ubiquininated misfolded proteins that exhibit 

reduced solubility. As expected, expression of the wild type and mutant Ant1 increases 

protein ubiquitination at virtually all molecular weights in NP-40 insoluble fractions 

(Figure 2.7A), suggesting widespread protein misfolding and ubiquitination. The 

solubility of some mitochondrial proteins (Tom20, Hsp60 and Aco2) is decreased by 

Ant1 overexpression (Figure S2.7B, E and G), but not proteasome inhibition. This 

observation, together with an aggresome-like distribution of Tom20 and SdhA (Figure 

2.2C), provides strong evidence that carrier-induced aggresomes triage unimported 

mitochondrial proteins. The detergent-solubility of several other mitochondrial proteins 

(Tim22, SMAC/Diablo, VDAC and Mia40) is little changed (Figure S2.7A-D). 

Furthermore, we found that the cytosolic HSP70 and HSP90 chaperones exhibit reduced 

solubility in response to proteasome inhibition but not to Ant1 expression (Figure S2.7F 

and G). This suggests that these chaperones are either uninvolved or play a minimal role 

in the triage of unimported mitochondrial proteins via the aggresome pathway. 
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Although the ratio between LC3-II and LC3-I, a biomarker for autophagy, is 

significantly increased only in cells expressing the quadruple mutant of Ant1 when 

proteins are solubilized by RIPA buffer (Figure S2.8A), LC3-II solubility is reduced in 

all the cells expressing Ant1 (Figure S2.8B). Immuofluorescence microscopy revealed 

that LC3-positive vesicles are significantly increased in cells expressing mitochondrial 

carrier but not matrix proteins (Figure S2.8C and D). These data provide further support 

for the involvement of the autophagic process in aggresome formation. 

Finally, we determined whether processes that are known to stimulate aggresome 

formation are upregulated by Ant1 overloading. Recent studies have shown that free 

ubiquitin serves as signaling molecules to stimulate aggresome processing (Hao et al., 

2013, Park et al., 2017)). Indeed, we found that the levels of free ubiquitin are increased 

in cells expressing the wild type and mutant Ant1 (Figure 2.7B). Mass spectrometry 

analysis revealed that the ubiquitin molecules are expressed from the UBC 

(polyubiquitine C) locus (Figure S2.9). In addition, recent studies have shown that the 

eukaryotic translation elongation factor 1a (eEF1a) forms a CTIF-eEF1A1-DCTN1 

(CED) complex to facilitate the aggresomal targeting of misfolded polypeptides (Park et 

al., 2017). We found that the levels of eEF1a in Ant1-overexpressing cells are unchanged 

in RIPA (1% Triton X-100, 0.1% SDS)-extracted, and slightly increased in SDS/Urea 

(5% SDS, 8 M urea)-extracted cell lysates (Figure 2.7C). This suggested that eEF1a 

expression is increased but a fraction of the protein is present in insoluble aggregates. 

This was confirmed by western blot showing that eEF1a is heavily enriched in NP-40 

insoluble fractions (Figure 2.7D). Inhibition of proteasome by MG132 does not increase 

the levels of eEF1a in the NP-40 soluble or insoluble fractions. The data suggest that 
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eEF1a is specifically upregulated as a stress response to stimulate aggresome formation 

upon mPOS. As the transcription of UBC, EEF1A1 and EEF1A2 are not upregulated as 

revealed by RNA-Seq, the increased levels of these proteins must be mediated by post-

transcriptional processes. 

 

 

 
Figure 2.7. Western blot analysis shows increased ubiquitination, free ubiquitin 
production and EEF-1a expression in cells expressing Ant1.   

(A) Increased ubiquitination in NP-40 insoluble fractions from cells expressing the 
wild type and mutant Ant1.  

(B) Free ubiquitin levels in cells expressing Ant1.  
(C) – (D) EF-1a levels in total cell lysate using different detergents (C) and detergent 

soluble and insoluble fractions (D). S, soluble fraction; I, insoluble fraction. 
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2.4 – Discussion 

In this report, we determined that mPOS can occur in human cells and we 

identified multiple pathways by which human cells respond to mPOS. We specifically 

modeled mPOS by overexpressing mitochondrial proteins to see whether proteostatic 

responses occur in the cytosol when protein loading exceeds import capacity. We found 

that overexpression of mitochondrial carrier, but not matrix proteins, induces the 

formation of large aggresomes in the cytosol that contain densely packed protein 

aggregates. This is accompanied by increased protein ubiquitination and apoptotic cell 

death, which further support the presence of mPOS in the cytosol. Importantly, we 

excluded the possibility that mPOS is dependent on accumulation of the overexpressed 

carrier proteins, as expressing misfolded variants of the carrier protein Ant1 exhibited all 

signs of mPOS despite >20-fold reduction in protein accumulation. Therefore, we 

conclude that saturating the protein import machinery with mitochondrial carrier proteins 

can impose a drastic proteostatic burden on the cytosol (i.e. mPOS) in human cells. 

How do the mutant Ant1 proteins induce aggresomes so robustly while only 

accumulating to ~5% of the wildtype Ant1 protein level? We speculate that overloading 

of wildtype and mutant Ant1 similarly saturate the import receptors (e.g. TOM70) and/or 

cytosolic chaperones that deliver proteins to mitochondria (e.g. HSP70), thereby directly 

affecting the import efficiency of other mitochondrial proteins. These affected proteins 

then accumulate in the cytosol and are ultimately transported to the aggresomes. It’s 

likely that the mutant proteins are degraded after the saturated mitochondrial import step, 

either during translocation through the OMM/IMS, or on the IMM. This would explain 

how the mutant Ant1 proteins effectively induce aggresomes despite such low protein 
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accumulation. However, further experiments are needed to identify the saturated protein 

import step(s) and the proteolytic pathway(s) responsible for the degradation of the 

mutant Ant1 proteins. 

Our data strongly suggest that mitochondrial carrier-induced aggresomes serve as 

a mechanism to triage unimported mitochondrial proteins. First, immunofluorescence 

imaging of aggresome-containing cells showed that endogenous mitochondrial proteins 

such as Tom20 and SdhA are condensed in vesicle-like structures resembling 

aggresomes. Secondly, several endogenous mitochondrial proteins are enriched in 

detergent-insoluble fractions in cells overexpressing Ant1, which suggests misfolding. 

There are two likely locations for these misfolded mitochondrial proteins: mitochondria 

or aggresome. The lack of electron-dense aggregates inside mitochondria on electron 

micrographs supports an aggresomal localization of the misfolded mitochondrial proteins. 

Perhaps not surprisingly, aggresome formation appears to be intimately connected 

to the autophagy machinery. Double membrane structures were frequently observed that 

enclose the aggresomes induced by the mitochondrial carrier Ant1. This suggests that 

phagophore generation and autophagy are involved in aggresome formation, although 

membrane structures were not visible in some cases which may suggest unsealed or even 

membrane-less aggresomes. In support of a phagophore origin of the aggresome-

associated membrane, immunofluorescence revealed that LC3-positive vesicles are 

significantly increased. Moreover, the most upregulated gene in response to Ant1 

overloading was EGR1, which was recently determined to be a transcriptional regulator 

of autophagy (Peeters et al., 2018). However, it is important to note that the aggresomes 

are much larger than conventional autophagosomes, and that we have not determined the 
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origin of the aggresomal membrane. It nevertheless remains likely that the aggresomes 

arise from autophagosomes following continuous aggregate delivery and membrane 

expansion, or that they are formed by enclosing preexisting proteins aggregates with a 

phagophore membrane. 

We also uncovered two likely molecular players in aggresome formation induced 

by mitochondrial carriers: ubiquitin C and eEF1a-1. These two proteins are post-

transcriptionally upregulated. While ubiquitin is well known to participate in general 

protein turnover, it has also been shown to act as a signaling molecule for the processing 

of aggresomes (Hao et al., 2013). The eEF1a-1 protein, on the other hand, was recently 

demonstrated to participate in the aggresomal targeting of misfolded cytosolic proteins 

(Park et al., 2017). These proteins are likely to directly or indirectly participate in the 

sequestration, trafficking and processing of unimported mitochondrial proteins. It is 

important to note that the cytosolic aggresomes are induced in the absence of a severe 

defect in oxidative phosphorylation and transcriptomic changes that would suggest 

bioenergetic deficiency and oxidative stress. Aggresome formation is therefore triggered 

by extra-mitochondrial proteostatic signals and not, for example, a reduction in ATP 

levels. 

Interestingly, we found that a global inhibition of protein import by MitoBloCK-6 

and CCCP, that selectively inhibits the Mia40/Erv1 redox-mediated import pathway and 

uncouples the IMM respectively, has either limited effect or no effect on the induction of 

aggresomes in the cytosol. We postulate that aggresome formation involves an actively 

coordinated program that may include aggregate seeding, microtubule organization, 

intracellular trafficking, phagophore generation and membrane expansion and sealing. 
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These processes may be dependent on energy homeostasis, cytoskeleton organization and 

phospholipid biosynthesis that are inhibited by MitoBloCK-6 and CCCP-induced 

mitochondrial damage. Thus, overexpression of the mitochondrial carrier proteins 

allowed us to capture aggresome formation as a specific response to unbalanced 

mitochondrial protein loading and import capacity. 

Like in yeast (Wang and Chen, 2015), human cells have a limited capacity to 

tolerate mPOS, and when this capacity is exceeded, cells die. However, the specific cell 

death mechanism induced has not been determined. In this study, apoptosis is induced, 

but it remains unclear what exactly triggers apoptosis in cells undergoing carrier-induced 

mPOS. Apoptosis may be induced by extra-aggresomal proteostatic stress or by increased 

release of apoptotic factors from mitochondria. Alternative cell death mechanisms are 

also possible, particularly autophagic cell death which may occur downstream of the 

excessive autophagic activity we observed. The mechanism by which mPOS kills cells 

will be an interesting topic of future work. 

As noted above, the data suggest that the import of mitochondrial carriers, which 

occurs through the TIM22 complex, is saturable. This idea is consistent with a recent 

study showing that overloading of several non-carrier IMM proteins reduces the import 

of other TIM23 substrates (Weidberg and Amon, 2018). That study demonstrated an 

elegant mechanism in yeast, termed mitochondrial compromised protein import response 

(mitoCPR), that could prevent mPOS induced by saturation of protein import by TIM23 

substrates. Our study suggests that aggresomes may form to protect human cells from 

mPOS induced by saturation of protein import by TIM22 substrates. Under this condition 

of protein import stress, the transcriptional signature is clearly different from that that 
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observed in yeast with activated mitoCPR. It could be that the cellular response to 

mitochondrial protein import failure is stress- and context-specific. 

Consistent with the above concept, we found that overexpression of mutant Ant1 

induces distinct proteostatic stress responses in the cytosol in addition to aggresome 

formation. Genes involved in protein chaperoning and proteasomal function are 

upregulated by the mutant Ant1. These proteostatic adaptations were not observed in 

cells overexpressing the wild type Ant1. The Chacinska group has recently demonstrated 

proteasomal activation in yeast as a response to the inhibition of mitochondrial protein 

import, which was named Unfolded Protein Response activated by mistargeting of 

proteins (or UPRam)(Wrobel et al., 2015). We speculate that the loading of the misfolded 

Ant1 may impose a significant intramitochondrial proteolytic burden. This apparently 

generates a distinct proteostatic signal in the cytosol that activates proteasomal function. 

The observation that mutant and wild type Ant1 induce similar levels of apoptotic cell 

death strongly suggests that Ant1 overloading and misfolding trigger separate rather than 

additive proteostatic responses, with overloading involving sequestration of aggregates 

by the aggresomes and misfolding stimulating the proteolytic function of the proteasome. 

We note that the overexpression of the mutant Ant1 induces both overloading and 

misfolding, thus aggresome formation and proteasomal activation are both observed. 

Clearly, the expression of mitochondrial carrier proteins needs to be tightly 

controlled in cells, and a balance with the mitochondrial import capacity is important to 

prevent mPOS. Also important is the folding status of these highly hydrophobic proteins. 

This is highlighted by many clinical conditions that involve Ant1 overexpression and 

misfolding. ANT1 upregulation is associated with Facioscapulohumeral Muscular 
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Dystrophy (FSHD), dilated cardiomyopathy and Rett syndrome (Laoudj-Chenivesse et 

al., 2005, Sylven et al., 1993, Dorner et al., 1997, Dorner and Schultheiss, 2000, Forlani 

et al., 2010, Kriaucionis et al., 2006). The A90D, L98P, A114P and A123D alleles of 

ANT1 cause dominant pathologies manifested by adPEO, sensorineural hypoacusia, 

muscle weakness, cardiomyopathy, psychosis, brain atrophy and dementia (Kaukonen et 

al., 1999, Kaukonen et al., 2000, Napoli et al., 2001, Siciliano et al., 2003, Deschauer et 

al., 2005, Simoncini et al., 2017, Palmieri et al., 2005, Liu and Chen, 2013). Thus, our 

findings could have direct implications for the understanding of these diseases. 

The selective induction of proteostatic stress by the mitochondrial carrier proteins 

could also have implications for the understanding of neuromuscular diseases caused by 

defects in protein import. This is particularly relevant for the pathway responsible for the 

import of mitochondrial polytopic membrane proteins (Koehler et al., 1999). Notably, the 

gene encoding acylglycerol kinase that is mutated in Sengers syndrome has recently been 

shown to be a subunit of the TIM22 protein translocase complex, which mediates the 

import and membrane insertion of mitochondrial carrier proteins (Vukotic et al., 2017, 

Kang et al., 2017). Interestingly, the accumulation of the carrier protein Ant1, which was 

used extensively in this study, is markedly reduced in Sengers syndrome patients 

(Jordens et al., 2002, Mayr et al., 2012). One explanation for this observation is that Ant1 

import is reduced, and is then degraded in the cytosol in vivo. This would suggest that 

mPOS could contribute to cell stress in this specific disease in addition to reduced Ant1 

activity. 

More broadly, mitochondrial proteins are constituents of aggresome-like 

structures in several common neurodegenerative diseases (e.g., Lewy bodies in 
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Parkinson’s diseases) (Olanow et al., 2004, Power et al., 2017). In light of our study, it 

would be interesting to learn whether mPOS contributes to the formation of these 

aggregates during the initiation or progression of the diseases, especially considering that 

mitochondrial dysfunction is a prominent hallmark in most neurodegenerative diseases 

including Parkinson’s. 
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2.5 – Materials and Methods 

2.5.1 – Antibodies for western blot analysis 

Antibodies used for western-blot included the Total OXPHOS Human WB 

Antibody Cocktail (#ab110411, Abcam), anti-Aco2 (#ab110321, Abcam), anti-4E-BP1 

(#9644, Cell Signaling), and anti-phospho-4E-BP1 (#2855, Cell Signaling), anti-EF-

1a1/2 (#sc-377439, Santa Cruz), anti-Hsp60 (#ab59457, Abcam), anti-Hsp70 (#ab47455, 

Abcam), anti-Hsp90 (#16F1, Enzo), anti-Mdh2 (#sc-293474, Santa Cruz), anti-Mia40 

(#sc-365137, Santa Cruz), anti-rpS6 (#ab40820, Abcam), anti-phospho-rpS6 (#ab65748, 

Abcam), anti-SMAC (#ab8114, Abcam), anti-Tim22 (#14927-1-AP, Proteintech), anti-

ubiquitin (#701339, Thermo Scientific), anti-VDAC (#sc-390996, Santa Cruz). Total 

proteins were stained with REVERT Total Protein Stain (#926-11011, LI-COR). 

 

2.5.2 – Expression of ANT1 and other genes in HEK293T cells  

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 

Gibco) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% antibiotic mix 

(penicillin/streptomycin, Cellgro) at 37°C in a humidified atmosphere of 5% CO2. The 

cDNA of ANT1 was cloned into the expression vector pCDNA3.1 with a hemagglutinin 

(HA) epitope added on the C-terminus. The mutant ANT1 alleles were generated by in 

vitro mutagenesis using the QuickChange kit (Stratagene). Cells were transfected using 

Lipofectamine® 2000 or 3000 reagent (Invitrogen) with plasmid DNA at a concentration 

of 0.2 µg/1X105 seeded cells, and harvested 24 hours post-transfection before being used 

for biochemical analysis and microscopy. pCDNA3.1-based plasmids expressing FLAG-

tagged mitochondrial proteins (Slc25A1, Slc25A6, Slc25A11, Aco2, Idh2 and SdhA) 
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were purchased from GenScript. For western blotting, cells were lysed with RIPA buffer 

for 30 minutes, followed by clearance by centrifugation at 16,000g for 30 minutes, unless 

otherwise specified. 

 

2.5.3 – Bioenergetic assay 

Oxygen consumption rate (OCR) was measured by Seahorse XFe 96 Extracellular 

Flux Analyzer (Agilent Technologies), which employs the oxygen-dependent 

fluorescence quenching of a fluorophore. HEK293T cells were seeded in the poly-D-

lysine coated microplate at the density of 4.0-6.0×104 cells/well. The transfection was 

performed as aforementioned. Prior to the assay, the transfected cells were washed and 

incubated in the XF assay medium (Agilent Technologies) supplemented with 10 mM 

glucose, 1 mM sodium pyruvate and 2 mM L-glutamine for one hour at 37°C in an 

incubator without CO2. Bioenergetic profiling was obtained by measuring OCR at the 

basal level, followed by sequential injections of oligomycin (at the final concentration of 

2 µM), FCCP (at the final concentration of 0.5 µM), and a mixture of rotenone and 

antimycin A (at the final concentration of 0.5 µM/each). Bioenergetic parameters were 

calculated from the OCR profile as described in the text. 

 

2.5.4 – Aggresome staining and immunostaining  

HEK293T and Hela cells were seeded at approximately 1.75×105/well in a 24-

well plate. Transfection was performed when cells were 60% confluent. Aggresome 

staining was performed according to the manufacture’s manual (Aggresome detection kit, 

Abcam, #ab139486). Briefly, transfected cells were fixed with 4% formaldehyde and 
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permeabilized by 0.5% Trion-X100 before staining with the aggresome dye and DAPI. 

Positive control cells were treated with 10 µM MG132 for 24 h. For immunostaining, 

fixed and permeabilized cells were blocked in PBS containing 3% bovine serum albumin 

followed by anti-HA (#MMS-101R, Covance), anti-FLAG (#PA1-984B, Thermo Fisher 

Scientific), anti-Tom20 (#42406, Cell Signaling), anti-SdhA (#5839, Cell Signaling) anti-

LC3 (#3868, Cell Signaling) antibodies for 1 h at 37 ̊ C. After washing with PBST, cells 

were then incubated with fluorescein-labeled secondary antibody for 45 min at 37 ̊ C. 

Stained cells were visualized using an Image Xpress® micro confocal high-content 

imaging system (Molecular Devices). 

 

2.5.5 – Electron microscopy 

Cells were harvested 24 h-post transfection, fixed in 2.5% glutaraldehyde at 4  ̊C, 

and postfixed with 1% osmium tetroxide at room temperature. Cells were then 

dehydrated, embedded in Luft's Araldite 502 embedding medium (Electron Microscopy 

Sciences, Hatfield, PA), and cut into thin sections. The ultrathin sections were then 

stained with uranyl acetate and Reynold’s lead citrate (Polysciences). The samples were 

photographed with a Tecnai BT12 transmission electron microscope (Thermo Fisher 

Scientific, Hillsboro, OR). 

 

2.5.6 – Apoptotic assay 

Cells were harvested 24 hours post-transfection and stained for flow cytometry 

using the FITC Annexin V Apoptosis Detection Kit with PI (BioLegend), per the 

manufacturers instructions.  A Becton Dickinson Fortessa Cell Analyzer was used to 
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excite dyes with a 488 nm laser.  Emission was detected with bandpass filters 610/20 and 

530/30 for PI and Annexin V-FITC, respectively.  Gaiting and compensation were 

performed using cells incubated in 1 µM Staurosporine for 24 hours as a positive control. 

 

2.5.7 – Proteasomal activity assay 

7X105 HEK293T cells were seeded for transfection. The chymotrypsin-like, 

trypsin-like and caspase-like activities were determined 24 hours after transfection, using 

the Proteasome-GloTM Assay Systems from Promega (#G8531). Cells were sonicated in 

PBS plus EDTA (5 mM, pH 7.4) buffer three times for 5 seconds with 25 seconds 

intervals on ice. After the removal of cell debris by centrifugation, protein concentration 

of the soluble fractions was determined. 10 µg of the protein samples were used for each 

assay. Luminescence signals were detected with the SpectraMax i3x Multi-Mode 

Microplate Reader (Molecular Devices) between 10–30 minutes at room temperature 

after the addition of luminogenic substrates. The chymotrypsin-like, trypsin-like and 

caspase-like activities were calculated by subtracting MG132 (50 µM)-inhibited activities 

from total activities. 

 

2.5.8 – Membrane potential determination 

Mitochondrial membrane potential was approximated by staining with JC-1 dye 

(Thermo Fisher Scientific) and measuring fluorescence using flow cytometry according 

to the manufacturer’s instructions.  JC-1 exhibits membrane potential-dependent 

accumulation in mitochondria, indicated by a fluorescence emission shift from green 

(~529 nm) to red (~590 nm).  Reduced red fluorescence was interpreted as a loss of 
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membrane potential.  Briefly, 24 hours post-transfection in a 12-well plate, HEK293T 

cells were resuspended in warm medium at ~1x106 cells/ml and stained with 2 µM JC-1 

for 30 minutes at 37°C and 5% CO2. For a depolarized control, 100 µM CCCP was added 

for the incubation.  Following incubation, cells were centrifuged at 500 g for 5 minutes at 

room temperature, washed once with 1 mL warm PBS, and resuspended in 0.5 mL ice 

cold PBS plus 1% BSA for flow cytometry.  Samples were excited with a 405 nm laser 

and emission intensities measured from 525/50 nm (Green) and 585/42 nm (Red) filters 

(Becton Dickinson Fortessa Cell Analyzer), as previously described (Perelman et al., 

2012), thus eliminating the need for fluorescence compensation.  Data were analyzed 

using FlowJo v10.0.8. 

 

2.5.9 – Sub-mitochondrial protein localization 

Sub-mitochondrial fractionation was performed using a protease protection assay.  

24 hours post-transfection, full 10 cm plates of HEK293T cells were collected, washed 

twice with cold PBS, resuspended in 1 ml of cold isotonic buffer (250 mM sucrose, 10 

mM Tris-HCl pH 7.4, 1 mM EDTA, and protease inhibitors), and homogenized on ice 

with 10 strokes with a 2 mL dounce homogenizer (Pestle clearance 0.0005-0.0025 

inches).  Unbroken cells and nuclei were cleared by centrifugation at 600 g for 15 

minutes at 4°C, and post-nuclear supernatant was centrifuged at 10,000g for 25 minutes 

at 4°C to pellet mitochondria.  The mitochondrial pellet was resuspended in 100 µL 

isotonic buffer with protease inhibitors. Three 10-cm plates worth of mitochondria were 

combined to increase yield (only 60 mg of mitochondria per plate), and protein 

concentration was determined using a Bradford assay. Mitochondria were then 
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distributed into 30 µg aliquots and pelleted again, as above.  Pellets were resuspended in 

16-20 µl of either isotonic, or in hypotonic buffer (10 mM KCl, 2 mM HEPES, pH 7.2) 

without protease inhibitors.  To burst the mitochondrial outer membrane, hypotonic 

resuspensions were incubated on ice for 20 minutes.  To lyse the mitochondrial inner 

membrane, Triton X-100 was added for a final concentration of 1%, and samples were 

incubated on ice for 10 minutes.  To degrade accessible proteins, Proteinase K was then 

added for a final concentration of 7 µg/ml and incubated at room temperature for 20 

minutes.  Proteinase K digestion was stopped with 5 mM PMSF and 15 minutes on ice. 

Laemmli buffer was added to all samples for SDS-PAGE, and 15 µg was loaded in each 

lane. 

 

2.5.10 – Cellular fractionation 

Transfected HEK293T cells were fractionated into soluble and insoluble fractions 

using two different lysis buffers: NP-40 buffer (1% NP40, 10 mM Tris-HCl, pH 7.4, 5 

mM EDTA, 150 mM NaCl) for soluble proteins and Triton Buffer (PBS with 1% Triton 

X-100) for membrane proteins.  24 hours post-transfection, cells from a 6-well plate were 

collected, washed once with cold PBS, lysed with 50 µl cold lysis buffer supplemented 

with protease inhibitors and incubated on ice for 20 minutes.  Lysates separated into 

soluble and insoluble fractions by centrifugation at 16,000 g for 30 minutes.  Supernatant 

was collected as the soluble fraction, protein concentration was determined using 

Bradford assay, and samples were mixed with 3 X laemmli buffer to load 25 µg protein 

per sample.  The insoluble pellet was washed with 50 µL of either NP-40 buffer or Triton 

Buffer.  The insoluble pellet was then solubilized by resuspension in 100 µL of Sample 
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Buffer (5% SDS, 8M Urea, 40 mM Tris-HCl pH 6.8, 0.1 mM EDTA, 1% b-

mercaptoethanol and 0.01% bromophenol blue) followed by sonication.  10 µl per sample 

(10% of insoluble fraction) was then loaded onto a polyacrylamide gel for SDS-PAGE 

and western blotting. 

For silver-stained gels, each lane contained the entire NP-40-soluble fraction from 

one well of a 6-well plate.  Samples were mixed with 3 X Laemmli buffer and solubilized 

for one hour at 42°C.  The gel was stained as previously described(Shevchenko et al., 

1996).  Briefly, the gel was fixed in 50% methanol, 5% Acetic acid for 20 minutes, 

washed in 50% methanol for 10 minutes, then washed overnight in water.  The next day 

the gel was sensitized in 0.02% anhydrous Na2S2O3 for 1 minute, washed twice in water 

for 1 minute each, stained in 0.1% AgNO3 for 20 minutes, washed two more times in 

water for 1 minute, developed in 0.04% formalin, 2% Na2CO3 for ~10 minutes, and 

staining was terminated in 5% Acetic acid. 

 

2.5.11 – Mass spectrometry 

Protein identification in bands of silver-stained gels was performed using mass 

spectrometry after in-gel trypsinization. LC-MS analysis was performed using a Waters 

nanoAcquity LC and autosampler coupled to an Orbitrap XL hybrid ion trap Orbitrap 

mass spectrometer, operated in a top-five data-dependent mode using survey scans at 

30,000 resolution from 375-1800 m/z.  Tandem MS scans were acquired in the ion trap 

with an isolation width of 2 m/z and fragmentation mode was CID with 35% normalized 

collision energy for 0.1 ms.  The automatic gain control settings were 3×105 ions in the 

ion trap, and 1×106 in the Orbitrap.  Dynamic exclusion was used with a duration of 15 s 



 78 

and a repeat count of 1. Tandem mass spectra were searched against a human database, 

with common contaminant proteins using the Sequest HT node in Proteome Discoverer 

1.4.  Search parameters included variable modifications of methionine oxidation, partial 

trypsin specificity with 2 missed cleavages allowed.  Search results were filtered to 

Percolator q-values < 0.01 and peptide confidence filter set for “high”. 

 

2.5.12 – Detergent extraction of misfolded Ant1 

We extracted the wild type and quadruple mutant Ant1 from transfected cells 

using a battery of lysis buffers (i.e. detergents and detergent combinations).  Lysis buffers 

were diluted in 20 mM Tris-HCl (pH 7.4) and included: RIPA buffer (20 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, with freshly added 

PMSF to 1 mM and protease inhibitors); 8 M Guanidine-HCl; 2% Sarkosyl; 2% Sarkosyl 

plus 0.1% LPPG (1-palmitoyl-2-hydroxy-d31-sn-glycero-3-phosphoglycerol); 2% SDS; 

4% SDS; 4% SDS plus 7 M Urea plus 2 M Thiourea plus 4% CHAPS (3-((3-

cholamidopropyl) dimethylammonio)-1-propanesulfonate); 5% SDS plus 8 M 

Urea; 5% SDS plus 8 M Urea plus 2% Triton X-100; and 5% SDS plus 8M Urea plus 2% 

Sarkosyl.   The same general protocol was used for all lysis buffers except guanidine.  

This general protocol was as follows:  transfected cells were collected from their 12-well 

plate and washed twice with cold PBS, followed by cell lysis with 50 µL lysis buffer.  

The lysate was then sonicated and incubated at room temperature or on ice (for the RIPA 

samples only) for 1 hour.  Lysates were then cleared by centrifugation at 16,000g for 20 

minutes, and 10% of the supernatant was loaded onto a polyacrylamide for each sample.  

The guanidine sample required extra steps after lysis due to the incompatibility of 
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guanidine-containing samples and SDS-PAGE.  Guanidine lysates were incubated at 

25°C for 1 hour and similarly sonicated and centrifuged at 16,000g for 20 minutes at 

room temperature.  Protein was precipitated from the supernatant by adding 9 volumes of 

-20°C 100% ethanol and incubating overnight -20°C.  This was then centrifuged at 

16,000g for 15 minutes, the pellet was washed with -20°C 90% ethanol, and dried 

samples were resuspended in Sample Buffer (5% SDS, 8 M Urea, 40 mM Tris-HCl pH 

6.8, 0.1 mM EDTA, 1% b-mercaptoethanol and 0.01% bromophenol blue).  As for the 

other samples, 10% of the sample was loaded onto a polyacrylamide gel. 

 

2.5.13 – RNA-Seq analysis 

Total RNA was extracted from transfected HEK293T cells using RNeasy mini kit 

(Qiagen). The quality of total RNA was validated by Bioanalyzer (Agilent Technologies). 

Approximately 1 µg of RNA per sample was used to construct the cDNA library using 

TruSeq stranded mRNA library prep kit (Illumina), followed by quantitation using KAPA 

library quantification kit for Illumina platforms (Kapa Biosystems). The individual 

indexed libraries were diluted to 4 nM and pooled in equal quantity, denatured before 

loading onto the Illumina NextSeq 500. The sequencing was run as paired-end reads (2 × 

75 bp per read) with a targeted depth of 60 million paired-end reads per sample. Three 

independent replicates were performed for each sample. Reads were aligned to 

GRCh37/hg19 using TopHat (v1.1.0). PartekFlow (Partek, Inc., St. Louis, MO) was used 

for quantification and normalization with the Reads Per Kilobase per Million mapped 

reads (RPKM) method. The gene-specific analysis (GSA) statistical method was used to 

analyze the differential expression with default settings. The GSA algorithm fits the 
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observed data for each gene to different statistical distributions (e.g., normal, log-normal, 

negative-binomial, Poisson, etc.) and assesses the evidence for differential expressed for 

the model with the best goodness of fit (as determined by the Akaike Information 

Criterion). The genes with q value < 0.05 were considered as differentially expressed 

genes. The analysis of top canonical pathways and upstream regulators was performed 

using Ingenuity Pathway Analysis (IPA, Qiagen). 

 

2.5.14 – Transcription Factor Analysis 

We searched for over-represented transcription factor binding sites in the 2 kb 

upstream region of genes significantly upregulated by overexpression of wild type or 

mutant ANT1 alleles using oPOSSUM version 3.0. 

 

2.5.15 – Statistical analysis, data deposition and availability 

Two-tailed Student’s t-tests were used to calculate the p values. All raw FastQ 

files and normalized expression data from the RNA-Seq experiments have been deposited 

into the NCBI Gene Expression Omnibus/Sequence Read Archive (accession number: 

GSE108622). The data that support the findings of this study are available from the 

corresponding author upon reasonable request. 
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2.7 – Supplemental Information 

 
Figure S2.1. ANT1-induced aggresome formation and cell death.  

(A) Western-blot showing the steady state level of wild type and quadruple mutant of 
Ant1 in HEK293T and Hela cells under varying DNA loading conditions and 
incubation times after transfection.  

(B) Relative aggresome formation in Hela cells expressing the wild-type and mutant 
Ant1. Aggresomes were identified after staining with an aggresome dye and 
quantified by the ImageXpress Micro XLS Widefield High-Content Analysis 
System.  Error bars represent s.e.m. of 3-4 independent experiments with a total 
of 8,900 – 17,000 cells examined for each condition. 

(C) Total Annexin V positive cells, including propidium iodide positive and negative 
cells, as measured by flow cytometry. Error bars indicate s.e.m. of nine 
independent tranfections.  
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(D) Annexin V and propidium iodide stained cells 24, 36 and 48 hours after 
transfection with ANT1-expressing plasmid. The error bars indicate standard 
deviation of two independent transfections. 
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Figure S2.2. mitoBloCK-6 and CCCP have only limited effect on the induction of 
cytosolic aggresomes.  

(A) & (C) Relative density of HEK293T cells after treatment with MitoBlock-6 and 
CCCP. Error bars represent s.e.m. of 2-4 independent experiments with a total of 
11,000 – 43,000 cells counted.  

(B) & (D) The effect of mitoBloCK-6 and CCCP on the induction of aggresome 
formation. Error bars represent s.e.m. of 2-4 independent experiments with a total 
of 6,100 – 24,000 cells examined for each condition. 
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Figure S2.3. Steady state level of the wild type and mutant of Ant1 in HEK293T 
cells.  

Western blot showing the accumulation of the HA-tagged wild type and the quadruple 
mutant of Ant1 after solubilization with different detergent and chaotropic conditions. 
Short and long, signals after short and long exposure of the membrane. 
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Figure S2.4. Flow cytometry showing relative mitochondrial membrane potential in 
HEK293T cells expressing the wild type and mutant Ant1.   

JC-1-stained cells excited with a 405 nm laser emit green (monomer) and red (aggregate) 
fluorescence.  Membrane potential-dependent import of JC-1 causes JC-1 aggregation, 
and thus an increase in red signal. 
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Figure S2.5. Analysis of genes upregulated by the expression of the triple (A90D, 
L98P and A114P) and quadruple (A90D, L98P, A114P and A123D) mutants of 
Ant1.  

(A) Venn diagrams showing differentially expressed genes induced by cells 
expressing the triple and quadruple mutant alleles of ANT1.  

(B) Functional grouping of the 32 genes that are upregulated both in cells expressing 
the triple and quadruple mutants of ANT1.  

(C) Ingenuity Pathway Analysis showing upstream regulators predicted to be 
activated or inhibited by the quadruple mutant of ANT1. The values reflect the 
normalized expression Z score for each gene cluster defined by its upstream 
regulator. 
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Figure S2.6. mTOR signalling is reduced in cells expressing the triple and 
quadruple ANT1 mutants.  

Immunoblotting showing the steady-state levels of 4E-BP1 and phosphorylated 4E-BP1 
(a and c), and rpS6 and phosphorylated rpS6 (d and f) in transfected HEK293T cells. 
Relative ratios of phosphorylated 4E-BP1/4E-BP (b) and phosphorylated rpS6/rpS6 (e) 
were normalized against the vector and shown in histograms. Error bars indicate the SDs 
of three independent experiments. * p < 0.05. 
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Figure S2.7. Western blot analysis shows the solubility of representative 
mitochondrial proteins and the Hsp70 and Hsp90 chaperones in cells expressing the 
wild type and mutant Ant1.  

Transiently transfected HEK293T cells were harvested 24 hours after transfection. 
MG132 was added at the concentration of 10 µM for 24 hours, as a control for 
proteasome-mediated proteostatic stress. S, soluble fraction; I, insoluble fraction. 
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Figure S2.8. Solubility and subcellular distribution of LC3 in cells expressing Ant1 
and other mitochondrial proteins.  

(A) LC3-II/LC3-I ratio determined by western blot. Error bars represent s.e.m. of data 
from at least four independent experiments.  

(B) Western-blot showing increased distribution of LC3-II in Triton-insoluble 
fractions.  

(C) Immunostaining showing the localization of LC3 into cytosolic vesicles in cells 
expressing the wild type and mutant Ant1.  

(D) Relative LC3-positive vesicles in transfected HEL293T cells, as quantified by the 
ImageXpress Micro XLS Widefield High-Content Analysis System. Error bar 
represent s.e.m. of data from 9-16 fields of scanning with 6,200 – 17,000 cells for 
each condition. Scale bars, 20 µm. 
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Figure S2.9. SDS-PAGE analysis of cell lysates showing the upregulation of eEF1a 
and ubiquitin C in cells expressing the wild type and mutant Ant1.  

Vector-transfected and MG132-treated cells were included as controls. Silver staining 
was used to visualize the bands. The two strongest bands upregulated by Ant1 expression 
but not by MG132 treatment were analysed by mass spectrometry after trypsinization. 
The proteins identified in each band and their peptide spectrum match scores are shown. 
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Table S2.1. Differentially expressed genes in HEK293T cells transfected with wild-
type (WT) Ant1 vs. empty vector (Vector). 

Gene ID Total reads 
Q-value  

(WT ANT1 vs. Vector) 
Fold change  

(WT ANT1 vs. Vector) 
SLC25A4 187,361 2.82E-12 76.24 
EGR1 1,641 2.86E-04 2.41 
ZCCHC12 12,037 3.56E-03 1.65 
MIR503HG 2,672 3.50E-02 1.48 
ZBTB11-AS1 362 3.89E-02 1.36 
PHLDA2 793 3.22E-02 1.32 
GPR50 5,563 3.89E-02 1.29 
DOLK 1,947 3.89E-02 1.24 
SFPQ 27,318 3.77E-02 1.23 
OXSM 1,986 3.77E-02 1.19 
HID1 2,733 3.77E-02 -1.22 
BHLHE40 11,630 4.70E-02 -1.30 
HIST1H1C 2,009 3.77E-02 -1.31 
ATF3 24,995 3.22E-02 -1.33 
NRN1 5,631 3.77E-02 -1.34 
FAM226A 499 3.77E-02 -1.34 
FAM226B 499 3.77E-02 -1.34 
HK2 10,367 3.89E-02 -1.37 
DBP 897 4.23E-02 -1.40 
CITED4 188 1.28E-02 -1.62 
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3.1 – Abstract 

Mitochondrial protein import is essential for mitochondrial function, yet the 

breadth of physiologically-relevant import stressors is underexplored.  Here, we show 

that mutant mitochondrial preproteins can disrupt global protein import to cause disease.  

Pathogenic missense mutations in adenine nucleotide translocase 1 (Ant1), and its yeast 

ortholog Aac2, cause the protein to accumulate along the protein import pathway, thereby 

obstructing global protein traffic into mitochondria. This impairs mitochondrial 

respiration, cytosolic proteostasis and cell viability independent of nucleotide transport.  

We engineered super-clogger Aac2/Ant1 variants that preferentially clog the Translocase 

of the Outer Membrane (TOM) complex, which confers extreme toxicity in yeast and 

causes neurodegeneration and a dominant myopathy in mice that phenocopies Ant1-

induced disease. These effects are driven by miniscule mutant protein levels across model 

systems.  In sum, we show that a physical incompatibility between a single mitochondrial 

preprotein and the protein import machinery can robustly derail general protein import to 

cause disease.  
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3.2 – Introduction 

 Mitochondria are essential organelles responsible for a wide range of cellular 

functions.  To carry out these functions, they are equipped with a proteome of 1,000-

1,500 proteins (Sickmann et al., 2003, Pagliarini et al., 2008, Morgenstern et al., 2017). 

The vast majority of these proteins are encoded by the nuclear genome, synthesized in the 

cytosol, and sorted into one of the four mitochondrial sub-compartments, namely the 

outer mitochondrial membrane (OMM), intermembrane space (IMS), inner mitochondrial 

membrane (IMM) and the matrix (Neupert and Herrmann, 2007, Endo and Yamano, 

2009, Chacinska et al., 2009, Wiedemann and Pfanner, 2017).  The entry gate by which 

>90% of mitochondrial proteins enter mitochondria is the translocase of the outer 

membrane (TOM) complex. Therefore, proper function of the TOM complex is 

paramount for mitochondrial function and cell viability.   

After passage through the TOM complex, specialized protein translocases 

transport preproteins into the mitochondrial sub-compartments (de Marcos-Lousa et al., 

2006, Neupert and Herrmann, 2007, Endo and Yamano, 2009, Chacinska et al., 2009, 

Wiedemann and Pfanner, 2017).  The import of mitochondrial carrier proteins to the 

protein-dense IMM is particularly challenging.  Molecular chaperones like Hsp70 and 

Hsp90 target these highly hydrophobic proteins through the cytosol to the Tom70 

receptor, which is associated with the TOM complex on the mitochondrial surface  

(Young et al., 2003, Bhangoo et al., 2007).  After transport through the channel-forming 

Tom40 subunit of the TOM complex, the heterohexameric small TIM chaperones (i.e. the 

Tim9-Tim10 complex) transport the preprotein to the carrier translocase of the inner 

membrane (TIM22 complex) (Koehler et al., 1998, Sirrenberg et al., 1998, Wiedemann et 
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al., 2001, Truscott et al., 2002). The carrier translocase is a multisubunit complex that 

inserts carrier proteins into the IMM in a membrane potential (Dy)-dependent manner 

(Sirrenberg et al., 1996, Kerscher et al., 1997, Kovermann et al., 2002, Rehling et al., 

2003, Zhang et al., 2020, Qi et al., 2020). The central subunit Tim22 integrates carrier 

proteins into the IMM (Rehling et al., 2003, Peixoto et al., 2007). It associates with 

different partner proteins in yeast and human mitochondria. In yeast, Tim18 and Sdh3 are 

required for assembly and stability of the carrier translocase, whereas Tim54 tether the 

small TIM chaperones (Tim9-Tim10-Tim12 complex) to the translocase (Wagner et al., 

2008, Gebert et al., 2011). In human cells, TIM22 associates with the acylglycerol kinase 

(AGK) and TIM29, which are both required for full import capacity (Kang et al., 2016, 

Callegari et al., 2016, Kang et al., 2017, Vukotic et al., 2017). Human TIM22 also 

associates with the TIM9-TIM10 complex (Qi et al., 2020).   

Several diseases are caused by mutations directly affecting the protein import 

machinery of the carrier pathway.  For example, mutations in TIMM8A cause Mohr-

Tranebjaerg syndrome/deafness dystonia syndrome (Koehler et al., 1999).  Mutations in 

TOMM70 and TIMM22 cause a devastating neurological syndrome and a mitochondrial 

myopathy, respectively (Pacheu-Grau et al., 2018, Dutta et al., 2020, Wei et al., 2020).  

Mutations in another TIM22 complex subunit, AGK, cause Senger’s syndrome marked 

by cataracts, hypertrophic cardiomyopathy, skeletal myopathy, and exercise intolerance 

(Mayr et al., 2012, Kang et al., 2017, Vukotic et al., 2017).  Clearly, defective protein 

import into mitochondria results in neurological and musculoskeletal disease. However, 

whether more physiologically relevant factors exist that can perturb general protein 

import is poorly understood.   
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Here, we show that pathogenic missense mutations in a mitochondrial carrier 

protein, adenine nucleotide translocase 1 (Ant1) or ADP/ATP carrier 2 (Aac2) in yeast, 

cause arrest of the protein at the translocases during its import into mitochondria. This 

effectively “clogs” the protein import pathway to obstruct general protein import and 

induce muscle and neurological disease in mice.  Our findings demonstrate that global 

protein import is vulnerable to missense mutations in mitochondrial preproteins, and also 

provide strong evidence that protein import clogging contributes to an increasing number 

of neurological and muscular syndromes caused by dominant mutations in Ant1 

(Kaukonen et al., 2000, Siciliano et al., 2003, Thompson et al., 2016, Simoncini et al., 

2017). 
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3.3 – Results 

3.3.1 – Super-toxic Aac2 mutants dominantly kill cells despite miniscule protein levels. 

We previously showed that four pathogenic Ant1 variants modeled in the yeast 

Aac2 (Figure 3.1A) share numerous dominant phenotypes including cold sensitivity, 

mitochondrial DNA (mtDNA) instability, a propensity to misfold inside mitochondria, 

and hypersensitivity to low Dy conditions (Wang et al., 2008a, Liu et al., 2015).  We 

reasoned that if the mutant proteins share a common mechanism of toxicity that drives 

these phenotypes, then combining mutations into a single protein may enhance toxicity. 

To test this, we transformed the wild-type M2915-6A yeast strain with centromeric 

plasmids expressing wild-type, single and double mutant aac2 alleles, and selected for 

Ura+ transformants.  We found that transformants expressing aac2M114P,A128P and 

aac2M114P,A137D formed smaller colonies on the selective medium at 25oC relative to wild-

type AAC2 and single mutant alleles. Strikingly, transformants expressing 

aac2A106D,M114P, aac2A106D,A128P, aac2A106D,A137D and aac2A128P,A137D were unable to form 

viable colonies at 25oC (Figure 3.1B). Growth of transformants expressing some of the 

double mutants were improved at 30oC (Figure S3.1A). These data suggest that 

combining missense mutations into a single Aac2 protein increases toxicity, even when 

expressed from a centromeric vector.   

 We integrated a single copy of aac2A128P,A137D into the genome of both AAC2 and 

aac2D strains in the W303-1B background, which is more tolerant of mutant aac2 

expression (Wang et al., 2008a). We found that growth of cells co-expressing 

aac2A128P,A137D and AAC2 is reduced on glucose medium (Figure 3.1C). These cells form 

white (“petite”) colonies at a much higher frequency compared with those expressing the 
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aac2A128P and aac2A137D single mutant alleles (Figure 3.1D), pointing to mtDNA 

instability. In the aac2D background, neither Aac2A137D nor Aac2A128P,A137D supported 

respiratory growth, consistent with the A123D/A137D mutation eliminating nucleotide 

transport activity (Palmieri et al., 2005). Cells expressing only aac2A128P,A137D were barely 

viable (Figure 3-1C). Cell growth was completely inhibited at 25°C even on glucose 

medium, in sharp contrast to an AAC2-null strain. Interestingly, we found that 

Aac2A128P,A137D accumulates to just 4.7% of wild-type Aac2 levels (Figure 3.1E-F). We 

did not observe any accumulation of aggregated Aac2A128P,A137D (Figure S3.1B-C), 

indicating that Aac2A128P,A137D degradation, rather than aggregation, is the likely 

explanation for low protein recovery. Taken together, the data indicate that low levels of 

aac2A128P,A137D are sufficient to impart severe toxicity through an unknown potent 

mechanism of toxicity that is independent of nucleotide transport. 
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Figure 3.1.  Super-toxic Aac2 mutants dominantly kill cells despite miniscule protein 
levels. 
 

(A) Schematic showing the location of pathogenic mutations in transmembrane a-
helices 2 and 3 of human Ant1 compared with mouse Ant1 and yeast Aac2.  adPEO, 
autosomal dominant Progressive External Ophthalmoplegia.    

(B) Expression of double mutant aac2 alleles is highly toxic. The yeast M2915-6A 
strain was transformed with the centromeric vector pRS416 (URA3) expressing 
wild-type or mutant aac2 alleles and transformants were grown on selective glucose 
medium lacking uracil at 25°C for 3 days. 

(C) Growth of yeast cells after serial dilution, showing dominant toxicity of 
aac2A128P,A137D that is integrated into the genome in the W303-1B strain 
background.  YPD, yeast peptone dextrose medium; YPGE, yeast peptone glycerol 
ethanol medium. 

(D) The aac2A128P,A137D allele dominantly increases the frequency of “petite” colonies, 
which are white.  This indicates mtDNA destabilization.   

(E) Immunoblot analysis showing extremely low levels of Aac2A128P,A137D.  Ilv5 was 
used as a loading control for mitochondrial protein.  Total protein determined 
with Total Protein Stain (LI-COR). Short, short exposure; Long, long exposure. 

(F) Quantitation from three independent experiments shown in (E). Aac2 values were 
normalized by Ilv5 to control for mitochondrial content, and data were 
represented as relative to wild-type; * indicates p <0.05, *** p <0.001, **** p < 
0.0001 from one-way ANOVA with Tukey’s multiple comparisons test.  
Data represented as mean +/- SEM. 
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3.3.2 – Super-toxic Aac2 proteins clog the TOM complex. 

We hypothesized that the low protein levels of double mutant Aac2 could be 

explained by the protein arresting during mitochondrial protein import, thereby impairing 

its biogenesis. To test this, we imported 35S-labeled Aac2 variants into wild-type 

mitochondria and analyzed the import reaction by blue native polyacrylamide gel 

electrophoresis (BN-PAGE) followed by autoradiography (Figure 3.2A) (Ryan et al., 

1999, Ellenrieder et al., 2019).  We did not observe a significant reduction in the amount 

of IMM-inserted Aac2A128P or Aac2A137D compared with wild-type Aac2, suggesting no 

obvious import defect when mitochondria are fully energized in vitro. In contrast, 

integration of the double mutant Aac2A128P,A137D into the IMM was reduced by >70% 

(Figures 3-2A-B). To determine whether the preprotein can enter mitochondria, we 

treated the import reaction with proteinase K to digest non-imported preproteins.  We 

found that Aac2A128P and Aac2A137D are mostly protected from proteinase K digestion, 

whereas Aac2A128P,A137D is not (Figure 3.2C-D). These data suggest that either the 

Aac2A128P,A137D preprotein is not transported to the TOM complex, or it fails to traverse 

the TOM complex.  To decipher between these possibilities, we imported the Aac2 

variants into mitochondria containing hemagglutinin (HA)-tagged Tom40 for affinity 

purification of the TOM complex. Indeed, Aac2A128P,A137D bound to Tom40-HA with 

higher efficiency than wild-type Aac2 (Figures 3.2E-F), suggesting Aac2A128P,A137D is 

arrested at the TOM complex during import.   

If Aac2M114P,A137D is arrested at the TOM complex, we might expect it to block the 

import of other mitochondrial preproteins, which could explain the potent and 

multifactorial toxicity observed.  Indeed, we observed un-cleaved Hsp60 preprotein in 
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aac2A128P,A137D cells (Figure 3.2G). In transformants expressing double mutant aac2 

alleles, the level of un-cleaved Hsp60 correlates with toxicity (Figure 3.2H, see also 3.1B 

and S3.1A).   Moreover, total Aac2 levels were reduced by all double mutant Aac2 

variants except the least toxic Aac2M114P,A137D, suggesting impaired biogenesis of 

endogenous wildtype Aac2 (Figure 3.2H-I).  The extent of endogenous Aac2 reduction 

also correlated with cell toxicity. These data further support the idea that protein import 

clogging underlies the super-toxicity of double mutant aac2.  
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Figure 3.2.  Super-toxic Aac2 proteins clog the TOM complex. 
 

(A) In vitro protein import assay.  35S-labeled Aac2 and mutant variants were imported 
into wild-type mitochondria for 10 or 20 minutes and analyzed by blue native 
electrophoresis and autoradiography.   

(B) Quantitation from three independent experiments depicted in (A).  P value from 
two-way repeated measures ANOVA with Sidak’s multiple comparisons test.   

(C) 35S-labeled Aac2 and mutant variants were imported into wild-type mitochondria 
without (upper) or with (lower panel) subsequent proteinase K treatment to 
degrade non-imported preproteins. Reaction analyzed by SDS-PAGE and 
autoradiography.   

(D) Quantitation from three independent experiments depicted in (C).  P values were 
calculated as in (B).   

(E) Preferential association of mutant Aac2 with Tom40-HA. 35S-labeled Aac2 and 
mutant variants were imported into Tom40-HA mitochondria, followed by anti-
HA immunoprecipitation and analysis by SDS-PAGE and autoradiography. 

(F) Quantitation from three independent experiments depicted in (E).  P value was 
calculated with a one-way ANOVA and Dunnett’s multiple comparisons test.  

(G) – (H)  Immunoblot analyses showing accumulation of the un-cleaved Hsp60 
precursor (p) in cells expressing chromosomally integrated aac2A128P,A137D (G), 
and aac2 variants expressed from a centromeric vector (H). Cells were grown in 
YPD at 30oC in (G) and 25oC in (H).  m, mature (i.e. cleaved).  

(I) Quantitation from three replicates of (H).  Aac2 values normalized by the 
mitochondrial protein Ilv5, and then normalized to vector-transformed samples.  P 
values were calculated as in (F). Data represented as mean +/- SEM. 
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3.3.3 – Aac2A128P accumulates along the carrier import pathway and induces protein 

import stress. 

The single mutant Aac2 variants did not show significantly reduced import in 

vitro (Figure 3.2A-B). This may be due to the unnatural import-permissive conditions, 

such as the abundance of fully-energized mitochondria, the relatively low amounts of 35S-

labeled substrate, and the lack of competing endogenous substrates.  We therefore 

devised a different experimental strategy in a more natural context to ask whether the 

clinically-relevant single mutant Aac2 is arrested during protein import.  We performed 

affinity purification of Aac2-HIS6 and Aac2A128P-HIS6 followed by a quantitative 

proteomic comparison of the co-purified proteins (Figure 3.3A-B; S3.2A-C). Numerous 

proteins preferentially co-purify with Aac2A128P-HIS6 over Aac2-HIS6 (Table S3.1), 

which were enriched for chaperones involved in targeting of mitochondrial preproteins 

through the cytosol (Figures 3.3C; S3.2D-F), as well as other potentially interesting 

proteins in the cytosol and endoplasmic reticulum (for further exploration of these 

proteins, see Appendices I & II).  Aac2A128P also preferentially associates with the TOM 

complex, as well as the translocase of the inner membrane (TIM22) complex that is 

responsible for the Dy-dependent insertion of carrier proteins into the IMM (Figure 

3.3C).  The association with Tim22 was confirmed by immunoblotting (Figure S3.2G-H).  

Expectedly, there is no increased association of Aac2A128P with Tim23, a known binding 

partner of wild-type Aac2 that is not involved in its import (Figure S3.2I) (Dienhart and 

Stuart, 2008).  Repeat affinity purification, except with double the ionic strength in the 

binding buffer, reproduced these data (Figure S3.3A-E).  Targeted quantitative 

proteomics of pull-down products revealed that ~5 mmoles of Tim22 are pulled down per 
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mole of Aac2A128P-HIS6 (Figure S3.3F-G).  If 5 mmols per mole of Aac2A128P molecules 

are bound to Tim22 in vivo, this could theoretically occupy ~85% of Tim22 channels, as 

Aac2 is present at ~188,000 molecules per cell and Tim22 at just 1,100 (Morgenstern et 

al., 2017).  Thus, Aac2A128P appears stalled at both the TOM and TIM22 complexes, in 

contrast to the more toxic Aac2A128P,A137D that is arrested early in its import, at the TOM 

complex. 

Genetic and biochemical analyses provided additional support for a clogging 

activity associated with Aac2A128P.  First, we observed that aac2A128P-expressing cells are 

sensitive to genetic perturbation to the carrier import pathway. TOM70 and TIM18 are 

two non-essential genes directly involved in the import of mitochondrial carrier proteins 

such as Aac2, serving as an import receptor at the TOM complex and a component of the 

TIM22 complex, respectively (Young et al., 2003, Wagner et al., 2008). We found that 

meiotic segregants combining aac2A128P expression with tom70D or tim18D form barely-

visible microcolonies at 30oC on glucose medium, which strongly indicates synthetic 

lethality (Figures 3.3D-E).  
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Figure 3.3.  Aac2A128P accumulates along the carrier import pathway and induces 
protein import stress. 

(A) Growth of cells after serial dilution showing that aac2A128P-HIS6 is toxic at 25oC 
on glucose medium in a M2915-6A derived strain.   

(B) Schematic of our approach to identify aberrant protein-protein interactions of 
Aac2A128P-HIS6.   

(C) Co-purified proteins significantly enriched in Aac2A128P-HIS6 eluate compared 
with Aac2-HIS6.  See Methods for details on abundance value calculation.  FDR-
corrected p-values depicted are from multiple t test analysis.  Lower panel is a 
schematic of the mitochondrial carrier protein import pathway.   

(D) – (E) Tetrad analysis demonstrating synthetic lethality of aac2A128P expression 
with genetic defects in carrier protein import in the M2915-6A strain background.  
Cell were grown on YPD at 30oC.   Data represented as mean +/- SEM. 
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Next, we wondered whether the cellular response to Aac2A128P could be indicative 

of protein import stress.  To test this, we surveyed expression levels of a panel of genes 

known to be upregulated by clogging the TOM complex.  These experiments were 

performed in the BY4742 strain background, in which expression of aac2A128P is 

incompatible with mtDNA loss (Figure S3.4A), thus precluding any transcriptional 

effects of mtDNA destabilization. We found that CIS1 transcript levels are increased 

upon expression of aac2A128P, but not of AAC2, from a GAL10 promoter (Figure S3.4B).  

CIS1 upregulation is the hallmark of the mitochondrial compromised protein import 

response (mitoCPR) (Weidberg and Amon, 2018).  We also found that RPN4, HSP82, 

SSA3, and SSA4 are transiently upregulated (Figures S3.4C-F), consistent with previously 

published gene activation patterns induced by a synthetic mitochondrial protein import 

clogger (Boos et al., 2019).  Thus, transcriptional responses further suggest that 

Aac2A128P clogs the protein import machinery. 

 

3.3.4 – Ant1A114P and Ant1A114P,A123D clog mitochondrial protein import in human cells 

We introduced equivalent mutations in human Ant1 (see Figure 3.1A) with a C-

terminal hemagglutinin (HA)-tag, and transiently expressed the mutant proteins in HeLa 

cells.  Like in yeast, combining missense mutations in Ant1 dramatically reduced steady-

state protein levels, suggesting impaired Ant1 biogenesis (Figure 3.4A). Most strikingly, 

the level of Ant1A114P,A123D, equivalent to the yeast Aac2A128P,A137D, is only 2.2% of the 

wild-type. Three lines of evidence suggest that Ant1A114P and Ant1A114P,A123D indeed 

obstruct protein import into mitochondria.  First, immunoprecipitation of Ant1A114P-HA 

demonstrated that the mutant protein has increased interactions with components of both 
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TOM and TIM22 complexes (Figures 3.4B-C), as observed with its yeast ortholog 

Aac2A128P.  Second, protease protection assay demonstrated that 42% and 52% of total 

Ant1A114P and Ant1A114P,A123D proteins are exposed on the OMM, whereas the wild-type 

Ant1 is protected from proteinase K digestion (Figures 3.4D-E).  This is consistent with 

in vitro import studies of the AAC variants in yeast mitochondria (Figures 3.2C-D).  

Third, proteomics demonstrated that mitochondrial proteins accumulate in the cytosol of 

Ant1A114P- and Ant1A114P,A123D -transfected cells, compared with wild-type Ant1-

transfected cells (Figure 3.4F).  Moreover, mitochondrial matrix proteins were 

significantly enriched in the cytosol of Ant1A114P,A123D-expressing cells (FDR < 3 x 10-6) 

(Table S3.2; Figure 3.4G), corroborating that the double mutant impairs protein import at 

the TOM complex.  We therefore conclude that Ant1A114P and Ant1A114P,A123D clog protein 

import, with Ant1A114P,A123D having enhanced clogging activity despite low protein levels. 

An alternative explanation for some of these observations is general 

mitochondrial damage and/or apoptosis activation leading to reduced Dy, which would 

also cause a reduction in protein import.  However, neither Ant1A114P,A123D nor its single 

mutant counterparts reduced Dy or increased cell death compared with wild-type (Figure 

S3.5A-D).  Thus, the effect on protein import by Ant1A114P and Ant1A114P,A123D is likely 

due to their physical retention in the import pathway rather than due to reduction of Dy. 

It is interesting that Ant1A114P,A123D does not increase apoptosis in the immortalized HeLa 

cells, despite clearly clogging protein import.  This may be related to the transient nature 

of Ant1 expression or the inherent resistance of the immortalized cells to cell death.   
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Figure 3.4.  Ant1A114P and Ant1A114P,A123D clog mitochondrial protein import in 
human cells 
 

(A) Combining pathogenic mutations in Ant1 strongly reduces protein levels, as 
indicated by immunoblot analysis of Ant1-HA levels 24-hours after transfecting 
HeLa cells. Ant1 variant levels were normalized to TFAM, then normalized to 
wild-type level. * indicates p <0.05, **** p < 0.0001 from one-way ANOVA with 
Dunnet’s multiple comparisons test. 

(B) Immunoprecipitation (IP) of Ant1-HA and Ant1A114P-HA from transiently 
transfected HeLa cells followed by immunoblot analysis, showing that Ant1A114P 

has increased interaction with the protein import machinery like its yeast ortholog 
Aac2A128P.   

(C) Quantitation from 4 independent immunoprecipitations, one of which is depicted 
in (B).  P values were calculated with a student’s t test.  

(D) Immunoblot analysis following protease protection assay showing that Ant1A114P 
and Ant1A114P,A123D are sensitive to proteinase K (PK) in isolated mitochondria.  
Swelling in hypotonic buffer was used to burst the outer membrane, and Triton X-
100 was used to disrupt all membranes. OM, outer membrane; IMS, 
intermembrane space; IM, inner membrane. 

(E) Quantitation of the wild-type and mutant Ant1 pools that are protected from PK 
degradation in intact mitochondria. All HA levels were normalized by TFAM, 
then plotted as relative to its untreated sample. Replicates from 3 independent 
transfections. P values were calculated with a one-way ANOVA and Holm-
Sidak’s multiple comparisons test. 

(F) Ant1A114P and Ant1A114P,A123D expression obstruct general protein import. 
Proteomics of the cytosolic fraction of transfected HeLa cells reveals increase in 
mitochondrial proteins caused by Ant1A114P-HA and Ant1A114P,A123D-HA 
expression relative to Ant1-HA. Each line represents a single mitochondrial 
protein.  P values were calculated with a student’s t test of the average abundance 
levels of each mitochondrial protein. 

(G) Volcano plot comparing the cytosolic proteome of Ant1A114P,A123D vs Ant1-
transfected HeLa cells.   
Data represented as mean +/- SEM. 
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3.3.5 – Mutant Ant1 causes muscle and neurological disease in mice 

 We generated a knock-in Ant1A114P,A123D/+ mouse line to model severe TOM 

complex clogging in vivo (Figures S3.6A-B). Dominant Ant1-induced diseases primarily 

affect skeletal muscle, with low-penetrant neurological involvement (Kaukonen et al., 

1999, Kaukonen et al., 2000, Napoli et al., 2001, Siciliano et al., 2003, Deschauer et al., 

2005).  Key muscle features include mildly reduced mitochondrial respiratory function, 

COX-deficient muscle fibers, and muscle weakness. Consistent with clinical phenotypes, 

we found that the maximal respiratory rate (state 3) of Ant1A114P,A123D/+ muscle 

mitochondria was reduced by ~20% and ~30% when utilizing complex I in 9- and 24-

month old mice, respectively (Figure 3.5A).  The respiratory control ratio, which is 

considered the single most useful and sensitive general measure of energy coupling 

efficiency (Brand and Nicholls, 2011), was reduced by ~31 and ~42% in young and old 

mice, respectively.  Surprisingly, when complex I is inhibited and complex II substrate 

(succinate) is present, maximal respiration is increased by ~23% in the mutant mice at 9 

months old (Figure 3.5B).  This result is important because it confirms that ATP/ADP 

transport is not a limiting factor for maximal respiration in Ant1A114P,A123D/+ mice.   

In addition to mild bioenergetic defect, we detected significant reduction in 

myofiber diameter in the skeletal muscle from aged Ant1A114P,A123D/+ mice (Figures 3.5C-

D). Sequential COX/SDH histochemical assay failed to detect any COX-negative/SDH-

positive fibers in the aged Ant1A114P,A123D/+ muscles.  Instead, we found that ~3.5% of 

myofibers have reduced COX and SDH activity centrally, but remained COX and SDH-

positive in the periphery (Figures 3.5E-G). Finally, we found that the Ant1A114P,A123D/+ 
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mice display muscle weakness (Figures 3.5H-I). These data demonstrate that 

Ant1A114P,A123D induces a dominant myopathic phenotype. 

  

  



 116 

Figure 3.5.  Ant1A114P,A123D causes a dominant mitochondrial myopathy in mice.   
 

(A) Respirometry of isolated skeletal muscle mitochondria with complex I stimulated 
by glutamate (glu) and malate (mal).  State 3, maximal respiratory rate after 
addition of ADP; state 4, oligomycin (oligo)-inhibited respiratory rate; 
Respiratory Control Ratio = State 3 / State 4.  N = 6 mice/genotype at 9-months-
old; n=4 mice per genotype at 24 months old.  3 measurements were taken per 
mouse.  P values were derived from repeated measures ANOVA with 
measurement order as the within-subjects variable. Data from two age groups 
were analyzed independently. FCCP, Trifluoromethoxy carbonylcyanide 
phenylhydrazone. 

(B) Respirometry of isolated skeletal muscle mitochondria with complex II stimulated 
by succinate and complex I inhibited by rotenone.  N = 2 mice/genotype at 9-
months-old, 4 measurements/mouse; n = 4 mice/genotype at 24-months-old, 3 
measurements/mouse.  Data analyzed as in (A).  

(C) Soleus muscles stained with haematoxylin and eosin (H&E) showing smaller 
myofibers in 30-month old Ant1A114P,A123D/+ mice.  

(D) Feret’s diameter analysis of H&E stained soleus in (C) reveals atrophy in 
Ant1A114P,A123D/+ mice.  At least 340 myofibers were measured per soleus. 
Myofiber diameters were binned into 5 µm ranges and plotted as % of total.  N = 
3 mice/genotype. Data analyzed by two-way ANOVA with Sidak’s multiple 
comparisons test.   

(E) Succinate dehydrogenase (SDH) histochemical activity staining of the soleus 
showing abnormal fibers that stain for SDH peripherally but are pale internally 
(arrows). 

(F) Histochemical cytochrome c oxidase (COX) and SDH sequential staining of the 
soleus shows abnormal fibers that stain for COX peripherally, but do not stain for 
COX or SDH internally. 

(G) Quantitation of abnormal COX fibers shown in (F).  P value was calculated from 
student’s t test. 

(H) Forelimb grip strength is reduced in 30-month-old Ant1A114P,A123D/+ mice.  P 
value from student’s t test. 

(I) Maximal forelimb grip strength is reduced in 30-month-old Ant1A114P,A123D/+ 
mice. P value from student’s t test.   
Data represented as mean +/- SEM.   
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We also observed a neurodegeneration phenotype that culminates in paralysis in 

some Ant1A114P,A123D/+ mice (Figure S3.6C).  This phenotype occurred in only four 

Ant1A114P,A123D/+ mice, with a penetrance of 3.4% among the heterozygous mice that 

have reached 15 months old.  The presenting symptom is typically altered gait after the 

age of 11 months, followed by weight loss and death within 2-3 weeks of symptom onset.  

Histological analysis of the lumbar spinal cord in a symptomatic Ant1A114P,A123D/+ mouse 

demonstrated dissolution of Nissl substance in the cell bodies of ventral horn neurons 

(Figure S3.6D), consistent with motor neuron degeneration (Bodian and Mellors, 1945).  

Neurodegeneration in the spinal cord was also indicated by GFAP accumulation by 

immunofluorescence and immunoblotting (Figures S3.6E-F).  Transmission electron 

microscopy of ventral horn neurons revealed loss of cristae density of mitochondria, 

which suggests defects in mitochondrial biogenesis (Figure S3.6H).   

 

3.3.6 – Miniscule levels of Ant1A114P,A123D are sufficient to clog general protein import in 

vivo 

Consistent with yeast and human cell data, Ant1A114P,A123D is highly unstable in 

mouse tissues. We were unable to detect the mutant protein by Western blot in tissue 

lysate from homozygous mice (Figure 3.6A). Only in isolated skeletal muscle 

mitochondria were we able to detect Ant1A114P,A123D , which was present at ~0.1% of 

wild-type level (Figure 3.6B-C).  Protease protection assay on isolated muscle 

mitochondria demonstrated that Ant1A114P,A123D is more sensitive to proteinase K 

digestion compared with wild-type Ant1 (Figure 3.6D-D), suggesting a portion of 

Ant1A114P,A123D is exposed on the mitochondrial surface.  Smac also appears to be more 
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sensitive to proteinase K in Ant1A114P,A123D/Ant1A114P,A123D mitochondria, while Mdh2 and 

Tim23 do not (Figure S3.7A-C). This implies that clogging does not affect all 

mitochondrial preproteins equally. Consistent with this concept, our experiments in yeast 

showed minimal effects of clogging on Ilv5, a mitochondrial matrix protein, in contrast to 

Hsp60 (Figures 3.1E; 3.2G-H).   

Finally, to test if Ant1A114P,A123D obstructs general mitochondrial protein import in 

vivo, we assessed the cytosolic proteome of aged muscle using Tandem Mass Tagged 

(TMT) quantitative proteomics (Figure 3.6F).  We found a striking global increase in 

mitochondrial preproteins in the cytosol of Ant1A114P,A123D/+ muscle (Figure 3.6G).  

Among the 75 proteins increased by at least 25% in the cytosol (p < 0.05), proteins 

assigned to the mitochondrion accounted for 45 of them (Table S3.3).  This enrichment 

was highly significant (FDR < 10-33) and may stress general cytosolic proteostasis.  Thus, 

we conclude that miniscule levels of Ant1A114P,A123D are sufficient to obstruct general 

protein import in vivo, likely contributing to skeletal muscle pathology. 

In summary, we found that extremely low levels of Ant1A114P,A123D dominantly 

cause muscle and low-penetrant neurological disease in mice that recapitulates many 

pathological and molecular phenotypes of dominant Ant1-induced diseases in humans. 

This corroborates the extreme toxicity of Aac2A128P,A137D in yeast (Figure 3.1), and 

supports the idea that mitochondrial protein import clogging by a substrate preprotein is 

pathogenic. This finding is also reminiscent of diseases that are caused by dominant de 

novo Ant1 mutations. In these diseases, the mutant Ant1 accumulates at very low levels 

yet the patients generally succumb to disease in the first months of life (Thompson et al., 

2016). 
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Figure 3.6.  Ant1A114P,A123D clogs protein import in vivo 

 
(A) Immunoblot analysis of tissue lysate showing low Ant1A114P,A123D protein levels in 

heterozygous and homozygous mice.   
(B) Immunoblot analysis of isolated muscle mitochondria demonstrating low 

Ant1A114P,A123D protein levels.  
(C) Quantitation of Ant1 levels in isolated muscle mitochondria from three mice per 

genotype, as determined by immunoblotting.  Values were normalized to total 
protein stain and shown as relative to wild-type.   
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(D) Ant1A114P,A123D is more sensitive to proteinase K (PK) than wild-type Ant1. 
Immunoblot analysis after PK protection assay of isolated muscle mitochondria in 
isotonic buffer.  Ant1A114P,A123D was detected using SuperSignal West Femto 
Maximum Sensitivity Substrate (top right panel).  

(E) Quantitation from protease protection assay, as shown in (E). n = 3 mice per 
genotype. P value was calculated with a two-way ANOVA, showing a significant 
main effect of genotype.  

(F) Experimental strategy to test for increased presence of mitochondrial preproteins 
in the cytosol of Ant1A114P,A123D/+ skeletal muscle using quantitative proteomics 
and multiplexing.  Made with BioRender. 

(G) Volcano plot comparing the cytosolic proteome of Ant1A114P,A123D/+ vs wild-type 
skeletal muscle.  Blue dots represent proteins with the “mitochondrion” GO 
classification.  N = 5 biological replicates.   
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3.4 – Discussion 

3.4.1 – Overview 

Mitochondrial dysfunction underlies numerous devastating diseases (Vafai and 

Mootha, 2012, Suomalainen and Battersby, 2018). Failure in mitochondrial protein 

import in particular has severe physiological consequences.  In addition to defective 

mitochondrial biogenesis and energy metabolism, it also causes toxic accumulation and 

aggregation of mitochondrial preproteins in the cytosol, a process termed mitochondrial 

Precursor Overaccumulation Stress (mPOS) (Wang and Chen, 2015, Coyne and Chen, 

2018, Song et al., 2021).  To prevent these consequences, many cellular safeguards have 

been identified that can maintain protein import efficiency and/or mitigate mPOS (Izawa 

et al., 2012, Wrobel et al., 2015, Nargund et al., 2015, Izawa et al., 2017, Weidberg and 

Amon, 2018, Hansen et al., 2018, Zurita Rendon et al., 2018, Liu et al., 2019, Martensson 

et al., 2019, Boos et al., 2019, Su et al., 2019, Shakya et al., 2020, Backes et al., 2020, 

Xin et al., 2020, Ordureau et al., 2020, Phu et al., 2020, Xiao et al., 2021). So far, studies 

on mitochondrial stressors that impair protein import have been mainly focused on 

mutations that directly affect the core protein import machinery, or on pharmacological 

interventions that reduce Dy (Song et al., 2021).  In this report, we have uncovered the 

first example of naturally occurring missense mutations in an endogenous mitochondrial 

protein causing toxic protein import clogging. We showed that a single protein without 

overexpression is sufficient to clog import, thereby inducing robust protein import stress 

responses, bioenergetic defects, and cytosolic proteostatic stress. Ultimately, this import 

clogging potently kills yeast cells and causes muscle and neurological degeneration in 

mice.    
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Specifically, we modeled pathogenic variants of Ant1, the ADP/ATP carrier 

protein embedded in the IMM.  Biochemical analysis of Aac2A128P in yeast and Ant1A114P 

in HeLa cells suggested that the mutant proteins accumulate at both the TOM and TIM22 

complexes. Consequently, the import of other mitochondrial preproteins is obstructed. 

The potent lethality of import clogging is highlighted by the super-clogger Aac2/Ant1 

variants that possess two pathogenic mutations. For example, the Aac2A128P,A137D double 

mutant protein dominantly kills yeast cells despite only accumulating to 4.7% of wild-

type level. Likewise, miniscule levels of its mammalian ortholog, Ant1A114P,A123D, 

dominantly induces myopathy and neurodegeneration in mice. Based on these data, we 

conclude that clogging of the protein import pathway by a mutant endogenous substrate 

is highly toxic at both cellular and organismal levels. This work therefore unraveled a 

novel mechanism by which mutant mitochondrial proteins can become pathogenic. 

 

3.4.2 – Mitochondrial protein import can be clogged by a mutant mitochondrial 

preprotein 

The mitochondrial carrier protein family is the largest of the transporter families, 

and has highly conserved domain and sequence features across all eukaryotes. Their 

translocation through the TOM and TIM22 complexes is thought to require partially 

folded conformations called ‘hairpin loops’ that place adjacent hydrophobic 

transmembrane a-helices parallel with one another (de Marcos-Lousa et al., 2006). As 

such, introducing a proline or aspartic acid into the a-helices of Ant1/Aac2 (see Figure 

1A) may prevent hairpin loop formation, rendering the protein incompatible with 

efficient transit through TOM and TIM22. It is also possible that the proline and aspartic 
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acid affect binding to the Tim9-10 complex, which binds the hydrophobic transmembrane 

a-helices of preproteins in a manner that seems to include residual a-helical structure 

(Curran et al., 2002a, Weinhäupl et al., 2018). The common principle between these two 

possibilities is a loss of the preprotein’s biophysical compatibility with one or multiple 

binding partners during protein import. This incompatibility not only affects import of the 

mutant preprotein itself, but also obstructs other preproteins that compete for the same 

import machinery. Ultimately this reduces cell viability through multi-pronged effects 

including respiratory defects and cytosolic proteotoxicity.  

One of the most surprising observations of this study was the extreme toxicity of 

low levels of the double mutant clogger proteins.  Unlike the single mutants, the double 

mutant variants are arrested primarily at the TOM complex, which likely reflects severe 

perturbation of hairpin loop formation.  At just 4.7% of wild-type level, Aac2A128P,A137D 

was barely compatible with cell viability in yeast.  However, we note that the adenine 

nucleotide translocator is one of the most abundant proteins in mitochondria, 

outnumbering the Tom40 pore-forming subunit of the TOM complex by almost an order 

of magnitude (Morgenstern et al., 2017, Pfanner et al., 2019).  Thus, if ~70% of the 

reduced level of Aac2A128P,A137D is actively clogging TOM complexes, this would still 

occupy ~30% of the Tom40 channels, which may have a considerable effect on general 

protein import.  This reflects the central importance of proper TOM complex function to 

mitochondrial and cell homeostasis, and also provides physiological justification for the 

existence of multiple pathways dedicated to unclogging the TOM complex (Weidberg 

and Amon, 2018, Martensson et al., 2019).  
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3.4.3 – Mitochondrial protein import clogging as a mechanism of disease  

A long-standing mystery in the mitochondrial disease field has been how 

dominant mutations in the monomeric Ant1 protein cause such a wide spectrum of 

clinical and molecular phenotypes. While dominant mutations can be associated with 

cognitive impairment, psychiatric disorders, and congenital hypotonia (Kaukonen et al., 

2000, Napoli et al., 2001, Siciliano et al., 2003, Deschauer et al., 2005, Palmieri et al., 

2005, Thompson et al., 2016, Simoncini et al., 2017),  total loss of Ant1 causes a 

relatively benign myopathy/cardiomyopathy in both mice and humans (Graham et al., 

1997, Palmieri et al., 2005). Thus, these unique symptoms associated with dominant 

syndromes cannot be explained by loss of nucleotide transport activity. 

Likewise, the phenotypes observed in Ant1A114P,A123D/+ mice cannot be explained 

by haploinsufficiency or a dominant negative effect on ADP/ATP exchange. First, it is 

now clear that Ant1 functions as a monomer, thus a dominant-negative mechanism is 

unlikely (Pebay-Peyroula et al., 2003, Ruprecht et al., 2019, Kunji and Ruprecht, 2020).  

Second, Ant1A114P,A123D’s yeast ortholog, Aac2A128P,A137D, is catalytically inactive and 

clearly exerts toxicity even in conditions where aac2D cells are healthy (Figure 1C) 

(Palmieri et al., 2005).  Third, mitochondria from Ant1A114P,A123D/+ mice are able to 

exceed the maximal respiration rate of wild-type mitochondria when complex II is 

stimulated (Figure 6B), indicating that one functional copy of Ant1 is sufficient to 

support high respiratory rates. Fourth, humans and mice heterozygous for a nonfunctional 

copy of ANT1 do not develop neurological or muscle disease (Graham et al., 1997, 

Palmieri et al., 2005, Echaniz-Laguna et al., 2012), while Ant1A114P,A123D/+ mice can 
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develop both.  Thus, both the muscle and neurodegenerative phenotypes in 

Ant1A114P,A123D/+ mice occur independent of nucleotide transport.   

In human and yeast cells, the autosomal dominant Progressive External 

Ophthalmoplegia (adPEO)-causing Ant1A114P protein (and Aac2A128P in yeast) clearly 

clogs global mitochondrial protein import, suggesting a new molecular explanation for 

dominant Ant1-induced disease. Clogging was drastically enhanced by the addition of an 

A123D (A137D in Aac2) mutation, and the main clogging site shifted to the TOM 

complex. We note that this mutation was discovered in a homozygous myopathy patient, 

and that it eliminates nucleotide transport activity (Palmieri et al., 2005).  Toxicity of 

Ant1A114P,A123D therefore cannot be attributed to reversal of nucleotide transport activity.  

TOM complex clogging appears to phenocopy adPEO patients, as Ant1A114P,A123D/+ mice 

exhibit mild OXPHOS defects, partially COX-deficient myofibers, moderate myofiber 

atrophy, and muscle weakness (Kaukonen et al., 1999, Komaki et al., 2002).  The low-

penetrant neurodegeneration in Ant1A114P,A123D/+ mice may also reflect human disease 

process, as a neurodegenerative phenotype was recently reported in an adPEO patient 

carrying the Ant1A114P allele (Simoncini et al., 2017).  Taken together, these data strongly 

argue that protein import clogging contributes to adPEO in humans, despite 

Ant1A114P,A123D not directly genocopying a particular clinical condition.  

Our work provides a first glimpse into the amino acid requirements of 

mitochondrial carrier proteins to maintain compatibility with the protein import 

machinery.  Future work will be crucial to systematically evaluate the amino acid 

requirements first within Ant1/Aac2, and then across entire carrier protein family.  It will 

also be important to determine which specific interactions with protein import 
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components are affected by different mutations.  Overall, these efforts may enable the 

prediction of pathogenic mechanisms of future variants of uncertain significance as they 

arise with more exome sequencing of human patients.  

In summary, we demonstrate that specific mutations in a mitochondrial carrier 

protein can cause clogging of the protein import pathway, which induces diverse cellular 

stresses and disease in mice. These findings uncovered a vulnerability of the 

mitochondrial protein import machinery to single amino acid substitutions in 

mitochondrial inner membrane preproteins. There are 53 carrier proteins in human 

mitochondria that have highly conserved domain organization both within and across 

species (Palmieri et al., 2011).  Mutations altering conformational elements involved in 

protein import, such as hairpin loops, are likely strongly selected against during 

evolution. Those persisting in the human population would affect protein import and 

cause disease, as exemplified by the pathogenic mutations in Ant1.  
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3.5 – Materials and Methods 

3.5.1 – Key resources for yeast strains, cell lines and other reagents  

See Table S3.4. 

 

3.5.2 – Yeast growth conditions and genetic manipulation 

 Yeast cells were grown using standard media.  Genotypes and sources of yeast 

strains are listed in Key Resources Table.  To generate the AAC2 expression plasmids, we 

amplified the gene from total genomic DNA and inserted it into pFA6a-ScAAC2-URA3-

HIS3/2.  The missense mutations were introduced using QuikChange Site-Directed 

Mutagenesis (Stratagene) and mutations were confirmed by sequencing.  Mutant genes 

were then cloned into pRS416 for expression (Figure 1B) and pFA6a-KanMX6 for 

placing next to the KAN selection marker.  The aac2A128P,A137 -KAN cassette was then 

amplified for integration into the LYS2 locus of the W303-1B strain background.  All 

strains in Figures 1C-E were derived from this strain by standard genetic crosses.  All 

combinations of aac2 mutations were expressed by transforming an equal number of 

M2915-6A yeast with freshly-prepared pRS416-based vectors (URA3) expressing wild-

type or mutant aac2.  Equal fractions of the transformant culture were plated on selective 

medium lacking uracil and grown at 25o or 30oC for 3 days before being photographed 

(Figures 1B and S1A).  tom70D and tim18D strains were generated by amplification of 

the knockout cassette from genomic DNA of tom70D and tm18D strains from BY4741 

knockout library, followed by transformation into M2915-6A by selecting for G418R.  

The disruption of the genes was confirmed by PCR using an independent primer pair 

surrounding the native genomic locus.   
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3.5.3 – Cell lysis, western blotting and signal quantitation 

Unless otherwise noted, yeast cells were lysed and prepared for SDS-PAGE as 

previously described (Chen, 2001).  HeLa cells and mouse tissues were lysed with RIPA 

buffer containing 1X HALT Protease and Phosphatase Inhibitor Cocktail (Thermo 

Fisher) and prepared for SDS-PAGE with Laemmli buffer.  Standard procedures were 

used for chemiluminescent western blot detection of proteins.  Membranes were imaged 

using a LI-COR Odyssey imager and signals quantitated in the associated ImageStudio 

software.   

 

3.5.4 – Detergent extraction of potential insoluble protein 

 We took two approaches to detecting potentially aggregated Aac2A128P,A137D.  

First, spheroplasts were generated using zymolyase followed by lysis in Sample Buffer 

(containing 8 M Urea + 5% SDS) with or without 2% Sarkosyl.  Second, the insoluble 

material from our typical lysis procedure (see above, (Chen, 2001)) was treated with 

different detergents.  For formic acid, pellet was resuspended in 100% formic acid, 

incubated at 37oC for 70 minutes, followed by SpeedVac drying of the sample and 

resuspension in Sample Buffer for SDS-PAGE.  For guanidine dissociation, pellet was 

resuspended in 8 M Guanidine HCl, incubated at 25oC for 70 minutes, then sodium 

deoxycholate was added to a final concentration of 1%.  Protein was then precipitated 

with TCA, washed with acetone at -20oC, and resuspended in Sample Buffer for SDS-

PAGE.  
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3.5.5 – Affinity chromatography 

 His-tagged Aac2 affinity purification was performed on 1 mg mitochondria per 

replicate.  Yeast mitochondria were isolated as previously described (Diekert et al., 

2001). Mitochondria were lysed in “Lysis Buffer” (10% glycerol, 1.5% digitonin, 50 mM 

potassium acetate, 2 mM PMSF and a protease inhibitor cocktail) including 100 mM 

NaCl (“low salt”) or 200 mM NaCl (“high salt”) and incubated on ice for 30 minutes.  

Lysate was centrifuged at 21,000 g for 30 minutes.  Imidazole was added to supernatant 

for a final concentration of 4 mM, which was applied to preequilibrated Ni-NTA agarose 

beads (Qiagen) and rotated at 4oC for 2 hours.  Beads were then washed three times with 

“Lysis Buffer” (including the corresponding NaCl) but with 0.1% digitonin.  Protein was 

eluted from the beads with 300 mM imidazole, 2% SDS, 10% glycerol in 20 mM 

HEPES-KOH (pH 7.4).  For mass spectrometry, samples were briefly run into an SDS-

PAGE gel. Whole lanes were excised, and protein was subject to in-gel trypsin digestion.  

To ensure reproducibility, the eluate used for mass spectrometry was derived from two 

independent mitochondrial preparations per strain, and affinity chromatography was 

performed on two separate days.  

HA-tagged Ant1 affinity purification was performed on whole-cell lysate. Each 

replicate was from an independent transfection of a 10-cm dish of HeLa cells.  Briefly, 24 

hours after transfection, cells were collected, washed twice in cold PBS and then lysed in 

0.5 ml lysis buffer (50 mM HEPES-KOH pH 7.4, 10% glycerol, 100 mM NaCl, 1% 

Digitonin, 1 mM PMSF, and 1X HALT Protease and Phosphatase Inhibitor Cocktail 

(Thermo Fisher)) for 30 minutes on ice.  Lysate was cleared for 30 minutes at 16,000 g, 

and supernatant applied to pre-equilibrated PierceTM anti-HA agarose beads (Thermo 
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Fisher) and incubated overnight with gentle agitation.  Beads were subsequently washed 

5 times with lysis buffer, except containing 0.1% digitonin, followed by elution with 6% 

SDS and 10% glycerol, in 50 mM HEPES-KOH pH 7.4.   

 

3.5.6 – Sample processing for mass spectrometry 

The excised lanes of yeast eluate (see above) were subjected to in-gel trypsin 

digestion as previously described (Shevchenko et al., 2006).  Briefly, gel pieces were 

washed with 50 mM ammonium bicarbonate (Acros) in 50% acetonitrile (Fisher), 

reduced with dithiothreitol (Acros) and alkylated with iodoacetamide (Sigma), washed 

again, and impregnated with 75 µL of 5 ng/µL trypsin (trypsin gold; Promega) solution 

overnight at 37°C.  The resulting peptides were extracted using solutions of 50% and 

80% acetonitrile (ACN) with 0.5% formic acid (Millipore), and the recovered solution 

dried down in a vacuum concentrator. Dried peptides were dissolved in 60 µL of 0.1% 

trifluoroacetic acid (TFA, Sigma), and desalted using 2-core MCX stage tips (3M) 

(Rappsilber et al., 2003). The stage tips were activated with ACN followed by 3% ACN 

with 0.1% TFA.  Next, samples were applied, followed by two washes with 3% ACN 

with 0.1% TFA, and one wash with 65% ACN with 0.1% TFA.  Peptides were eluted 

with 75 µL of 65% ACN with 5% NH4OH (Sigma), and dried. 

Cytosolic fractions from HeLa cells were processed using the FASP method 

(Wisniewski et al., 2009).  Briefly, in-solution proteins were reduced and denatured with 

DTT and SDS, mixed with urea to 8 M, and concentrated on a 10 kDa MWCO membrane 

filter (Pall, OD010C34).  Cysteine residues were alkylated using iodoacetamide (Sigma) 

at room temperature in a dark location for 25 min.  The proteins were rinsed with urea 
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and ammonium bicarbonate solutions, and digested overnight at 37°C using trypsin gold 

(Promega) at a ratio of 1:100.  The resulting peptides were recovered from the filtrate and 

a 10 µg aliquot was desalted on 2-core MCX stage tips as above. 

 

3.5.7 – LC-MS methods 

Samples were dissolved in 20 to 35 µL of water containing 2% ACN and 0.5% 

formic acid to 0.25 µg/µL.  Two µL (0.5 µg) were injected onto a pulled tip nano-LC 

column with 75 µm inner diameter packed to 25 cm with 3 µm, 120 Å, C18AQ particles 

(Dr. Maisch).  The column was maintained at 45°C with a column oven (Sonation 

GMBH).  The peptides were separated using a 60-minute gradient from 3 – 28% ACN 

over 60 min, followed by a 7 min ramp to 85% ACN.  The column was connected inline 

with an Orbitrap Lumos via a nanoelectrospray source operating at 2.2 kV.  The mass 

spectrometer was operated in data-dependent top speed mode with a cycle time of 2.5s.  

MS1 scans were collected at 60000 resolution with AGC target of 6.0E5 and maximum 

injection time of 50 ms.  HCD fragmentation was used followed by MS2 scans in the 

Orbitrap at 15000 resolution with AGC target 1.0E4 and 100 ms maximum injection 

time. 

 

3.5.8 – Database searching and label-free quantification 

The MS data was searched using SequestHT in Proteome Discoverer (version 2.4, 

Thermo Scientific) against the S. Cerevisiae proteome from Uniprot, containing 6637 

sequences, concatenated with common laboratory contaminant proteins.  Enzyme 

specificity for trypsin was set to semi-tryptic with up to 2 missed cleavages.  Precursor 
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and product ion mass tolerances were 10 ppm and 0.6 Da, respectively.  Cysteine 

carbamidomethylation was set as a fixed modification.  Methionine oxidation was set as a 

variable modification.  The output was filtered using the Percolator algorithm with strict 

FDR set to 0.01.  Label-free quantification was performed in Proteome Discoverer with 

normalization set to total peptide amount. 

 

3.5.9 – Label-free quantitation data processing 

 For analysis, label-free quantitation with Proteome Discoverer software generated 

protein abundances for each sample.  Protein abundances were then analyzed using 

Metaboanalyst software (Pang et al., 2020).  First, we refined the protein list to include 

only proteins whose fold-change is > 1.5 (p < 0.1) in Aac2-HIS6 eluate compared with 

the null control.  Then, to eliminate any bias introduced by mutant bait protein Aac2A128P-

HIS6 being present at ~50% the level of Aac2-HIS6 (see Figures S2C & S2I), we 

normalized each prey protein abundance by that sample’s bait protein level (i.e. Aac2 

level).  Finally, we performed multiple t testing on these values, which generated the 

FDR-corrected p-values and were ultimately normalized to wild-type level for 

presentation in Figures 2C, S2J, & S3F.  Gene Ontology and other enrichment analyses 

were performed using STRING version 11.0 (Szklarczyk et al., 2019).  

 For the analysis shown in Figure 4F, the protein list was manually curated to 

include only proteins that had a Gene Ontology Cellular Component term for 

“mitochondrion”, and not that of any other organelle.  Proteins with missing values were 

excluded.  The levels of each protein were averaged within an experimental group and 

those average values were normalized to the average value for wild-type Ant1-transfected 
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samples.  It is these wild-type-normalized average values for each protein that were 

subject to student’s t test to probe for a significant difference in mitochondrial protein 

levels present in the cytosol of mutant compared with wild-type Ant1-transfected HeLa 

cells.   

 

3.5.10 – Targeted quantitative proteomics 

Unused yeast peptides from the label-free quantification experiment were used for 

absolute quantification using parallel reaction monitoring (PRM) on the instrument 

described above.  The instrument method consisted of one MS scan at 60000 resolution 

followed by eight targeted Orbitrap MS2 scans at 30000 resolution using quadrupole 

isolation at 1.6 m/z and HCD at 35%. 

Two heavy-labeled proteotypic peptides for Aac2 and Tim22 were purchased 

from New England Peptide.  Their sequences were TATQEGVISFWR and 

SDGVAGLYR; and VYTGFGLEQISPAQK and TVQQISDLPFR respectively, each 

with N-terminal 13C6 15N4 arginine or 13C6 15N2 lysine.  An equal portion of the peptides 

contained in each gel band was combined with a mixture of proteotypic peptides resulting 

in an on-column load of 1 fmol of each TIM-22 heavy peptide and 250 fmol of each 

Aac2 heavy peptide.  Assays were developed for the doubly-charged precursor and the 4 

or 5 most intense singly-charged product y-ions.  The data was analyzed in Skyline 

(version 20.2) (MacLean et al., 2010). 
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3.5.11 – qRT-PCR 

Total RNA was isolated from ~1.5 X 107 yeast cells using Quick-RNA 

Fungal/Bacterial Microprep Kit (Zymo Research).  Quantitative real-time PCR (qRT-

PCR) was executed using 50 ng RNA in Power SYBR Green RNA-to-Ct 1-step Kit 

(Applied Biosystems).  A CFX384 Touch Real-Time PCR Detection System (BioRad) 

was used with the following cycling parameters: 48oC 30 minutes, 95oC 10 minutes, 

followed by 44 cycles of 95oC 15 seconds, 60oC 1 minute.  TFC1 was used as reference, 

as its mRNA level was previously established as stable across culture conditions (Teste et 

al., 2009).  The specificity of each primer pair was validated using RNA extracted from 

knockout strains.  Ct values were determined using CFX Maestro software (BioRad), and 

analyzed manually using the 2-DDCT method.  

 

3.5.12 – in vitro mitochondrial protein import assays 

The AAC2 variants were cloned into pGEM4z plasmids. The constructs were used 

for coupled in vitro transcription and translation, using a cell free system based on 

reticulocyte lysate. The wild-type strains YPH499 and BY4741 and yeast expressing 

Tom40-HA were grown in YPG (1% [w/v] yeast extract, 2% [w/v] bacto-peptone and 3% 

[v/v] glycerol) at 30°C. Mitochondria were isolated by differential centrifugation 

(Priesnitz et al., 2020). The import of the Aac2 variants were performed as described 

(Ellenrieder et al., 2019). Isolated mitochondria were incubated for different time periods 

with radiolabelled Aac2 variants in the presence of 4 mM ATP and 4 mM NADH in 

import buffer (3% [w/v] bovine serum albumin; 250 mM sucrose; 80 mM KCl; 5 mM 

MgCl2; 5 mM methionine; 2 mM KH2PO4; 10 mM MOPS/KOH, pH 7.2). The import 
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reaction was stopped by addition of 8 fM antimycin A, 1 µM valinomycin and 20 µM 

oligomycin (AVO; final concentrations). In control reactions, the membrane potential 

was depleted by addition of the AVO mix. Subsequently, mitochondria were washed with 

SEM buffer (250 mM sucrose; 1 mM EDTA; 10 mM MOPS-KOH, pH 7.2), lysed with 

1% (w/v) digitonin in lysis buffer (0.1 mM EDTA; 50 mM NaCl; 10% [v/v] glycerol; 20 

mM Tris-HCl, pH 7.4) for 15 min on ice analysis and protein complexes were separated 

on blue native gels. To remove non-imported preproteins, mitochondria were treated with 

50 µg/ml proteinase K for 15 min on ice. The protease was inactivated by addition of 

1mM phenylmethylsulfonyl fluoride (PMSF) for 10 min on ice. To study the 

accumulation of AAC2 variants at the TOM translocase, the AAC2 variants were 

imported into Tom40-HA mitochondria followed by affinity purification via anti-HA 

beads (Roche) (Ellenrieder et al., 2019). After the import reaction, mitochondria were 

lysed with 1% (w/v) digitonin in lysis buffer for 15 min on ice. After removing insoluble 

material, the mitochondrial lysate was incubated with anti-HA matrix for 60 min at 4°C. 

Subsequently, beads were washed with an excess amount of 0.1% (w/v) digitonin in lysis 

buffer and bound proteins were eluted under denaturing conditions using SDS sample 

buffer (2% [w/v] SDS; 10% [v/v] glycerol; 0.01% [w/v] bromphenol blue; 0.2% [v/v] β-

mercaptoethanol; 60 mM Tris/HCl, pH 6.8).    

 

3.5.13 – Expression of ANT1 in HeLa cells 

 HeLa cells were cultured in DMEM (Gibco) with 10% fetal bovine serum 

(Sigma) at 37oC in a humidified atmosphere of 5% CO2.  ANT1 cDNA was cloned into 

pCDNA3.1 with an HA epitope added to the C-terminus, as previously described (Liu et 
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al., 2019).  Mutant ANT1 alleles were generated by in vitro mutagenesis using 

QuikChange Site-Directed Mutagenesis (Stratagene) and confirmed by sequencing.  Cells 

were transfected using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s 

protocol, and harvested 24 hours after transfection for all experiments. 

 

3.5.14 – HeLa cell fractionation  

 One 10-cm dish per sample was harvested, washed twice in cold PBS, 

homogenized in 1 mL Isotonic Buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris-HCl, 

pH 7.4,) including HALT Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher) 

with 10 slow strokes in a 2 ml Dounce homogenizer (KIMBLE, pestle B, clearance = 

0.0005-0.0025 inches).  Homogenate was centrifuged at 600 g for 15 minutes. To pellet 

mitochondria, supernatant was spun at 10,000 g for 25 minutes.  Supernatant was the 

cytosolic fraction and pellet (the mitochondrial fraction) was used subsequently for 

protease protection or western blotting.  All steps were performed on ice.  

 

3.5.15 – Protease protection assay in HeLa cells  

 For protease protection, isolated mitochondria from four 10-cm plates were 

combined to generate each replicate indicated in Figure 4.  All replicates were from 

independent transfections on a different day.  20 µg aliquots of mitochondria were 

pelleted and resuspended in either isotonic buffer (as above, without protease inhibitors) 

or hypotonic buffer (10 mM KCl, 2 mM HEPES, pH 7.2) for swelling on ice for 20 

minutes.  Where indicated, proteinase K was added at a final concentration of 7 µg/ml, 

incubated at room temperature for 20 minutes, and inhibited with 5 mM PMSF on ice for 
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15 minutes.  Where indicated, 1% Triton X-100 treatment on ice for 10 minutes was used 

to lyse the mitochondrial membranes.  Ultimately, half of each reaction was loaded onto 

two independent gels for western blotting.  Immunoblotting of reference proteins in 

Figure 4C was done for each replicate.  If a reference protein was not properly 

protected/degraded, this sample was discarded.   

 

3.5.16 – Apoptosis assay and relative Dy determination 

 Cells were harvested 24 hours post-transfection and processed for flow cytometry 

detection of apoptosis and membrane potential after staining with propidium iodide and 

annexin V-FITC and JC-1 respectively (Liu et al., 2019).  

 

3.5.17 – Ant1A114P,A123D/+ knock-in mice 

All procedures were approved by the Animal Care and Use Committee (IACUC) 

at State University of New York Upstate Medical University and were in accordance with 

guidelines established by the National Institutes of Health.   

The ANT1 targeting vector was prepared by recombineering as previously 

described (Lee et al., 2001).  Briefly, 13.8 kb of ANT1 genomic sequence containing all 4 

exons plus 4.4 kb of 5’ upstream and 4.96 kb 3’ downstream untranslated sequences was 

retrieved from the RP24-108A1 BAC clone obtained from the BACPAC Resources 

Center (Children’s Hospital Oakland Research Institute, Oakland, CA).  The first loxP 

site together with the Frt-PGKnew-Frt cassette was inserted approximately 0.4 kb 3’ of 

exon 4, which contains the polyA signal sequence and the 3’UTR.  Two unique 

restriction sites, AscI and AsiSI, were also introduced into the 3’ end of the second loxP 
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site to allow insertion of the ANT1 mini-cDNA containing the A114P and A123D knock-

in mutations as well as the His-tag at the carboxyl terminus.  

 The ANT1 mini-cDNA was prepared by fusion PCR using primers with sequences 

overlapping different exons.  The mini-cDNA contains AscI and AsiSI unique restriction 

sites in the 5’ and 3’ end, respectively, together with 254 bp of intron 1 sequence together 

with the splice acceptor followed by exon 2 with the two mutations, exon 2 and 4 and 70 

bp of 3’ downstream sequence.  The mini cDNA was cloned into pSK+ and sequenced to 

confirm its identity prior to insertion into the AscI and AsiSI sites in the targeting vector.  

The final targeting vector was then linearized by NotI digestion, purified, and 

resuspended in PBS at 1 mg/ul for electroporation into ES cells derived from F1 

(129Sv/C57BL6j) blastocyst.  Targeted ES clones were identified by long range nested 

PCR using Platinum HiFi Taq (Invitrogen).  

Chimeric animals were generated by aggregation of ES cells with the CD1 

morula.  Chimeric males were bred with ROSA26-Flpe female (Jackson Labs stock no: 

009086) to remove the PGKnew cassette and generate F1 pups with ANT1 floxed allele.  

Positive pups were identified by PCR genotyping using primer Lox gtF (5’-

ATCCATCTCAAAGGCAAACG -3’) and Lox gtR (5’- 

AAATTCCCTGCAGGCTTATG -3’) to detect a fragment of 364 bp specific to the 5’-

Lox site and a fragment of 270 bp specific to the wild-type allele.  A heterozygous floxed 

male was bred with Hprt-Cre female (Jackson Labs stock no: 004032).  The same primers 

were used for genotyping knock-in mice, with the 270 bp band present only with the 

knock-in allele, and no band produced from a wild-type locus with lacking loxP sites.  

The mixed background heterozygous knock-in mice (i.e. Ant1A114P,A123D/+) male mice 



 139 

were backcrossed with C57BL/6NTac females (Taconic Catalog no: B6-F) for 7 

generations before experiments were performed. 

 

3.5.18 – Mouse Histology  

 For spinal cord histology, mice were sacrificed by isoflurane overdose, followed 

by intracardial perfusion with PBS followed by PBS + 4% paraformaldehyde (PFA).  

Perfused mice were soaked in PBS + 4% PFA overnight at 4oC, and then spinal cord was 

dissected and cryopreserved with increasing concentrations of sucrose in PBS.  Tissue 

was then embedded in OCT and snap-frozen in 2-methylbutane on liquid N2.  Tissue was 

sectioned at 8 µm with a cryostat (Leica) and sections stained with Cresyl Violet Stain 

Solution according to the manufacturer’s protocol (Abcam), or used for indirect 

immunofluorescence.  For the latter, tissue was blocked with 10% horse serum and then 

incubated with rat monoclonal anti-GFAP antibody (Invitrogen) overnight at 4oC.  After 

rinsing the tissue was incubated with fluorescently-conjugated anti-rat secondary 

antibody (Immunoresearch West Grove, PA).  

 For muscle histology, the soleus muscles were immediately dissected and fresh-

frozen in 2-methylbutane on liquid N2. Tissue was cryosectioned at 10 µm and stained 

with hematoxylin and eosin (H&E) using standard procedures.  Feret’s diameter of 

myofibers was determined using ImageJ software; all soleus myofibers from a single 

muscle section per mouse (n > 340 fibers per mouse) were quantitated by a blinded 

observer.  For SDH only staining, sections were air-dried, incubated at 37oC for 45 

minutes in SDH medium (0.1 M succinic acid, 0.1 M sodium phosphate buffer pH 7, 0.2 

mM phenazine methosulfate, + 1 mg/mL NBT added fresh), drained, fixed in 10% 
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formalin, rinsed will with water and mounted in water soluble mounting medium.  For 

sequential COX/SDH staining, sections were air-dried, incubated in Cytochrome c 

Medium (0.5 mg/mL 3’3’-diaminobenzidine tetrahydrochloride (DAB), 75 mg/mL 

sucrose in 50 mM sodium phosphate buffer, pH 7.4, with freshly added cytochrome c and 

catalase at 1 mg/ml and 0.1 mg/ml respectively) at 37oC for 1 hour, followed by a quick 

wash in water and SDH staining as described above.  Abnormal COX/SDH-stained fibers 

were scored manually from decoded images of whole soleus sections.   

 

3.5.19 – Electron Microscopy 

For electron microscopy, Ant1A114P,A123D/+ mice and littermate controls were 

processed as previously described (Massa et al., 2004).  Briefly, mice were anesthetized 

with isoflurane and perfused intracardially with PBS initially, followed by fixative (1% 

paraformaldehyde, 1% glutaraldehyde, 0.12 M sodium cacodylate buffer pH 7.1, and 1 

mM CaCl2).  Perfused animals were refrigerated overnight and CNS tissues dissected the 

next day and processed for TEM.  The samples were examined with a JOEL JEM1400 

transmission electron microscope and images were acquired with a Gaten DAT-832 

Orius camera. 

 

3.5.20 – Bioenergetic analysis 

 For mitochondrial respiration experiments, the mice were sacrificed by 

decapitation via guillotine without the use of CO2 asphyxiation or anesthetic.  Skeletal 

muscle mitochondria were isolated and respiration measured as previously described 

(Garcia-Cazarin et al., 2011).  Briefly, after mitochondria isolation by differential 
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centrifugation, oxygen tension was measured using an Oxygraph Plus oxygen electrode 

(Hansatech Instruments) in 0.5 ml Experimental Buffer containing 150 µg mitochondria.  

For complex I measurements, glutamate and malate were added for a final concentration 

of 5 mM and 2.5 mM, respectively.  For complex II measurements, rotenone was added 

before succinate, for final concentrations of 5 µM and 10 mM respectively.  

 

3.5.21 – Protease protection assay of mouse skeletal muscle mitochondria 

 For protease protection assay, skeletal muscle mitochondria were isolated as for 

bioenergetic analysis with slight modifications, including the addition of 1 mM PMSF in 

the homogenization buffer, and resuspending mitochondria in a modified isotonic buffer 

lacking BSA (75 mM sucrose, 215 mM mannitol, 1 mM EGTA in 20 mM HEPES-KOH 

pH 7.4).  80 µg aliquots were treated with the indicated concentrations of proteinase K 

(Sigma) for 30 minutes at room temperature and quenched with 5 mM PMSF on ice for 

10 minutes.  Where indicated, mitochondria were lysed with 1% Triton X-100 for 30 

minutes on ice.  Laemmli buffer was ultimately added to the samples such that the final 

protein concentration was ~40 µg mitochondria per 15 µl, which was the amount loaded 

onto the SDS-PAGE gel for Western blotting.  Such high protein amounts were required 

for detection of Ant1A114P,A123D.  

 

3.5.22 – Skeletal muscle sub-cellular fractionation 

 Five biological replicates of wild-type and Ant1A114P,A123D/+ muscle samples were 

fractionated to obtain cytosolic and mitochondrial fractions using differential 

centrifugation, as follows.  100 mg Quadriceps muscle was rapidly dissected and 
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immediately placed in ice cold PBS.  Muscle was minced, centrifuged for 1 min at 500g, 

and resuspended in 1 ml buffer STM (250 mM sucrose, 50 mM Tris-HCl pH 7.4, 5 mM 

MgCl2 plus HALT protease and phosphatase inhibitors added fresh).  Tissue was 

homogenized in a 2 ml Dounce homogenizer (0.15-0.25 mm clearance) with two strokes 

using a bench top drill press set to 570 rotations per minute.  Homogenate was 

centrifuged for 15 minutes at 800g twice, and the pellets were discarded after both spins.  

To obtain the mitochondrial fraction, supernatant was centrifuged for 11,000g for 10 

minutes.  Mitochondrial fraction was washed twice in STM and frozen for further 

analysis.  Meanwhile, the supernatant was centrifuged for 30 minutes at 21,000g twice to 

remove any contaminating mitochondria from the cytosolic fraction.  

prepared for multiplexed quantitative mass spectrometry from cytosolic fractions 

 

3.5.23 – Cytosolic fraction digestion, labeling and cleaup 

Skeletal muscle cytosolic fractions were then processed for multiplexed 

quantitative mass spectrometry as follows. Samples were buffer exchanged on a 3 kDa 

molecular weight cutoff filter (Amicon 3k Ultracel) using 4 additions of 50 mM 

triethylammonium bicarbonate, pH 8.0 (Thermo).  Following a Bradford assay, 50 µg of 

each cytosolic fraction was taken for digestion using an EasyPep Mini MS sample prep 

kit (Thermo, A40006).  To each buffer-exchanged sample, 70 µL of lysis buffer was 

added followed by 50 µL of reduction solution and 50 µL of alkylating solution.  

Samples were incubated at 95°C for 10 minutes, then cooled to room temperature.  To 

each sample 2.5 µg of trypsin / Lys-C protease was added and the reaction was incubated 

at 37°C overnight.  TMT reagents were reconstituted with 40 µL acetonitrile (ACN) and 
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the contents of each label added to a digested sample.  After 60 min, 50 µL of quenching 

solution was added, consisting of 20% formic acid and 5% ammonium hydroxide (v/v) in 

water.  The labeled digests were cleaned up by a solid-phase extraction contained in the 

EasyPep kit, and dried by speed-vac.  The ten cytosolic fractions, and separately the 

mitochondrial fractions, were dissolved in 50 µL of 30% ACN and 0.1% formic acid 

(v/v) in water, combined, and dried again. 

 

3.5.24 – Protein fractionation 

 Following an LC-MS experiment to check digestion and labeling quality of the 

pooled samples, these were fractionated using a Pierce High pH Reversed-Phase Peptide 

Fractionation Kit (part # 84868), per the manufacturer’s instructions for TMT-labeled 

peptides.  In brief, samples were dissolved in 300 µL of 0.1% trifluoroacetic acid in 

water, and applied to the conditioned resin.  Samples were washed first with water and 

then with 300 µL of 5% ACN, 0.1% triethylamine (TEA) in water.  The second wash was 

collected for analysis.  Peptides were step eluted from the resin using 300 µL of solvent 

consisting of 5 to 50% ACN with 0.1% TEA in eight steps.  All collected fractions were 

dried in a speed-vac. 

 

3.5.25 – LC-MS/MS for TMT-labeled samples 

Dried fractions were reconstituted in 50 µL of load solvent consisting of 3% ACN 

and 0.5% formic acid in water.  Of these, 2 µL were injected onto a pulled tip nano-LC 

column (New Objective, FS360-75-10-N) with 75 µm inner diameter packed to 25 cm 

with 2.2 µm, 120 Å, C18AQ particles (Dr. Maisch GmbH).  The column was maintained 
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at 50°C with a column oven (Sonation GmbH, PRSO-V2).  The peptides were separated 

using a 135-minute gradient consisting of 3 – 12.5% ACN over 60 min, 12.5 – 28% over 

60 min, 28 - 85 % ACN over 7 min, a 3 min hold, and 5 min re-equilibration at 3% ACN.  

The column was connected inline with an Orbitrap Lumos (Thermo) via a 

nanoelectrospray source operating at 2.3 kV.  The mass spectrometer was operated in 

data-dependent top speed mode with a cycle time of 3s.  MS1 scans were collected from 

375 – 1500 m/z at 120,000 resolution and a maximum injection time of 50 ms.  HCD 

fragmentation at 40% collision energy was used followed by MS2 scans in the Orbitrap at 

50,000 resolution with a 105 ms maximum injection time. 

 

3.5.26 – Database searching and reporter ion quantification 

The MS data was searched using SequestHT in Proteome Discoverer (version 2.4, 

Thermo Scientific) against the M. Musculus proteome from Uniprot, containing 50887 

sequences, concatenated with common laboratory contaminant proteins.  Enzyme 

specificity for trypsin was set to semi-tryptic with up to 2 missed cleavages.  Precursor 

and product ion mass tolerances were 10 ppm and 0.6 Da, respectively.  Cysteine 

carbamidomethylation, TMT 10-plex at any N-terminus and TMT 10-plex at lysine were 

set as a fixed modifications.  Methionine oxidation was set as a variable modification.  

The output was filtered using the Percolator algorithm with strict FDR set to 0.01.  

Quantification parameters included the allowance of unique and razor peptides, reporter 

abundance based on intensity, lot-specific isotopic purity correction factors, 

normalization based on total peptide amount, protein ratio based on protein abundance, 

and hypothesis testing (ANOVA) for individual proteins. 
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3.5.27 – Grip strength measurements 

 Grip strength measurements were performed using Bio-CIS software connected 

with the Grip Strength Test Model GT3 according to manufacturer’s protocol for 

forelimb-only measurement using the grid (BIOSEB).  Briefly, mice were held by the tail 

above the grid that’s connected to a force meter, slowly lowered to allow the forelimbs to 

grip the grid, and then slowly and smoothly pulled horizontally along the axis of the 

sensor until the grasp was released.  The maximum force generated is recorded by the 

software and reported as the average of 5 consecutive trials or the maximum force 

generated over 5 trials. 

 

3.5.28 – Statistical Analysis 

Statistical analyses were performed using either GraphPad Prism or SPSS 

software.  Parametric analyses were primarily used as the data appeared normally 

distributed.  This has the added benefit of more statistical power than non-parametric 

statistical tests.  For details on statistical testing of specific data, please see Figure 

Legends.    
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3.7 – Supplemental Information 
 

 

Figure S3.1.  Toxicity and low-level accumulation of double mutant Aac2 proteins. 

(A) Yeast transformants expressing double mutant alleles of aac2 form small colonies 
on selective medium, which indicates the toxicity of input plasmid DNA. The yeast 
M2915-6A strain was transformed with the centromeric vector pRS416 (URA3) 
expressing wild-type or mutant aac2 alleles and transformants were grown on 
minimal glucose medium lacking uracil at 30°C for 3 days. This serves as a control 
for Figure 1B. 

(B) Immunoblot analysis of Aac2 levels after protein extraction from spheroplasts 
using the detergents indicated.   

(C) Immunoblot analysis of Aac2 in protein extracted from the insoluble pellet with 
additional solubilization conditions after a first round of extraction using 8 M urea 
plus 5% SDS. 
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Figure S3.2.  Affinity purification in low salt conditions suggested that Aac2A128P 
accumulates along the carrier protein import pathway. 
 

(A) Immunoblot analysis validating the HIS6-tagged Aac2 proteins. 
(B) Flow chart of label-free quantitative mass spectrometry data processing strategy.  

See Methods for further details. 
(C) Label-free quantitative mass spectrometry demonstrated that Aac2A128P-HIS6 was 

about half as abundant as Aac2-HIS6 after total peptide normalization.  This is 
consistent with immunoblot in (A), and underscores the need to normalize prey 
protein levels by bait (i.e. Aac2) protein levels.  These data are from the low-salt 
experiment. 

(D) Three most significant Gene Ontology (GO) Molecular Function terms 
overrepresented among proteins that are significantly enriched in Aac2A128P-HIS6 

eluate in the low-salt experiment. 
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(E) Seven most significant GO Biological Process terms overrepresented among 
proteins that are significantly enriched in Aac2A128P-HIS6 eluate in the low-salt 
experiment. 

(F) Three most significant protein families overrepresented among proteins that are 
significantly enriched in Aac2A128P-HIS6 eluate in the low-salt experiment, as 
determined from the Pfam database. 

(G) Immunoblot analysis validating preferential co-purification of Tim22 with 
Aac2A128P-HIS6 compared with Aac2-HIS6.  “Null” strain is wild-type lacking any 
HIS6-tagged proteins.  

(H) Quantitation from four independent affinity purifications, one replicate of which 
is shown in (D). P value was calculated with student’s t test. 

(I) The association of Aac2A128P with Tim23, a known binding partner, was not 
increased compared with wild-type in the low-salt experiment. 
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Figure S3.3.  Affinity purification in high salt conditions confirmed that 
Aac2A128P accumulates along the carrier protein import pathway. 
 
(A) Label-free quantitative mass spectrometry demonstrated that Aac2A128P-HIS6 was 

about half as abundant as Aac2-HIS6 after total peptide normalization.  This is 
consistent with the low salt experiment (Figure S2C), and underscores the need to 
normalize prey protein levels by bait (i.e. Aac2) protein levels.   

(B) Co-purified proteins significantly enriched in Aac2A128P-HIS6 eluate compared 
with Aac2-HIS6 under high-salt purification conditions. FDR-corrected p values 
calculated by multiple t test analysis.  See Methods for details on abundance 
values. 
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(C) Immunoblot analysis indicating preferential co-purification of Tim22 with 
Aac2A128P-HIS6 compared with Aac2-HIS6 in the high-salt experiment.   

(D) Quantitation from four replicate purifications in high salt, as in (C).  P value was 
calculated from student’s t test. 

(E) The association of Aac2A128P with Tim23, a known binding partner, was not 
increased compared with wild-type in the high salt experiment. 

(F) Schematic of the parallel reaction monitoring approach for targeted proteomic 
quantification of Aac2 and Tim22 in pull-down products.  Made with BioRender 

(G) Absolute quantities of Aac2 and Tim22 in Aac2-HIS6 and Aac2A128P-HIS6 eluates, 
as determined by Parallel Reaction Monitoring (PRM) mass spectrometry. P 
value was calculated with student’s t test. 
Data represented as mean +/- SEM.  
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Figure S3.4.   Cellular responses to aac2A128P expression support mitochondrial 
protein import clogging. 
 

(A) aac2A128P expression is not compatible with elimination of mitochondrial DNA 
ethidium bromide (EB) medium.  Cells were grown at 30oC for 3-4 days. 

(B) – (F) qRT-PCR analysis monitoring the expression of CIS1, RPN4, HSP82, SSA3 
and SSA4 after galactose-induced expression of AAC2 or aac2A128P.  Three 
biological and two technical replicates were performed for each sample.  TFC1 
levels used as reference.  P values calculated with a two-way repeated measures 
ANOVA followed by Sidak’s multiple comparisons test. 
O0k 
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Figure S3.5.  Mutant Ant1 does not reduce Dy or increase apoptosis in HeLa cells. 
 

(A) Mutant Ant1 expression does not increase the fraction of cells with depleted 
Dy compared with wild-type Ant1, as indicated by flow cytometry analysis after 
JC-1 dye staining.  Cells treated with the ionophore Carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) served as control for Dy depletion. 

(B) Among cells that maintained Dy, neither wild-type nor mutant Ant1 transfection 
reduced the average red fluorescence after JC-1 staining and flow cytometry 
analysis.  The JC-1 dye fluoresces red when it aggregates at high concentration, 
i.e. after it’s Dy-dependent uptake by mitochondria.  In the monomer form in the 
cytosol, it fluoresces green.  

(C) Among cells with depleted Dy, neither wild-type nor mutant Ant1 reduced the 
average red fluorescence after JC-1 staining and flow cytometry analysis.   

(D) Transient expression of wild-type and mutant Ant1 cause similar levels of cell 
death, as determined by flow cytometry after Annexin V-FITC and propoidium-
iodide (PI) staining.  Double negative cells are “non-apoptotic”, Annexin V-
positive PI-negative cells are “early apoptotic” and double positive cells are 
“dead”.  24 hour treatment with 1 µm Staurosporine (STS) was used as a positive 
control. Data represented as mean +/- SEM.  
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Figure S3.6.  Ant1A114P,A123D/+ knock-in mouse generation and neurodegeneration. 
 

(A) Schematic of the strategy by which the knock-in Ant1A114P,A123D mice were 
generated.  E1 – E4, exons 1—4 of ANT1.  In gray is the inserted cDNA 
containing two missense mutations in exon 2, followed by the endogenous 3’ 
UTR.  Lox gtF and gtR indicate genotyping primers.   

(B) Agarose gel electrophoresis of PCR genotyping using genotyping primers 
indicated in (A).  Fl, floxed.  
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(C) Ascending paralytic phenotype of an Ant1A114P,A123D/+ mouse at 11-month old of 
age, and its wild-type littermate. Arrows point to paralyzed hindlimbs.  

(D) Nissl-stained lumbar spinal cord neuron of a symptomatic Ant1A114P,A123D/+ 
mouse and wild-type littermate.  This neuron shows loss of Nissl substance and 
blurring of nuclear boundaries, process known as “chromatolysis”, which 
indicates neuron degeneration.   

(E) Indirect immunofluorescence for the astrocyte marker glial fibrillary acidic 
protein (GFAP) indicating spinal cord gliosis in a symptomatic Ant1A114P,A123D/+ 
mouse. G, gray matter; W, white matter. 

(F) Immunoblot analysis of spinal cord lysate confirmed increase in GFAP in 
symptomatic Ant1A114P,A123D/+ mice.  

(G) Quantitation from (F) showing significant increase in GFAP in the spinal cord of 
a symptomatic Ant1A114P,A123D/+ mouse indicating neuroinflammation.  P value 
was calculated from student’s t test. 

(H) Transmission electron microscopy of a ventral horn neuron of a symptomatic 
Ant1A114P,A123D/+ mouse and wild-type littermate control. 
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Figure S3.7.  Protease protection assay of Ant1A114P,A123D/Ant1A114P,A123D 

mitochondria. 
 

(A)  – (C) Quantitation of immunoblot analysis of protease protection assay in wild-
type and homozygous Ant1A114P,A123D/ Ant1A114P,A123D muscle mitochondria, as 
shown in Figure 3.7D.  N = 3 mice per genotype.  P values of genotype as main 
effect were calculated using a 2-way ANOVA. PK, proteinase K. 
Data represented as mean +/- SEM. 
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Table S3.1. Proteins that preferentially co-purify with Aac2A128P-HIS6 compared 
with Aac2-HIS6 in low salt binding affinity purification conditions.   
 
Four independent affinity purifications were performed per strain.  Label-free 
quantitative proteomics of the eluate gave abundance values for each protein in a non-
HIS6 containing strain, Aac2-HIS6, and Aac2A128P-HIS6 strain.  To eliminate proteins that 
bind non-specifically to the nickel beads, we eliminated all proteins that were not 1.5-fold 
more abundant in Aac2-HIS6 eluate compared with the null strain.  Multiple t-testing was 
performed using Metaboanalyst.  This list contains all proteins for which FDR-adjusted 
p-value < 0.05 and fold change > 1.5.  For further details on data processing see Methods.  
FC, fold change; p.adj, FDR-adjusted p value.   
 

Rank Protien 
ID FC log2(FC) p.adj 

 Rank Protien 
ID FC log2(FC) p.adj 

1 CKA2 7.54 2.9138 0.0047  248 RPS1B 2.80 1.4849 0.0343 
2 BEM3 7.28 2.8633 0.0273  249 ERG3 2.80 1.4836 0.0249 
3 SCS7 7.23 2.8542 0.0205  250 CYB5 2.79 1.4794 0.0126 
4 PBY1 7.03 2.8129 0.0263  251 NEO1 2.79 1.479 0.0280 
5 PDR5 6.83 2.7709 0.0174  252 YET1 2.79 1.4778 0.0084 
6 LSM1 6.73 2.7509 0.0197  253 NVJ1 2.78 1.4746 0.0040 
7 CKA1 6.54 2.7091 0.0059  254 HRD1 2.78 1.4736 0.0114 
8 PAT1 6.53 2.7071 0.0301  255 FAA4 2.78 1.4735 0.0007 
9 EDC3 6.34 2.6656 0.0345  256 NPL6 2.78 1.4729 0.0093 
10 EUG1 6.21 2.6356 0.0051  257 FAR11 2.77 1.472 0.0074 
11 APL4 5.99 2.5814 0.0079  258 TBF1 2.77 1.4686 0.0222 
12 SEC12 5.80 2.5355 0.0141  259 PGA3 2.76 1.4672 0.0119 
13 RTT103 5.66 2.5002 0.0263  260 IRC3 2.76 1.4631 0.0200 
14 CKB1 5.64 2.4957 0.0170  261 ERG24 2.76 1.4628 0.0062 
15 LSM6 5.57 2.4772 0.0264  262 HYP2 2.75 1.4596 0.0278 
16 NUP84 5.50 2.46 0.0280  263 RPS12 2.75 1.4577 0.0040 
17 YPR063C 5.45 2.4462 0.0212  264 PMT3 2.74 1.4562 0.0421 
18 LSM4 5.43 2.4399 0.0220  265 YGL101W 2.74 1.4536 0.0441 
19 ALG2 5.23 2.3861 0.0115  266 KAP123 2.74 1.4532 0.0454 
20 CET1 5.14 2.3615 0.0352  267 ERG4 2.74 1.4525 0.0356 
21 CPR1 5.13 2.3599 0.0396  268 GCN1 2.73 1.4505 0.0383 
22 CDC39 5.12 2.3554 0.0316  269 ALG1 2.73 1.4503 0.0008 
23 CAR2 5.04 2.3321 0.0166  270 SCS2 2.73 1.4471 0.0116 
24 HSP82 4.91 2.2967 0.0329  271 KAR2 2.72 1.4461 0.0038 
25 BNA4 4.91 2.2943 0.0222  272 SWP1 2.72 1.4429 0.0156 
26 RPL26B 4.84 2.2759 0.0342  273 SPF1 2.71 1.4395 0.0094 
27 VID27 4.81 2.2647 0.0182  274 GCD1 2.71 1.4389 0.0388 
28 RPL7B 4.75 2.2494 0.0308  275 ATG20 2.71 1.4385 0.0337 
29 RPL10 4.72 2.238 0.0272  276 GPI12 2.71 1.4368 0.0273 
30 SEC13 4.70 2.2331 0.0240  277 MNN11 2.70 1.4341 0.0084 
31 RPL25 4.63 2.2116 0.0269  278 SCT1 2.70 1.4311 0.0342 
32 PDS5 4.58 2.1949 0.0119  279 DER1 2.69 1.4291 0.0373 
33 RET2 4.54 2.1824 0.0228  280 RPS29A 2.69 1.4286 0.0268 
34 RPL30 4.50 2.17 0.0391  281 RPL27A 2.69 1.4281 0.0402 
35 CCT4 4.46 2.1574 0.0304  282 YET3 2.69 1.4278 0.0163 
36 STP3 4.39 2.1357 0.0352  283 YPR114W 2.69 1.4253 0.0304 
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37 NAB3 4.39 2.1353 0.0222  284 RPL31A 2.68 1.4214 0.0472 
38 SRP54 4.39 2.135 0.0212  285 ERG28 2.68 1.4203 0.0093 
39 SBP1 4.39 2.1336 0.0126  286 LCB5 2.67 1.4171 0.0125 
40 VAN1 4.38 2.1293 0.0170  287 GCV2 2.67 1.4161 0.0034 
41 ATX2 4.37 2.1269 0.0263  288 RSC3 2.67 1.415 0.0308 
42 RPS7A 4.34 2.1178 0.0273  289 SSM4 2.66 1.4126 0.0246 
43 FAD1 4.32 2.1096 0.0093  290 ECM14 2.66 1.4116 0.0084 
44 YDR476C 4.30 2.1057 0.0008  291 PMT2 2.66 1.4094 0.0089 
45 MAP1 4.29 2.1013 0.0018  292 CPT1 2.65 1.4077 0.0038 
46 TIM22 4.26 2.0916 0.0421  293 ECM31 2.65 1.4066 0.0185 
47 TRS33 4.26 2.0896 0.0130  294 OAF1 2.65 1.4054 0.0263 
48 SEH1 4.23 2.0798 0.0133  295 LRO1 2.64 1.4026 0.0020 
49 RPG1 4.17 2.0612 0.0220  296 SEC63 2.64 1.401 0.0185 
50 RPL6A 4.17 2.059 0.0375  297 CDS1 2.64 1.3985 0.0342 
51 NSP1 4.16 2.0554 0.0089  298 FAR8 2.63 1.3966 0.0092 
52 STE24 4.15 2.0529 0.0025  299 BEM2 2.63 1.393 0.0107 
53 SPT6 4.11 2.0408 0.0452  300 EMC1 2.62 1.3871 0.0085 
54 DFM1 4.11 2.0403 0.0069  301 TAF3 2.62 1.387 0.0322 
55 FTR1 4.11 2.039 0.0368  302 FAR10 2.61 1.3855 0.0178 
56 SPT8 4.10 2.0364 0.0141  303 MAS1 2.61 1.3855 0.0229 
57 RPL21A 4.09 2.0325 0.0133  304 SEC39 2.61 1.3843 0.0092 
58 NUP85 4.07 2.0244 0.0341  305 ERG9 2.61 1.382 0.0137 
59 VMA5 4.07 2.0234 0.0316  306 MAS2 2.60 1.3792 0.0219 
60 SAC3 4.06 2.0199 0.0286  307 RPB2 2.60 1.3764 0.0273 
61 PSP2 4.05 2.0179 0.0170  308 CBF1 2.60 1.3763 0.0093 
62 SRO9 4.05 2.0175 0.0112  309 KTR1 2.59 1.3748 0.0308 
63 PBN1 4.01 2.0046 0.0126  310 DED1 2.59 1.3748 0.0141 
64 IPP1 4.01 2.0028 0.0038  311 APD1 2.59 1.373 0.0286 
65 SSA1 3.96 1.9866 0.0060  312 UFE1 2.59 1.3722 0.0280 
66 SEC21 3.92 1.9718 0.0150  313 SAM35 2.59 1.3718 0.0092 
67 RPS2 3.91 1.9659 0.0085  314 VRG4 2.59 1.3716 0.0387 
68 RPS3 3.89 1.9607 0.0304  315 SEC20 2.58 1.3653 0.0061 
69 SSD1 3.88 1.9569 0.0190  316 ERP1 2.58 1.3651 0.0176 
70 SED4 3.87 1.954 0.0170  317 TSC3 2.57 1.3626 0.0089 
71 EPS1 3.87 1.9539 0.0344  318 LCB2 2.57 1.3617 0.0018 
72 GPI8 3.86 1.9472 0.0163  319 ERG27 2.57 1.3611 0.0117 
73 RPL17A 3.83 1.9387 0.0316  320 EMC5 2.57 1.3607 0.0191 
74 ARO1 3.83 1.9376 0.0331  321 CUE1 2.56 1.3573 0.0071 
75 ADP1 3.83 1.9356 0.0287  322 TSC13 2.56 1.3566 0.0389 
76 RPS26A 3.82 1.9346 0.0185  323 SBH1 2.56 1.3559 0.0170 
77 SSE1 3.80 1.9257 0.0391  324 DNF3 2.56 1.3546 0.0391 
78 BMH1 3.79 1.9236 0.0056  325 YDJ1 2.56 1.3536 0.0020 
79 ALG12 3.79 1.9217 0.0119  326 RTN1 2.55 1.3521 0.0177 
80 SEY1 3.79 1.9207 0.0113  327 APL2 2.55 1.3501 0.0373 
81 MMF1 3.75 1.9086 0.0252  328 SIL1 2.54 1.342 0.0057 
82 RPL11A 3.75 1.9084 0.0176  329 IST2 2.53 1.34 0.0139 
83 PUF3 3.74 1.903 0.0252  330 KRE5 2.52 1.3345 0.0040 
84 SEC62 3.73 1.9007 0.0085  331 DEF1 2.52 1.3326 0.0363 
85 PRP43 3.70 1.8889 0.0235  332 MDH3 2.52 1.3326 0.0042 
86 RPS19A 3.70 1.8866 0.0342  333 HLJ1 2.52 1.3324 0.0093 
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87 IFA38 3.70 1.8863 0.0116  334 TIM54 2.52 1.3306 0.0228 
88 RPL5 3.66 1.8728 0.0174  335 AIM6 2.51 1.3269 0.0344 
89 ARB1 3.65 1.8684 0.0153  336 YHR045W 2.51 1.3269 0.0119 
90 FET5 3.64 1.8653 0.0090  337 XRN1 2.51 1.325 0.0092 
91 SEC27 3.63 1.8616 0.0125  338 DPM1 2.50 1.3234 0.0090 
92 SEC26 3.63 1.8601 0.0144  339 MDM32 2.50 1.3199 0.0347 
93 SUP45 3.63 1.8583 0.0084  340 PDC1 2.50 1.3191 0.0102 
94 WHI3 3.61 1.8517 0.0214  341 MDH2 2.49 1.3171 0.0056 
95 BGL2 3.61 1.8504 0.0056  342 PEX25 2.48 1.3112 0.0176 
96 YGL140C 3.60 1.8481 0.0126  343 ERG5 2.46 1.2999 0.0363 
97 RVB2 3.58 1.8415 0.0228  344 RPS25B 2.46 1.2998 0.0450 
98 RHO3 3.57 1.8366 0.0335  345 GUS1 2.45 1.2945 0.0342 

99 
YNR021
W 3.57 1.836 0.0207 

 
346 SCJ1 2.45 1.2943 0.0061 

100 GCD11 3.57 1.8348 0.0363  347 TIP20 2.45 1.2906 0.0133 
101 RPA34 3.51 1.8114 0.0259  348 PMT1 2.45 1.2904 0.0112 
102 ALG14 3.51 1.8095 0.0094  349 ARO2 2.45 1.2901 0.0177 
103 OST6 3.49 1.8045 0.0252  350 MSC7 2.44 1.289 0.0368 
104 DHH1 3.49 1.8026 0.0170  351 SAM37 2.44 1.2866 0.0172 
105 SAC6 3.49 1.8022 0.0007  352 PEX30 2.44 1.2841 0.0022 
106 ENV9 3.48 1.7977 0.0170  353 PEX15 2.44 1.2839 0.0264 
107 TUB2 3.47 1.7937 0.0285  354 PEX32 2.43 1.2815 0.0183 
108 CST26 3.45 1.7845 0.0115  355 SEC66 2.42 1.2769 0.0141 
109 NPP1 3.44 1.7844 0.0344  356 SCS3 2.42 1.2755 0.0094 
110 PGK1 3.44 1.7832 0.0405  357 RDL1 2.42 1.2752 0.0344 
111 TCP1 3.43 1.7801 0.0170  358 TYW1 2.42 1.2749 0.0210 
112 MNN9 3.43 1.7778 0.0170  359 RPL3 2.42 1.2723 0.0456 
113 PDC2 3.43 1.7775 0.0286  360 HTB2 2.41 1.2712 0.0138 
114 SLC1 3.42 1.7749 0.0064  361 CYC3 2.40 1.2643 0.0360 
115 GAA1 3.42 1.772 0.0061  362 CSR1 2.40 1.2634 0.0092 
116 BBC1 3.41 1.7719 0.0286  363 YBL086C 2.40 1.2633 0.0020 
117 RPS14B 3.41 1.7707 0.0304  364 PRC1 2.40 1.2624 0.0273 
118 DDP1 3.41 1.7701 0.0141  365 SAC1 2.40 1.2611 0.0053 
119 RPP0 3.40 1.7675 0.0316  366 PNT1 2.39 1.26 0.0013 
120 SEC24 3.40 1.7646 0.0275  367 SRP101 2.39 1.2583 0.0060 
121 IRR1 3.40 1.7642 0.0200  368 SNL1 2.39 1.2581 0.0051 
122 PMT5 3.40 1.7639 0.0145  369 OST1 2.39 1.2567 0.0102 
123 RPS17A 3.38 1.7557 0.0200  370 STT3 2.38 1.2536 0.0275 
124 SEC53 3.37 1.7507 0.0022  371 HRP1 2.38 1.2495 0.0301 
125 PUF2 3.36 1.7503 0.0191  372 PNC1 2.37 1.2476 0.0119 
126 MSH2 3.34 1.7406 0.0165  373 BUD6 2.37 1.2475 0.0164 
127 ERV14 3.34 1.74 0.0228  374 ARE2 2.37 1.2453 0.0032 
128 ALG5 3.34 1.7383 0.0170  375 PGC1 2.37 1.2424 0.0110 
129 MST28 3.34 1.7382 0.0060  376 OST3 2.37 1.2421 0.0189 
130 CDC36 3.34 1.7382 0.0193  377 WBP1 2.35 1.2351 0.0075 
131 CBP3 3.34 1.738 0.0007  378 ACC1 2.35 1.2308 0.0297 
132 EAF5 3.33 1.7363 0.0116  379 NVJ2 2.34 1.2287 0.0070 
133 YER138C 3.33 1.7348 0.0172  380 YOS9 2.34 1.2286 0.0084 
134 RPL24A 3.32 1.7331 0.0311  381 CPR4 2.34 1.2283 0.0333 
135 GPI17 3.31 1.7257 0.0093  382 NOP1 2.34 1.2236 0.0149 
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136 DGA1 3.30 1.7221 0.0059  383 SSH1 2.33 1.2194 0.0037 
137 ALE1 3.29 1.7181 0.0163  384 USE1 2.32 1.2163 0.0037 
138 SUB2 3.29 1.7178 0.0156  385 FUS3 2.32 1.2112 0.0155 
139 CAF40 3.29 1.7177 0.0156  386 MOB1 2.31 1.2087 0.0466 
140 CPD1 3.28 1.713 0.0177  387 ATP23 2.30 1.2047 0.0135 
141 RPN6 3.26 1.7046 0.0342  388 FET3 2.30 1.2027 0.0200 
142 RPL4A 3.26 1.7028 0.0222  389 ROT2 2.30 1.2016 0.0110 
143 NPL3 3.25 1.7023 0.0188  390 RPS20 2.29 1.1943 0.0251 
144 RPL14A 3.25 1.7018 0.0363  391 GSC2 2.28 1.1921 0.0032 
145 NUP133 3.25 1.7011 0.0249  392 UBC6 2.28 1.1896 0.0207 
146 RPL16B 3.24 1.6966 0.0361  393 SEC61 2.27 1.1833 0.0308 
147 GPI16 3.24 1.694 0.0054  394 IKS1 2.27 1.182 0.0237 
148 ISC1 3.23 1.6926 0.0200  395 YPL247C 2.26 1.1781 0.0264 
149 NUT1 3.22 1.6889 0.0198  396 GRX2 2.26 1.1764 0.0042 
150 TRS31 3.22 1.688 0.0090  397 MTC4 2.25 1.1713 0.0225 
151 GPI11 3.22 1.6871 0.0163  398 GIN4 2.25 1.1707 0.0141 
152 ERV2 3.22 1.6861 0.0454  399 YRA1 2.25 1.1706 0.0253 
153 VMA1 3.22 1.6856 0.0093  400 CBR1 2.24 1.1643 0.0051 
154 MYO4 3.21 1.6828 0.0038  401 PEX28 2.23 1.1546 0.0184 
155 SEC17 3.21 1.6821 0.0008  402 RRB1 2.22 1.1482 0.0170 
156 KTR3 3.20 1.6793 0.0189  403 DPL1 2.22 1.1481 0.0115 
157 SLN1 3.19 1.6722 0.0322  404 IPI3 2.21 1.1444 0.0113 
158 GPT2 3.19 1.6714 0.0115  405 ORM2 2.21 1.1414 0.0129 

159 
YPR137C-
B 3.18 1.6699 0.0132 

 
406 CYT2 2.20 1.1405 0.0252 

160 BNI1 3.18 1.6675 0.0263  407 RPN1 2.20 1.1358 0.0310 
161 NUP120 3.18 1.6672 0.0308  408 OSH3 2.20 1.1356 0.0111 
162 RVB1 3.15 1.6549 0.0145  409 GPD1 2.18 1.126 0.0084 
163 NUS1 3.14 1.6514 0.0227  410 ISU2 2.18 1.1253 0.0440 
164 LIA1 3.13 1.6469 0.0170  411 ANP1 2.18 1.1241 0.0170 
165 ALG13 3.12 1.6436 0.0104  412 RMD9 2.17 1.1151 0.0153 
166 LEM3 3.12 1.6426 0.0190  413 ARO3 2.16 1.1104 0.0322 
167 SIR2 3.12 1.6419 0.0064  414 ERV41 2.16 1.1089 0.0115 
168 NSG2 3.10 1.632 0.0201  415 PAM17 2.15 1.1067 0.0075 
169 RPS0A 3.10 1.6318 0.0354  416 HRD3 2.15 1.1065 0.0089 
170 SUM1 3.10 1.6308 0.0219  417 ERV25 2.15 1.1034 0.0143 
171 ERG1 3.08 1.624 0.0249  418 BET3 2.13 1.0927 0.0129 
172 KEL1 3.08 1.6239 0.0228  419 SIR4 2.13 1.0905 0.0205 
173 RPL13B 3.08 1.6233 0.0355  420 ATP17 2.13 1.0901 0.0064 
174 ACT1 3.08 1.623 0.0059  421 VMA2 2.13 1.0882 0.0125 
175 YEF3 3.08 1.6215 0.0222  422 SAM50 2.12 1.0806 0.0093 
176 UBR1 3.07 1.6177 0.0118  423 GPM1 2.11 1.0738 0.0363 
177 GCV3 3.07 1.6164 0.0110  424 RPS31 2.10 1.0721 0.0308 
178 RPL28 3.06 1.6153 0.0170  425 SEC11 2.08 1.0581 0.0322 
179 RPS13 3.06 1.6127 0.0200  426 XDJ1 2.08 1.0574 0.0020 
180 ERG2 3.06 1.6112 0.0329  427 VID22 2.08 1.0567 0.0321 
181 PEP4 3.05 1.6103 0.0040  428 LPD1 2.08 1.0552 0.0032 
182 SFB2 3.05 1.6079 0.0138  429 TOM70 2.08 1.0541 0.0070 
183 YKL077W 3.05 1.6064 0.0084  430 UBC7 2.07 1.0508 0.0069 
184 OLA1 3.04 1.6059 0.0160  431 DOP1 2.07 1.0486 0.0179 
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185 SHE10 3.03 1.5981 0.0110  432 PHO84 2.06 1.044 0.0116 
186 GSF2 3.02 1.5955 0.0115  433 ERV46 2.05 1.0351 0.0279 
187 TAF5 3.02 1.5951 0.0414  434 STR3 2.04 1.0275 0.0137 
188 PAB1 3.01 1.5903 0.0141  435 ERG6 2.03 1.0242 0.0008 

189 
YNL284C-
B 3.00 1.5839 0.0080 

 
436 SHR3 2.02 1.016 0.0421 

190 MSC2 3.00 1.5828 0.0172  437 UNG1 2.02 1.0127 0.0278 
191 SSE2 3.00 1.5828 0.0369  438 PDI1 2.02 1.0126 0.0044 
192 EOS1 2.99 1.5814 0.0284  439 YDL180W 2.02 1.0112 0.0344 
193 ERP3 2.99 1.5781 0.0129  440 ELO1 2.00 0.99701 0.0227 
194 TRS85 2.98 1.5767 0.0069  441 ATG26 1.97 0.98056 0.0125 
195 PMT4 2.98 1.5767 0.0372  442 ERP4 1.97 0.98028 0.0092 
196 NFT1 2.98 1.5752 0.0115  443 OSH6 1.97 0.97908 0.0020 
197 EMC2 2.97 1.5725 0.0170  444 CAF4 1.97 0.9775 0.0157 
198 PHO86 2.97 1.5697 0.0089  445 MCM1 1.96 0.97221 0.0268 
199 SOL2 2.96 1.5679 0.0404  446 RVS161 1.96 0.97009 0.0308 
200 ERP2 2.95 1.5601 0.0054  447 MON2 1.96 0.96897 0.0228 
201 TMA108 2.95 1.5587 0.0183  448 CLU1 1.95 0.96186 0.0176 
202 SSB2 2.95 1.5585 0.0062  449 TUM1 1.94 0.95598 0.0115 
203 POM33 2.94 1.5582 0.0253  450 DST1 1.94 0.95511 0.0172 
204 APL1 2.94 1.5572 0.0414  451 MIA40 1.94 0.95363 0.0032 
205 EAF3 2.94 1.5568 0.0175  452 SSC1 1.93 0.94748 0.0031 
206 CHO1 2.93 1.5525 0.0414  453 FAA3 1.93 0.94538 0.0089 
207 EMC4 2.93 1.5504 0.0042  454 TOM71 1.93 0.94522 0.0032 
208 SMY1 2.92 1.5478 0.0064  455 NUM1 1.91 0.92977 0.0015 
209 YKT6 2.92 1.5461 0.0102  456 SCY1 1.90 0.92635 0.0069 
210 ALG9 2.92 1.5457 0.0089  457 CIR2 1.90 0.92619 0.0287 
211 SEC23 2.92 1.5451 0.0157  458 TMA19 1.90 0.92556 0.0269 
212 GAB1 2.92 1.5447 0.0104  459 TCB3 1.90 0.92522 0.0075 
213 PMR1 2.91 1.542 0.0225  460 RPO41 1.88 0.90978 0.0268 
214 VOA1 2.91 1.5402 0.0275  461 RGD2 1.87 0.90404 0.0315 
215 UBP1 2.91 1.5401 0.0089  462 CWH41 1.87 0.90189 0.0110 
216 HSE1 2.90 1.5351 0.0149  463 SSQ1 1.87 0.90024 0.0032 
217 CDC53 2.90 1.5344 0.0414  464 GYP8 1.87 0.89922 0.0419 
218 DSL1 2.90 1.534 0.0112  465 RVS167 1.86 0.89483 0.0355 
219 SSZ1 2.89 1.5318 0.0197  466 YMR050C 1.85 0.88367 0.0129 
220 EMP24 2.89 1.5305 0.0113  467 NNF2 1.84 0.88343 0.0138 

221 
YHR214C-
B 2.89 1.5301 0.0253 

 
468 YLF2 1.80 0.84966 0.0260 

222 SRP102 2.89 1.5292 0.0060  469 COQ8 1.79 0.84242 0.0220 
223 NSG1 2.88 1.5285 0.0159  470 HTA1 1.78 0.83408 0.0355 
224 PDR1 2.88 1.5281 0.0040  471 ERJ5 1.74 0.79863 0.0353 
225 LCB1 2.88 1.5264 0.0038  472 TOM40 1.73 0.79316 0.0050 
226 SNT1 2.88 1.5255 0.0111  473 OLE1 1.73 0.78698 0.0484 
227 FCP1 2.87 1.5212 0.0228  474 YMR31 1.70 0.76785 0.0443 
228 CBP6 2.87 1.5201 0.0038  475 TOM22 1.70 0.76735 0.0414 
229 ARP2 2.87 1.52 0.0236  476 TOS1 1.69 0.75851 0.0384 
230 ERG11 2.86 1.5175 0.0089  477 YEL043W 1.68 0.75213 0.0105 

231 SSB1 2.86 1.5171 0.0022 
 

478 
YOR142W
-B 1.68 0.74871 0.0182 

232 RPS15 2.86 1.5151 0.0344  479 OXA1 1.68 0.74775 0.0297 
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233 TIF34 2.85 1.5118 0.0369  480 MSW1 1.67 0.74337 0.0015 
234 ERG26 2.85 1.5106 0.0084  481 HMO1 1.65 0.72289 0.0376 
235 GLT1 2.84 1.5058 0.0268  482 PUF4 1.64 0.71594 0.0176 
236 ZRG17 2.84 1.5038 0.0115  483 GCV1 1.63 0.7053 0.0032 
237 STE14 2.83 1.5029 0.0358  484 FIS1 1.63 0.70425 0.0317 
238 MHP1 2.83 1.5016 0.0145  485 SEC22 1.62 0.69837 0.0402 

239 
YOR283
W 2.83 1.5015 0.0163 

 
486 MCR1 1.61 0.69024 0.0106 

240 ABF1 2.83 1.5002 0.0170  487 MTC3 1.59 0.67208 0.0119 
241 SNX4 2.83 1.4988 0.0200  488 ARC1 1.58 0.65878 0.0189 
242 ERG7 2.82 1.4948 0.0259  489 HEM15 1.55 0.62819 0.0163 
243 TRS23 2.81 1.4926 0.0466  490 ETR1 1.53 0.61802 0.0089 
244 VPS70 2.81 1.4923 0.0126  491 ARH1 1.53 0.616 0.0200 
245 TRS20 2.81 1.4913 0.0275  492 CBP4 1.52 0.60048 0.0414 
246 SBH2 2.80 1.488 0.0047  493 COX15 1.51 0.59708 0.0251 
247 NCP1 2.80 1.4866 0.0046  
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Table S3.2. Proteomic comparison of the cytosolic fraction of Ant1A114P,A123D-
transfected vs. Ant1-transfected HeLa cells.   
 
Cytosolic fractions of transfected HeLa cells were obtained and proteins quantified by 
label-free quantitative mass spectrometry.  This table includes all proteins for which p < 
0.05.  FC, fold change; raw.pval, raw p value from a student’s t test.   
 
 

Protein 
ID FC log2(FC) 

raw. 
pval -log10(p) 

 Protein 
ID FC 

log2(F
C) 

raw. 
pval -log10(p) 

PDRG1 5.85 2.549 0.0004 3.372  EZH2 0.87 -0.198 0.0076 2.118 
MSRA 5.22 2.385 0.0003 3.468  SEC24A 0.87 -0.199 0.0128 1.894 
KIAA13
77 
CEP126 3.20 1.678 0.0102 1.992 

 

KPNA1 0.87 -0.208 0.0079 2.103 
SURF4 2.97 1.569 0.0114 1.945  CTTN 0.86 -0.214 0.0373 1.428 
HEXB 2.96 1.564 0.0199 1.701  UBQLN2 0.86 -0.217 0.0216 1.665 
FRG1 2.92 1.547 0.0205 1.689  RPA1 0.85 -0.229 0.0017 2.765 
RAB3D 2.76 1.464 0.0196 1.707  MSH6 0.85 -0.232 0.0450 1.347 
CRYZ 2.68 1.423 0.0165 1.783  SH3GL1 0.85 -0.233 0.0025 2.606 

ACAA2 2.50 1.319 0.0456 1.341 

 CLUH 
KIAA066
4 0.85 -0.233 0.0439 1.357 

HPDL 1.98 0.989 0.0078 2.107  NCCRP1 0.85 -0.234 0.0462 1.335 
OAT 1.88 0.914 0.0384 1.416  IPO9 0.85 -0.234 0.0344 1.464 
CNPY2 1.82 0.862 0.0361 1.443  BCLAF1 0.85 -0.238 0.0227 1.643 
ALDH18
A1 1.79 0.837 0.0458 1.339 

 
MYPN 0.85 -0.239 0.0380 1.421 

FADD 1.73 0.791 0.0404 1.394 

 PDXDC1 
LOC102
724985 0.85 -0.241 0.0135 1.870 

HLA-A 1.73 0.790 0.0191 1.718  AHSA1 0.84 -0.244 0.0189 1.723 
ATP1A1 1.71 0.772 0.0040 2.401  SRP72 0.84 -0.249 0.0217 1.664 

HERC2 1.70 0.764 0.0491 1.309 
 ANKRD2

8 0.83 -0.262 0.0487 1.312 
GLUD1 1.69 0.755 0.0173 1.763  KRT18 0.83 -0.264 0.0270 1.568 
LAMP2 1.64 0.713 0.0106 1.975  IK 0.83 -0.269 0.0205 1.689 
FOXO3 1.61 0.687 0.0177 1.753  DDX23 0.83 -0.272 0.0290 1.538 
CSTB 1.61 0.685 0.0305 1.515  PPCS 0.83 -0.272 0.0357 1.448 
FAHD2A 1.60 0.674 0.0216 1.666  INF2 0.83 -0.275 0.0285 1.546 
ACAT1 1.58 0.659 0.0026 2.588  MAP2K1 0.82 -0.278 0.0128 1.893 
SDCBP 1.58 0.659 0.0329 1.482  DDX21 0.82 -0.280 0.0158 1.801 

ATP1B3 1.56 0.639 0.0019 2.710 
 FLYWCH

2 0.82 -0.283 0.0128 1.894 
CANX 1.55 0.635 0.0207 1.684  PSMA2 0.82 -0.295 0.0266 1.575 
APOH 1.53 0.617 0.0126 1.901  POP4 0.81 -0.306 0.0352 1.454 
ALPI 1.53 0.615 0.0249 1.603  RAE1 0.80 -0.315 0.0270 1.569 
SMARC
C1 1.50 0.585 0.0273 1.565 

 
VIM 0.80 -0.316 0.0036 2.449 

ETFB 1.49 0.579 0.0464 1.334  ARF4 0.80 -0.318 0.0393 1.405 
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CTSC 1.47 0.558 0.0478 1.321  RELA 0.80 -0.318 0.0088 2.056 

REEP5 1.44 0.531 0.0372 1.429 
 ATP6V1

E1 0.80 -0.326 0.0252 1.599 

KDM1A 1.40 0.485 0.0402 1.396 
 RAB3GA

P2 0.80 -0.327 0.0090 2.045 
BSG 1.40 0.484 0.0019 2.719  DHX16 0.80 -0.328 0.0371 1.430 
LAMP1 1.39 0.479 0.0209 1.679  PRPF31 0.79 -0.339 0.0038 2.420 
HIC2 1.39 0.478 0.0080 2.097  ZNF622 0.79 -0.340 0.0461 1.336 
CCBL2 
KYAT3 1.39 0.471 0.0441 1.356 

 
DNAJC7 0.79 -0.342 0.0035 2.452 

PRKCSH 1.37 0.453 0.0410 1.387  NUSAP1 0.79 -0.348 0.0163 1.787 
P4HB 1.35 0.432 0.0153 1.814  HDAC2 0.78 -0.350 0.0450 1.347 

PTRHD1 1.33 0.412 0.0466 1.332 
 GORASP

2 0.78 -0.354 0.0144 1.843 
NAGK 1.33 0.410 0.0471 1.327  NPLOC4 0.78 -0.355 0.0339 1.469 
CPS1 1.32 0.395 0.0112 1.952  RIPK1 0.78 -0.356 0.0484 1.315 
GANAB 1.30 0.373 0.0260 1.585  MAP2K2 0.78 -0.358 0.0468 1.330 

S100P 1.29 0.369 0.0138 1.860 
 RABGAP

1 0.78 -0.359 0.0113 1.946 
HSPD1 1.29 0.368 0.0046 2.338  NUP153 0.78 -0.360 0.0208 1.681 
NUDT4 1.29 0.362 0.0359 1.445  PRPS1 0.78 -0.360 0.0400 1.398 
GOT2 1.27 0.350 0.0449 1.347  GAS8 0.77 -0.373 0.0250 1.603 
HSP90B
1 1.25 0.327 0.0034 2.466 

 
LUC7L3 0.77 -0.376 0.0119 1.923 

EXOSC2 1.25 0.323 0.0027 2.571  DNAJA2 0.77 -0.377 0.0014 2.846 
BPNT1 1.24 0.313 0.0047 2.329  GPS1 0.77 -0.383 0.0027 2.576 
HSPA5 1.24 0.308 0.0268 1.571  ABCA1 0.77 -0.386 0.0337 1.473 
HSPA9 1.24 0.306 0.0138 1.860  RBM39 0.76 -0.391 0.0335 1.475 
PDIA4 1.21 0.276 0.0040 2.400  PRIM2 0.76 -0.404 0.0239 1.622 
ICAM1 1.20 0.268 0.0356 1.449  IFIT3 0.76 -0.404 0.0024 2.614 
CNDP2 1.19 0.257 0.0156 1.807  DKC1 0.76 -0.405 0.0307 1.513 
HSPE1 1.19 0.248 0.0173 1.762  FBLIM1 0.75 -0.415 0.0129 1.889 
ARPC4 1.19 0.248 0.0486 1.314  BUB1B 0.75 -0.416 0.0471 1.327 
GGCT 1.18 0.244 0.0191 1.720  CHERP 0.74 -0.427 0.0313 1.504 
PDIA3 1.18 0.243 0.0324 1.489  LRIG2 0.74 -0.428 0.0225 1.648 

ARRB1 1.16 0.211 0.0276 1.560 

 U2AF1 
LOC102
724594 
U2AF1L
5 0.74 -0.439 0.0481 1.318 

DYNLRB
1 1.14 0.191 0.0218 1.662 

 METTL2
B 0.73 -0.444 0.0320 1.495 

PARK7 1.13 0.171 0.0387 1.412  SPATS2 0.73 -0.445 0.0061 2.215 
NANS 1.12 0.164 0.0400 1.398  KRT17 0.73 -0.449 0.0071 2.151 
PFN1 1.11 0.153 0.0310 1.508  ADRM1 0.73 -0.454 0.0210 1.679 
XPO7 1.11 0.150 0.0076 2.122  SRP54 0.73 -0.460 0.0003 3.539 
SART1 1.10 0.141 0.0230 1.637  PRPF4B 0.72 -0.482 0.0079 2.103 
RCC2 0.91 -0.138 0.0101 1.998  IFIT1 0.71 -0.485 0.0127 1.897 
RIOK1 0.91 -0.143 0.0295 1.530  AEBP2 0.67 -0.580 0.0277 1.558 
MSH2 0.90 -0.147 0.0318 1.497  PRPF6 0.66 -0.609 0.0340 1.469 
OXSR1 0.90 -0.156 0.0189 1.723  NUP98 0.65 -0.623 0.0275 1.560 
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EPPK1 0.89 -0.160 0.0031 2.504  IFIT2 0.64 -0.649 0.0070 2.156 
DNM1L 0.89 -0.170 0.0124 1.906  SEC16A 0.63 -0.674 0.0152 1.820 
FAM50
A 0.89 -0.173 0.0106 1.975 

 
ARIH1 0.63 -0.677 0.0009 3.023 

EBNA1B
P2 0.89 -0.174 0.0394 1.404 

 
GINS2 0.59 -0.766 0.0365 1.438 

HNRNP
K 0.89 -0.175 0.0306 1.514 

 
LIG1 0.58 -0.789 0.0118 1.927 

SARNP 0.88 -0.182 0.0343 1.465  NOP10 0.57 -0.819 0.0188 1.725 
POP1 0.88 -0.182 0.0078 2.109  RRP7A 0.53 -0.915 0.0345 1.462 
PSMD3 0.88 -0.184 0.0095 2.024  C8orf59 0.51 -0.977 0.0165 1.783 
MTRR 0.88 -0.191 0.0040 2.403  BRCC3 0.47 -1.079 0.0238 1.624 
THRAP3 0.87 -0.193 0.0451 1.346  CDC27 0.36 -1.456 0.0497 1.304 
DIAPH1 0.87 -0.195 0.0087 2.060  DCTD 0.36 -1.477 0.0104 1.985 

SEPT7 0.87 -0.197 0.0461 1.336 
 RPGRIP1

L 0.29 -1.774 0.0386 1.414 
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Table S3.3.  Proteins significantly increased in Ant1A114P,A123D/+ skeletal muscle.   
Protein levels were quantified by TMT quantitative proteomics of the cytosolic fraction 
of skeletal muscle from 5 mice per genotype.  Multiple T test generated the raw p values 
shown in this table and Figure 3.6G. 
 

Protein name Fold change (FC) log2(FC) P value -log10(p value) 
Mpz 1.6838 0.75176 0.0076254 2.1177 
Prx 1.6062 0.68365 0.021894 1.6597 
Nefl 1.5334 0.61677 0.020852 1.6808 
Atp5h 1.4872 0.57259 0.0049447 2.3059 
Plod1 1.4857 0.57115 0.0046118 2.3361 
Suclg2 1.4586 0.54455 0.0033787 2.4712 
Mrpl22 1.4513 0.53738 0.034167 1.4664 
2010107E04Rik 1.4444 0.53046 0.01004 1.9983 
Atp5a1 B 1.4418 0.52783 0.019213 1.7164 
Atp5j 1.4262 0.51223 0.026577 1.5755 
Dlat 1.3926 0.47776 0.026317 1.5798 
Vdac1 1.3912 0.47633 0.017857 1.7482 
S100b 1.3892 0.4743 0.0025369 2.5957 
Ndufv3 1.3855 0.4704 0.0342 1.466 
Atp5d 1.381 0.46566 0.042272 1.3739 
Atp5e 1.3801 0.46473 0.020751 1.683 
Pdhb 1.3778 0.46236 0.024774 1.606 
Ndufb9 1.3694 0.45358 0.018581 1.7309 
Mpc1 1.3692 0.45333 0.032348 1.4902 
Sod2 1.3666 0.45062 0.019612 1.7075 
Vdac2 1.3652 0.4491 0.026529 1.5763 
Cpe 1.3635 0.44732 0.0030791 2.5116 
Rbm3 1.3568 0.44023 0.039656 1.4017 
Rplp0 1.3554 0.43871 0.00031836 3.4971 
Pdha1 1.3532 0.43635 0.024589 1.6093 
Atp5c1 1.3505 0.43349 0.038458 1.415 
Mdh2 1.3482 0.43104 0.048361 1.3155 
Atp5a1 1.3455 0.42809 0.046129 1.336 
Cox6b1 1.3444 0.42691 0.03294 1.4823 
Ogdh 1.3438 0.42632 0.021967 1.6582 
1110058L19Rik; Sdhaf4 1.3406 0.42287 0.024658 1.608 
Cox7a1 1.3406 0.42287 0.030321 1.5183 
Sdha 1.3397 0.42194 0.020236 1.6939 
Atp5b 1.3397 0.42194 0.044783 1.3489 
Dld 1.335 0.41689 0.046211 1.3353 
Maob 1.3337 0.41546 0.0069018 2.161 
Mbp 1.3322 0.41377 0.027762 1.5565 
Cox5b 1.3312 0.41277 0.036258 1.4406 
Cox7c 1.3307 0.41218 0.034685 1.4599 
Calb2 1.328 0.40923 0.0021603 2.6655 
Vdac3 1.3204 0.40099 0.030427 1.5167 
Sdr39u1 1.3178 0.39813 0.02362 1.6267 
Pdhx 1.3177 0.39805 0.040998 1.3872 
Mtch2 1.3167 0.39696 0.0066915 2.1745 
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Uqcrc1 1.3146 0.39461 0.04239 1.3727 
Rpl23 1.3116 0.39133 0.0040498 2.3926 
Idh3g 1.3102 0.38982 0.022331 1.6511 
Rplp2 1.3065 0.38571 0.0076787 2.1147 
Ndufs6 1.3058 0.38495 0.014726 1.8319 
Pcp4l1 1.305 0.38403 0.0053075 2.2751 
Nudt6 1.3049 0.38395 0.019738 1.7047 
Timm9 1.3029 0.38168 0.0097545 2.0108 
Fh1 1.3028 0.3816 0.049871 1.3021 
Pdpr 1.2989 0.37724 0.011889 1.9249 
Idh3a 1.296 0.37405 0.044905 1.3477 
Nefm 1.2907 0.3681 0.0379 1.4214 
Plbd2 1.2868 0.36374 0.018703 1.7281 
Ndufaf5 1.2855 0.36231 0.0019636 2.707 
Fahd2a 1.2855 0.36231 0.032099 1.4935 
Ndufv1 1.2815 0.35788 0.035278 1.4525 
Me3 1.2802 0.35638 0.017076 1.7676 
Idh3b 1.2797 0.35579 0.048494 1.3143 
Cyc1 1.2795 0.35554 0.040642 1.391 
Gpt2 1.2738 0.34909 0.00013624 3.8657 
Mcee 1.2727 0.34792 0.018911 1.7233 
Pdp1 1.2668 0.34116 0.016304 1.7877 
Sdhb 1.2656 0.3398 0.047294 1.3252 
Timm10 1.2617 0.33538 0.026862 1.5709 
Xpnpep2 1.2573 0.3303 0.026518 1.5765 
Metap1d 1.2563 0.3292 0.021858 1.6604 
Zyx 1.2556 0.32836 0.0098583 2.0062 
Ddah1 1.2546 0.32719 0.042168 1.375 
Lamtor2 1.2545 0.32712 0.040266 1.3951 
Maoa 1.2507 0.32277 0.020574 1.6867 
Ccdc50 1.2502 0.32219 0.039754 1.4006 
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Table S3.4.  Key Resources and Reagents 
 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Polyclonal rabbit ant-Aac2 Chen Lab N/A 
Polyclonal rabbit anti-Ilv5 Chen Lab N/A 
Polyclonal rabbit anti-Hsp60 Chen Lab N/A 
Polyclonal rabbit anti-TFAM Sigma Cat. #SAB1401383-

100UG 
Monoclonal mouse anti-hemagglutinin (HA) Covance Cat. #MMS-101R 
Polyclonal rabbit anti-Tim22 (yeast) Nikoalus Pfanner Lab 5113 
Monoclonal rabbit anti-Tom20 (human) Cell Signaling Cat. #42406 
Monoclonal rabbit anti-Tom40 (human) Abcam Cat. #ab185543 
Polyclonal rabbit anti-Tim22 (human) Protein Tech Cat. #14927-1-AP 
Monoclonal mouse anti-Tim23 (human) BD Biosciences Cat. #611222 
Polyclonal rabbit anti-Smac (human) Abcam Cat. #ab8114 
Polyclonal rabbit anti-Ant1  Sigma Cat. #SAB2108761-

100UL 
Monoclonal rabbit anti-Mdh2 (D8Q5S) Cell Signaling Cat. #11908 
Monoclonal rat anti-GFAP (immunostaining) Invitrogen Cat. #13-0300 
Monoclonal mouse anti-GFAP (Western blot) Chemicon International Cat. #MAB360 
Monoclonal mouse anti-GAPDH Abcam Cat. #ab9482 
Chemicals, Peptides, and Recombinant Proteins 
L-[35S]-methionine Perkin Elmer Cat. 

#NEG009005MC 
Anti-HA affinity matrix (used for yeast) Roche Cat. #11815016001 
Anti-HA beads (used for HeLa cells) Thermo Scientific Cat. #26181 
Ni-NTA agarose beads  Qiagen Cat. #1018244 
HALT Protease and Phosphatase Inhibitor 
Cocktail 

Thermo Scientific Cat. #1861284 

JC-1 Life Technologies Cat. #T3168 
TATQEGVISFWR New England Peptide Aac2 Peptide 1 
SDGVAGLYR New England Peptide Aac2 Peptide 2 
VYTGFGLEQISPAQK New England Peptide Tim22 Peptide 1 
TVQQISDLPFR New England Peptide Tim22 Peptide 2 
Critical Commercial Assays 
TNT Quick Coupled Reaction Mix Promega Cat.#L2080 
FITC Annexin V Apoptosis Detection Kit with 
PI 

BioLegend Cat. #640914 

Quick-RNA Fungal/Bacterial Microprep Kit Zymo Cat. #R2010 
Power SYBR Green RNA-to-Ct 1-step Kit Thermo Fisher 

Scientific 
Cat. #4389986 

Lipofectamine 3000 Invitrogen Cat. #L3000-015 
QuikChange Site-Directed Mutagenesis Stratagene Cat. #200518 
Revert 700 Total Protein Stain LI-COR Cat. #926-11021 
Experimental Models: Cell Lines 
Human: HeLa cells ATCC  
Experimental Models: Organisms/Strains – Saccharomyces cerevisiae 
MATa, ade2, trp1, his3, leu2, ura3 R. Rothstein W303-1B 
MATa, ade2, trp1, his3, leu2, ura3, 
trp1D::aac2A128P-URA3 

This study CS1382-4A 
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MATa, ade2, trp1, his3, leu2, 
ura3,trp1D::aac2A137D-URA3 

This study CS1458/1 

ade2, trp1, his3, leu2, ura3, lys2D::aac2A128P, 
A137D-kan 

This study CS1763-5A 

MATa, ade2, trp1, his3, leu2, ura3, 
aac2D::kan 

Chen lab CS341/1 

MATa, ade2, trp1, his3, leu2, ura3, 
aac2D::LEU2, trp1::aac2A128P-URA3 

This study CY4193 

MATa, ade2, trp1, his3, leu2, ura3, 
aac2D:kan, lys2D::aac2A137D-kan 

This study CS1762/2-8A 

MATa, ade2, trp1, his3, leu2, ura3, 
aac2D:kan, lys2D::aac2A128P,A137D-kan 

This study CS1763-7D 

MATa, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, 
ura3D::aac2A128P-URA3 

Chen lab CY3326 

MATa, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, 
trp1::GAL10-AAC2-HIS3 

Chen lab BY4742/AG3 

MATa, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, 
trp1::GAL10-AAC2A128P-HIS3 

Chen lab CY3322 

MATa,  his3∆1, leu2∆0, met15∆0, ura3∆0 EUROSCARF BY4741 
as BY4741, but ssa4D::kan Open Biosystems BY4741/ssa4D 
as BY4741, but rpn4D::kan Open Biosystems BY4741/rpn4D 
as BY4741, but hsp82D::kan Open Biosystems BY4741/hsp82D 
as BY4741, but ssa3D::kan Open Biosystems BY4741/ssa3D 
as BY4741, but cis1D::kan Open Biosystems BY4741/cis1D 
as BY4741, but tom40::TOM40HA-HIS3MX6 Ellenrieder et al., 2019 BY4741/TOM40-HA 
MATa, ade2, leu2, ura3 Chen lab M2915-6A 
MATa, ade2, ura3, leu2, ura3D::aac2A128P-
URA3 

Chen lab CY3323 

as M2916-6A, but aac2D::LEU2, 
lys2D::AAC2-HIS6-kan 

This study YKSL210 

as M2916-6A, but aac2D::LEU2, 
lys2D::aac2A128P-HIS6-kan 

This study YKSL211 

as M2915-6A, but tom70D::kan  This study CY3904  
as M2915-6A, but tim18D::Kan This study CY6316 
MATa ura3-52, lys2-801_amber, ade2-
101_ochre, trp1-Δ63, his3-Δ200, leu2-Δ1 

Sikorski and Hieter, 
1989 

YPH499 

Expeirmental Models: Organisms/Strains – Mus musculus 
C57BL6/NTac Taconic Catalog no: B6-F 
Hprt-Cre female Jackson Labs stock no: 004032 
Ant1A114P,A123D knock-in mice This study N/A 
Oligonucleotides 
GCTGGCACTCATATCTTATCGTTTCACAA
TGG Teste et al., 2009 TFC1 fwd (B) 

GAACCTGCTGTCAATACCGCCTGGAG Teste et al., 2009 TFC1 rev (B) 
GCTGCTTTGGCTAAGTTGTTACGTTAC Boos et al., 2019 HSP82 fwd 
GAGATTCACCAGTGATGTAGTAGATGTTC Boos et al., 2019 HSP82 rev 
GCAACAAGAGCAACACCAAGAGGAG Boos et al., 2019 RPN4 fwd 
CTGTCCATGTTAGAGTCAACGTAACTG Boos et al., 2019 RPN4 rev 
ATCAGTAATTGTCCCATCGGGTTAGTTTC Boos et al., 2019 CIS1 fwd 
CCTGGGCAGCCTTGAGTAAATCATATC Boos et al., 2019 CIS1 rev 
GGATAAGAAAGGCAGGGCTGA This study SSA3 fwd (A) 
CTGCGGTAGCCTTAACCTCAA This study SSA3 rev (A) 
AGGCAAGCAACAAAAGATGCC This study SSA4 fwd (B) 
TTGTCCAGCCCATACGCAATA This study SSA4 rev (B) 
GAAAGAGTTTCATTGCCATTAG This study TOM70P1 
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TTGTGGTTTATACGCACTGC This study TOM70P2 
AACACTGTGCAGGCAACTTC This study TOM70P3 
CTCCGCAAATTGGCGAGG This study TOM70P4 
CCATTCTCGCAAAAGATCGG This study TIM18KOFP 
TCTGGATTTCGAGAAGAAGG This study TIM18KORP 
GTCAGTGCCCTCGAGAGC This study TIM18GTFP 
cccaagcttCGCAGATAGTGCGATAGTTG This study TIM18GTRP 
ATCCATCTCAAAGGCAAACG  This study Lox gtF  
AAATTCCCTGCAGGCTTATG  This study Lox gtR  
Recombinant DNA 
pRS416 The Chen Lab N/A 
pRS416-AAC2 This study N/A 
pRS416-aac2(A106P) This study N/A 
pRS416-aac2(M114P) This study N/A 
pRS416-aac2(A128P) This study N/A 
pRS416-aac2(A137D) This study N/A 
pRS416-aac2(A106D,M114P) This study N/A 
pRS416-aac2(A106D,A128P) This study N/A 
pRS416-aac2(A106D,A137D) This study N/A 
pRS416-aac2(M114P,A128P) This study N/A 
pRS416-aac2(M114P,A137D) This study N/A 
pRS416-aac2(A128P,A137D) This study N/A 
pCDNA3.1 This study N/A 
pCDNA3.1-Ant1 This study N/A 
pCDNA3.1-Ant1(A90D) This study N/A 
pCDNA3.1-Ant1(L98P) This study N/A 
pCDNA3.1-Ant1(A114P) This study N/A 
pCDNA3.1-Ant1(A123D) This study N/A 
pCDNA3.1-Ant1(A90D,L98P) This study N/A 
pCDNA3.1-Ant1(A90D,A114P) This study N/A 
pCDNA3.1-Ant1(A90D,A123D) This study N/A 
pCDNA3.1-Ant1(L98P,A114P) This study N/A 
pCDNA3.1-Ant1(L98P,A123D) This study N/A 
pCDNA3.1-Ant1(A114P,A123D) This study N/A 
pCDNA3.1-Ant1(A90D,A114P,A123D) This study N/A 
pCDNA3.1-Ant1(A90D,L98P,A114P,A123D) This study N/A 
pGEM-4Z-AAC2 (Saccharomyces 
cerevisiae) 

This study N/A 

pGEM-4Z-aac2(A128P) This study N/A 
pGEM-4Z-aac2(A137D) This study N/A 
pGEM-4Z-aac2(A128P,A137D) This study N/A 
Software and Algorithms  
ImageJ  National Institutes of 

Health, USA 
https://imagej.nih.go
v.ij/ 

Multi Gauge v.3.2 FujiFilm N/A 
Image Studio LI-COR N/A 
Prism version 9 GraphPad Software, 

LLC 
N/A 

SPSS Statistics IBM N/A 
Proteome Discoverer version 2.4 Thermo Scientific N/A 
Metaboanalyst Pang et al., 2020 N/A 
STRING version 11.0 Szklarczyk et al., 2019 N/A 
Skyline version 20.2 MacCoss Lab Software N/A 
CFX Maestro software BioRad N/A 
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BioCIS BIOSEB N/A 
Startle-PPI Pro software Med Associates N/A  
ANY-maze behavioral tracking software Stoelting Co. N/A 
Other 
Grip Strength Test Model GT3 BIOSEB N/A 
Acoustic Startle Chambers Med Associates N/A 
Oxygraph Plus System Version 2.1 Hansatech Instruments N/A 
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4.1 – Abstract 

Mitochondrial biogenesis depends on the import of proteins synthesized in the 

cytosol, and reduced protein import would be expected in the cellular milieu associated 

with many neurological conditions.  However, the neurological effects specific to protein 

import stress are unknown due to lack of an adequate animal model.  Here, we fill this 

gap using our recently established protein import “clogger” mouse model, which 

expresses mutant adenine nucleotide translocase 1 (Ant1) that clogs the mitochondrial 

protein import machinery.  While a small fraction of clogger mice undergo paralytic 

neurodegeneration, we show that non-paralytic mice do not have bioenergetic defects in 

the central nervous system. Non-paralytic clogger mice actually perform better than wild-

type in behavioral assays of motor coordination and executive function. Transcriptomic 

analysis revealed signaling pathways directed towards counteracting proteotoxicity, 

possibly as a response to the accumulation of mitochondrial preproteins in the cytosol, a 

process known as mitochondrial Precursor Overaccumulation Stress (mPOS).  IGF-2 was 

robustly upregulated in the spinal cord. IGF-2 is known to play a role in the extrusion of 

cytosolic protein aggregates into the extracellular space, in addition to its primary role in 

cell growth and development. To provide further support for a role of protein import 

stress in neurodegeneration, we crossed the clogger mice with a mouse model of 

Parkinson’s disease expressing a cytosolic aggregation-prone protein, a-synucleinA53T.  

We found that mild protein import stress significantly worsens motor coordination in a-

synucleinA53T, but not wild-type mice.  In addition, double mutant mice showed modestly 

shortened maximal lifespan compared with a-synucleinA53T animals. We found no 

evidence of impaired bioenergetics in the double mutant mice.  These findings suggest 



 175 

that mild protein import stress can modify neurodegeneration independent of 

bioenergetics. 
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4.2 – Introduction 

 Mitochondrial defects and cytosolic protein aggregation in neurons are often co-

manifested in neurodegenerative diseases such as Parkinson’s disease (PD), Alzheimer’s 

disease, Amyotrophic Lateral Sclerosis and Huntington’s disease. These two hallmarks 

are shared despite significant variations in genetic and phenotypic makeup between 

diseases.  Nevertheless, it is clear that both mitochondrial dysfunction and protein 

aggregation can individually drive neurodegeneration, but whether and how they interact 

during initiation and/or progression of these complex diseases is poorly understood, and 

likely to be multifactorial.  The effects of pathogenic cytosolic protein species on 

mitochondrial function have been extensively investigated (Kawamata and Manfredi, 

2017).  By comparison, the mechanisms by which mitochondrial function affects 

cytosolic proteostasis and pathological protein aggregation is vastly understudied.  

Recent work in yeast and human cells has shown that a wide range of 

mitochondrial stressors can reduce cell viability by reducing the import of mitochondrial 

preproteins causing their toxic accumulation and aggregation in the cytosol (Wang and 

Chen, 2015, Coyne and Chen, 2018, Liu et al., 2018a, Liu et al., 2019).  This cell stress 

mechanism was termed mitochondrial Precursor Overaccumulation Stress (mPOS).  In 

the context of neurodegeneration, this raises the intriguing possibility that mitochondrial 

dysfunction could directly contribute to cytosolic protein aggregation, thereby amplifying 

the effect of the proteostatic pathway of neurodegeneration.  To our knowledge, this 

intuitive possibility has not been tested due to the lack of an adequate animal model of 

moderate protein import stress that does not severely affect oxidative phosphorylation. 
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Such a model is critical for demonstrating the pathogenic effect specific to protein import 

defect and mPOS independent of bioenergetics.  

 Modeling mitochondrial protein import stress in animals is particularly 

challenging because virtually all mitochondrial functions depend on efficient import.  All 

but 13 of the 1,000-1,500 mitochondrial proteins are encoded in the nucleus, synthesized 

by cytosolic ribosomes and then imported into the organelle.  The import machinery is 

intricate, relying on numerous chaperones both inside and outside mitochondria, as well 

as multiple pore-forming protein complexes in the inner and outer mitochondrial 

membranes (Neupert and Herrmann, 2007, Endo and Yamano, 2009, Wiedemann and 

Pfanner, 2017).  The entry gate for >90% of mitochondrial proteins is the translocase of 

the outer membrane (TOM) complex.  We previously engineered mutant variants of the 

adenine nucleotide translocator that clog the TOM complex to obstruct general protein 

import (Coyne et al. 2021).  The best-characterized clogger protein was Ant1A114P,A123D, 

which we used to generate a mouse model.  Approximately 4% of Ant1A114P,A123D /+ mice 

(or “clogger” mice) become paralyzed around 12 months of age, suggesting a direct role 

of protein import clogging in neurodegeneration (see Chapter 3).  Yet ~96% of clogger 

mice have a normal lifespan, and do not develop overt neurological symptoms.  In this 

study, we exploit these mice to study the specific effects of moderate protein import 

stress on neurological function. Most importantly, we then used mouse genetics to test 

whether moderate protein import clogging can accelerate neurodegeneration in a mouse 

model of Parkinson’s disease (PD) that involves the misfolding and aggregation of the 

cytosolic protein, a-synucleinA53T.   
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a-synuclein is a well-characterized protein whose oligomerization and 

aggregation in neurons is widely implicated in the pathogenesis of PD (Stefanis, 2012).  

It is the main component of neuronal protein deposits in sporadic PD, such as Lewy 

neurites and Lewy Bodies; its overexpression causes dominant familial PD in a dose-

dependent manner (Singleton et al., 2003, Fuchs et al., 2007); and dominant mutations in 

a-synuclein, such as A53T, cause early-onset PD (Polymeropoulos et al., 1997).  Such 

dominant mutations increase the propensity of oligomerization of the protein (Lashuel et 

al., 2002).  We capitalized on this cellular milieu to test if protein import clogging could 

accelerate and/or potentiate protein aggregation and neurodeneration in a transgenic 

mouse model expressing a-synucleinA53T (Lee et al., 2002b).  
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4.3 – Results 

4.3.1 – Mild protein import stress affects motor coordination and behavior but not 

memory in mice. 

  To explore the effects of protein import clogging on neurological function, we 

performed a battery of behavioral assays on non-paralytic clogger mice.  To ensure 

validity of the behavioral assays, we first assessed vision and motor function.  Using 

optomotor response testing, we confirmed that visual acuity and contrast sensitivity are 

preserved in clogger mice (Figure S4.1A-B). While 30-month-old clogger mice clearly 

exhibit skeletal muscle atrophy and weakness (see Chapter 3), this effect appears age-

dependent, as mice at the age of ~13 months have preserved muscle function, as 

suggested by treadmill exhaustion testing (Figure S4.1C-D).  Swim speed to a visible 

escape platform was also unchanged in clogger mice (Figure S4.1E). We also tested ~20-

month-old mice on an accelerating rotarod to measure motor coordination and balance.  

Surprisingly, we found that the clogger mice performed significantly better than wild-

type mice, suggesting enhanced motor coordination and/or balance (Figure 4.1A).   

To assess general locomotor activity, we performed an open field test.  When left 

undisturbed in a brightly lit open field for 10 minutes, female clogger mice move at a 

faster average speed than wildtype (Figure 4.1B).  This increased locomotor activity 

cannot be attributed to anxiety-like behavior, as suggested by clogger mice spending 

similar amounts of time in the “center zone” of the open field (Figure S4.2A).  Rodents 

have a tendency to stay near the walls of a well-lit open field, a property known as 

thigmotaxis, and time spent away from the walls in the center zone is used as an index of 

anxiety in mice.  Another test of anxiety-like behavior, the elevated plus maze, has two 
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elevated walled arms perpendicular to two elevated open arms, and the amount of time 

spent in the open arms is similarly used as a proxy for anxiety-like behavior.  Clogger 

mice spent similar amounts of time in the open arms as wild-type, consistent with 

unaffected anxiety-like behavior (Figure S4.2B).   

To assess cognitive function, we monitored animal behavior in a number of 

assays as a proxy for memory and executive function.  The Y-maze spontaneous 

alternation test relies on rodents’ natural tendency to explore new areas.  When they 

repeatedly return to arms of the Y-maze that they were most recently in, this is 

interpreted as a defect in working spatial memory.  This assay suggested that clogger 

mice have preserved working spatial memory (Figure S4.2C).  The novel object 

recognition test relies on rodents’ natural tendency to explore new objects after becoming 

familiarized with other objects over multiple prior training days.  This assay suggested 

that clogger mice have preserved long-term recognition memory (Figure S4.2D).  The 

Morris water maze tests rodents’ ability to learn and remember the location of a hidden 

escape platform that they have to swim to, which is unpleasant for rodents.  This assay 

suggested that clogger mice have preserved long-term spatial memory and learning 

(Figure S4.2E-G). Collectively, these data suggest that learning and memory are intact in 

clogger mice. 

Finally, we tested executive function, which refers to higher-level cognition used 

to control and coordinate behavior.  To test this, we used a “puzzle box” assay in which 

mice are placed in a stressful environment and the amount of time it takes to escape 

through an obstructed exit doorway is used as a proxy for executive function (Ben 

Abdallah et al., 2011, O'Connor et al., 2014).  We found that, for the most difficult 
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obstruction (“Condition 4”), clogger mice were significantly better at escaping the 

stressful environment (Figure 4.1C).  These data suggest clogger mice may have 

improved executive function that cannot be attributed to increased anxiety-like behavior, 

as shown above.   

 
 

Figure 4.1.  Mild protein import clogging positively affects motor coordination and 
executive function.  
 

(A) Clogger mice (Ant1A114P,A123D/+) perform better than wild-type on the 
accelerating rotarod.  Mice aged 19-22 months (n > 16 mice per genotype, n > 5 
per sex per genotype) were tested on a high-difficulty rotarod protocol of 
acceleration from 4 to 40 rpm over 2 minutes.  Data were analyzed with a two-
way repeated measures ANOVA probing for an effect of sex and genotype, with 
Geisser-Greenhouse correction.  Depicted is the main-effect of genotype.   

(B) Female clogger mice have increased spontaneous locomotor activity.  Two 
independent aged mouse cohorts (14-17 months of age) were monitored in the 
open field apparatus and average speed throughout the 10 minutes was plotted.  
Data were analyzed with a two-way ANOVA with Sidak’s multiple comparison’s 
test.  Each dot is an unique mouse. 
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(C) In the “puzzle box” assay, clogger mice are faster than wild-type in removing 
obstacles from a 5 cm x 5 cm doorway to escape from a stressful environment, 
suggesting enhanced executive function (20-23.5 months of age; n = 13 wild-type 
including 5 females and 8 males; n = 15 cloggers including 9 female and 6 male). 
Different “Conditions” are different obstacles.  “All conditions” p-value was 
derived from a repeated measures ANOVA (with Geisser-Greenhouse correction) 
probing for an effect of genotype with the 13 repeated trials as the within-subjects 
variable.  P-value from “Condition 4 only” derived the same way except with only 
condition 4 data.   

 

4.3.2 – Ant1A114P, A123D-induced protein import clogging does not affect mitochondrial 

bioenergetics in the brain 

Similar behavioral changes, including increased voluntary locomotor activity and 

performance on the rotarod, have been reported in mutant mice affected in mitochondrial 

function, which was speculated to be caused by bioenergetic function (Tyynismaa et al., 

2005, Emmerzaal et al., 2020). We therefore wondered whether reduced mitochondrial 

bioenergetics contributes to the behavioral phenotypes in the Ant1A114P,A123D/+ clogger 

mice.  To test this, we measured oxygen consumption from purified brain mitochondria.  

Unlike skeletal muscle (see Chapter 3), brain mitochondria from clogger mice do not 

have reduced maximal respiratory rate (state 3) when stimulating complex I (Figure 

4.2A-B).  ADP-depleted respiration (state 4) and the respiratory control ratio (state 3/state 

4) were also unchanged (Figure 4.2C-D).  These observations suggest mitochondrial 

oxygen consumption is well-coupled with ATP synthesis and the maximal complex I-

based respiratory capacity is not reduced in clogger brain mitochondria.  Mitochondrial 

respiration was also unaffected when complex I is inhibited with rotenone and complex II 

is stimulated with succinate (Figure 4.2E-H). Thus, mitochondrial respiration is 

unaffected or minimally affected in mouse brain. Consistent with this, we assessed the 
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steady-state levels of respiratory chain proteins by immunoblot and found that 

representative subunits of complexes I, II, III and V were unaffected in clogger brain 

mitochondria (Figure 4.2I). Given that Ant1A114P, A123D-induced protein import clogging 

alters motor function, we extended our analysis to the spinal cord by directly examining 

mitochondrial morphology using transmission electron microscopy. The data showed 

preserved mitochondrial morphology in ventral horn neurons in the non-paralytic clogger 

mouse spinal cord (Figure 4.2J).  Taken together, these data suggest that mitochondrial 

structure and function are generally preserved in the central nervous system of clogger 

mice.   
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Figure 4.2.  Mild protein import clogging does not affect mitochondrial 
bioenergetics in the central nervous system. 

(A) – (D)  Respirometry of purified brain mitochondria with complex I stimulated by 
glutamate (glu) and malate (mal).  N = 4 mice/genotype/age group.  2 
measurements were taken per mouse, the average of which is plotted in (B)-(D).  
Data from different ages were analyzed separately due to a suspected batch effect.  
Independent repeated measures ANOVA within each age group (with 
measurement order as the within-subjects variable and genotype as the between-
subjects variable) confirmed no effect of measurement order or genotype for any 
measure potted in (B)-(D) or (F)-(H).  FCCP, Trifluoromethoxy carbonylcyanide 
phenylhydrazone; Oligo, oligomycin; Glu, glutamate; Mal, malate. State 3 
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respiration is the maximal respiratory rate after addition of ADP. State 4 
respiration is the respiratory rate after depletion of ADP.  The respiratory control 
ratio is State 3 divided by State 4 respiratory rates.  Decreased respiratory control 
ratio would be interpreted as increased mitochondrial damage.   

(E) – (H) Respirometry of purified brain mitochondria with complex II stimulated by 
succinate and complex I inhibited by rotenone.  N = 3 mice/genotype at 9 months 
of age and 4 mice/genotype at 24 months of age.  Data collected and analyzed as 
in (A)-(D). 

(I) Immunoblot analysis of representative subunits of the respiratory complexes from 
purified brain mitochondria. 

(J) Electron microscopic analysis in the cell body of spinal cord ventral horn neurons 
showing no obvious changes to mitochondrial ultrastructure in non-paralytic 
clogger mice. Scale bar is 500 nm.  

 
 
 
4.3.3 – Transcriptional remodeling in the central nervous system.  

 To learn whether Ant1A114P, A123D-induced protein import clogging triggers 

specific stress responses, we first performed RNAseq analysis of the spinal cord because 

the spinal cord appears to be preferentially affected in the clogger mice (see Chapter 3).  

We found a robust transcriptional signature of 149 differentially expressed genes (q < 

0.05) (Figure 4.3A & Table S4.1).  Among the four most upregulated genes were 

HSPA1B, IGF2 and IGFBP6 (Figure 4.3B).  HSPA1B codes for HSP70, a molecular 

chaperone that protects against protein aggregation and mediates folding of newly 

synthesized proteins.  It is also involved in the stabilization and mitochondrial delivery of 

mitochondrial preproteins in the cytosol (Young et al., 2003).  This observation is 

consistent with the finding that HSPA1B is transcriptionally activated in HEK293T cells 

challenged by an import clogger protein (see Chapter 2), and that yeast HSP70 genes 

were upregulated upon clogging by Aac2A128P (see Chapter 3). The data are also in 

concordance with previous findings with a synthetic protein import clogger (Boos et al., 

2019).  We also found increased physical association of HSP70 family members with 
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Aac2A128P in Chapter 3.  Taken together, these data suggest that transcriptional 

upregulation of HSP70 genes is a common response to mitochondrial protein import 

clogging.   

 Insulin-like growth factor-binding proteins (IGFBPs) are secreted proteins that 

bind insulin-like growth factors (IGFs) to regulate their transportation, localization, and 

function.  IGFBP-6 is unique to this family in that it has a 20- to 100-fold higher affinity 

for IGF2 compared with IGF1 (Bach, 1999).  Thus, co-induction of IGFBP-6 and IGF2 in 

clogger-mouse spinal cords suggests activation of a coordinated stress response.  Recent 

studies demonstrated that IGF2 can protect against neurodegeneration through 

extracellular disposal of protein aggregates (Garcia-Huerta et al. 2020).  Ongoing studies 

are investigating this possibility in the context of protein import clogging. 

We then extended our RNA-Seq analysis to other regions within the central 

nervous system.  We selected the striatum and cerebellum for analysis based on the 

behavioral phenotypes observed in non-paralytic Ant1A114P,A123D/+ mice, namely 

increased locomotor activity, enhanced balance and coordination, and increased problem-

solving.  In contrast to spinal cord, we observed minimal transcriptional changes at the 

individual gene level in the striatum and cerebellum, with only 5 and 28 differentially 

expressed genes respectively (q < 0.05, excluding reduced expression of ANT; see 

Appendix III for an exploration on reduced ANT1 expression) (Figure S4.3, Tables S4.2-

3).  Notably absent, though, were any changes in genes involved in oxidative 

phosphorylation, consistent with a lack of mitochondrial respiratory defects.  Instead, 

pathway analysis revealed global upregulation of proteasomal genes in the striatum 

(Figure 4.3C), which would be predicted if protein import clogging is causing 
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mitochondrial Precursor Overaccumulation Stress (mPOS) in the cytosol (Wrobel et al., 

2015, Wang and Chen, 2015, Coyne and Chen, 2018, Boos et al., 2019).  Consistent with 

disturbed cytosolic proteostasis, we found that Ubb (ubiquitin B) is the most upregulated 

gene in the cerebellum (Figure 4.3D).  Ubb transcription was previously shown to be 

upregulated in neurons of Parkinson’s disease patients (Kim et al., 2006).  At the protein 

level, we previously observed upregulation of mono-ubiquitin as well as increased global 

protein ubiquitination downstream of protein import stress in cultured human cells (see 

Chapter 2).  Overall, these transcriptional findings are consistent with extra-

mitochondrial proteostasis disruption by mitochondrial protein import clogging. Different 

regions of the central nervous system seem to have different stress responses. 
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Figure 4.3.  Transcriptomic analysis of neural tissues suggests cytosolic proteostatic 
stress in the clogger mice. 

(A) Heatmap of all genes that are differentially expressed in the spinal cord of clogger 
mice, compared with wild-type (q<0.05). 

(B) Partek Pathway analysis of transcriptomics data from the striatum at 24 months of 
age suggests global proteasome upregulation. 

(C) Volcano plot of transcriptomics from the cerebellum at 30 months of age shows 
significant upregulation of Ubb.  

(D) Volcano plot of transcriptomics from the spinal cord at 30 months of age. 
(E) Immunoblot showing reduced levels of Ant1 in purified brain mitochondria of 

clogger mice, presumably due to degradation and/or failed import of the clogger 
protein, Ant1A114P,A123D. 

(F) Quantification of data shown in (D), with Ant1 levels normalized by total protein.  
 

  

4.3.4 – Protein import clogging worsens motor deficits, anxiety-like behavior, modestly 

reduces maximal lifespan, but does not affect spontaneous locomotor activity or memory 

in a mouse model of a-synucleinopathy 

 We speculate that IGF2 upregulation and perhaps additional stress responses are 

largely sufficient to mitigate neurological dysfunction in non-paralytic clogger mice.  

Like in skeletal muscle, Ant1A114P,A123D appears to be readily degraded in the brain, as 

indicated by total Ant1 level being ~60% of wildtype level (Figure 4.3E-F).  Thus, it is 

still unclear if protein import clogging can contribute to neurodegeneration via cytosolic 

proteostatic stress.  To overcome this, we used mouse genetics to test whether mild 

protein import stress via Ant1A114P,A123D expression can accelerate cytosolic protein 

aggregation and disease in an established mouse model of neurodegeneration.  We 

crossed the clogger mice with transgenic mice expressing the human a-synuclein protein 

with an A53T mutation, which is a dominant cause of familial Parkinson’s disease and a 

highly aggregation-prone cytosolic protein (Lee et al., 2002b).  A53T a-synuclein (a-
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syn) mice develop overt neurological dysfunction at 12-16 months of age, which 

progresses to end-stage paralysis within 2-3 weeks of symptom onset (Lee et al., 2002b).  

Thus, to detect any effect of Ant1A114P,A123D expression, we characterized the mice at 8-9 

months of age.  We bred and characterized ~20 mice per sex per genotype.   

Motor symptoms are a hallmark of Parkinson’s disease.  Thus, we assessed 

balance and coordination using two complementary tasks: beam walking and rotarod 

analysis.  In the beam walking task, mice are trained to walk across a thin beam and the 

number of times their paws slip off the beam is scored as a measure of coordination 

(Figure 4.4A).  As expected, a-syn mice slipped more often on both a 0.5-inch diameter 

cylindrical beam, as well as a 0.25-inch rectangular beam (Figure 4.4B-C).  

Ant1A114P,A123D expression drastically enhanced this phenotype on the rectangular beam, 

while having no effect in the wild-type background.  This suggests that Ant1A114P,A123D 

and a-syn A53T expression act synergistically to impair motor function.  As an 

orthogonal approach to assess motor coordination, we measured the animals’ ability to 

avoid falling off of an accelerating rotarod.  In females, Ant1A114P,A123D expression alone 

improved performance on the rotarod (Figure 4.4D), consistent with Figure 4.1A.  This 

effect was abrogated by a-syn A53T expression.  In males, a-syn A53T expression alone 

improved performance on the rotarod, consistent with previous reports (Guerreiro et al., 

2017), but Ant1A114P,A123D expression alone did not in this cohort.  Increased performance 

in a-syn mice was abrogated by Ant1A114P,A123D expression.  Though complex, these 

effects are consistent with Ant1A114P,A123D and a-syn A53T expression synergizing to 

impair motor coordination in mice.   
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Up to 40% of Parkinson’s disease patients experience anxiety (Walsh and 

Bennett, 2001).  We found that a-syn expression significantly increased anxiety-like 

behavior in the open field test, which seemed to be marginally potentiated by 

Ant1A114P,A123D expression (Figure S4.4A).  While in the center zone, double mutant mice 

remained closest to the edge zone on average (Figure S4.4B).  Thus, Ant1A114P,A123D 

expression moderately increases anxiety-like behavior in a-syn, but not wild-type mice.  

We followed these mice through end-stage paralysis to determine if 

Ant1A114P,A123D expression reduced lifespan in a-syn mice.  We found no change in 

median lifespan in double mutant mice compared with a-syn alone (median survival 372 

and 367 days, respectively; p = 0.48 on log-rank test) (Figure 4.4E).  Intriguingly, we 

noticed that the longest-lived double mutant mice died earlier than single mutant a-syn 

mice.  A more detailed analysis of the longest-lived mice showed that maximal lifespan is 

significantly reduced by Ant1A114P,A123D expression (Figure 4.4F).  In sum, the data show 

that protein import clogging by Ant1A114P,A123D can accelerate multiple neurological 

phenotypes and modestly shorten maximum lifespan in a mouse model of cytosolic 

protein aggregation. 

 Does protein import clogging aggravate additional phenotypes of a-syn mice?  

We monitored mouse activity in the open field to test spontaneous locomotor activity.  As 

expected, a-syn mice displayed increased spontaneous locomotor activity (Unger et al., 

2006), which was not affected by Ant1A114P,A123D expression (Figure S4.4C).  In the novel 

object recognition test, a-syn mice showed a significant defect in long-term object 

memory, with no effect from Ant1A114P,A123D expression (Figure S4.4D).  The total time 
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spent exploring either object was unaffected by genotype (Figure S4.4E).  In the Y-maze 

spontaneous alternation test, a-syn mice showed a significant defect in short term spatial 

memory, with no effect of Ant1A114P,A123D expression (Figure S4.4F).  The total number 

of arm entries in the Y-maze was increased by A53T a-syn expression, with no effect of 

Ant1A114P,A123D expression (Figure S4.4G).  This is consistent with increased spontaneous 

locomotor activity of a-syn mice.  These data suggest that A53T a-syn impairs memory 

already by 9 months old, and that Ant1A114P,A123D expression has no effect in wildtype or 

a-syn backgrounds.   
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Figure 4.4.  Mild protein import stress disrupts motor coordination only in the a-
synucleinA53T transgenic background 

(A) Schematic of the beam-walking test.  
(B) Beam-walking test suggested mildly worsened coordination on a 0.5-inch 

cylindrical beam in Ant1A114P, A123D a-syn A53T double mutant compared with a-
syn A53T single mutant mice, as judged by the number of times each mouse’s 
hind limbs slipped off the beam.  Data were first analyzed with a three-way 
ANOVA probing for effects of sex, a-synuclein, and clogger genotype.  With no 
significant effect or interaction effect from sex, males and females were 
consolidated.  Adjusted p-value that is shown is from a two-way ANOVA with 
Sidak’s multiple comparison’s test. 
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(C) Beam-walking test suggested severely impaired coordination on a 0.25-inch 
rectangular beam.  Data analyzed as in (B).  There was a significant interaction 
between a-synuclein and clogger genotype (p = 7.5 x 10-5).  

(D) Lifespan analysis of at least 56 mice per genotype.  The 25% longest-lived mice 
depicted in (E) are noted on the graph. 

(E) Maximum lifespan of the 25% longest-lived mice is modestly reduced in double 
mutant mice compared with a-syn only.  Data were analyzed by unpaired 
student’s t test.  
 

 
 
4.3.5 – Ant1A114P, A123D-induced import clogging does not affect mitochondrial respiration 

in a-syn mice. 

 There are substantial data to suggest that a-syn can impact mitochondrial 

function, while other studies failed to generate consistent results (Devi et al., 2006, 

Kawamata and Manfredi, 2017, Pathak et al., 2017, Ugalde et al., 2020).  We test the 

possibility that synergistic defect in mitochondrial function may contribute to the 

enhanced double mutant phenotypes. We again purified brain mitochondria to measure 

complex I and complex II-based respiration.  In our hands, a-syn A53T did not reduce 

mitochondrial respiratory rates.  More importantly, no respiratory deficiency was 

observed in the a-syn Ant1A114P,A123D/+ double mutant mice (Figure 4.5A-H). These data 

suggest that mitochondrial bioenergetic defects are not the cause of motor coordination 

defects in the a-syn single and Ant1A114P,A123D a-syn double mutant mice.   

Purification of brain mitochondria requires homogenization in an isotonic buffer 

followed by density gradient centrifugations.  The shear force during homogenization 

causes detachment of synaptic nerve terminals from axons. Detached synaptic 

membranes spontaneously enclose the cellular material present in synapses, such as 
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synaptic vesicles and mitochondria.  These synaptic enclosures formed in vitro are called 

synaptosomes.  In the percoll gradient used to purify mitochondria, the low-density 

synaptosomes do not co-purify with free mitochondria.  This is particularly relevant for 

a-syn because it primarily localizes to pre-synaptic sites.  We therefore tested respiration 

from the synaptosomal brain fractions.  These fractions are impure, containing synaptic 

membranes, synaptic vesicles, microsomal membranes and probably some myelin.  

Respiration from synaptosomal fractions also suggested that wild-type, A53T a-syn, and 

double mutant mice all have similar respiratory capacity (Figure S4.5).   
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Figure 4.5.  There is no detectable respiratory deficit in 9-month-old a-syn or 
double mutant mice.   
 

(A) – (D)  Respirometry of purified brain mitochondria with complex I stimulated by 
glutamate (glu) and malate (mal).  2 measurements were taken per mouse, the 
average of which is shown as a data point in (B)-(D).  FCCP, Trifluoromethoxy 
carbonylcyanide phenylhydrazone; Oligo, oligomycin; Glu, glutamate; Mal, 
malate. State 3 respiration is the maximal respiratory rate after addition of ADP. 
State 4 respiration is the respiratory rate after depletion of ADP.  The respiratory 
control ratio is State 3 divided by State 4 respiratory rates.  Decreased respiratory 
control ratio would be interpreted as increased mitochondrial damage.  Two 
measurements per mouse.  Each dot represents the average value from each 
mouse.  
(E) – (H) Respirometry of purified brain mitochondria with complex II stimulated 
by succinate (glu) and complex I inhibited by rotenone.  Each dot represents the 
average value from each mouse. 
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4.4 – Discussion 

 In this report, we provide the foundation for testing a mechanism that can help 

reconcile two nearly ubiquitous hallmarks across neurodegenerative diseases: 

mitochondrial dysfunction and cytosolic protein aggregation.  We found that mild 

mitochondrial protein import stress can potentiate neurodegeneration caused by protein 

misfolding and aggregation in extra-mitochondrial compartments, which seems to be 

independent of bioenergetics.  Specifically, expression of a mutant protein that partially 

clogs the mitochondrial protein import machinery, Ant1A114P,A123D, worsened motor 

coordination in pre-paralytic a-synucleinA53T transgenic mice.  These findings set the 

stage for testing whether accumulation of mitochondrial proteins in the cytosol, a process 

known as mitochondrial Precursor Overaccumulation Stress (mPOS), can contribute to 

PD-related neurodegeneration through cytosolic protein aggregation.   

 It has long been appreciated that mitochondrial dysfunction can cause a-synuclein 

aggregation and PD, but the mechanisms by which this occurs remain unclear.  Toxins 

that inhibit mitochondrial complex I, such as MPTP, cause a-synuclein aggregation and 

PD in humans and animal models (Davis et al., 1979, Langston et al., 1983, Burns et al., 

1983, Betarbet et al., 2000).  One consequence of complex I inhibition has been 

speculated to be mPOS and subsequent a-synuclein aggregation in the cytosol (Coyne 

and Chen, 2018). Consistent with this, MPTP can reduce protein import in cells as well as 

in vitro (Franco-Iborra et al., 2018).  When protein import is reduced, this has been 

shown to aggravate seeding of a-synuclein aggregates (Lautenschlager et al., 2020).  In 

addition, there is an abundance of circumstantial evidence to suggest that mPOS may 

contribute to PD independent of direct complex I inhibition.  For example, numerous 
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mitochondrial proteins have been found in intra-neuronal protein inclusions in PD mouse 

models as well as in post-mortem brains from sporadic PD patients (Hashimoto et al., 

1999, Gandhi et al., 2006, Leverenz et al., 2007, Chen et al., 2015).  These proteins may 

indeed represent un-imported mitochondrial preproteins, as mitochondrial protein import 

may be impaired in brains of those with PD by direct perturbation by wild-type a-

synuclein (Di Maio et al., 2016), whose expression increases in PD-affected neurons with 

normal aging (Chu and Kordower, 2007).  Similarly, aggregated a-synuclein can reduce 

mitochondrial membrane potential (Reeve et al., 2015), which would be expected to 

reduce protein import.  These observations suggest a model in which an age-dependent 

increase in a-synuclein level reduces mitochondrial protein import, thereby causing 

mPOS to aggravate its own aggregation in the cytosol.  A similar process may happen in 

certain forms of familial PD, as loss of PINK1, which is a recessive cause of PD, reduces 

mitochondrial protein import in mice (Gispert et al., 2009).  Rigorous evaluation is 

needed to evaluate the potential contribution of mPOS in PD.   

Consistent with defective protein import in PD, analysis of individual nigrostriatal 

neurons from PD patients showed a large reduction in expression of the nuclear-encoded 

mitochondrial protein Ndufb8 relative to the mitochondria-encoded COXI protein 

(Grunewald et al., 2014).  This may reflect reduced import and cytosolic degradation of 

Ndufb8.  Several pathways exist to degrade un-imported preproteins in the cytosol, 

including proteosome activation via the unfolded protein response activated by 

mistargeting of proteins (UPRam) (Wrobel et al., 2015, Song et al., 2021).  

Transcriptomics of the striatum of clogger mice were consistent with UPRam.  The 

proteasome was also activated in HEK293T cells transfected with a clogger protein (see 
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Chapter 2).  Which preproteins aggregate versus which are degraded in the cytosol, and 

why, are important questions for the future.    

 Whether mitochondrial bioenergetic deficit itself is causative in late-onset 

neurodegenerative diseases is highly controversial (Area-Gomez et al., 2019).  For PD, 

numerous mechanisms by which a-synuclein may directly intoxicate mitochondrial 

bioenergetics have been proposed (Kawamata and Manfredi, 2017).  We were therefore 

surprised to find no respiratory deficits in synucleinA53T or double mutant mice, despite 

increased motor symptoms at the same age.  Analysis of respiration from purified brain 

mitochondria actually showed no change in maximal respiratory rate (state 3) in double 

mutant mice.  The respiratory control ratio, which is considered the single most useful 

and sensitive general measure of energy coupling efficiency (Brand and Nicholls, 2011), 

was unchanged in the mutant mice.  Indeed A53T a-synuclein is expressed in the 

forebrain of these mice (Lee et al., 2002b).  These measurements were taken from mice at 

the same age that motor coordination is severely affected (8-9 months old), strongly 

arguing that PD-like symptoms can be driven in mice independent of bioenergetics.  This 

is in contrast to previous observations in which COX activity was reduced specifically in 

the spinal cord of end-stage a-synucleinA53T mice (Martin et al., 2006).  It remains 

possible that COX activity is reduced in the spinal cord of double mutant mice, which 

could explain the motor defects.  To test for this, we collected and frozen mitochondria 

from the spinal cord, cerebellum, brainstem, as well as synaptosomal fractions of the 

forebrain of 9-month-old mice.  Each of these mitochondrial fractions will be tested for 

Complex I and COX activity.  
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 Our previous investigation showed that mitochondrial protein import clogging 

alone challenges cytosolic proteostasis to drive potent cell toxicity (Wang and Chen, 

2015, Coyne and Chen, 2018, Liu et al., 2019) (see Chapter 3).  Interestingly, the 

majority of clogger mice are able to evade paralytic neurodegeneration and live a normal 

lifespan.  This implies the existence of adaptive mechanisms that mitigate clogging-

induced cell stress.  One candidate mechanism is degradation of the clogger protein (in 

this case, Ant1A114P,A123D) which is evident in yeast, human cells, clogger mouse skeletal 

muscle and brain (see Chapter 3, Fig. 4.3E-F).  How such degradation occurs is unclear, 

though “de-clogging” processes have been elegantly identified in yeast (Weidberg and 

Amon, 2018, Martensson et al., 2019).  Another candidate mechanism is upregulation of 

IGF-2, as detected in the spinal cord of non-paralytic clogger mice.  This finding was of 

particular interest because spinal cord degeneration is prominent in paralytic clogger 

mice (see Chapter 3).  IGF-2 has emerged in recent years as a neuroprotective protein in 

several neurodegenerative diseases with prominent protein aggregation and mitochondrial 

dysfunction (Mellott et al., 2014, Allodi et al., 2016, Garcia-Huerta et al., 2020).  

Mechanistically, this seems to occur through the extracellular disposal of cytosolic 

protein aggregates (Garcia-Huerta et al., 2020).  Taken together, it appears that neurons 

possess intrinsic pathways to mitigate the effects of moderate mitochondrial protein 

import clogging.  At this severity of protein import stress, a “second hit” to cytosolic 

proteostasis may be required for negative effects on neurological function, as suggested 

by double mutant clogger plus a-syn mice. 

 One intriguing finding of our study is the apparently better-functioning 

neurological attributes in non-paralytic clogger mice.  These mice perform better than 
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wildtype mice on the rotarod and in the puzzle box assay, both of which could be 

explained by improved executive function.  Similar observations have been observed 

downstream of mitochondrial damage that causes respiratory deficiency (Emmerzaal et 

al., 2020).  Respiratory deficiency is absent in clogger mice, suggesting that it is not a 

prerequisite for improved executive function.  Mild mitochondrial dysfunction improving 

organismal fitness is known as mitohormesis, and is well documented across model 

systems (Yun and Finkel, 2014).  Future work is required to investigate the mechanism of 

this apparent mitohormetic response to protein import clogging.  

 In summary, we utilized non-paralytic clogger mice to study the neurological 

effects of mild mitochondrial protein import stress in both healthy and diseased 

conditions.  We found that mild import stress can readily be mitigated in otherwise 

healthy mice. Mitigation may involve upregulation of IGF-2 in the spinal cord and 

subsequent extracellular disposal of protein aggregates.  In a mouse model of PD 

expressing mutant a-synuclein, mild import stress potentiates neurodegeneration.  

Preliminary findings suggest this occurs independent of bioenergetics.  Thus, protein 

import efficiency appears to be a disease modifying factor in PD independent of 

OXPHOS.  

 

4.5 – Limitations of Study 

 The primary objective of this study is to determine whether moderate protein 

import stress can potentiate neurodegeneration by increasing protein misfolding and 

aggregation in the cytosol via mPOS.  Our study therefore remains incomplete.  
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Histological analysis and detergent solubility studies would be complementary in testing 

whether Ant1A114P,A123D accelerates and/or increases a-syn-induced aggregate formation 

in vivo.  It would also be interesting to know whether mitochondrial proteins co-

aggregate with a-synuclein in these mice, and whether this is increased by protein import 

stress.  To date, we have collected a surplus of neural tissues from 5-month-old, 9-month-

old, and end-stage paralytic mice from each genotype.  Thus, we are well poised to 

answer these questions.   

 In addition, more experiments are required to definitively rule out bioenergetic 

defects as the cause of a-syn and/or double mutant mouse phenotypes at 8-9 months of 

age.  First, we will complete our respiratory analysis from purified brain mitochondrial 

fractions at 9 months of age until we reach at least 3 mice per genotype.  Aside from the 

brain, it was previously reported that cytochrome C oxidase activity is specifically 

reduced in the spinal cord of end-stage a-synucleinA53T mice (Martin et al., 2006).  This 

finding may or may not be relevant to pathophysiology, as such a reduction would be 

expected with widespread cell death that likely occurs in the spinal cord of paralyzed 

mice.  Nevertheless, we will test respiratory enzyme activity from mitochondria-enriched 

fractions from the spinal cord, cerebellum, and brainstem.  These fractions have also been 

collected.   

 

 

  



 203 

4.6 – Materials and Methods 

4.6.1 – Mouse studies  

All procedures were approved by the Animal Care and Use Committee (IACUC) 

at State University of New York Upstate Medical University and were in accordance with 

guidelines established by the National Institutes of Health.  Ant1A114P,A123D/+ mice, or 

“clogger” mice, were generate as described in Chapter 3.  After >10 back crosses with the 

C57BL/6NTac females (Taconic Catalog no: B6-F), male Ant1A114P,A123D/+ mice were 

crossed with female C57BL/6 mice with transgenic expression of the human SNCA gene 

(coding for the a-synuclein protein) harboring the pathogenic A53T mutation (Jackson 

Lab #006823) (Lee et al., 2002b).  SNCA expression is driven by the mouse prion 

promoter in these mice.  Where a-syn mice were tested, all wild-type and clogger control 

mice were littermates.  We note that these mice do not carry the nicotinamide nucleotide 

transhydrogenase (Nnt) mutation found in C57BL/6J that can affect mitochondrial 

respiration. 

 

4.6.2 – Mitochondrial isolation and purification  

 For mitochondrial respiratory studies, mice were sacrificed by decapitation 

without CO2 asphyxiation or anesthetic.  Neural tissues were rapidly dissected (<60 

seconds) and placed in 1 mL of ice-cold Isolation Medium (IM) (225 mM Mannitol, 75 

mM sucrose, 5 mM HEPES-KOH pH 7.4, 1 mM EGTA, 0.1% BSA).  Quick dissection 

of the spinal cord was enabled via hydraulic extrusion with ice-cold PBS (Richner et al., 

2017).  Tissue was minced on ice while submerged in IM as soon as possible.  For crude 

mitochondrial fraction isolation (i.e. for cerebellum, spinal cord, and brain stem), well-
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minced tissue was homogenized with 4 strokes by hand in a 2 mL glass Dounce 

homogenizer (pestle B, clearance 0.0005-0.0025 inches), followed by differential 

centrifugation at 4oC.  First, homogenate was centrifuged at 2,000g for 5 minutes.  

Supernatant was then centrifuged at ~21,000g for 20 minutes.  Pellet was resuspended in 

0.5 mL IM and centrifuged again at ~21,000g for 20 minutes.  Again, pellet was 

resuspended in 0.5 mL IM and centrifuged again at ~21,000g for 20 minutes.  The final 

pellet was resuspended in 0.2 mL IM.  

 Mitochondria were purified from the forebrain, which in our studies includes all 

neural tissue anterior to the junction between the cerebral cortex and the cerebellum.  

This was done essentially as previously described (Kristian, 2010).  For purification, 

minced forebrains were homogenized with three strokes with the pestle at 13,900 rpm in 

ice cold 7 mL IM.  Homogenate was then centrifuged for 5 minutes at 2,000g.  Resulting 

supernatant was centrifuged at 13,000 g for 12 minutes.  Pellet was then resuspended in 2 

mL IM containing 12% percoll, and used to build a discontinuous gradient using the 

following percoll concentrations in isotonic IM: 5 mL 40%, 5 mL 23%, and ~2.5 mL 

12% (mito).  Gradients were ultra-centrifuged in a swinging-bucket rotor (SW 41) at 

18,500 rpm (~43,000 g) for 20 minutes with slow acceleration and deceleration.  Purified 

non-synaptosomal mitochondria were retrieved from the 23/40% interface, and 

synaptosomes were collected from the 23/12% interface.  Both fractions were then 

diluted with ~25 mL IM without percoll, and centrifuged at 13,000g for 15 minutes.  

Mitochondrial pellet was resuspended in 1 mL IM and centrifuged at 13,000g for 12 

minutes.  Mitochondria were then washed two more times in 1 mL ice-cold IM, and 
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finally resuspended in 80 µl for non-synpatosomal pure mitochondria, and 200 µl for 

synaptosomes.  Protein concentration was then determined by Brandford assay. 

 

4.6.3 – Mitochondrial oxygen consumption measurements 

 Oxygen consumption assays were performed using Oxygraph system form 

Hansatech, which has a small water-jacketed (37oC), magnetically-stirred chamber sitting 

atop a Clark electrode.  Each reaction occurred in 0.5 ml Respiratory buffer (125 mM 

KCl, 4 mM K2HPO4, 3 mM MgCl2, 1 mM EGTA, 20 mM HEPES-KOH pH 7.2).  150 µg 

or 300 µg of non-synaptosomal and synaptosomal mitochondria, respectively, were 

added first.  Then, for Complex I-based respiration, reagents were added in the following 

sequence at the indicated final concentrations:  Glutamate (5 mM) + Malate (2.5 mM); 

ADP (200 µM); oligomycin (3 µg/ml); FCCP (0.2 µM).  For Complex II: rotenone (5 

µM); succinate (10µM); ADP (300 µM); oligomycin (3 µg/ml); FCCP (0.2 µM).   

 

4.6.4 – Electron microscopy 

 Performed as described in Chapter 3.   

 

4.6.5 – Immunoblot analysis 

 Purified brain mitochondria were solubilized in Laemmli buffer and processed for 

Western blotting using standard procedures and Total OXPHOS Antibody Cocktail 

(#ab110411, Abcam).   
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4.6.6 – Central nervous system dissections 

 Neural tissues were dissected and snap-frozen as quickly as possible, and the 

spinal cord ejected from the spinal canal via hydraulic extrusion with ice cold DEPC-

treated PBS (Richner et al., 2017).  Accurate identification of the striatum was less 

straight forward than the cerebellum and spinal cord.  First, cerebellar, brain stem, and 

olfactory bulb were removed from the forebrain.  The brain was then cut sagittally along 

the interhemispheric fissure.  Approaching from the medial aspect of the brain, inner 

brain material (including the thalamus, septum and underlying striatum) was removed by 

cutting just below the corpus collosum, thus separating these tissues from the 

hippocampus and associated cerebral cortex.  The easily-identifiable thalamus and 

hypothalamus were removed, and the remaining tissue from this “inner brain” material 

was labeled striatum.  Tissue was frozen in liquid nitrogen. 

 

4.6.7 – RNA purification and sequencing 

Tissue was disputed in QIAzol lysis reagent, using the Qiagen TissueRuptor. 

RNA was then extracted using the Qiagen miRNeasy Mini Kit. RNA quality and quantity 

were assessed with the RNA 6000 Nano kit on the Agilent 2100 Bioanalyzer.  For 

striatum, sequencing libraries were prepared using the Illumina TruSeq Stranded mRNA 

Library Prep kit, using 1ug Total RNA as input. For cerebellum and spinal cord, 

sequencing libraries were prepared using the Illumina Stranded mRNA Library Prep kit 

Ligation, using 500ng Total RNA as input.  The two library prep kits are equivalent.  
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Library size was assessed with the DNA 1000 Kit on the Agilent 2100 Bioanalyzer. 

Libraries were quantified using the Quant-IT High Sensitivity dsDNA Assay (Invitrogen) 

on a Qubit 3.0 Fluorometer. Libraries were sequenced on the NextSeq 500 instrument, 

with paired end 2x75bp reads.  

 

4.6.8 – RNAseq analysis 

 All analysis was performed on Partek Flow Genomic Analysis Software.  All 

reads were aligned to the mus musculus genome (mm10) using STAR – 2.7.3a and 

quantified using Partek E/M.  Reads were normalized with TPM (transcripts per million) 

and quantile normalization including all samples from spinal cord, cerebellum and 

striatum.  We probed for differentially expressed genes using ANOVA, analyzing data 

from all tissues together.  Factors included genotype, genotype*tissue, and 

genotype*tissue*age; n = 4 mice/genotype of striatum and spinal cord at 24 months of 

age, n = 5 mice/genotype of spinal cord and cerebellum at 30 months of age.  Input 

parameters for the ANOVA required a lowest average coverage of 1.0 and included 

limma-trend shrinkage of error term variance and Storey q-value to control for FDR.  

Within-tissue analyses shown as heat maps, volcano plots, and gene lists are all data 

originally generated from this ANOVA.  Heat maps and volcano plots were generated in 

Partek.  Similarly, pathway analysis shown for the striatum data was performed using 

Partek Pathway Analysis software.   
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4.6.9 – Behavioral Assays 

 Behavioral assays were performed in a particular order to minimize the likelihood 

that one test affects mouse behavior on subsequent days. The order went as follows: 

elevated plus maze, Y-maze spontaneous alternation test, open field activity test, novel 

object recognition test, Morris Water Maze, followed by the puzzle box test.  Male and 

female mice were tested in all assays.  Each data point shown in Figure S5 represents an 

independent mouse.  Elevated plus maze, y-maze spontaneous alternation, and open field 

activity testing were done on two independent cohorts.  For every test, mice were 

habituated to the testing room for 30 minutes prior to each test, and odors and residue 

was removed after each test with 70% ethanol.  Mouse activity and scoring in each test 

was automatically measured using ANY-Maze behavioral tracking software, except for 

puzzle box testing, which was scored manually, and prepulse inhibition test, which was 

scored using Startle-Pro software (Med Associates, Fairfax, VT).  Elevated plus maze, y-

maze, open field activity, novel object recognition and prepulse inhibition testing was 

done as previously described (Afshari et al., 2017).  

 

4.6.10 – Elevated plus maze (EPM) 

 EPM is used to assess anxiety-like behavior.  We used a standard mouse EPM 

apparatus from San Diego Instruments, which consists of two closed arms and two open 

arms perpendicular to one another, forming a “plus” shape.  Mice were placed in the 

center of the apparatus, facing an open arm, and allowed to explore freely for 5 minutes 

under ambient light.  The time spent in the open arms is reported to reflect anxiety-like 

behavior, such that the less time in the open arms, the more anxiety-like the behavior is. 
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4.6.11 – Y-maze Spontaneous Alternation Test 

 We used the Y-maze Spontaneous Alternation Test to assess spatial working 

memory.  A custom-built apparatus was used, which consisted of 3 walled arms 16 inches 

long that are angled 120o from one another.  Mice were placed in the center and allowed 

to freely explore for 5 minutes in dim light.  This test is based on the rodent’s tendency to 

explore new environments.  Exploring the 3 arms consecutively, without re-entry into an 

arm, is called a triad.  This implies that the mouse “remembers” which arm it was most 

recently in, despite all arms appearing identical.  To control for difference in total number 

of arm entries, we report Fraction of Alternation, which is (total number of triads) / (total 

number of arm entries – 2).  Mice with less than 5 total arm entries were excluded from 

Fraction of Alternation analysis.   

 

4.6.12 – Open field activity test 

 Open field activity testing was performed to assess spontaneous locomotor 

activity and anxiety-like behavior.  We used a standard apparatus from San Diego 

Instruments, which consists of 50 cm x 50 cm open field surrounded by non-transparent 

walls.  Mice were allowed to explore freely for 10 minutes in ambient light.  Time spent 

in a pre-designated “center zone” is reported to reflect anxiety-like behavior, such that the 

less time spent in the center, the more anxiety-like the behavior is. 
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4.6.13 – Novel object recognition (NOR) test 

 NOR testing was performed to assess long-term object recognition memory and 

was performed in the open field apparatus.  Briefly, two identical objects (cubes) were 

placed in the chamber and the mice were allowed to explore the objects for 5 minutes per 

day in dim lighting for two training days.  On the third day, a novel object (cylindrical 

piece of wood) replaced one of the cubes, and mice were allowed to explore the chamber 

for 10 minutes.  If the mice remember the objects from the training days, then they have a 

tendency to spend more time exploring the novel object.  Reported is the time spent 

interacting with the novel object on the final day of testing.  Mice with less than 5 

seconds of total object exploration time on the final testing day were excluded from 

discrimination index analysis. 

 

4.6.14 – Morris water maze 

 Morris water maze was performed to assess long-term spatial memory and 

learning, and was performed in an inflatable hot tub with the water temperature at 26oC in 

dim lighting, essentially as previously described (Vorhees and Williams, 2006).  Briefly, 

mice were placed in the circular pool for 4 trials per day and allowed one minute to find a 

platform that they can stand on.  Platform was made of transparent plastic and placed just 

beneath the water surface as to make it invisible to the rodents.  For pre-training day 1, 

mice were placed on the platform for one minute, followed by placement of the mouse 

proximally to the platform so it learns it can escape the water.  On pre-training day 2, 

mice were placed in a pseudo-randomized quadrant of the pool and allowed one minute 

to escape to the platform, which was made visible on this day with a small flag.  Then, 
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for 7 training days, the platform was below the surface with no flag, and the mice were 

given 4 trials per day to learn where the platform was using spatial cues from around the 

room.  On the probe day, the day after training day 7, the platform was removed, and the 

amount of time the mice spent swimming in the quadrant of the pool that previously had 

the platform, as well as the number of times the mice entered the platform zone, were 

recorded.  The better long-term spatial memory the rodent has, the more time it spends in 

the target quadrant, and the more times it will enter the platform zone.  

 

4.6.15 – Puzzle Box Test 

 To assess executive function, we performed the puzzle box test as previously 

described (Ben Abdallah et al., 2011, O'Connor et al., 2014).  Briefly, mice were placed 

in a custom-built 60 cm x 28 cm apparatus that is well-lit with a small fan blowing into it 

to create a stressful environment.  The mice are given a passage (5 cm by 5 cm doorway) 

to small and dark target location filled with home bedding to make the mice comfortable.  

The idea is to test the mouse’s ability to “problem solve” by removing obstacles between 

the stressful environment and the target location.  Condition 0, there is no obstacle.  

Condition 1 had a U-shaped channel within the doorway.  Condition 2 had the same U-

shaped channel within the doorway, but with a mound of cage bedding placed in it to 

block the doorway.  Condition 3 had a crumped piece of paper placed in the door way.  

Finally, condition 4 had a cube placed in the door way, with a raised edge on top of it 

such that the mice had to pull it out of the doorway and could not push it through.  We 

manually recorded the time it took to reach the target location, and plotted that as “escape 

latency”.  Maximum of 5 minutes seconds was allowed.   
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4.6.16 – Beam walking test 

 Beam walking test was used as a measure of balance and coordination.  Although 

typically the primary read-out for this assay is time to traverse the beam, analysis of these 

data were compromised by the substantially increased locomotor activity of transgenic a-

synucleinA53T mice.  Thus, we prioritized the number of times each mouse’s hind limbs 

slipped off of the beam as the primary read-out for balance and coordination. 

 We used a custom-built a beam walking apparatus, consisting of a one-meter-long 

wooden beam ~16 inches suspended above the ground.  The start end of the beam was 

suspended in the air without an escape route, and the other end has the target box for the 

mice to escape into.  The target box is an enclosed black cube of about 9 inches on each 

side.  Before each test, home bedding from the tested mouse is added to the target box for 

enticement.  Aversive stimuli (a bright LED light and a small fan) were placed at the start 

end of the beam such that the escape box was the only route to protection.  Mice were 

trained on a wide beam (0.5-inch rectangle) over two days.  In training, if a mouse 

stopped moving while on the beam it was prodded by the experimenter.  On training day 

1, the mouse was placed directly in the target box for one minute, then placed on the 

beam two inches from the target box and allowed to escape to the target box, and finally 

placed at the far end of the beam for full traverse of the beam.  On training day 2, each 

mouse was given 3 more trials on the easy beam.  On test day, each mouse was tested 

twice on 0.5-inch circular and 0.25-inch rectangular beams.  The number of times the 

mouse’s hind limbs slipped while moving to the target box was manually scored by an 

experimenter who was blinded to genotype.  If a mouse stopped while transiting the beam 
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on test day, it was prodded forward, the data from that trial were discarded, and that trial 

was repeated.  Plotted in Figure 4.5 is the average number of slips of the two trials.   

 

4.6.17 – Treadmill exhaustion test 

 Treadmill tests were performed on an Exer 3/6 animal treadmill at a 5o incline 

(Columbus Instruments).  For one week, mice were familiarized with the treadmill with 

10-minute running sessions at 10 m/min every other day.  For resistance testing, the 

treadmill started at 9 m/min with 1.2 m/min/min acceleration until the mice reached 

exhaustion.  For power testing, the treadmill started at 9 m/min with 1.8 m/min/min 

acceleration until the mice reached exhaustion.  Mice were deemed exhausted when they 

remained in continuous contact with the shock grid for 5 seconds.  Three full days of rest 

were allowed between training and each testing day.   

 

4.6.18 – Optomotor response test 

 Optomotor acuity and contrast sensitivity of mice were determined by observing 

their optomotor behavior responses to a rotating sine wave grating stimulus using the 

OptoMotry© system (Prusky et al., 2004) as described previously (Umino et al., 2006, 

Umino et al., 2008). Briefly, mice were placed on a pedestal at a center of the OptoMotry 

chamber enclosed by four computer monitors. The computer randomly displayed 

sinusoidal pattern gratings rotating in a clockwise or counter-clockwise direction. The 

observer was blind to the direction of rotation and chose the direction of pattern rotation 

based on the animal’s behavior. Auditory feedback indicated to the observer whether the 

selected direction was correct or incorrect. Using a staircase paradigm, the computer 
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program controlled the spatial frequency and contrast of the stimulus. The threshold was 

set at 70% correct responses. Contrast sensitivity was defined as the reciprocal of the 

threshold contrast value and was measured at 1.5 Hz and a spatial frequency of 0.128 

cycles/degree. Acuity was measured at a speed of rotation of 12 degrees/s and 100% 

contrast. All measurements were performed at the unattenuated maximal luminance of 

the OptoMotry© system (~70 cd/m2, producing approximately 1500 R*/rod/s (Bushnell 

et al., 2016)). 

 

4.6.19 – Statistical Analysis 

Statistical analyses were performed using either GraphPad Prism or SPSS 

software.  For behavioral tests, we always probed for a statistically significant effect of 

Genotype, Sex and Genotype x Sex interactions.  If data are presented without separating 

sex, this indicates there was no significant main effect of sex and that there was no 

significant Genotype x Sex interaction.  For details on statistical testing of specific data, 

please see Figure Legends.    
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4.8 – Supplemental Information 

 

Figure S4.1.  Visual and skeletal muscle function is not impaired in middle aged 
clogger mice. 
 

(A) Visual acuity of clogger mice is intact at 17-18 months of age, as suggested by 
optomotor response testing (n=3/sex/genotype).   

(B) Visual contrast sensitivity of clogger mice appears to be intact at 17-18 months of 
age, as suggested by optomotor response testing (n=3/sex/genotype).   

(C) Clogger mice do not show exercise intolerance at 13-14 months of age, as 
suggested by similar time to exhaustion when forced to run on a slowly 
accelerating treadmill (“resistance test”).   

(D) Clogger mice do not show exercise intolerance at 13-14 months of age, as 
suggested by similar time to exhaustion when forced to run on a quickly 
accelerating treadmill (“power test”).   

(E) Clogger mice swim to a visible escape platform at similar average speeds as wild-
type mice, suggesting preserved muscle function.  These mice were 19-22 months 
of age. 
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Figure S4.2.  Clogger mice have wild-type anxiety-like behavior and memory. 

(A) Clogger mice show wild-type levels of anxiety-like behavior, as indicated by the 
amount of time mice spent in the center vs the edges. 

(B) Clogger mice show wild-type levels of anxiety-like behavior, as indicated by the 
amount of time mice spent in the open vs closed arms in an elevated plus maze.   

(C) Clogger mice do not have impaired spatial working memory, as indicated by Y-
maze testing.  Fraction of alternation = (# of complete triads) / (# arm entries – 2).  
A triad is when a mouse enters all three arms consecutively without re-entering a 
previously visited arm in between. 

(D) Clogger mice do not have impaired long-term object memory, as indicated by the 
amount of time mice spent interacting with a novel object. 

(E) Clogger mice do not have spatial learning defects, as indicated by Morris Water 
Maze testing.  Plotted is latency to escape from water to a hidden platform during 
7 training days, with 4 trials per day.  N = 16 or 17 mice per genotype, at least 5 
mice per sex per genotype.  

(F) Clogger mice do not have impaired long-term memory, as indicated by the probe 
trial after 7 days of training in the Morris Water Maze.  The target quadrant of the 
swimming pool contained the hidden platform during training, but was removed 
for the probe trial. n = 16 or 17 mice/genotype, > 5 mice/sex/genotype.  

(G) Clogger mice do not have impaired long-term memory, as indicated by the probe 
trial after 7 days of training in the Morris Water Maze.  Plotted is the amount of 
times the mice swam into the “platform zone”, i.e. the area where the hidden 
platform was during training days.  



 217 

 

Figure S4.3.  Transcriptomes of the striatum and cerebellum of Clogger mice reveal 
minimal changes.   
 

(A) Heatmap of all genes that are differentially expressed in the striatum of clogger 
mice, compared with wild-type (q<0.05). 

(B) Heatmap of all genes that are differentially expressed in the cerebellum of clogger 
mice, compared with wild-type (q<0.05). 

 

  



 218 

 

 
 
 
Figure S4.4.  Expression of a clogger protein, Ant1A114P,A123D, has a subtle effect on 
anxiety-like behavior only in a-synucleinA53T transgenic mice, but no effect on 
spontaneous locomotor activity, memory, or exploratory activity.  
 

(A) a-synucleinA53T expression significantly increases anxiety-like behavior, as 
indicated by spending less time in the center zone in the open field test.  While 
clogger protein expression reduced the average time spent in the center zone 
compared in a-syn transgenics, this was not statistically significant.   

(B) Open field test data were divided into 200-second epochs, and the average 
distance from the edge zone while in the center zone was plotted.  This showed 
that double mutant mice tend to stay closest to the edge zone, particularly in the 
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middle epoch.  Data were analyzed using two-way repeated measures ANOVA 
with epoch as the within-subjects variable and a-syn and clogger genotypes as the 
between-subjects variables, with Geisser-Greenhouse correction for violation of 
sphericity.  A significant interaction effect was detected (Epoch x a-syn x clogger, 
p = 0.042).  Dunnett’s multiple comparisons test detected a significant reduction 
in average distance from the edge zone for double mutant mice in the middle 
epoch (p = 0.017, shown as *). 

(C) a-synucleinA53T expression significantly increases average speed of spontaneous 
locomotion in the open field test, which was not affected by the clogger protein. 

(D) a-synucleinA53T expression significantly impairs long-term object memory in the 
novel object recognition test, which was not affected by the clogger protein.  For 
better visualization, the discrimination index was plotted, which = ((time with 
new object) – (time with old object)) / (total object exploration time). 

(E) a-synucleinA53T expression nor clogger protein expression affected total object 
exploration time on the probe trial of the novel object recognition test. 

(F) a-synucleinA53T expression significantly impairs working spatial memory, as 
suggested by reduced fraction of alternation in the y-maze.  This effect was not 
significantly affected by clogger protein expression. 

(G) a-synucleinA53T expression significantly increases the total number of arm entries 
in the Y-maze spontaneous alternation test, which is not affected by clogger 
protein expression.  
 
All data in this figure were generated from 8-9 month old mice.  Data were first 
analyzed with three-way ANOVAs probing for effects of sex, a-synuclein, and 
clogger genotype.  With no significant effect or interaction effect from sex, males 
and females were consolidated, and two-way ANOVAs were performed to 
simplify post-hoc analyses. For (A), (C), (D), (F), and (G), two-way ANOVA 
showed a significant main effect of a-synucleinA53T expression, as indicated. 
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Figure S4.5.  Mitochondrial respiration from synaptosomal membrane fractions. 
 

(A) Oxygen traces from respiration measurements of brain synaptosomal fractions 
was measured after stimulation with complex I stimulated by glutamate (glu) and 
malate (mal).  FCCP, Trifluoromethoxy carbonylcyanide phenylhydrazone; Oligo, 
oligomycin; Glu, glutamate; Mal, malate. State 3 respiration is the maximal 
respiratory rate after addition of ADP. State 4 respiration is the respiratory rate 
after depletion of ADP.   

(B) As in (A), except with complex I inhibited with rotenone and complex II 
stimulated with succinate. 
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Table S4.1.  Differentially expressed genes in the spinal cord of clogger mice 
(Ant1A114P,A123D/+) at the age of 30 months old (n = 5 per genotype).   
 

Gene symbol Q-value  Fold change   Gene symbol Q-value  Fold change  
Islr 1.89E-02 3.59  Kmt2d 1.42E-02 1.12 
Igfbp6 7.74E-03 3.43  Hnrnpm 4.91E-02 1.12 
Igf2 1.81E-02 3.18  Ift172 4.36E-02 1.12 
Hspa1b 1.51E-02 2.18  Zfp384 3.39E-02 1.12 
C030023E24Rik 3.79E-02 1.63  Usp19 1.14E-02 1.11 
Thbd 3.73E-02 1.62  Syngap1 8.53E-03 1.11 
Foxc1 2.03E-02 1.57  Dot1l 4.88E-02 1.11 
Gm9958 3.96E-02 1.52  Pnn 4.95E-02 1.11 
Gm14827 1.30E-04 1.52  Supt20 1.13E-02 1.11 
Sdf2l1 4.80E-02 1.44  Ncoa5 4.80E-02 1.11 
Srpk3 6.74E-03 1.37  Polg 3.96E-02 1.11 
Gm20605 7.14E-03 1.35  Zfc3h1 3.80E-02 1.10 
Il18bp 1.57E-02 1.31  Ccdc167 4.80E-02 1.10 
Cfp 1.23E-02 1.31  Srrm2 3.96E-02 1.10 
Adamts10 1.30E-04 1.30  Hypk 2.84E-02 1.10 
Slc2a4rg-ps 5.61E-03 1.30  Cdc42bpa 4.80E-02 1.10 
Col6a1 3.74E-02 1.28  Gtf2i 2.98E-02 1.08 
A330023F24Rik 1.24E-02 1.28  Fbf1 3.96E-02 1.07 
Meg3 4.19E-03 1.27  Got2 4.80E-02 -1.05 
A930013F10Rik 9.14E-03 1.26  Ctbp1 2.08E-02 -1.06 
Neat1 6.03E-03 1.26  Napb 4.81E-02 -1.06 
Serpinh1 4.80E-02 1.25  Dnajc10 4.80E-02 -1.07 
Dusp11 2.73E-05 1.25  Ppp2r1a 4.37E-02 -1.07 
2900052L18Rik 3.04E-02 1.24  Denr 4.80E-02 -1.07 
Fbxo32 6.66E-03 1.24  Rpa1 2.38E-02 -1.07 
Leng8 7.74E-03 1.24  Atxn10 1.71E-02 -1.07 
Tia1 1.77E-02 1.24  Zwint 4.37E-02 -1.07 
Calr 4.70E-02 1.24  Pi4k2a 4.80E-02 -1.08 
Ssh3 1.81E-02 1.21  Ap3s2 4.37E-02 -1.08 
Tra2a 4.80E-02 1.20  Atp6v1e1 8.53E-03 -1.08 
Rbm28 3.06E-02 1.19  Nudcd3 4.80E-02 -1.08 
Ccng1 4.36E-02 1.19  Maea 3.04E-02 -1.09 
Hexa 1.31E-02 1.19  Paip2b 3.42E-02 -1.09 
Hsf1 4.19E-03 1.18  Trappc12 2.01E-02 -1.10 
Zfp511 4.20E-02 1.18  Narf 3.96E-02 -1.10 
Pnisr 7.74E-03 1.18  Abhd16a 4.80E-02 -1.11 
Akap8l 6.33E-03 1.18  Hpca 2.98E-02 -1.11 
Fam193b 1.81E-02 1.17  Spsb3 8.02E-03 -1.11 
Mir124a-1hg 4.37E-02 1.17  Fbxo9 4.80E-02 -1.11 
Rgl2 9.47E-03 1.17  Coil 3.06E-02 -1.12 
Dusp15 2.21E-02 1.17  Mtif3 3.76E-02 -1.12 
Zgpat 1.23E-02 1.17  Ctps 3.96E-02 -1.13 
Daam2 1.51E-02 1.16  Inip 4.71E-02 -1.13 
Plxna3 1.51E-02 1.16  Msmo1 4.80E-02 -1.14 
Srek1 1.24E-02 1.16  Cep83os 3.96E-02 -1.14 
Gm10336 4.40E-02 1.16  Hmgcr 4.33E-03 -1.15 
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Tpm4 4.36E-02 1.15  Ntmt1 4.99E-02 -1.15 
Lime1 3.39E-02 1.15  Fdft1 1.81E-02 -1.15 
Nktr 1.56E-02 1.15  Hsd17b7 1.11E-02 -1.16 
Tmem223 2.44E-02 1.15  Trub2 6.03E-03 -1.16 
Hnrnph3 6.03E-03 1.15  Fdps 7.74E-03 -1.17 
Ciz1 2.21E-02 1.15  Acat2 3.06E-02 -1.17 
Lman2l 2.88E-02 1.15  Rpusd4 3.76E-02 -1.18 
Paxbp1 6.66E-03 1.15  Bok 4.80E-02 -1.18 
Bnip2 1.17E-02 1.15  Arrdc3 7.74E-03 -1.19 
Bicd2 5.61E-03 1.15  Stard4 6.03E-03 -1.19 
Atxn2l 5.08E-03 1.15  Ldlr 3.96E-02 -1.19 
Carmil3 4.80E-02 1.15  Mycl 4.39E-02 -1.21 
B930095G15Rik 3.06E-02 1.14  Insig1 5.61E-03 -1.21 
Prpf4b 2.03E-02 1.14  Cpsf4 3.06E-02 -1.23 
Arhgap33 4.22E-02 1.14  Zfas1 4.70E-02 -1.24 
Nxf1 4.19E-03 1.14  Mvk 5.61E-03 -1.24 
Xndc1 4.37E-02 1.14  Rab33a 4.40E-03 -1.25 
Map7 4.32E-02 1.14  Hdhd3 2.80E-02 -1.26 
Celf5 4.20E-02 1.14  Klhdc9 3.96E-02 -1.29 
Zc3h11a 4.19E-03 1.14  Hgh1 4.19E-03 -1.31 
Ppp1r10 4.36E-02 1.13  Nfkbia 9.14E-03 -1.32 
Ogt 1.81E-02 1.13  Utp14b 2.84E-02 -1.33 
Slc25a27 6.03E-03 1.13  Mvd 1.79E-03 -1.36 
Tardbp 1.72E-02 1.13  Gm9079 4.36E-02 -1.36 
Mettl3 4.80E-02 1.13  Ddit4 4.19E-03 -1.37 
P3h3 4.85E-02 1.13  Plekhf1 2.27E-02 -1.51 
Ivns1abp 1.46E-02 1.13  Slc25a4 9.45E-12 -1.54 
Pex6 3.26E-02 1.12  Arl4d 6.70E-03 -2.11 
Ccnl1 4.36E-02 1.12  
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Table S4.2.  Differentially expressed genes in the striatum of clogger mice 
(Ant1A114P,A123D/+) at the age of 24 months old (n = 4 per genotype).   
 

Gene symbol Q-value  Fold change  
Ciart 9.30E-03 2.11 
Sec14l1 3.39E-02 1.18 
Steap2 3.39E-02 -1.38 
Cldn5 1.54E-02 -1.39 
Tor4a 4.07E-02 -1.43 
Slc25a4 1.79E-14 -1.83 
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Table S4.3.  Differentially expressed genes in the cerebellum of clogger 
mice (Ant1A114P,A123D/+) at the age of 30 months old (n = 5 per genotype).   
 
 

Gene symbol Q-value  Fold change  
Ubb 4.38E-06 1.61 
Gpr17 1.42E-02 1.47 
Calr 3.64E-02 1.30 
Ptprn 1.74E-03 1.24 
Dnajb11 2.98E-02 1.23 
Sstr3 2.10E-02 1.23 
Pdia3 2.47E-02 1.20 
Dalrd3 1.74E-03 1.16 
Creld1 2.70E-02 1.16 
Ppp1r10 3.65E-02 1.16 
Ccdc181 1.72E-02 1.14 
Rpl31-ps12 2.10E-02 1.13 
Rwdd1 2.70E-02 1.13 
Ppp1r11 3.48E-02 1.13 
Comt 1.72E-02 1.11 
Eif2b4 2.70E-02 1.10 
6430548M08Rik 1.74E-03 1.10 
Prelid1 4.52E-02 1.08 
Clta 2.98E-02 1.07 
Atp8b2 1.42E-02 -1.12 
Srrm2 2.98E-02 -1.12 
Dhps 1.72E-02 -1.13 
Lratd1 4.79E-02 -1.14 
Asl 2.70E-02 -1.22 
Fzd1 3.45E-04 -1.27 
Nfkbia 2.70E-02 -1.32 
Tpbg 4.68E-02 -1.33 
Bcl6 1.67E-02 -1.42 
Txnip 2.10E-02 -1.55 
Slc25a4 3.10E-12 -1.57 
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5.1 – Overview  
 

Mitochondrial disorders are a diverse and sometimes devastating group of 

diseases that collectively have a prevalence of greater than 1 in 5,000 adults (Ng and 

Turnbull, 2016).  In spite of this prevalence, their pathogenic mechanisms are poorly 

understood and there are no effective therapeutics to date (Weissig, 2020).  It is becoming 

increasingly clear that the mechanisms of mitochondrial disease are likely to be 

multifactorial and include non-bioenergetic cell stress.  As described extensively in this 

thesis, our lab recently discovered mPOS, which is characterized by the toxic 

accumulation of un-imported mitochondrial preproteins in the cytosol (Wang and Chen, 

2015).  Diverse mitochondrial insults can converge to kill yeast cells via mPOS, often 

independent of OXPHOS.  Our long-term goal is to determine whether mPOS contributes 

to disease and, if so, how to intervene therapeutically.  To this end, we sought 

mechanistic details into how mPOS is induced, and whether it occurs in higher 

eukaryotes.  Mitochondrial protein import clogging emerged as a potent trigger of mPOS 

in cells, and proved capable of inducing mPOS and disease in mice.  More specifically, 

the present body of work provides four key advances:   

• We determined the molecular mechanism by which a pathogenic mitochondrial 

protein modeled in yeast, Aac2A128P, causes mPOS.  The mutant protein clogs the 

mitochondrial import machinery to obstruct global protein traffic into 

mitochondria.   

• We established that protein import clogging and mPOS can occur in human cells, 

resulting in the formation of large protein aggregates in the cytosol.   
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• We provide strong evidence that protein import clogging causes muscle and 

neurological disease in mice. We also documented, for the first time, direct 

evidence of mitochondrial preproteins in the cytosol of diseased animal tissue. 

• We show that protein import stress can modestly potentiate neurodegeneration in 

a mouse model of Parkinson’s disease without affecting OXPHOS.  Ongoing 

work is testing the hypothesis that mPOS underlies this effect. 

 

5.2 – Mitochondrial protein import clogging in yeast 

 An outstanding question that followed the discovery of mPOS was how Aac2A128P 

reduces protein import.  While it was known that Aac2A128P reduces ΔΨm (Wang et al., 

2008b) and destabilizes protein translocase complexes on the IMM (Liu et al., 2015), it 

was unclear how this might occur.  We speculated that Aac2A128P misfolding might cause 

these effects through nonspecific interactions with other IMM proteins, thereby 

destabilizing proteostasis in the membrane (Coyne and Chen, 2018, Coyne and Chen, 

2019).  However, if this were the case, then affinity purification of Aac2A128P-HIS6 in 

Chapter 3 should have revealed increased interactions with IMM proteins.  Instead, we 

found that Aac2A128P-HIS6 had increased association with the mitochondrial protein 

import machinery and many extra-mitochondrial proteins.  TIM22 complex subunits 

were virtually the only proteins in the IMM that Aac2A128P-HIS6 preferentially associated 

with.  This led to the model that Aac2A128P clogs the import pathway.  As described in 

Chapter 3, numerous follow-up experiments are consistent with this model.  Although 

import clogging model is not mutually exclusive with the IMM stress, the ability of 

Aac2A128P,A137D to robustly kill cells without ever reaching the IMM suggests that 
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membrane stress, if present, is a minor contributor to toxicity in this case.  In addition, we 

observed robust mPOS in HeLa cells due to Ant1A114P,A123D expression in the absence of 

reduced ΔΨm.  Taken together, we conclude that protein import clogging is a potent 

trigger of mPOS.  

 Importantly, mPOS was not the only consequence of severe import clogging by 

Aac2A128P,A137D.  It also robustly impaired respiratory growth and destabilized mtDNA 

(Wang and Chen, 2015).  These effects may be due to reduced mitochondrial import of 

proteins involved in OXPHOS and mtDNA maintenance and replication.  Consistent with 

this, a very recent study demonstrated that dominant mutations in Polγ (the mtDNA 

polymerase, another monogenic cause of adPEO) prevent its import into mitochondria, 

leading to compromised mtDNA replication (Hussain et al., 2021).  Overall, it is clear 

that protein import clogging has multi-pronged effects to stress cells.  This would be 

expected given the universal requirement of mitochondrial protein import for 

mitochondrial functions. 

 

5.3 – mPOS in human cells  

 In Chapter 2, we used transient transfection of HEK293T cells to demonstrate that 

mPOS is not restricted to yeast cells, marking an important step forward in deciphering 

the pathogenicity of mPOS.  Overexpression of mitochondrial carrier proteins appeared 

to saturate the TIM22 protein import pathway, causing protein aggregation in the cytosol.  

Despite being present at <5% of wild-type level, Ant1A90D,L98P,A114P,A123D was equally 

capable of inducing large cytosolic aggresomes.  Having subsequently found that 

Ant1A114P and Ant1A114P,A123D clog the protein import machinery in HeLa cells (see 
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Chapter 3), we speculate that import clogging by Ant1A90D,L98P,A114P,A123D is the cause of 

aggregate formation in HEK293T cells.  Indeed, protease protection assay of HEK293T 

cell mitochondria showed that Ant1A90D,L98P,A114P,A123D is exposed on the outer membrane 

of intact mitochondria (Figure 5.1), suggesting it is arrested at the TOM complex like 

Ant1A114P,A123D.   

 

 
Figure 5.1.  Protease protection assay suggests quadruple mutant Ant1 
(Ant1A90D,L98P,A114P,A123D) clogs protein import in HEK293T cells.  Immunoblot 
showing that Ant1A90D,L98P,A114P,A123D is sensitive to proteinase K in intact mitochondria 
(without swelling or Triton treatment).  The wildtype Ant data, shown for comparison, 
are also in Chapter 2 and in our publication (Liu et al., 2019).  See Chapter 2 for 
experimental details.  Ant1A90D,L98P,A114P,A123D detected using SuperSignal West Femto 
Maximum Sensitivity Substrate (top right panel). a-HA, anti-hemagglutinin. OMM, outer 
mitochondrial membrane; IMS, intermembrane space; IMM, inner mitochondrial 
membrane. 
 

 

Alternatively, as speculated in Chapter 2, it is possible that both wild-type and 

mutant Ant1 saturate cytosolic chaperones in HEK293T cells that deliver preproteins to 

mitochondria.  However, if this were the case, it would be difficult to explain why mutant 

Ant1 is degraded instead of deposited into the aggresome like wild-type Ant1.  More 
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likely, mutant Ant1 is degraded at its clogging site, the TOM complex, and the TOM 

complex is also saturated by wild-type carrier overexpression.  This is consistent with the 

observation that wild-type and mutant Ant1 expression induce aggresomes that are 

morphologically indistinguishable.  Although we have not yet identified how mutant 

Ant1/Aac2 is degraded, numerous mechanisms exist in yeast to degrade proteins clogged 

in the TOM complex (Weidberg and Amon, 2018, Martensson et al., 2019).   

It is surprising that neither wild-type or mutant Ant1 induced aggresomes in HeLa 

cells (Figure S2.1), especially in light of clear evidence of mPOS in HeLa cells 

transfected with mutant Ant1 (see Chapter 3).  These findings suggest that different cell 

types mitigate mPOS using different mechanisms, which could be an important 

consideration in interpreting which tissues are affected in mammals.   

It was also surprising that pharmacological perturbation of mitochondrial protein 

import in HEK293T cells also failed to induce aggresome formation (Figure S2.2).  On 

the other hand, a more recent publication demonstrated that treatment of multiple breast 

cancer cell lines with mitochondria-targeted anti-oxidants induced robust cytosolic 

protein aggregation (Biel et al., 2020).  The mechanism by which this occurs is unclear, 

and is likely to be different than aggresomes in HEK293T cells based on aggregate 

morphology (Figure 5.2).  In contrast to the HEK293T aggregates, which appear as 

electron-dense puncta, aggregates in the breast cancer cells appear vesicular in nature, 

with no clear puncta.  Which structures in these vesicles might be absorbing the 

aggregate-detection dye is not obvious.  Protein aggregates caused by OXPHOS 

poisoning may also be mechanistically distinct as well (reviewed in Section 1.3.3).  These 
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observations reinforce the idea that the pathways for handling mPOS are cell-type 

specific.   

Overall, the main contributions from our studies in human cells were two-fold: (1) 

that mPOS can occur in the absence of significant bioenergetic defects, and (2) that un-

imported mitochondrial preproteins themselves can aggregate in the cytosol.   

 

 

 

Figure 5.2.  Morphological comparison of mitochondria-induced cytosolic 
aggregates.  Electron micrographs showing the morphology of protein aggregates 
induced by different stressors.  On the left, HEK293T cells were transfected with 
Ant1A90D,L98P,A114P,A123D, which caused the formation of aggresomes (Ag), as shown.  See 
Chapter 2 for more details.  The figure on the right is from Fig. S2 of Biel et al., where 
they treated breast cancer cells (MDA-MB-231) with a mitochondria-targeted 
antioxidant, mitoQ, for 24 hours.  As noted in their figure legend, “White, yellow, and 
black arrow heads identify single membrane bound irregularly shaped lysosomes (L), 
mitochondria remnants, and potential aggregate-fibril structures, respectively” (Biel et 
al., 2020). 
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5.4 – Protein import clogging and mPOS in mice 

 Ant1A114P,A123D clearly clogs the TOM complex and ultimately causes muscle and 

neurological disease in mice.  The stress pathways that connect import clogging and 

tissue dysfunction are almost surely multifactorial, given the universal importance of 

protein import to the numerous mitochondrial functions.  For the myopathic phenotype, 

the data presented in Chapter 3 implicate two possibilities: bioenergetic defects and 

mPOS (Figure 5.3).  It is unlikely that the observed ~30% reduction in complex I-based 

respiration alone is sufficient to cause muscle atrophy, as more severe perturbations in 

mitochondrial bioenergetics did not cause atrophy in muscle deficient in MnSOD 

(Mansouri et al., 2006, Kuwahara et al., 2010, Lustgarten et al., 2011).  On the other 

hand, the mitochondrial protein accumulation in the cytosol of diseased muscle suggests 

that proteostatic stress (i.e. mPOS) may play a role.  It is well known that cells reduce 

global protein synthesis in response to mitochondrial protein import defects (Wang and 

Chen, 2015), which could itself drive muscle atrophy (Wang et al., 2020).  Rescue 

experiments in mice are required to establish whether mPOS, a response to mPOS, or 

both, contribute to muscle atrophy.   

 Defects in protein import have been previously proposed to contribute to 

neurodegeneration.  Neuropathogenic proteins appear to mis-localized to mitochondria 

and block protein import.  This includes amyloid beta of Alzheimer’s disease (Cenini et 

al., 2016), a-synuclein of Parkinson’s disease (Di Maio et al., 2016), mutant SOD1 of 

familial ALS (Li et al., 2010), and mutant Huntingtin of Huntington’s disease (Yano et 

al., 2014).  However, whether neurodegeneration in these mice occurs due to protein 

import stress is obscured by the additional cytotoxic features of the pathogenic proteins, 
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such as protein aggregation itself.  In contrast, Ant1A114P,A123D is naturally targeted to 

mitochondria, catalytically dead, and total loss of Ant1 is known not to affect 

neurological function.  Thus, the Ant1A114P,A123D/+ clogger mice are well suited to 

determine the neurological effects of protein import stress.  

As described in Chapter 3, some Ant1A114P,A123D/+ clogger mice experience 

fulminant neurodegeneration around 1 year of age.  The low penetrance of this phenotype 

is mysterious.  Incomplete disease penetrance is a feature of certain mitochondrial 

diseases in humans (Caporali et al., 2017), and has been observed in mice as well 

(Cartoni et al., 2010).  Although the pathophysiology of fulminant paralysis in clogger 

mice is essentially unknown, we can still draw two key conclusions.  First, we can 

conclude that Ant1A114P,A123D is driving toxicity independent of nucleotide transport, as 

Ant1 knock-out mice and humans do not exhibit neurological symptoms.  Second, we can 

conclude that, at least in certain circumstances, protein import clogging can be extremely 

neurotoxic in mice, corroborating a potential role for clogging in the more common 

diseases described above.  Such toxicity of Ant1A114P,A123D is consistent with its yeast 

ortholog, Aac2A128P,A137D, whose expression is barely compatible with cell viability.  

Whether mPOS downstream of clogging can contribute to neurodegeneration is still an 

open question and is the focus of Chapter 4.   

In summary, the generation and characterization of Ant1A114P,A123D/+ mice 

revealed that protein import clogging can cause disease in animals.  It also provided 

direct evidence that mitochondrial preproteins can accumulate in the cytosol of aged 

mammalian tissue.  Thus, it is now clear that yeast, human cells, and mouse tissues have 

a limited capacity to degrade un-imported mitochondrial preproteins, suggesting this is a 
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universal feature of eukaryotes.  This idea would reverse a long-held dogma in the field, 

that mitochondrial preproteins are easily degraded when protein import is disrupted.  It 

also opens the door for a potential contribution of mPOS to numerous human pathologies, 

as described in the introduction. 

 

 
 
Figure 5.3.  Working model of the mechanism of dominant Ant1-induced disease. 
On the left is a simplistic diagram of mutant Ant1 clogging the TOM and TIM22 
translocase complexes, thereby blocking general mitochondrial protein import, as shown 
with a red X.  This leads to multifactorial cell and tissue stress (middle), which ultimately 
cause disease. 
 
 

5.5 – Open questions and future directions 

 From a basic biological perspective, the most critical next step in understanding 

the basis of protein import clogging is to systematically characterize the amino acid 

sequence requirements imposed on mitochondrial proteins for import.  The classic import 

studies primarily utilized a truncation approach to map mitochondrial targeting sequences 

on preproteins (e.g. (Wiedemann et al., 2001)).  The assumption at that time was that 

there should be a discrete recognizable mitochondrial targeting sequence, and the rest of 

the polypeptide remains unfolded for smooth passage through the import channels.  As 
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noted in Chapter 3, this model has been challenged by the observation that carrier 

proteins exhibit specific conformations during import (de Marcos-Lousa et al., 2006, 

Weinhäupl et al., 2018).  Our work shows that amino acid substitutions in mitochondrial 

preproteins can have a sizeable effect not just on the import of the mutant protein, but 

also on the import of mitochondrial preproteins generally.  This has significant 

implications for the evolution of mitochondrial protein sequences and may suggest an 

unexplored layer of mitochondrial protein import selectivity and regulation. 

 It is also important to understand how cells, tissues and organisms respond to 

protein import clogging and import defects.  On a molecular level, identifying anti-

clogging pathways could have therapeutic potential, as numerous disease conditions are 

predicted to reduce protein import (Chapter 1).  Several “anti-clogging” pathways have 

now been identified in yeast (Weidberg and Amon, 2018, Martensson et al., 2019), but 

how human cells and tissues mitigate protein import defects is largely unknown.   

On the organismal level, it is intriguing that import clogging has a deleterious 

effect on mouse skeletal muscle (Chapter 3) while having an apparently beneficial effect 

on neurological attributes such as executive function (Chapter 4).  Mild mitochondrial 

dysfunction improving organismal fitness is a phenomenon known as mitohormesis, and 

is well documented across model systems (Yun and Finkel, 2014).  Determining the 

precise trigger and mechanism of neural mitohormesis in clogger mice is likely to yield 

novel insights into the connection between mitochondria and higher-level cognition. 

 From a clinical perspective, there are two main future directions.  First, it is 

essential to determine pathogenicity of mPOS.  The Aac2A128P,A137D/+ clogger mouse 

model was a powerful tool that showed an associations between protein import clogging, 
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mPOS, and disease phenotypes.  However, the subtle myopathic changes and normal 

lifespan in non-paralytic mice precludes genetic or pharmacological rescue experiments.  

Thus, a stronger phenotype in an animal model with mPOS is required.   

Second, the protein import clogging model is theoretically applicable to any 

dominant disease caused by a mutant intra-mitochondrial protein, especially ones that 

cannot be explained by loss of function.  For example, dominant mutations in the 

mitochondrial intermembrane space protein CHCHD10 cause ALS and frontotemporal 

dementia (FTD), respectively (Bannwarth et al., 2014).  CHCHD10 is of particular 

interest considering that homozygous knockout mice are indistinguishable from wild-type 

(Burstein et al., 2018) while heterozygous mice expressing a pathogenic missense variant 

exhibit multi-system disease and shortened lifespan (Anderson et al., 2019, Genin et al., 

2019).  Although the authors of this study provided evidence that mutant CHCHD10 is 

prone to aggregation in mitochondria, the mechanism by which CHCHD10 exerts gain-

of-function toxicity remains unclear.  Intriguingly, the same missense variant of 

CHCHD10 was shown to induce cytosolic protein aggregation in multiple model systems 

(Woo et al., 2017).  Our work justifies protein import clogging as a reasonable and 

testable hypothesis.  

Lastly, we note that protein import clogging by mitochondrial preproteins is just 

one inducer of mPOS.  Future work is required to determine whether mPOS occurs in 

other physiological conditions, such as aging (Coyne and Chen, 2018).   
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5.6 – Conclusions 

 This body of work establishes mitochondrial protein import clogging as a potent 

mechanism of cell stress and degenerative disease in animals (Figure 5.3).  It also 

validates mPOS as a downstream consequence of import clogging in mammalian cells 

and tissues.  Clogging by pathogenic Ant1 provides a molecular explanation for the 

pleiotropic phenotypes observed in dominant Ant1-induced syndromes.  This marks a 

significant expansion of our limited understanding of the molecular underpinnings of 

mitochondrial diseases.   
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I.1 – Introduction 

Dynamic regulation of mitochondrial protein import is an understudied but 

important component of mitochondrial biology.  One likely candidate for reversible 

regulation of import is post-translational modification of either preproteins or the 

translocase machinery.  Dynamic ubiquitination of both preproteins as well as the 

translocase machinery provides one layer of regulation (Phu et al., 2020, Ordureau et al., 

2020).  Another layer appears to be phosphorylation of the TOM complex by cytosolic 

kinases, including casein kinase 2 (CK2) (Schmidt et al., 2011).  Here, we provide data 

implicating the recruitment of CK2 to mitochondria as a stress response to protein import 

clogging.   

 

I.2 – Results & Discussion 

In Chapter 3, we performed affinity purification of Aac2-HIS6 and Aac2A128P-

HIS6 and quantitatively compared co-purified proteins.  This led to the discovery that 

Aac2A128P physically associates with and clogs the protein import machinery.  There were 

also many other interesting proteins that preferentially co-purified with Aac2A128P-HIS6.  

In particular, subunits of the cytosol-resident CK2 stood out.  The CK2 subunits Cka2, 

Cka1 and Cka1 were the first, seventh and fifteenth proteins most strongly enriched in 

Aac2A128P-HIS6 eluate when purification was carried out in “low salt” conditions (see 

Chapter 3 for experimental details).  This was reproduced on repeated affinity 

purification in “high salt” conditions, which showed that Cka1, Cka2, and Ckb1 were the 

second, third and fifteenth most strongly enriched Aac2A128P-HIS6 interactors, 

respectively (Figure I.1A).   This raised the possibility of direct interaction and 
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subsequent phosphorylation of Aac2A128P by CK2.  However, a post-translational 

modification-focused analysis of the co-purified proteins did not detect preferential 

phosphorylation of Aac2A128P compared with wildtype, despite 86% coverage (Figure 

I.1B-C).  Alternatively, CK2 is known to promote biogenesis and stability of the TOM 

complex through phosphorylation of Tom22 at Ser44 and Ser46 (Schmidt et al., 2011).  

None of the Tom22 peptides detected in our proteomics experiment covered Ser44 or 

Ser46 (Figure I.1D).  As an alternative approach, we overexpressed CK2 subunits to see 

if they could improve the viability and growth of galactose-induced aac2A128P expressing 

cells.  We found that the alpha catalytic subunits Cka2 and Cka1, but not the regulatory 

subunit Ckab1, can partially suppress Aac2A128P toxicity (Figure I.1E).  Thus, CK2 

association with Aac2A128P may be a stress response directed at increasing protein import, 

which support protein import clogging by Aac2A128P described in Chapter 3.  In this 

model, CK2 would be associated with the TOM complex for phosphorylation, thereby 

indirectly co-purifying with Aac2A128P-HIS6 that is arrested during import.  It is possible 

that clogging with Aac2A128P reduces the stability of the TOM complex, as observed for 

TIM complexes (Liu et al., 2015), thereby requiring CK2 phosphorylation to promote 

stability and/or biogenesis (Schmidt et al., 2011).   
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Figure I.1.  Casein Kinase 2 (CK2) preferentially associates with Aac2A128P, which 
may be a stress response to protein import clogging. 

(A) Aac2A128P-HIS6 and Aac2-HIS6 were affinity purified and the co-purified proteins 
were quantified by label-free quantitative mass spectrometry (see Chapter 3 for 
experimental details.  Casein Kinase 2 (CK2) subunits were highly enriched.  P-
values are FDR-corrected.   

(B) Primary sequence of Aac2 with the residues that were detected by mass 
spectrometry highlighted in green.  Red box marks the lone phosphorylated 
residue detected.  

(C) Table indicating which samples contained the phosphorylated Y305 depicted in 
(B).  

(D) Primary sequence of Tom22 with residues that were detected by mass 
spectrometry highlighted in green.  Red box marks serine residues 
phosphorylated by CK2, which were not covered by any detected peptides.  

(E) Serial growth assay showing partial suppression of aac2A128P toxicity by 
expression of CKA1 and CKA2 from a multicopy vector.  Yeast are in BY4741 
background with aac2A128P expressed from a galactose-induced promoter.  
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II.1 – Introduction 

The endoplasmic reticulum (ER) is an interconnected network of membrane 

tubules that primarily functions to facilitate proper protein folding, processing and 

targeting. Canonically, the ER processes proteins that are destined for secretory vesicles, 

the plasma membrane, or lysosomes (or vacuoles in yeast). This accounts for up to one 

third of total cellular proteins that are first targeted to the ER.  Targeting to the ER occurs 

either during protein synthesis or soon thereafter (Rapoport, 2007).  Co-translationally 

targeted ER proteins have a signal sequence on their N termini that is recognized by the 

Signal Recognition Particle (SRP) (Walter and Johnson, 1994).  SRP binds the signal 

sequence as well as the translating ribosome to arrest synthesis until the whole complex 

reaches Sec61 translocon complex, at which point translation resumes as the protein is 

imported into the ER.  Alternatively, post-translational ER targeting mechanisms exist as 

well.  The best-characterized SRP-independent pathway is targeting to the Sec61 

translocon via the Sec62/63 complex (Panzner et al., 1995).  More recently, two other 

SRP-independent pathways were characterized: the guided entry of tail-anchored proteins 

(GET) pathway (or transmembrane recognition complex of 40 kDa (TRC40) in 

mammals) and the “SRP-independent targeting” (SND) pathway (Stefanovic and Hegde, 

2007, Schuldiner et al., 2008, Jonikas et al., 2009, Ast et al., 2013, Aviram et al., 2016).  

Thus, numerous mechanisms exist that work in parallel to deliver proteins to the ER.   

Mitochondrial proteins have also been observed at the ER, although it is unclear 

whether this is a deliberate stress response or mislocalization.  Mitochondrial outer 

membrane tail-anchored proteins in particular seem prone to localization at the ER, 

presumably owing to their similarity to ER tail-anchored proteins (Krumpe et al., 2012, 
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Qin et al., 2020, McKenna et al., 2020).  This is mediated by the GET pathway (Vitali et 

al., 2018).  Interestingly, a recent screen revealed that unimported mitochondrial carrier 

proteins can also be targeted to the ER (Shakya et al., 2021).  This was discovered using 

fluorescently tagged mitochondrial carriers in conditions with impaired mitochondrial 

protein import, implying that the carrier proteins are not rapidly degraded inside the ER, 

otherwise the fluorescent signal would not have been captured.  How un-imported 

mitochondrial carriers are delivered to ER is unclear, though some evidence suggests 

involvement of the GET complex (Xiao et al., 2021).   

More importantly, why un-imported mitochondrial carriers are delivered to ER is 

unknown.  The multifunctional AAA protein Cdc48 (or p97/VCP in mammals), 

classically known for its role in ER-associated protein degradation (ERAD), can be 

recruited to mitochondria with the help of Ubx2 to facilitate un-clogging of the TOM 

complex (Martensson et al., 2019).  But whether mitochondrial proteins are recruited to 

ER for degradation has not been demonstrated.  Alternatively, it is possible that the ER 

redirects un-imported carrier proteins back to mitochondria for import.  It was recently 

shown that ER membranes can facilitate mitochondrial protein import in vitro, a process 

that seems to involve the ER-resident Hsp40 co-chaperone Djp1 (Hansen et al., 2018).   

As described at length in this thesis, mutant Ant1/Aac2 clogs the mitochondrial 

protein import machinery to obstruct general protein traffic.  In this appendix, we present 

an eclectic collection of data that suggest an involvement of the ER in handling clogger 

Aac2/Ant1 proteins. 
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II.2 – Results  

II.2.1 – Aac2A128P affinity purification 

As described in Chapter 3 and Appendix I, we performed affinity purification of 

Aac2-HIS6 and Aac2A128P-HIS6 at two different salt concentrations (“low”, 100 mM and 

“high”, 200 mM NaCl), and then quantitatively compared co-purified proteins (Figure 

II.1A).  Many proteins were significantly enriched in Aac2A128P-HIS6 eluate, consistent 

with mislocalization of the protein due to clogging (Figure II.1B-C).  The ER was among 

the most enriched locations of these proteins, as determined by Gene Ontology (GO) 

analysis (Figure II.1D-E).  Similarly, “Protein processing at the ER” was the most 

significantly enriched KEGG pathway in the enriched eluate from the high salt 

experiment (Figure II.1F).  Unexpectedly, this did not include the ER proteins typically 

involved in mitochondrial protein homeostasis, such as Djp1 and Cdc48.   

A more granular analysis of Aac2A128P-associated ER proteins yielded some 

interesting observations (Table II.1, Figure II.2).  It appears that Aac2A128P associates with 

the Sec63 complex, the Sec61 translocon, and SRP receptor proteins, suggesting potential 

import of Aac2A128P into ER membranes and/or lumen.  The data do not suggest a 

pathway by which Aac2A128P might be targeted to the ER translocon, as most of the signal 

recognition particle (SRP) components were not enriched (except Srp54, involved in 

binding to the SRP receptor), nor were GET or SND proteins involved in SRP-

independent targeting.  A luminal component of the Sec61 translocon, the multi-subunit 

oligosaccharyltransferase (OST) enzyme, was also enriched in Aac2A128P-HIS6 eluate.  

OST catalyzes a central step in N-linked glycosylation pathway that acts on proteins as 

they enter the ER.  In addition, Ste24 was robustly enriched in Aac2A128P-HIS6 eluate.  
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Ste24 is a metalloprotease involved in removing clogged proteins from the Sec61 ER 

protein translocation channel (Ast et al., 2016).   

Does Aac2A128P undergo processing in the ER?  Consistent with a lack of ER 

signal sequence on Aac2, we did not detect enrichment of the signal peptidase complex in 

Aac2A128P eluate (Table II.1).  However, several protein O-mannosyltransferase proteins 

(Pmt1—5) were enriched (Figure II.2).  Protein O-mannosylation is an essential ER 

function that is required for proper protein folding and targeting, as well as for potentially 

handling misfolded proteins (Loibl and Strahl, 2013). Aac2A128P is misfolded, raising the 

possibility that it is recognized for O-mannosylation (Liu et al., 2015).  Pmt1-Pmt2 

complexes can associate with Hrd1 and p24 complexes (Goder and Melero, 2011), which 

were also enriched in Aac2A128P-HIS6 eluate function in ubiquitination for ERAD and ER 

export of GPI-anchored proteins, respectively.  Hrd1 is an E3 ubiquitin ligase involved in 

ERAD, and GPI-anchor transamidases catalyzes the attachment of a phosphoglyceride to 

the C-termini of proteins.   If these associations are specific, the data suggest Aac2A128P is 

processed in the ER, possibly for degradation and/or export. 

Cargo is exported from the ER and delivered to the Golgi via COPII-coated 

vesicles.  Aac2A128P preferentially associated with many COPII vesicle components in our 

affinity purification experiments (Figure II.2).  However, we detected very few Golgi 

proteins associated with Aac2A128P.  So, to where is Aac2A128P trafficked?  We found a 

robust increase of most COPI coatomer subunits in Aac2A128P-HIS6 eluate, suggesting the 

mutant protein is transported back to the ER via retrograde COPI-coated vesicles.  Taken 

together, these proteomics data suggest that un-imported Aac2A128P may be inserted into 

ER membranes, potentially processed with glycosylation, exported via COPII-coated 
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vesicles and then returned back to the ER via COPI coated vesicles.  
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Figure II.1.  Aac2A128P-HIS6 eluate is enriched with ER proteins. 
(A) Workflow for the Aac2-HIS6 and Aac2A128P-HIS6 as described in Chapter 3. N = 4 

independent affinity purifications from at least two independent mitochondrial 
preparations. 

(B) Volcano plot comparing co-purified proteins in Aac2A128P-HIS6 versus Aac2-HIS6 
eluate, as described in (A).  Affinity purification carried out in 100 mM NaCl 
(“low salt”). 

(C) Volcano plot comparing co-purified proteins in Aac2A128P-HIS6 versus Aac2-HIS6 
eluate.  Affinity purification carried out in 200 mM NaCl (“hight salt”). 

(D) Eight most significantly enriched Cell Component GO terms among proteins 
preferentially co-purified with Aac2A128P-HIS6 in low salt (Fold change > 1.5, 
FDR-adjusted p-value < 0.05). 

(E) Five most significantly enriched Cell Component GO terms among proteins 
preferentially co-purified with Aac2A128P-HIS6 in high salt (Fold change > 1.5, 
FDR-adjusted p value < 0.05). 

(F) Two most significantly enriched KEGG pathway terms among proteins 
preferentially co-purified with Aac2A128P-HIS6 in high salt (Fold change > 1.5, 
FDR-adjusted p value < 0.05). 

 
 
 
 
 
 

 
 
Figure II.2 – Aac2A128P-HIS6 preferentially purifies with ER proteins.  ER proteins 
significantly enriched in Aac2A128P-HIS6 eluate were manually curated and organized by 
function. Missing bars for a given protein indicate that the protein was not significantly 
enriched in Aac2A128P-HIS6 eluate. 
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II.2.2 – Genetic suppression of Aac2A128P toxicity by manipulating vesicle trafficking 

Intriguingly, we found that overexpression of a COPI coatomer subunit, Ret2, 

could robustly suppress Aac2A128P-induced cell toxicity (Figure II.3A).  If Ret2 

overexpression stimulates retrograde transport of Aac2A128P, this would suggest that the 

ER is a safe destination for the mutant protein. Consistent with this idea, genetic ablation 

of Bre5 or Ubp3 also suppresses Aac2A128P toxicity (Figure II.3B).  Bre5 and Ubp3 form 

a de-ubiquitination complex that is required for ER-to-Golgi transport (Cohen et al., 

2003).  These findings establish a genetically tractable system in which to further explore 

the function of ER and vesicle trafficking in Aac2A128P toxicity. 

 

Figure II.3.  Overexpression of RET2 and knockout of UBP3 and BRE5 suppress 
aac2A128P toxicity. 

(A) Serial dilution growth assay showing suppression of aac2A128P toxicity by 
expression of RET2 from a multicopy vector.  This is in BY4741 background 
with aac2A128P expressed from a galactose-induced promoter.  

(B) Yeast colonies grown from haploid spores after tetrad dissection after mating 
AAC2 + aac2A128P with wild-type (left), bre5D (middle) and ubp3D (right).  
Each row is an independent tetrad.  In the left and middle panels, squares 
mark aac2A128P cells, and circles mark double mutant cells with aac2A128P + 
bre5D.  In the right panel, circles are aac2A128P cells and squares are double 
mutant aac2A128P + ubp3D. This is M2915-6A background. 
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II.2.3 – Mouse transcriptomics suggests ER involvement in mitigating Ant1A114P,A123D 

toxicity. 

 As described in Chapter 4, we performed RNA-seq analysis on Ant1A114P,A123D/+ 

spinal cords.  We re-analyzed these data excluding the other brain regions, and including 

all ages of spinal cord RNA-seq (9 months, 24 months and 30-months of age).  At 30 

months old, IGFBP6, IGF2 and HSPA1B were the first, second and sixth most 

upregulated genes among those that reached statistical significance (q < 0.05), which is 

consistent with previous analyses in Chapter 4 (Figure II.4A).  In addition, we also see 

upregulation of genes involved in ER protein homeostasis.  Among significantly 

upregulated genes, “Protein processing in the ER” was the most enriched KEGG pathway 

(Figure II.4B).  This was also the case for upregulated genes in the cerebellum based on 

our previous analysis in Chapter 4 (Figure II.4C, see Table S4.3). 

 We also performed RNA-seq on skeletal muscle of Ant1A114P,A123D/+ mice, and 

found numerous genes significantly upregulated (Figure II.4D).  These data were also 

analyzed in a tissue-specific manner, without the inclusion of other tissues.  Despite this, 

“Protein processing in the ER” was again the most enriched KEGG pathway among the 

significantly upregulated genes (q < 0.05, Figure II.4D).  A side-by-side comparison of 

the spinal cord and muscle revealed some overlap in upregulated genes involved in ER 

protein processing.  This included DNAJC3 and HSPA5, which code for ER-luminal 

chaperones.  Although the upregulation of these ER genes is modest in regards fold-

change, and their specific functions in relation to Ant1A114P,A123D are completely 

unknown, these data are consistent with a role of the ER in mitigating Ant1A114P,A123D-

induced stress in vivo. 
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Figure II.4.  Transcriptional profiling of Ant1A114P,A123D/+ spinal cord and skeletal 
muscle are consistent with a role for ER in mitigating stress.  

(A) Volcano plot of RNA-seq data re-analyzed as described in the text.  Shown is the 
fold-change vs q value of 30-month-old spinal cords.  

(B) Three most significantly enriched KEGG pathways among genes upregulated in 
30-month-old spinal cords (q < 0.05).  Unlike in Chapter 4, these data were 
analyzed independently without inclusion of other tissues.  ANOVA was 
performed on exclusively spinal cord data from 9-months old (n=4/genotype), 24-
months old (n=4/genotype), 30 months old (n=5/genotype).   

(C) Two most significantly enriched KEGG pathways among genes upregulated in 
30-month-old spinal cords (q < 0.05).  Gene list from Chapter 4 (Table S4.3). 

(D) Heat map of significantly upregulated genes in 30-month-old Ant1A114P,A123D/+ 
quadriceps muscle (q < 0.05).  ANOVA was performed including skeletal muscle 
data from 9-months old (n=4/genotype), 24-months old (n=4/genotype), 30 
months old (n=5/genotype).   

(E) Two most significantly enriched KEGG pathways among genes upregulated in 
30-month-old skeletal muscle, shown in (B).   

(F) Venn diagram showing the upregulated genes in KEGG pathway “protein 
processing in the endoplasmic reticulum”.  False discovery rate (FDR) of 
enrichment was 0.00003, 0.0079, and 0.0002 for spinal cord, cerebellum, and 
skeletal muscle, respectively. 
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II.3 – Discussion 

ER and mitochondrial function are intimately connected.  They are known to form 

physical contact sites with one another that are known as mitochondria-associated ER 

membranes (MAMs).  MAMs cover 4-20% of the mitochondrial surface (Rizzuto et al., 

1998), and are well known for their regulation of calcium homeostasis, lipid metabolism 

and, more recently, mtDNA synthesis (Rizzuto et al., 1998, Kornmann et al., 2009, Lewis 

et al., 2016, Csordas et al., 2018).  The data presented in this appendix point to a role of 

the ER in handling mutant Aac2/Ant1 proteins that clog the mitochondrial protein import 

machinery.   

This idea is not unprecedented.  Upon protein import stress, fluorescently tagged 

mitochondrial carrier proteins have been observed at the ER (Shakya et al., 2021, Xiao et 

al., 2021).  The abundance of ER membranes in conjunction with the hydrophobicity of 

un-imported mitochondrial carriers makes the ER a likely destination.  It is therefore not 

surprising that Aac2A128P-HIS6 co-purifies with ER proteins, as Aac2A128P is not 

efficiently imported into mitochondria (see Chapter 3 and (Wang and Chen, 2015)).  

Although the specificity of the interactions between ER proteins and Aac2A128P-HIS6 is 

highly questionable, the data suggest that Aac2A128P physically associates with ER 

membranes.  The critical questions are: (1) whether Aac2A128P and other mitochondrial 

carrier proteins are deliberately routed to the ER and (2) whether rerouting mitochondrial 

carrier proteins to the ER has any physiological relevance.   

 Our preliminary genetic data hint at a functional relevance of ER in mitigating 

the toxic effects of Aac2A128P.  Cell growth was restored in aac2A128P-expressing cells by 

two orthogonal genetic interventions that would be expected to accumulate proteins at the 
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ER: RET2 overexpression and bre5/ubp3 knockout (Figure II.5).  One interpretation of 

these data is that the ER is a safe destination for Aac2A128P.  Why might this be the case?  

There are several possibilities that are not mutually exclusive.  First, the ER could be 

involved in stimulating Aac2A128P import back into mitochondria, as previously proposed 

(Hansen et al., 2018).  Second, the ERAD machinery may degrade Aac2A128P from ER 

membranes, thereby mitigating its toxic effects.  Finally, perhaps ER localization serves 

to sequester the mutant protein, preventing the toxicity associated with Aac2A128P 

mislocalization elsewhere, such as the cytosol, Golgi and perhaps further down the 

secretory pathway.  The genetic tools are available to dissect these possibilities.   

 

 

Figure II.5.  Working model for the relationship between mutant Aac2/Ant1 and the 
ER.  Mutant Aac2/Ant1 (red lines) clogs the mitochondrial protein import machinery, 
leading to re-localization to the ER membranes.  From the ER, the mutant protein may be 
aberrantly sent to the Golgi (which can be blocked by loss of Bre5/Ubp3), only for return 
back to the ER via COPI-coated vesicles.  We speculate that retrograde COPI trafficking 
may be stimulated by overexpression of the delta subunit of the COPI coatomer, RET2.   
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It is also possible that genetic manipulation of RET2, UBP3, and BRE5 are 

suppressing by alternative pathways.  How overexpression of a single subunit of the 

COPI coatomer would stimulate retrograde vesicular transport is not clear.  Moreover, the 

Ubp3-Bre5 deubiquitination complex has pleiotropic functions, including negative 

regulation of mitophagy (Kraft et al., 2008, Muller et al., 2015).  Complementary 

experiments are required to establish that the effect on vesicle trafficking underlies 

suppression of aac2A128P toxicity.  

In the event that vesicle trafficking does protect these cells, this still does not 

necessarily imply physiological relevance.  However, we were intrigued to find that 

expression of the clogger protein Ant1A114P,A123D in mice led to a transcriptional response 

directed at protein processing in the ER.  This was reproducible in data from multiple 

mouse tissues that were analyzed independently.  This suggests that Ant1A114P,A123D 

expression has a physiologically meaningful impact on ER function.  If it can be 

established that mutant Aac2 and Ant1 do, in fact, accumulate at the ER, this would 

provide a foundation for investigating the role of ER in handling un-imported 

mitochondrial carrier preproteins and, potentially, mPOS.   
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Table II.1. Manually curated list of proteins involved in ER homeostasis and vesicle 
trafficking, with their fold-change (FC) in Aac2A128P-HIS6 vs Aac2-HIS6 lysate indicated 
along with FDR-adjusted p values.  “NA” indicates the protein was not significantly 
enriched in Aac2A128P-HIS6 lysate.   
 

Protein 

Low 
salt 
FC 

Low salt 
p.adj 

High 
salt 
FC 

High salt 
p.adj Location Process 

              

Ssb1 2.8621 0.0022281 2.905 0.0096491 Cytosol 

Ribosome-associated nascent chain 
binding HSP70 chaperone. Binds 80% 
mitochondrial peptides, 62% tail-
anchored proteins (GET pathway), 78% 
SND-pathway ER proteins (Doring et al 
Cell 2017) 

Ssb2 2.9455 0.0061583 2.9432 0.0099141 Cytosol 

Ribosome-associated nascent chain 
binding HSP70 chaperone. Binds 80% 
mitochondrial peptides, 62% tail-
anchored proteins (GET pathway), 78% 
SND-pathway ER proteins (Doring et al 
Cell 2017) 

              
Srp101 2.3922 0.0059672 2.2711 0.012721 ER SRP receptor 
Srp102 2.27 0.0039547 2.27 0.0039547 ER SRP receptor 
Sec65 NA NA NA NA Cytosol Signal recognition particle 
Srp14 NA NA NA NA Cytosol Signal recognition particle 
Srp21 NA NA NA NA Cytosol Signal recognition particle 
Srp54 4.3924 0.021179 3.2428 0.027011 Cytosol Signal recognition particle 
Srp68 NA NA NA NA Cytosol Signal recognition particle 

Srp72 NA NA NA NA Cytosol 
Core component of the signal recognition 
particle 

              

Get1 NA NA NA NA 
ER 
membrane 

Membrane receptor for soluble Get3. 
Complex w Get2 

Get2 NA NA NA NA 
ER 
membrane 

Membrane receptor for soluble Get3. 
Complex w Get1 

Get3 NA NA 2.4841 0.029957 Cytosol 
Recognizes and selectively binds TM-
domain of tail-anchored proteins 

Get4 NA NA NA NA 
ER 
membrane 

Involved in inserting tail-anchored 
proteins into ER membrane. Complex w 
Get5 

Get5 NA NA NA NA 
ER 
membrane 

Involved in inserting tail-anchored 
proteins into ER membrane. Complex w 
Get4 

              
Snd1 NA NA NA NA Cytosol SRP-independent targeting pathway 

Snd2 NA NA NA NA 
ER 
membrane SRP-independent targeting pathway 

Snd3 NA NA NA NA 
ER 
membrane SRP-independent targeting pathway 

              

Sec61 2.2709 0.030834 NA NA 
ER 
membrane 

Channel-forming protein for ER insertion 
(10 transmembrane domains) 

Sss1 NA NA NA NA 
ER 
membrane Sec61 complex 

Sbh1 2.5596 0.017042 2.4159 0.012721 
ER 
membrane Sec61 complex 

              

Sec63 2.6408 0.018468 2.4299 0.014632 
ER 
membrane 

Sec63 complex helps form channel with 
sec61 complex. Is a luminal DnaJ protein 
(HSP40) 

Sec62 3.7338 0.0085327 2.618 0.02272 
ER 
membrane Sec63 complex 

Sec66 2.4232 0.01412 NA NA 
ER 
membrane Sec63 complex 
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Sec71 NA NA NA NA 
ER 
membrane Sec63 complex 

Sec72 NA NA NA NA 
ER 
membrane Sec63 complex 

              

Kar2 2.7246 0.0038383 2.3098 0.0081572 ER lumen 

Chaperone / ATPase involved in ER 
import of proteins. Also involved in 
ERAD. Also important for protein folding 

Lhs1 NA NA NA NA ER lumen 
ER luminal molecular chaperone involved 
in ER import 

              

Ste24 4.1493 0.0025206 3.1582 0.0020954 
Nuc / ER 
Membrane 

Zinc metalloprotease, unclogs Sec61 
translocase, inhibits SRP-independent 
translocation into ER 

              
Spc1 NA NA NA NA ER lumen Signal peptidase complex 
Spc2 NA NA NA NA ER lumen Signal peptidase complex 
Spc3 NA NA NA NA ER lumen Signal peptidase complex 
Sec11 2.0822 0.032207 NA NA ER lumen Signal peptidase complex 
              

Ost1 2.3896 0.010165 2.3328 0.021262 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

Ost2 NA NA 2.6124 0.025186 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

Ost3 2.3655 0.01891 1.9753 0.049821 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

Ost4 NA NA NA NA 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

Ost5 NA NA 3.3417 0.037421 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

Wbp1 2.354 0.007473 2.2142 0.012721 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

Swp1 2.7186 0.015628 NA NA 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

Stt3 2.3843 0.02754 2.578 0.028255 

ER 
membrane / 
lumen 

oligosaccharyltransferase (OST) enzyme, 
for N-linked glycolsylation 

              

Pmt1 2.4459 0.01123 2.1064 0.037853 

ER 
membrane / 
lumen Protein O-mannosyltransferase 

Pmt2 2.6562 0.0089453 2.6546 0.018153 

ER 
membrane / 
lumen Protein O-mannosyltransferase 

Pmt3 2.7438 0.042084 NA NA 

ER 
membrane / 
lumen Protein O-mannosyltransferase 

Pmt4 2.9829 0.037225 3.647 0.02992 

ER 
membrane / 
lumen Protein O-mannosyltransferase 

Pmt5 3.3963 0.014488 2.9851 0.027011 

ER 
membrane / 
lumen Protein O-mannosyltransferase 

Pmt6 NA NA NA NA 

ER 
membrane / 
lumen Protein O-mannosyltransferase 

Pmt7 NA NA NA NA 

ER 
membrane / 
lumen Protein O-mannosyltransferase 
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Gaa1 3.4152 0.0060659 3.1953 0.013001 

ER 
membrane / 
lumen 

GPI-anchor transamidase complex. 
Transfers GPI lipid to newly made GPI 
proteins in ER 

Gab1 2.9174 0.010372 3.0207 0.0028974 

ER 
membrane / 
lumen 

GPI-anchor transamidase complex. 
Transfers GPI lipid to newly made GPI 
proteins in ER 

Gpi8 3.8562 0.016259 3.5887 0.0036769 

ER 
membrane / 
lumen 

Transmembrane protein in GPI-anchor 
transamidase complex. Transfers GPI 
lipid to newly made GPI proteins in ER 

Gpi16 3.2354 0.0054271 3.0714 0.01671 

ER 
membrane / 
lumen 

GPI-anchor transamidase complex. 
Transfers GPI lipid to newly made GPI 
proteins in ER 

Gpi17 3.3074 0.0093024 2.879 0.032628 

ER 
membrane / 
lumen 

Catalytic subunit of ER membrane GPI-
anchor transamidase complex. Transfers 
GPI lipid to newly made GPI proteins in 
ER 

              

Pdi1 2.0176 0.0043853 2.0202 0.01054 ER 
Essential protein disulfide isomerase, 
induced during UPR 

Mdp1 NA NA NA NA ER Nonessential protein disulfide isomerase 
Mdp2 NA NA NA NA ER Nonessential protein disulfide isomerase 

Eug1 6.2144 0.0051398 4.3856 0.0085415 ER 
Nonessential protein disulfide isomerase, 
induced during UPR 

Eps1 3.8742 0.034402 4.8971 0.03891 ER Nonessential protein disulfide isomerase 
              
Cne1 NA NA NA NA ER Calnexin (ER folding machinery) 
              

Cwh41 1.8685 0.01099 2.7302 0.034693 ER lumen 

Glucosidase I - removes the three 
terminal glucose residues of N-linked 
oligosaccharide 

Rot2 2.2999 0.01099 2.3105 0.0084245 ER lumen 

Glucosidase II - removes the three 
terminal glucose residues of N-linked 
oligosaccharide 

Kre5 2.5219 0.003974 2.4071 0.0036432 ER lumen 

Potentially involved in adding glucose 
back to the oligosaccharide (UGGT) for 
protein folding 

              

Msn1 NA NA 2.8846 0.030456 ER  

Removes terminal mannosyl of B branch 
of Man9GlcNAc2, and it’s typically 
Man8GlcNAc2 that's secreted 

Htm1 NA NA NA NA ER 

Acts after Msn1 on terminally misfolded 
proteins to remove outermost mannosyl 
from C branch 

Yos9 2.3435 0.008408 2.3135 0.016969 ER 

ER lectin that recognizes and targets the 
glycosylated protein produced by Htm1 
for misfolded ERAD 

              
Scj1 2.4526 0.0060659 2.3149 0.0028973 ER DnaJ-like stimulating factor for Kar2 
Jem1 NA NA 1.8249 0.0082759 ER DnaJ-like stimulating factor for Kar2 
Sil1 2.535 0.0056709 2.4281 0.0080667 ER Nucleotide exchange factor for Kar2 
              

Ire1 NA NA 2.6556 0.013001 
ER 
membrane 

Transmembrane protein that mediates 
unfolded protein response after Kar2 
binding and subsequent release from ER 

Hac1 NA NA NA NA 
Cytosol --> 
Nucleus Transcriptional mediator of UPR 

              

Sec12 5.7978 0.014062 NA NA 
ER 
membrane GEF that catalyzes the activation of Sar1 

Sar1 NA NA NA NA 

Cytosol --> 
COPII 
vesicle 

COP II machinery (vesicles leaving the 
ER) - small G protein, activation initiates 
COPII coat assembly 

Sec23 2.9183 0.015713 3.446 0.022326 

Cytosol --> 
COPII 
vesicle 

COP II machinery (vesicles leaving the 
ER) - dimerizes with Sec24, GAP for 
Sar1 

Sec24 3.3977 0.02754 3.099 0.029935 

Cytosol --> 
COPII 
vesicle 

COP II machinery (vesicles leaving the 
ER) - dimerizes with Sec23, provides 
cargo-binding function of coat 



 259 

Sec13 4.7014 0.023999 4.2878 0.035144 

Cytosol --> 
COPII 
vesicle 

COP II machinery (vesicles leaving the 
ER) - forms hetero-tetrameric complex  
with Sec31 for outer membrane coat 

Sec31 NA NA NA NA 

Cytosol --> 
COPII 
vesicle 

COP II machinery (vesicles leaving the 
ER) - forms hetero-tetrameric complex  
with Sec13 for outer membrane coat 

              

Sed5 NA NA NA NA Golgi 

COPII vesicle cargo; SNARE receptor 
involved in ER to Golgi vesicle transport 
and intra-Golgi vesicle transport 

Bet1 NA NA NA NA 

COP II 
vesicles 
mainly 

COPII vesicle cargo; SNAP receptor 
involved in ER to Golgi vesicle mediated 
transport and membrane fusion. 
Membrane protein. 

Sys1 NA NA NA NA Golgi 
COPII vesicle cargo; involved in forward 
transport from Golgi to endosome / PM 

Sec22 1.6227 0.04022 2.8768 0.017418 

ER, COPII 
vesicles, 
Golgi 

COPII vesicle cargo; R-SNARE protein, 
cycles between ER and Golgi complex 
anterograde and retrograde. Assembles 
into SNARE complex with Bet1 Bos1 
Sed5 

Bos1 NA NA NA NA ER 
v-SNARE at ER membrane. Necessary 
for ER to Golgi transport 

Sfb2 3.0481 0.013777 2.8738 0.032023 

Cytosol --> 
COPII 
vesicle 

COPII vesicle coat, required for cargo 
selection for ER --> Golgi transport, 
paralog of Sec24 

Lst1 NA NA NA NA 

Cytosol --> 
COPII 
vesicle 

Sec24 isoform, Part of COPII vesicle coat 
required for cargo selection from ER to 
Golgi transport, requires a scaffold for 
large membrane proteins I think. 

Erv29 NA NA NA NA 
ER, COPII 
vesicles 

COPII adaptor involved in ER to Golgi 
vesicle mediated transport 

Prc1 2.399 0.027269 NA NA Vacuole 
COPII vesicle cargo; vacuolar 
carboxypeptidase Y (AKA CPY) 

Emp46 NA NA NA NA 

ER-derived 
COPII 
vesicles COPII vesicle cargo, paralog of Emp47 

Emp47 NA NA NA NA 

ER-derived 
COPII 
vesicles COPII vesicle cargo, Paralog if Emp46 

Emp24 2.8889 0.011309 2.5539 0.010319 
ER, COPII 
vesicles 

Receptor for COPII cargo, enriched for 
GPI-anchored proteins, misfolded protein 
quality control, p24 complex, involve din 
protein retention in ER 

Erv25 2.1486 0.014301 2.1181 0.026059 
ER, COPII 
vesicles 

Receptor for COPII cargo, enriched for 
GPI-anchored proteins, misfolded protein 
quality control, p24 complex, involve din 
protein retention in ER 

Erp1 2.5759 0.017558 2.1912 0.037922 
ER, COPII 
vesicles 

Receptor for COPII cargo, enriched for 
GPI-anchored proteins, misfolded protein 
quality control, p24 complex, involve din 
protein retention in ER 

Erp2 2.9488 0.0054271 NA NA 
ER, COPII 
vesicles 

Receptor for COPII cargo, enriched for 
GPI-anchored proteins, misfolded protein 
quality control, p24 complex, involve din 
protein retention in ER 

Erv26 NA NA NA NA 
ER, early 
Golgi 

Receptor for COPII cargo, mediate 
efficient export of transmembrane 
proteins that have cytoplasmically 
oriented regions 

Erv14 3.3403 0.022799 NA NA 

ER, COPII 
vesicles, cell 
periphery 

Receptor for COPII cargo, mediate 
efficient export of transmembrane 
proteins that have cytoplasmically 
oriented regions 

Shr3 2.0223 0.042084 2.3657 0.030603 ER 

Chaperone required for correct folding 
and quaternary assembly of amino acid 
permeases 
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Ypt1 NA NA NA NA Early Golgi 
Rab GTPase required for vesicle docking 
onto the Golgi from ER.  

Uso1 NA NA NA NA Golgi 
Functions in docking to ER, required for 
ER-to-Golgi SNARE complex 

Sec34 / 
Cog3 NA NA NA NA 

Cytosol --> 
vesicles? 

Essential component of conserved 
oligomeric Golgi transport complex. 
Mediates fusion at Golgi. Also involved in 
CVT pathway, macroautophagy, and 
pexophagy 

Sec35 / 
Cog2 NA NA NA NA 

Cytosol --> 
vesicles? 

Essential component of conserved 
oligomeric Golgi transport complex. 
Mediates fusion at Golgi. Also involved in 
CVT pathway, macroautophagy, and 
pexophagy 

Bet3 2.1327 0.012946   

Cytosol --> 
COPII 
vesicle 

TRAPPI complex member, Catalytic, 
tethering complex that provides initial 
recognition event that links vesicle to 
Golgi, binds to Sec23 

Bet5 NA NA NA NA 

Cytosol --> 
COPII 
vesicle 

TRAPPI complex member, Catalytic, 
tethering complex that provides initial 
recognition event that links vesicle to 
Golgi 

Trs23 2.814 0.046642 4.1751 0.02661 

Cytosol --> 
COPII 
vesicle 

TRAPPI complex member, Catalytic, 
tethering complex that provides initial 
recognition event that links vesicle to 
Golgi 

Trs31 3.2222 0.0089893 3.4656 0.0086442 

Cytosol --> 
COPII 
vesicle 

TRAPPI complex member, Catalytic, 
tethering complex that provides initial 
recognition event that links vesicle to 
Golgi 

Trs33 4.2564 0.013004 3.4559 0.02458 

Cytosol --> 
COPII 
vesicle 

TRAPPI complex member, tethering 
complex that provides initial recognition 
event that links vesicle to Golgi 

Trs65 NA NA NA NA 

Cytosol --> 
COPII 
vesicle TRAPPII complex, intra-Golgi primarily 

Trs120 NA NA 4.6938 0.029984 

Cytosol --> 
intra Golgi 
vesicle TRAPPII complex, intra-Golgi primarily 

Trs130 NA NA 3.5246 0.012935 

Cytosol --> 
intra Golgi 
vesicle TRAPPII complex, intra-Golgi primarily 

              

Arf1 NA NA 2.8389 0.044532 
Cis Golgi 
membrane Rab GTPase 

Gea1 NA NA NA NA 
Cis Golgi 
membrane GEF for Arf1, complex with Gea2 

Gea2 NA NA NA NA 
Cis Golgi 
membrane GEF for Arf1, complex with Gea1 

Glo3 NA NA NA NA 
Cis Golgi 
membrane GAP for Arf2 

Cop1 NA NA 3.321 0.025839 
COPI 
coatomer alpha 

Sec26 3.6304 0.014393 3.7738 0.014644 
COPI 
coatomer beta 

Sec27 3.6342 0.012536 3.5014 0.014658 
COPI 
coatomer beta prime 

Sec21 3.9225 0.014972 4.1679 0.016419 
COPI 
coatomer gamma 

Ret2 4.5392 0.02281 5.4773 0.028812 
COPI 
coatomer delta 

Sec28 NA NA NA NA 
COPI 
coatomer epsilon 

Ret3 NA NA NA NA 
COPI 
coatomer zeta 

Rer1 NA NA NA NA 

Cis Golgi 
membrane -
-> COPI 
vesicle 

Cargo receptor for ER retrieval… 
tolerates more variants of motifs: ADEL, 
DDEL, KDEL, QDEL, RDEL, and more 
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Erd2 NA NA NA NA 

Cis Golgi 
membrane -
-> COPI 
vesicle 

Cargo receptors that recognizes HDEL 
motif 

Dsl1 NA NA NA NA  
Tethering COPI vesicles to ER 
membrane 

Tip20 2.4463 0.013321 2.5503 0.016573  
Tethering COPI vesicles to ER 
membrane 

Sec39 2.6105 0.0091695 2.3328 0.021916  
Tethering COPI vesicles to ER 
membrane 

Use1 2.3235 0.0036968 2.4531 0.038818  
SNARE for retrograde transport from 
Golgi to ER 

Ufe1 2.5886 0.028009 2.8867 0.036841  
SNARE for retrograde transport from 
Golgi to ER 

Sec20 2.5764 0.0060659 2.6277 0.012964  
SNARE for retrograde transport from 
Golgi to ER 

Sec22 1.6227 0.04022 2.8768 0.017418  
SNARE for retrograde transport from 
Golgi to ER 

              

Bro1 NA NA NA NA 
Cytosol / 
endosome 

ESCRT accessory factor.  Recruits DOA4 
to endosomal membrane 

Doa4 NA NA NA NA 
Cytosol / 
endosome Deubiquitinase 

Vps20 NA NA NA NA 
Cytosol / 
endosome 

ESCRT-III complex, nucleation point that 
recruits Snf7 

Snf7 NA NA NA NA 
Cytosol / 
endosome ESCRT-III complex 

Vps20 NA NA NA NA 
Cytosol / 
endosome ESCRT-III complex 

Vps2 NA NA NA NA 
Cytosol / 
endosome ESCRT-III complex 

Vps25 NA NA NA NA 
Cytosol / 
endosome 

ESCRT-II complex subunit that 
associates with Vps20 

Vps4 NA NA NA NA 
Cytosol / 
endosome 

AAAA ATPase helps form endosomes via 
ESCRT  

              

Vps26 NA NA NA NA Cytosol 

retromer complex to drive membrane 
proteins back from plasma membrane to 
trans-Golgi 

Vps29 NA NA NA NA Cytosol 

retromer complex to drive membrane 
proteins back from plasma membrane to 
trans-Golgi 

Vps35 NA NA NA NA Cytosol 

retromer complex to drive membrane 
proteins back from plasma membrane to 
trans-Golgi 

              
Cue1 2.5621 0.0071056 2.5576 0.015215  ERAD-Cytosol 
Ubc7 2.0717 0.0068839 3.0881 0.0084245  ERAD-Cytosol 
Ubx2 NA NA 2.7897 0.026051  ERAD-Cytosol 
Doa10 NA NA NA NA  ERAD-Cytosol 
Cdc48 NA NA NA NA  ERAD-Cytosol 
Ufd1 NA NA NA NA  ERAD-Cytosol 
Npl4 NA NA NA NA  ERAD-Luminal 
Hrd3 2.1533 0.0089071 2.4907 0.0079256  ERAD-Luminal 

Yos9 2.3435 0.008408 2.3135 0.016969 ER 

ER lectin that recognizes and targets the 
glycosylated protein produced by Htm1 
for misfolded ERAD 

Kar2 2.7246 0.0038383 2.3098 0.0081572 ER lumen 

Chaperone / ATPase involved in ER 
import of proteins. Also involved in 
ERAD. Also important for protein folding 

Hrd1 2.7772 0.011372 2.704 0.0024262   
Der1 2.6929 0.037259 NA NA   
Usa1 NA NA NA NA   
              

Gls1 NA NA NA NA ER 
Sugar attachment to mark misfolded 
proteins for degradation 

Gls2 NA NA NA NA ER 
Sugar attachment to mark misfolded 
proteins for degradation 
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Mns1 NA NA NA NA ER 
Sugar attachment to mark misfolded 
proteins for degradation 

Htm1 NA NA NA NA ER 

Acts after Msn1 on terminally misfolded 
proteins to remove outermost mannosyl 
from C branch 

              

Pdi1 2.0176 0.0043853 2.0202 0.01054 ER 
Essential protein disulfide isomerase, 
induced during UPR 

Scj1 2.4526 0.0060659 2.3149 0.0028973 ER DnaJ-like stimulating factor for Kar2 
Jem1 NA NA 1.8249 0.0082759 ER DnaJ-like stimulating factor for Kar2 
              
Ydj1 2.5555 0.0020119 2.3602 0.013001 ER  
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 As shown throughout this thesis, Aac2 and Ant1 variants that clog the 

mitochondrial protein import machinery accumulate to low levels.  In yeast and 

transfected human cells, Aac2A128P,A123D and Ant1A114P,A123D accumulate to less than 5% 

of wild-type level (see Chapter 3).  In mice, Ant1A114P,A123D accumulates to just 0.1% of 

wild-type level.  We speculate that this is primarily due to degradation of the proteins that 

occurs downstream of reduced import into mitochondria and subsequent mislocalization.  

However, we found that the transcript level of Ant1 was reduced by 30-50% in 

Ant1A114P,A123D/+ mice (Figure III.1A), which expresses Ant1A114P,A123D from its natural 

locus and promoter.    

First, we wondered whether this could be explained by a failure in aligning the 

mutant mRNA reads to the wild-type mouse genome.  To test this, we made single 

nucleotide mismatches in alignments more permissive.  If both mutations were found in 

the same read (each read is >70 bp long on average), this would cause a mismatch rate < 

3%.  We found the same reduction in Ant1 transcript levels when allowing for 5% 

mismatch in alignment.   

Next, we tested whether the reduction in Ant1 transcript levels was similar 

between wild-type and mutant alleles.  Intriguingly, we found a robust reduction 

specifically in the mutant allele (Figure III.1B).  The mutant allele was ~5 times less 

abundant than wildtype in a given heterozygous Ant1A114P,A123D/+ mouse tissue (Figure 

III.1C).  This is known as allelic imbalance and has been observed in a number of disease 

states, including in Parkinson’s disease patients carrying the dominant A53T mutation in 

SNCA (which codes for a-synuclein) (Voutsinas et al., 2010).  In that study, allele-

specific epigenetic modifications seemed to be the causative factor.   
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If the allelic imbalance we observe is due to allele-specific epigenetic 

modification of the mutant DNA, we would expect that the abundance of reads 

containing the A114P versus A123D mutations would be similar.  This is because they 

are found on the same allele, so a failure to transcribe that allele would affect them 

equally.  Instead, we found that the A114P mutation was represented in ~20% more 

transcripts than the A123D mutation (Figure III.1D).  Given that codons 123 is 

downstream of codon 114, this might suggest that the mutant mRNA is actively degraded 

from the 3’ direction.  It is tempting to speculate that the mutant allele has reduced 

stability due to the presence of the deleterious mutations.  However, a simpler 

explanation is that the lack of introns 2 and 3 in the ANT1 cDNA that was integrated into 

the genome renders the transcript unstable.  

 Future work is required to follow up this intriguing observation.  To test whether 

the transcript is processed 3’ to 5’, we can perform RNase protection assays with 

different probes tested separately that span the transcript, expecting to see 5’ fragments 

more abundant than 3’.  We may be able to extract similar information from existing 

RNAseq data.  To decipher whether it is the lack of introns or the deleterious mutations 

driving transcript instability, it would be useful to establish a cell-based model with 

transient transfection of different Ant1 variants followed by quantitative PCR, RNase 

protection assays, and RNAseq if needed.  Finally, local epigenetic changes such as DNA 

methylation should be assessed in mouse tissues to assess for transcription-driven allelic 

imbalance.  The results of these experiments could reveal a novel mechanism by which 

toxic proteins are mitigated.   
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Figure III.1.  Allele-specific analysis of ANT1 in Ant1A114P,A123D/+ knock-in mouse 
tissues.   

(A) ANOVA of RNA-seq data showed reduction in ANT1 expression in 
Ant1A114P,A123D/+ mice regardless of tissue or age.  Q-value for the overall effect 
of genotype indicated at the top.  Abundances normalized to wild-type level for 
each particular experimental group.  

(B) Allele-specific comparison of transcript abundance, normalized to ANT1 level 
from wild-type mice for each experimental group.  Each bar in (B) corresponds to 
an orange bar in (A). 

(C) Within a heterozygous Ant1A114P,A123D/+ mouse tissue, wild-type ANT1 transcripts 
were normalized to transcripts containing the individual mutations.  This showed 
that wild-type ANT1 is 3-6 times more abundant than the mutant allele, 
depending on tissue and age. 

(D) Relative abundance of transcripts containing the mutation in codon 114 compared 
with 123.   
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