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Matrix Processing Peptidase and Putative Roles in Mitochondrial Biogenesis 

The mitochondrial protein import and proteolytic system are important for homeostasis of 

the mitochondrion. Typically, precursor proteins are targeted to the mitochondria by an N-

terminal targeting sequence and are imported via TOM and TIM translocons of the outer and 

inner membrane. A series of proteases is required for the import and processing of precursors as 

well assembly and degradation of mitochondrial proteins. The matrix processing peptidase 

(MPP) coordinates the removal of presequences from precursors and is important in maintaining 

mitochondrial homeostasis. Furthermore, MPP is associated with neurodegenerative diseases.  A 

mutation in PMPCA causes a form of non-progressive cerebellar ataxia, because the Friedreich’s 
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ataxia protein is not processed correctly.  The Parkinson’s associated protein PINK1 is processed 

by MPP and attenuation of β-MPP has been shown to induce mitophagy. To characterize the 

function of MPP in mammalian systems and develop probes to attenuate MPP function, we 

developed a small molecule screening strategy to develop MPP-specific chemical probes from a 

library of over 100,000 drug-like small molecules.  The screen yielded two structurally distinct 

and specific MPP inhibitors deemed MitoBloCK-50 and MitoBloCK-51. Our results suggest in 

addition to playing a role in the processing of precursors, MPP also plays a role in the import of 

precursors. Here I present data that characterize the utility of MitoBloCK-50 and MitoBloCK-51 

for MPP attenuation in various model systems. In addition, an in vivo tagging system known as 

BioID identified an interaction between MPP and core subunit Qcr2 of Complex III, suggesting 

an evolutionary conserved interaction with the respiratory chain.  

 

Nuc1 and Porin Influence L-A Viral loads Co-dependently in Saccharomyces Cerevisiae 

The yeast double-stranded RNA (dsRNA) killer viruses of the Totiviridae family are 

well-characterized and one of the most prolific in laboratory yeast strains. Infected yeast are able 

to tolerate high levels of the killer virus without displaying any growth defects. The complex 

symbiotic relationship between host yeast and dsRNA viruses are still being elucidated. Notably, 

deletion of mitochondrial genes NUC1, which encodes the major mitochondrial nuclease, and 

POR1, the voltage-dependent anion channel of the outer mitochondrial membrane, lead to 

overproduction of the capsid Gag protein encoded by the L-A dsRNA helper genome of Killer 

virus. In this work we explore mechanisms of Nuc1 and porin regulation of the L-A dsRNA 

genome of yeast Killer viruses. We observed strains with NUC1 deletion have higher L-A levels 

than POR1 deleted strains. Furthermore, deletion of both NUC1 and POR1 have comparable L-A 
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levels to single NUC1 mutants. Plasmid expression of Nuc1 mutants that are nuclease deficient 

or cytosolic localized fail to rescue L-A viral loads in NUC1 deleted strains. In addition, plasmid 

expression of NUC1 appears to increase the L-A viral load in the NUC1 and POR1 double 

knockout. Nuclease protection experiments demonstrate L-A transcripts are protected in ΔNUC1 

and ΔPOR1 mitochondria but not in wildtype. We propose a model where ss(+) L-A transcripts 

are imported into the mitochondrial IMS and are subsequently degraded by Nuc1. Meanwhile, 

POR1 deletion disrupts the L-A regulating function of Nuc1. Overall these results demonstrate a 

role for mitochondria in regulating dsRNA viruses in yeast.  
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Chapter 1: Mitochondrial Biogenesis and 

Methods for Probing Protein Import Pathways 
 

1.1 Introduction: Mitochondria and the Cell 

The first observations of mitochondria are credited to Richard Altmann in the late 19th 

century. His description of granule-like filaments across all cell types initiated the study of what 

we know today as mitochondria. Over 100 years later, research to further characterize the 

filamentous symbionts revealed them as a centerpiece for essential cellular processes that include 

respiration, metabolism, apoptosis1–3 , metabolite transport4, maintenance of reactive oxygen 

species5,6, and protein turnover7,8. Mitochondria emerged from a symbiosis of prokaryote and 

eukaryotic lineages as a product of ecologic and atmospheric adaptation over the course of 1.45 

billion years9. The result led to numerous gene transfers from symbiont to host as well as a 

myriad of conserved processes that maintain mitochondria integrity and function. The 

mitochondria possess two membranes, aptly named the outer mitochondrial membrane (OMM) 

and the inner mitochondrial membrane (IMM)10,11. The membranes are predominantly composed 

of typical membrane containing phospholipids such as phosphatidyl ethanolamine and 

phosphatidyl choline; additionally, mitochondria exclusively contain cardiolipin12. These lipid 

bilayers form two aqueous compartments; the matrix which is bordered by the IMM, and an 

intermembrane space (IMS) bordered by the OMM and IMM. The IMM forms numerous cristae 

that protrude into the matrix and contain the electron transport chain complexes I-V responsible 

for oxidative phosphorylation in the IMS. The matrix houses the citric acid cycle enzymes, the 

mitochondrial genome and ribosomes.  Given their vital role in crucial cellular mechanisms, 

mitochondria are highly dynamic. They are constantly fusing, dividing and interacting with 

various cellular components across its interconnected network. The established ER-mitochondria 



2 
 

encounter structure (ERMES) is an example of the interdependence of mitochondria and other 

organelles of the cell. The ERMES complex forms a stable interaction between the mitochondria 

and ER, regulating calcium signaling, mitochondria morphology, and phospholipid transport13,14. 

Communication between mitochondria and the nucleus serve to induce stress pathways that 

maintain mitochondrial homeostasis. Specifically, the mitochondria unfolded protein response 

(mitoUPR) signals transcription factors upregulating mitochondrial proteases and chaperones in 

response to increased ROS damage, respiratory defects or unfolded proteins7,8,15. Despite the 

major advances in mitochondria research, the precise mechanisms of these pathways are not well 

understood. However, as research continues in the diverse fields of mitochondria biology, it is 

overwhelming clear the role of mitochondria extends beyond the duties of respiration and 

metabolism. Further understanding of these mechanisms will enable broader understanding of 

how the mitochondria contribute to overall human health and disease. 

1.2 Pathways of Mitochondria Import 

There are approximately 1000 (yeast) to 1500 (human) proteins within the mitochondria 

with only 1% of these proteins encoded by the mitochondrial genome16,17. The mitochondrial 

encoded genes primarily include components of the electron transport chain such as cytochrome 

c oxidase subunits I, II and II, ATPase subunits 6 and 9, as well as mitochondria rRNA  21S and 

15S18. The remaining proteins are encoded within the nucleus and imported into the 

mitochondria, a result of endosymbiosis and lateral gene transfer16,19. Mitochondria import of all 

precursor proteins is initiated by a single channel known as the translocase of the outer 

membrane (TOM). The TOM complex is a β-barrel channel formed by the oligomerized integral 

membrane protein TOM40. Other TOM components include presequence recognition proteins 

TOM20, TOM70 and TOM22 which collectively recognize protein presequences and guide 
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precursors to the TOM40 channel20–23. Though there are variations of signaling motifs, targeting 

and translocation for most soluble mitochondria proteins depend on an N-terminal targeting 

sequence roughly 15-40 amino acid residues in length. Though targeting sequences of over 100 

amino acids have also been documented24,25. These targeting sequences are amphipathic and α-

helical in nature, features that facilitate their recognition and translocation by the TOM 

complex26,27. After translocation through the TOM complex, the precursors are shuttled by 

several small chaperones in the IMS known as the Tim proteins (Tim9-10 and Tim8-13). These 

chaperones guide the precursor to four canonical pathways of mitochondrial protein import. 

These pathways are the sorting and assembly machinery pathway of the OMM (SAM), the IMS 

redox-regulated mitochondrial intermembrane space assembly pathway (MIA), a presequence 

pathway for matrix proteins regulated by the translocon of the inner membrane (TIM23), and a  

pathway for carrier proteins to the IMM through the TIM22 complex28.  

The path of each mitochondria precursor depends largely on their localization and 

function within the mitochondria. Outer membrane β-barrel proteins such as Tom40 and VDAC 

(yeast Por1), as well as some α-helical anchored proteins like Tom2229, are imported through the 

SAM complex. The SAM channel is composed of core protein Sam50 and signal receptor 

Sam3530. Both proteins are essential for cell viability (Figure 1-1). After translocation through 

the TOM complex, small chaperones Tim9-10 and Tim8-13 guide the precursor to the SAM 

complex. For β-barrel proteins a glycine-rich internal targeting signal at the most C-terminal β 

strand , known as a β-signal, is recognized by Sam3531. Recognition of the β-signal by Sam35 

induces a conformational change that allows lateral release of the precursor into the lipid phase 

of the outer membrane. Sam37 acts later than Sam35 and aides in lateral release from the SAM 

complex32. For α-helical proteins, the precise mechanism of membrane insertion is still elusive. 
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However, studies show the TOM, SAM and more recently TOM assembly component Mim1 

have been implicated in the import of multispanning outer membrane α-helical proteins33. For 

instance, assembly of N-terminal α-helical anchored proteins Tom20 and Tom70 are dependent 

on TOM assembly component Mim134. Mutispanning outer membrane proteins such as Ugo1 are 

also dependent on Mim1. Proteins that are C-terminally anchored to the membrane like TOM22 

requires the SAM complex rather than Mim1 for efficient insertion29. 

Most soluble proteins that are targeted to the IMS are imported by the Mia40/Erv1 

disulfide relay system (Figure 1-2). IMS proteins are typically smaller in size (<20kDa) and 

possess a helix-loop-helix motif characterized by two antiparallel α-helices with two cysteines in 

each helix35,36. These cysteines are spaced by either three (CX3C) or nine (CX9C) amino acids in 

the primary sequence and ultimately form a disulfide linkage in the native protein.  Once the 

unfolded precursor enters the IMS via TOM complex, a disulfide relay between Mia40 and 

sulfhydryl oxidase Erv1 oxidize the internal cysteine residues that allow maturation of the 

precusor37–39. This process is initiated by Mia40 which binds to the cysteine residues using a 

CPC motif (cysteine-proline-cysteine). Once the cysteines are oxidized, the precursor forms 

internal disulfide linkages that induce folding into a mature protein. The Mia40 CPC motif is 

regenerated by reoxidation via Erv1. Erv1 then transfers its electrons to respiratory chain 

component cytochrome C and ultimately O2, thus regenerating the system for precursor 

oxidation28,38,39. Studies using S35 radiolabeled precursor substrate shows evidence of a ternary 

complex containing the substrate, Mia40 and Erv1. This temporary complex appears to serve as a 

conduit for Erv1 to transfer disulfide linkages to the substrate through the Mia40 disulfide 

carrier40.  
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The Mia40/Erv1 import pathway is well conserved between yeast and humans with some 

noteworthy differences. While human Mia40 is a substrate for its own pathway to the IMS, yeast 

Mia40 contains targeting sequences for both the presequence (TIM) and Mia40 pathways. 

However, the N-terminal targeting sequence of yeast Mia40 appears dispensable for function and 

relies on the C-terminal half known as Mia40core for cell viability. Meanwhile, human Mia40 is 

smaller relative to the yeast homolog and does not contain the N-terminal targeting sequence. 

This suggests that early import of Mia40 in lower eukaryotes relied on the presequence pathway 

before evolution drove the transition to the Mia40/Erv1 pathway41. 

 Mitochondria import into the mitochondria IMM has been well characterized for metabolite 

carrier proteins such as ATP/ADP carrier AAC. Import of carrier proteins is dependent on 

multiple internal targeting signals, cystosolic chaperones, and the TIM22 complex42,43 (Figure 1-

3). The entire process occurs in several stages. Initially, the precursor carrier protein is translated 

in the cytosol and guided to the TOM complex with the aid of chaperones Hsp70 and Hsp90. The 

chaperone-precursor complex can then bind to TOM complex receptor Tom70 and induce 

formation of Tom70 oligomers44. The precursor is then translocated through the TOM complex 

after release from the cytosolic chaperones. Once in the IMS, the precursor forms a complex 

with Tim9-Tim10 and later Tim12 at the IMM on the surface of the TIM22 complex45,46. A 

membrane protein of the TIM22 complex known as Tim54 allows binding of the chaperone 

precursor complex to the TIM22 channel47. Though the exact mechanism is not well understood, 

the precursor is laterally released into the inner membrane in a potential-dependent fashion by 

TIM22. Other components of the TIM22 complex include Tim18 which is suggested to be 

essential for TIM22 complex assembly46. More recently, Tim29 has been identified as another 

component of the TIM22 complex in humans. Tim29 has been implicated in maintaining the 
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stability of the TIM22 complex as well as possessing contacts to the TOM complex. Interactions 

with the TOM complex may implicate a mechanism for shuttling hydrophobic carrier proteins 

across the IMS48. 

 Nearly all N-terminally targeted matrix proteins are imported by the presequence pathway 

which involves translocation through the TOM and TIM23 complexes. The TIM23 complex 

guides presequences into the matrix in an ATP and membrane potential dependent manner 

(Figure 1-4). Given the amount of subunits involved, the TIM23 complex is the most dynamic 

and intricate translocon of the mitochondria import machinery49. Moreover, the TIM23 complex 

is also capable of lateral sorting precursors into the IMM, making it one of the exceptional 

translocases that can transport proteins across and into a membrane49. The complex can be 

distinguished by the main channel components embedded in the IMM and the subunits forming 

the ATP-dependent presequence associated motor (PAM). The main components embedded in 

the IMM include Tim23, Tim50, Tim17 and Tim21. Two homodimers of Tim23 and Tim17 

form the core of the channel, also known as the 90kDa Tim17-Tim23 core complex50,51. Each 

Tim23 monomer contains four transmembrane helices embedded in the IMM at the C-

terminus52. Meanwhile, the N-terminus spans the IMS and contains an anchor at the OMM, 

tethering the two mitochondrial membranes53. Tim23 tethering of the OMM is suggested to 

facilitate transfer of precursor proteins coming from the TOM complex. Tim17 shows significant 

homology with Tim23 and also contains four membrane spanning domains54. Though Tim23 

forms the central core of the channel, Tim17 is still required for presequence import, lateral 

sorting, PAM complex recruitment, formation and stability of the channel51,52,55. Tim50 

associates closely with Tim23 in the IMM and is responsible for recognizing nascent precursors 

from the TOM channel with an IMS exposed C-terminal domain56,57. However, in vitro studies 
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suggest the Tim50 IMS domain also mediates Tim23 channel gating58. Interactions between 

Tom22 with Tim23 and Tim50 have also been shown to allow for efficient coupling of precursor 

import56. Tim21 acts as another modulator of Tim23 participates in coupling respiratory chain 

Complex III to potential dependent precursor import59. Tim21 has also been proposed to 

transiently interact with the Tom22 for import coupling with the TOM complex51,56,60.  

The driving force behind precursor import comes from the presequence associated motor 

(PAM) which associates directly with the Tim23 core complex on the matrix side. The 

components of the PAM complex include Tim44, mtHsp70, Pam16, Pam17 and Pam18 

(Tim14)61. At the center between the Tim23 core complex and the PAM complex sits Tim44, a 

peripheral membrane protein which acts as a scaffold for the motor driving cochaperones. 

mtHsp70 is an ATPase that provides the energy required for import through nucleotide exchange 

by a Brownian ratchet mechanism62. Mitochondrial Grpe (Mge1) acts as a cofactor for nucleotide 

exchange for regenerating the ATP bound form of mtHsp7063. As precursors emerge from the 

Tim23 core, outward movement is prevented by mtHsp70 molecules continually binding to the 

emerging polypeptide. mtHsp70 also affects polypeptide conformation through unfolding and 

may provide an additional pulling force for translocation64. mtHsp70 activity is stimulated by J-

proteins Pam16 and Pam18 which also bind to Tim4465–70. Pam17 is anchored to the IM and 

binds to Tim23 while stabilizing the PAM complex65. The TIM23 complex is also capable of 

inner membrane insertion for proteins with hydrophobic sorting signals51,71. These sorting signals 

stall precursor translocation through the Tim23 channel and are then laterally inserted into the 

IMM. The TIM23 complex responsible for the lateral sorting is deemed TIM23SORT and includes 

Tim23, Tim17, Tim50 and Tim21. This complex can be readily separated from the 90kDa 

Tim23-Tim17 Core complex on a BN-PAGE61,65. The Tim23 complex is also responsible for 
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import of certain IMS destined precursors with N-terminal targeting sequences. Specifically, 

cytochromes c1 and b2 are sorted into the IMS by aa stop-transfer mechanism. This mechanism 

involves an arrest during translocation by a stop transfer sequence and subsequent release into 

the IMS by proteolytic cleavage72,73. 

1.3 Mitochondria Proteases and Quality Control 

The mitochondria proteome is tightly regulated by various proteolytic systems regulating 

protein folding, turnover and oxidative damage. An estimated 70% of imported mitochondria 

proteins contain a presequence that is removed upon import to form the mature protein25. The 

proteases responsible for presequence removal are essential for maintaining mitochondria 

integrity and function74–76. Sequence specificity and catalytic mechanisms of these proteases 

have been primarily characterized in yeast but are conserved in mammalian homologs76. The 

most notable of these proteases is mitochondrial processing peptidase (MPP) which cleaves the 

majority of presequences of matrix targeted proteins77–81. Other processing proteases include 

inner membrane protease (IMP), intermediate cleavage peptidase (Icp55), intermediate peptidase 

(Oct1), and a number of m-AAA proteases of the inner membrane25,82,83. Oct1 and Icp55 are a 

source of secondary processing after MPP cleavage. Oct1/MIP is a soluble matrix protein and 

exists as a 75 kDa monomer in rat liver mitochondria84. Oct1 is responsible for producing an 

octapeptide from the MPP generated N-terminus of precursor proteins. Icp55 is a peripheral 

membrane protein on the IMM facing the matrix and cleaves just one amino acid from a 

precursor after MPP processing. IMP is responsible for cleaving off hydrophobic sorting signals 

from proteins facing the IMS. Only a few substrates of IMP have been identified and include 

Cox2, Mcr1, Gut2, Cyb2 and Cyc176. In yeast IMP consists of 3 subunits: Imp1, Imp2 and Som1. 

Imp1 and Imp2 are the catalytic subunits and appear to have different substrate specificities. 
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Imp1 prefers acidic residues at the +1 position and nonaromatic hydrophobic residues at +3. In 

contrast, Imp2 appears to have a preference for alanine at positions +1 and +276,85.  

Once presequences are released from the mature precursor, their abundance and 

amphiphilic nature can disrupt membrane integrity, potential and respiration86. A protease known 

as presequence protease (PreP/Mop112) combats the accumulation of presequence peptides by 

degrading them upon their removal87–89. Knockouts of Prep in yeast exhibit a strong growth 

phenotype in non-fermentable carbon sources90. Furthermore, the human homolog of Prep 

(hPrep) has been shown to degrade amyloid-β peptides, an implication in the progression of 

Alzheimer’s disease89. 

The AAA (mitochondrial matrix ATPase associated with cellular activities) proteases 

maintain protein quality through protein processing and degradation of damaged/unfolded 

proteins. This group of proteases include the LON/PIM1 proteases of the MEROPS peptidase 

family as well as IM bound ATPases such as YME1L. Lon protease (PIM1 in yeast) is a major 

soluble protease in the mitochondrial matrix responsible for degradation of misfolded or 

damaged peptides83,91. For example, oxidatively damaged iron-sulfur protein aconitase is a 

substrate of Lon92. AAA proteases within the IM contain catalytic domains facing the IMS (i-

AAA) or the matrix (m-AAA), maintain protein turnover in both mitochondria compartments. 

One example of AAA processing includes ribosomal protein MrpL2 which is processed by m-

AAA through proteolytic degradation from the N-terminus93. Other substrates of the AAA 

proteases include unassembled subunits of the respiratory chain complexes and non-native IM 

proteins76,83,94.  

1.4 MPP Mechanisms and Insights 
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Matrix processing peptidase (MPP) is the major mitochondria presequence peptidase 

responsible for the initial cleavage of N-terminal targeted precursors. Recently, quantitative 

ChaFRADIC (charge-based fractional diagonal chromatography) with yeast temperature 

sensitive mutants identified 70 substrates of MPP, though more substrates are expected95. The 

mas1 and mas2 genes encode both subunits of yeast MPP and were first discovered by Michael 

Yaffe and Gottfried Schatz in 198481,96,97. Their findings suggest both genes were essential for 

survival and temperature-sensitive mutations cause an accumulation of mitochondrial precursors. 

This suggested the vital role for MPP in cellular viability and their crucial role in maintaining 

mitochondria homeostasis. Subsequent studies conclude that MPP is a metalloendopeptidase of 

the pitrilysin (M16) family assembled as a heterodimer by two subunits, βMPP (Mas1) and 

αMPP (Mas2). Both subunits share 48 percent sequence identity and are approximately 50 kDa, 

forming a 100kDa holoenzyme98. Each subunit contains two domains of ~210 residues with near 

identical structure. Each domain contains three α helices positioned against a six-stranded β sheet 

with another five α helices positioned on one end of the sheet. The domains are connected by a 

linker of 16 residues in the α subunit and 22 residues in the β subunit98. Despite their similarity in 

structure and sequence, only βMPP possesses the inverted thermolysin HXXEH zinc binding 

motif necessary for cleavage while αMPP carries a glycine-rich loop formed by residues 284-301 

proposed to aid in substrate binding/release98.  

MPP does not cleave a specific sequence but shows a preference for common motifs. 

These motifs have an arginine at positions -2, -3 or -10 or an aromatic at position +1 from the 

cleavage site. However, the structure of yeast MPP demonstrates that R-3 is not a cleavage site 

for MPP but from sequential processing by Icp55 of one amino acid, converting R-3 to an R-2 

motif25,98. There are also some MPP substrates with no distinguishable motif 75,98,99. The crystal 
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structure of recombinant yeast MPP reveals a large cavity between the two subunits that binds to 

MPP substrates in an extended conformation. The cavity is negatively charged due to the 

prevalence of aspartate and glutamate residues, an important feature for the interaction of 

positively charged N-terminal targeting sequences. The active site containing the inverted 

HXXEHX76E motif refers to residues βHis-70, βGlu-73, βHis-74 and βGlu-150 (Figure 1-5). All 

residues are involved in the zinc binding and catalysis. Cleavage of peptides occurs through an 

analogous mechanism to thermolysin peptidase. A Zn2+ coordinates with a water molecule near 

the βGlu-73 from the HXXEHX76E motif. Polarization of the water molecule by βGlu-73 aligns 

it for nucleophilic attack on the carbonyl carbon of the peptide bond and subsequent cleavage98. 

Critical residues that stabilize the substrate interaction include βGlu-160 and βAsp-164 

which accommodates the -2 arginine near the zinc binding site. Both residues are required for 

full activity and therefore may act cooperatively. βPhe-77 appears important for interacting with 

the bulky +1 aromatic residue of common substrate motifs. The glycine rich loop of the α subunit 

is crucial for MPP enzyme activity and appears to function analogously to Tom20 with regard to 

substrate recognition100–102 (Figure 1-5). Though the precise mechanism is unknown, the glycine 

rich loop stabilizes the conserved hydrophobic residues of the presequence, orientating the more 

positively charged residues toward the negatively charged components of the β subunit102. 

Mutations disrupting the flexible glycine rich loop abolishes enzyme activity101. 

MPP has an evolutionary relationship to the respiratory chain because of its structural 

similarity to the Cor1 and Cor2 proteins of Complex III76,103. In other eukaryotes such as 

Neurospora Crassa, βMPP is bifunctional as the Cor1 protein of the bc1 complex104. In plants 

MPP is fully integrated into the membrane as the Cor1 and Cor2 proteins105. Though yeast and 

mammalian MPP have been well characterized as a soluble matrix protein, several questions 
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remain to how it retains its specificity without a canonical cleavage site and where it localizes in 

the matrix during precursor import77,106,107.  

1.5 Implications of Mitochondrial Import Defects in Human Disease 

Given the crucial and diverse roles of mitochondria maintaining cellular homeostasis, it is 

no surprise that mitochondrial defects lead to a wide array of human disease. Defects in 

mitochondrial homeostasis have been implicated in mitochondrial myopathies and neuropathies. 

This includes Parkinson’s disease, Friedreich’s ataxia, diabetes, and cancer108. Furthermore, the 

prevalence of mitochondria inherited disorders is nearly 1 in 4,300, making it one of the most 

common types of inherited disease in adults109,110.  

Specifically, mitochondria translocation defects contribute to the wide array of 

mitochondria inherited disease. Human deafness dystonia syndrome (Mohr-Tranenbjaerg 

syndrome) is a recessive, X-linked neurodegenerative disorder that causes progressive 

sensorineural deafness in early child hood. The disease has been shown to be caused by 

truncations or deletion in IMS chaperone TIMM8, leading to reduced import through the Tim23 

translocon111,112. Mutations in DNAJC19 (Pam18 in yeast) lead to dilated cardiomyopathy and 

Ataxia (DCMA). The disease is characterized by infant-onset-dilated cardiomyopathy and 

cerebellar ataxia113,114. Defects in DNAJC19 play a crucial role in Tim23 dependent import, but 

may also participate in other mitochondria housekeeping functions115. More recently, a novel 

protein of the Tim22 complex in humans known as AGK has been implicated in Sengers 

syndrome. Sengers syndrome is an autosomal recessive disease causes early childhood metabolic 

disorders and can cause death in infancy114. Tissues from patients with Sengers syndrome display 

a destabilized Tim22 complex and perturbed TCA cycle. This is consistent with the role of the 

Tim22 complex importing mitochondrial carrier proteins which contribute to metabolic flux116.  
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Disruptions in dual-localized proteins to the mitochondria have also been implicated in 

disease. An autosomal recessive disorder known as primary hyperoxaluria (PH1) can be caused 

by mutations in alanine:glyoxylate aminotransferase (AGT) that lead to altered protein targeting. 

In healthy patients AGT is targeted to peroxisomes using a C-terminal targeting sequence where 

it can detoxify glyoxylate through conversion to alanine.  PH1 patients with an AGTP11LG170R 

mutation lead to an N-terminal mitochondria targeting sequence that directs AGT to 

mitochondria117,118. Defects in glyoxylate metabolism in the liver lead to accumulation of 

calcium oxalate in the kidney and urinary tract. Though the severity of the disease is varied, PH1 

can lead to kidney failure and death if left untreated117. 

MPP has been linked to certain ataxia related diseases such as Friedreich’s ataxia and a 

form of non-progressive cerebellar ataxia because it is required to process the associated protein 

frataxin119,120. Frataxin is a highly conserved mitochondrial protein with a critical role in 

maintaining mitochondrial iron homeostasis121,122. Defects in human frataxin leads to an 

autosomal recessive disease known as Friedreich’s ataxia. The disease is characterized by 

progressive neurodegeneration in the spinal cord and hypertrophic cardiomyopathy123. Upon 

import, frataxin is cleaved twice by MPP at residues 41-42, and 55-56, yielding an intermediate 

and mature form121. Interestingly, a form of cerebellar ataxia have also been attributed to defects 

in PMPCA and PMPCB, the human genes encoding the MPP subunits120,124. It is proposed that 

defects in frataxin processing by MPP contributes to the MPP disease phenotype. Lastly, familial 

recessive Parkinson’s disease is influenced by defects in human PTEN-induced Kinase 1 

(Pink1). Pink1 is recruited to the mitochondrial outer membrane upstream of Parkin induced 

mitophagy125,126. Pink1 is processed by MPP and attenuation of β-MPP has been shown to recruit 

Pink1 to the mitochondria OM and induce mitophagy127.   
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1.6 Probing Mitochondrial Import Mechanisms with Small Molecule 

Inhibitors 

Studies elucidating the role of mitochondrial proteins in biogenesis have primarily relied 

on yeast genetic manipulations and in vitro biochemical assays. However, mutations and 

knockouts may have unintended side effects that are unrelated to the target. Biochemical assays 

with recombinant protein are done in vitro and lack cellular context. Furthermore, genetic 

manipulations in mammalian cells can be more challenging than yeast model systems. An 

alternative to probing protein function is the use of small molecules which have established 

themselves as powerful tools in basic research and human therapy. Probing with small molecules 

has the advantage of cell permeability, temporal control and selectivity for specific protein 

functions. Several small molecule modulators are established in crucial cellular processes that 

include autophagy, translation, proteolysis, and even specific complexes of the respiratory 

chain128–132. The Koehler lab is applying this approach by developing a “tool box” of small 

molecules specific for mitochondria import pathways. These small molecules coined with the 

name “MitoBloCK” were screened and characterized by a combination of genetic and in vitro 

techniques118,133,134 (Figure 1-6).  

The first of these small molecules, aptly named MitoBloCK-1, is specific for carrier 

protein import by the Tim22 complex (Figure 1-6). Screening of carrier pathway inhibitors was 

done using a lethality screen against a yeast temperature sensitive mutant of Tim10, tim10-1, at 

the permissive temperature. Secondary screens were performed by rescuing tim10-1 mutants 

with an integrated Tim10 gene or a plasmid harboring wild-type TIM10. Small molecules 

causing lethality in only tim-10-1 were considered MitoBloCK candidates. Further testing of lead 

compounds insured the small molecules do not cause general mitochondrial defects in membrane 
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integrity, oxidative phosphorylation or polarization. From an initial screen of 40,000 compounds, 

MitoBlock-1 was identified as a potent inhibitor of the carrier pathway. Further characterization 

reveal treatment of MitoBloCK-1 abolishes the Tim9-Tim10 interaction through radiolabeled 

import crosslinking of AAC135. An advantage of MitoBloCK-1 is that it shows strong specificity 

for the carrier pathway as it was screened using genetic mutants. However, MitoBloCK-1 

inhibition is exclusive to the mutant strain and not wild-type mitochondria, making it difficult to 

study general import mechanisms.  

To develop more versatile small molecule inhibitors, an in vivo screen was developed to 

identify small molecules that disrupt presequence dependent import in wild-type yeast. A Su9-

Ura3 fusion protein containing the targeting sequence of subunit 9 of N. crassa F1Fo
 ATPase was 

fused to the N-terminus of genetic reporter Ura3. If mitochondrial import is attenuated in yeast 

growing in media lacking uracil, Su9-Ura3 will remain in the cytosol and allow growth134. As a 

control, a tim23-2 mutant expressing the Su9-Ura3 construct grew much faster than the isogenic 

wild-type strain in media lacking uracil. A screen of 30,000 compounds identified MitoBloCK 

compounds MB-10, MB-12 (DECA) and MB-20 (Figure 1-6)118,134,136. These small molecules 

were characterized as potent inhibitors of mitochondria protein import without disrupting general 

mitochondria function. Further characterization of these compounds shows a preference for the 

presequence pathway. Specifically, MB-10 and MB-20 inhibit assembly of the PAM complex 

during import. PAM complex inhibition likely occurs through disruption of interactions between 

Tim44 and PAM complex components. The clinical applications of this screen were studied in 

the potential treatment of primary hyperoxaluria (PH1). As discussed previously, known causes 

of PH1 include an AGTP11LG170R
 mutation that directs the AGT enzyme to mitochondria instead 

of the peroxisome. Interestingly, dequalinium chloride (DECA, aka MitoBloCK-12) is a Food 
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and Drug Administration (FDA) approved drug that proved to be a potent inhibitor of Su9-Ura3 

import (Figure 1-6). DECA has been approved as an antibacterial treatment for oral and vaginal 

applications137. Though the mode of import inhibition is unknown, DECA treatment in isolated 

CHO-K1 cells was able to redirect mutant AGTP11LG170R to the peroxisome118. This screen 

demonstrates a proof of concept for screening of general inhibitors of the presequence pathway. 

However, unlike the genetic screen identifying MitoBloCK-1, characterizing the precise target 

and mechanism of inhibition remains a challenge for several Su9-Ura3 inhibitors.  

To address the ambiguity of small molecule targets and mechanisms affecting import in 

genetic screens, in vitro screens against the recombinant target of interest were also developed in 

the Koehler lab. Specifically, a screen against recombinant Erv1 from the Mia40/Erv1 disulfide 

relay system in yeast was utilized to identify novel inhibitors133. The screen was specific for Erv1 

sulfhydryl oxidase activity or recombinant Erv1 with DTT, producing hydrogen peroxide H2O2. 

Production of H2O2 was then measured using a standard fluorometric assay with Amplex Red 

and horseradish peroxidase (HRP)38,133. A counter screen was then done to assess any inhibition 

of the Amplex Red-HRP reaction by the small molecule. A commercial library of 50,000 

compounds was screened, yielding 29 compounds that were chosen for subsequent 

characterization. MitoBloCK-6 was then chosen for its potency and specificity for Erv1 without 

disruption of general mitochondrial function (Figure 1-6). Further studies with MitoBloCK-6 

shows its disruption of the ternary complex between substrate, Mia40 and Erv1. Moreover, ALR 

(human Erv1) is enriched in embryonic, neuronal and hematopoietic stem cells138. Given the 

high level of homology between the yeast and human mitochondria import pathways, the effects 

of MitoBloCK-6 on differentiated and non-differentiated human lineages was studied. 

Interestingly, MitoBloCK-6 specifically induces apoptosis in hESCs and not differentiated cells. 
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This suggests a role for ALR in pluripotent stem cell maintenance133. Studies with MitoBlock-6 

on zebrafish show morphologic and cardiac defects that were consistent with ALR 

downregulation, suggesting target specificity with in vivo models. Cumulatively, these results 

demonstrate the feasibility of in vitro screens for identifying novel inhibitors of mitochondria 

protein import.  

Genome wide haploinsufficiency screens in yeast have also been used to identify novel 

inhibitors of mitochondria protein import. These screens work by lowering the dosage of target 

genes from two copies to one copy in diploid cells, yielding a heterozygote. Increased sensitivity 

to drugs in heterozygotes versus the wild-type can identify genetic targets139. A lipopeptide 

produced by Streptomyces known as stendomycin was identified in a S. cerevisiae screen with 

Tim17 and Tim23 being likely targets. Studies in mammalian cells with mitochondrial targeted 

GFP constructs (mito-EGFP) show import is blocked with stendomycin treatment, suggesting 

specificity for the Tim23 translocon in mammalian cells. Interestingly, higher concentrations of 

stendomycin also show perturbations in membrane potential in addition to import defects. This 

could be attributed to further disruptions of the Tim23 complex or to other non-specific effects 

on mitochondrial function140. Overall, the haploinsufficiency method of screening demonstrates 

both the advantages of target identification while working within a relevant cellular context. 

1.7 An In Vitro Screen for MPP Inhibitors 

Studies characterizing MPP primarily have relied heavily on genetic yeast manipulations 

and biochemical assays. However, given the intricate and dynamic processes of the 

mitochondrial import machinery, novel methods are needed to study the role of MPP. A small 

molecule screen based on an in vitro cleavage assay by recombinant MPP was reported by Colin 

Douglas, a previous member of the Koehler lab141. The in vitro assay was based on signal 
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fluorescence of a substrate peptide (YDHA7) flanked by a fluorophore and quencher moiety. 

Incubation of recombinant MPP protein with the synthetic peptide yields an end-point 

fluorescent signal relative to enzyme activity. Interestingly, MB-50 and MB- demonstrated 

import inhibition of several yeast precursors destined for the presequence pathway and carrier 

pathways141 (Figure 1-6). This contradicts with previous studies suggesting the function of MPP 

is solely in presequence cleavage and not import81,96,97,142. However, these studies rely on genetic 

depletion and temperature-sensitive mutations that may have auxiliary effects that mask potential 

functions of MPP. Meanwhile MB-50 and MB-51 demonstrate specific inhibition of MPP and 

mitochondrial import without perturbations in polarization or membrane integrity in isolated 

mitochondria141.  

These results suggest a novel role for MPP in regulating mitochondrial protein import. In 

chapters 2 through 4 I will further characterize MB-50, MB-51 and other hits from the MPP 

screen regarding their effects on import, complex assembly and overall mitochondrial function. I 

will also include data independent of small molecule treatment on the potential broader roles of 

MPP in mitochondrial biogenesis. 
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Figure 1-1 Outer Membrane Protein Import through the SAM Pathway. The SAM channel 

is composed of core protein Sam50 and signal receptor Sam35. After translocation through the 

TOM complex, small chaperones in the IMS known as Tim9-10 and Tim8-13 (not shown) guide 

the precursors to the SAM complex. Recognition of the β-signal by Sam35 induces a 

conformational change that allows lateral release of the precursor into the lipid phase of the outer 

membrane. Sam37 assists in precursor release from the SAM complex.  
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Figure 1-2 Intermembrane Space Import through the Mia40/Erv1 Disulfide Relay. 

Precursors destined for the IMS containing CX3C or CX9C motifs first enter the IMS through the 

TOM complex. The disulfide relay is initiated by Mia40 which oxidizes internal cysteine 

residues and allows folding of the precursor into a mature protein. Mia40 is reoxidized by 

sulfhydryl oxidase Erv1. Erv1 then transfers its electrons to respiratory chain component 

cytochrome C and ultimately O2, thus regenerating the system for precursor oxidation. 
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Figure 1-3 Inner Membrane Import through the Carrier Pathway. Import of carrier proteins 

into the inner membrane depends on multiple internal targeting signals, cystosolic chaperones 

Hsp70 and Hsp90, and the TIM22 complex. Initially, the precursor carrier protein is translated in 

the cytosol and guided to the TOM complex with the aid of chaperones Hsp70 and Hsp90. The 

chaperone-precursor complex can then bind to TOM receptor Tom70 and induce formation of 

Tom70 oligomers. The precursor is then translocated through the TOM complex into the IMS. 

The precursor then forms a complex with Tim9-Tim10 and later Tim12 at the IM on the surface 

of the Tim22 complex. Tim54 allows binding of the chaperone precursor complex to the TIM22 

channel. The precursor is then laterally released into the inner membrane in a potential-

dependent fashion by TIM22.  
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Figure 1-4 Presequence Pathway through the Tim23 Complex. N-terminally targeted matrix 

proteins take the presequence pathway through the TOM and TIM23 complexes. Translocation 

through the TOM complex depends on the amphipathic and α-helical nature or the N-terminal 

targeting sequence. After translocation through the TOM complex, the TIM23 complex can 

guide precursors into the matrix in a potential dependent manner. Two homodimers of Tim23 

and Tim17 form the core of the Tim23 channel. The PAM complex provides the driving force 

behind precursor import and includes Tim44, mtHsp70, Pam16, Pam17 and Pam18 (Tim14). 

mtHsp70 provides the energy required for import through nucleotide exchange. ATPase activity 
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of mtHsp70 activity is stimulated by J-proteins Pam16 and Pam18 which also bind to Tim44. 

Precursors are subsequently processed by specific mitochondrial proteases that facilitate 

maturation of the protein. Mitochondrial processing peptidase (MPP) cleaves the majority of 

presequences of matrix targeted proteins. Oct1/MIP is responsible for producing an octapeptide 

from the MPP generated N-terminus of precursor proteins. IMP is responsible for cleaving off 

hydrophobic sorting signals from proteins facing the IMS. Once precursors are processed 

PreP/Mop112 degrades the presequence peptide.  
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Figure 1-5 MPP Cleavage Mechanism. Illustration of MPP cleavage mechanism of CoXIV (2-

25) presequence. Based on crystal structure data from Taylor et. al 200198. MPP does not cleave 

a specific sequence but prefers motifs with an arginine at positions -2, -3 or -10 and an aromatic 

or bulky hydrophobic residue at position +1 from the cleavage site. Here an arginine at position -

2 (P2) upstream of the cleavage site and a leucine is at position +1 (P1’) downstream of the 

cleavage site. The active site containing the inverted zinc binding motif (HXXEHX76E) is 

represented by residues βHis-70, βGlu-73, βHis-74 and βGlu-150. Cleavage of peptides occurs 

through a mechanism analogous to thermolysin peptidase. A Zn2+ coordinates with a water 

molecule near the βGlu-73 residue. Polarization of the water molecule by βGlu-73 aligns it for 
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nucleophilic attack on the carbonyl carbon of the peptide bond and subsequent cleavage. Critical 

residues that stabilize the substrate interaction include βGlu-160 and βAsp-164 which 

accommodates the -2 arginine near the zinc binding site. The βPhe-77 residue appears important 

for interacting with the bulky +1 aromatic residue of common substrate motifs.  
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Figure 1-6 Inhibitors of Mitochondrial Import Pathways. A summary of small molecules that 

target mitochondrial import pathways. MitoBloCK-1 is specific for import through the Tim22 

complex and is effective only in a yeast temperature sensitive mutant of Tim10, tim10-1, at the 

permissive temperature (indicated by the asterisk)135. MitoBloCK-6 targets blocks the 

Mia40/Erv1 disulfide relay by inhibiting the sulfhydryl oxidase Erv1.  Stendomycin, 

MitoBloCK-10 and MitoBloCK-12 (aka DECA) block Tim23 dependent import of the 

presequence pathway. Stendomycin was identified in a yeast haploinsufficiency screen in Tim23 

and Tim17 heterozygotes140. MitoBloCK-10 and MitoBloCK-12 were identified in a gain of 

growth screen in yeast expressing Su9-Ura3. MitoBloCK-10 appears to inhibit import by 

disrupting interactions between Tim44 and components of the PAM complex134. MitoBloCK-12 
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aka DECA (dequalinium chloride) is an FDA approved antibacterial drug capable of blocking 

Su9-Ura3 import118. MitoBloCK-50 and MitoBloCK-51 were potent inhibitors identified in an in 

vitro screen against recombinant yeast MPP141. 
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Chapter 2: Characterizing Utility and 

Mitochondrial Effects by MitoBloCK-50 and 

MitoBloCK-51  
 

2.1 Introduction: Previous Reports on MitoBloCK-50 and MitoBloCK-51 

An estimated 70% of imported mitochondrial proteins contain an amino terminal 

mitochondrial targeting sequence (MTS) and processing proteases in the matrix and 

intermembrane space coordinate the removal and degradation of the MTS1. The matrix 

processing peptidase (MPP) mediates the first cleavage of the presequence2,  followed by the 

Oct1 protease that removes an additional 8 amino acids. Once the cleavage occurs, the 

presequence peptidase/metallopeptidase 1 (PreP/MP1, Cym1 in yeast) degrades the targeting 

sequence3–5.  If the precursor localizes to the intermembrane space, the inner membrane protease 

(IMP) mediates a second cleavage of the sorting sequence.  In addition, other specialized 

processing pathways have been developed that are substrate-specific. 

MPP, assembling as a heterodimer of α-MPP (Mas2/PMPCA) and β-MPP 

(Mas1/PMPCB), is a metalloendopeptidase in the pitrilysin family. Both subunits of MPP are 

essential for viability in yeast6–8. β-MPP possesses the inverted HXXEHX74-76E zinc binding 

motif for cleavage while α-MPP carries a glycine-rich loop proposed to aid in substrate 

binding/release9. Common cleavage site motifs have an arginine at position -2, -3 or -10 or an 

aromatic amino acid at position +1 from the cleavage site; however, other substrates have no 

discernible motif2,9,10. 

Studies characterizing MPP rely heavily on genetic yeast manipulations and biochemical 

assays. However, given the intricate and dynamic processes of the mitochondrial import 
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machinery, novel methods are needed to study the role of MPP. A small molecule screen based 

on an in vitro cleavage assay by recombinant MPP was reported by Colin Douglas, a previous 

member of the Koehler lab11. The in vitro assay was based on signal fluorescence of a substrate 

peptide (YDHA7) flanked by fluorophore and quencher moiety (Figure 2-1A)11. Incubation of 

MPP protein with the synthetic peptide yields an end-point fluorescent signal inversely 

proportional to the inhibition by a given compound. The screen was performed in 384-well plates 

with DMSO as a positive vehicle control and a combination of chelators (EDTA and o-

phenanthroline) as a negative control (Figure 2-1B). Roughly 130,000 compounds were screened 

at the California NanoSystems Institute at UCLA, yielding 88 confirmed hits. Metrics to evaluate 

the validity of high-throughput screens can be determined by a low hit rate less than 0.14%, and 

a screening coefficient (Z’) value greater than 0.512. The screen produced a Z’ value of 0.8, with 

a hit rate of 0.07%. Colin “cherry picked” 28 compounds from the 88 confirmed hits for further 

study and grouped them based on their central scaffolding. The “cherry picked” compounds were 

selected based on the absence of known moieties with high reactivity or likely to disrupt 

membrane integrity. The “cherry picked compounds were also absent from a screen identifying 

inhibitors of presequence peptidase (PreP), another metalloendopeptidase from the same family 

as MPP. The screen identified MB-50 and MB-51 as structurally distinct and potent inhibitors of 

MPP (Figure 2-2). 

 The IC50 for MPP inhibition in vitro for MB-50 and MB-51 were 1.32 µM and 2.99µM 

respectively (Figure 2-3A)11. MB-50 and MB-51 were well tolerated in MIC50 tests against 

Hek293 cells. Neither MB-50 or MB-51 caused any significant decrease in cell viability in 

concentrations below 100 µM (Figure 2-3B)11. Mitochondrial morphology was also preserved at 

concentrations up to 100 µM MB-50 and MB-51 in Hela cells transfected with mitochondrial 
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localized dsRed (MLS dsRed)11. Radiolabeled import assays of several Tim23 precursors were 

performed with isolated yeast mitochondria treated with MB-50 and MB-51. Su9-DHFR is a 

canonical Tim23 destined precursor targeted to the matrix and is cleaved twice by MPP. Import 

of Su9-DHFR was drastically inhibited by MB-50 at 50 µM and by MB-51 at 100 µM. Other 

tested precursors include the CytB2(1-167)-DHFR fusion protein which is cleaved twice by MPP 

and is laterally sorted into the intermembrane space by the Tim23SORT complex13. Meanwhile, 

the CytB2(A63P)-DHFR mutant is targeted to the matrix because of a mutation in the stop 

transfer sequence and is cleaved twice by MPP14. Import of both CytB2(1-167)-DHFR and the 

CytB2(A63P)-DHFR mutant were inhibited by MB-50 and MB-51 at similar concentrations to 

Su9-DHFR inhibition11. Surprisingly, import of a matrix precursor Cpn10 (yeast Hsp10) was 

also inhibited by MB-50 and MB-51 despite not having a cleavable presequence. These results 

suggest a broader function for MPP in import rather than solely presequence procesing6–8,15. MB-

50 and MB-51 also displayed varying potencies toward other Tim23 destined precursors. While 

MB-50 showed robust inhibition of Su9-DHFR, IMS localized CytB2(1-167)-DHFR and 

CytB2(A63P)-DHFR, Colin observed a more limited inhibition for CytC1. Meanwhile MB-51 

showed significant inhibition of CytC1 but not for CytB2(A63P)-DHFR11. The mechanisms that 

dictate precursor specificity of MB-50 and MB-51 is still unknown. 

Structural-Activity-Relationship (SAR) studies were performed on several analogs of 

MB-50 and MB-51. The selected MB-50 SAR compounds were based on a para-t-Butyl phenol 

linked to a substituted benzene ring via a methyl imine moiety that was common among positive 

MB-50 analogs (Figure 2-2A). Positive analog 50.1 substitutes the para-t-butyl group with an 

ethyl moiety. Negative analog 50-A1 removes the para-t-butyl group entirely while another 

negative analog 50-A2 removes the hydroxyl group from the phenol and replaces the para-t-
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butyl group with a geometrically equivalent trifluoromethyl group. Notably, 50.1 is the only MB-

50 SAR compound that inhibits both MPP cleavage in vitro, and mitochondrial import (Figure 2-

4 A and C). These results suggest the ethyl moiety may be suitable to retain inhibition of MPP, 

but removal of the hydroxyl or the para-t-butyl group entirely, abolishes MPP inhibition.  A 

SAR study of MB-51 was centered on its quinone/hydroquinone moiety similar to coenzyme Q 

and was present in all positive MB-51 analogs (Figure 2-2B). MB-51.1 and MB-51.2 positive 

analogs retained the quinone moiety as well as inhibition of MPP during [35S] Su9-DHFR in 

vitro cleavage assays (Figure 2-4B). Negative analogs 51-A1, 51-A2 and 51-A3 were selected 

based on substitution of the quinone/hydroquinone moiety (Figure 2-2B). 51-A1 replaces the 

hydroxyl groups in the quinone for a methyl, which allows for some similarity in geometry to the 

original quinone but a loss of activity that the original group possessed. 51-A2 changes the 

quinine moiety for a phenol, removing one of the hydroxyl groups. Lastly, 51-A3 completely 

substitutes the quinone moiety for a benzene ring, thereby removing both hydroxyl groups. None 

of the negative analogs displayed inhibition of [35S] Su9-DHFR cleavage in vitro, suggesting the 

crucial role for the quinone moiety in MB-51 (Figure 2-4B). However, import assays of [35S] 

Su9-DHFR display some import inhibition for all negative analogs. Positive analogs MB-51.1 

and MB-51.2 show import inhibition comparable to MB-51 (Figure 2-4D). This suggests that 

MB-51 import inhibition does not depend on inhibition of MPP cleavage activity. 

Screened hits including MB-50 and MB-51 were also tested for non-specific mechanisms 

that perturb mitochondria function using secondary assays. The membrane integrity assay 

assesses the ability of small molecules to act like detergents by solubilizing membranes. The 

assay involves treating isolated mitochondria with small molecules before centrifugation, 

separating the supernatant from the membrane bound vesicles. DMSO and the ionic detergent 
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TritonX-100 were used as controls. Unlike the TritonX-100 treatment, MB-50 or MB-51 do not 

disrupt membrane integrity by leaking mitochondrial proteins into the supernatant (Figure 2-5A). 

Non-specific effects on respiration can also disrupt mitochondria function and can be accurately 

measured using a Clark-type electrode16. Respiration is induced by adding an ETC substrate such 

as NADH to isolated mitochondria which leads to an increase in oxygen consumption. Adding 

an ionophore such as CCCP causes membrane depolarization and uncoupling of ATP synthesis 

from the proton gradient, leading to rapid oxygen consumption. Neither MB-50 or MB-51 

caused the same increase in oxygen consumption relative to CCCP at concentrations where 

import inhibition is shown (Figure 2-5B). Lastly, small molecules that act like ionophores 

depolarize mitochondria which impedes potential dependent import. A membrane potential 

dependent fluorescent probe 3,3’-dipropylthiadicarbocyanine iodide (DiSC3(5)) can be used to 

assess whether small molecules decouple mitochondria17. The assay relies on the ability of 

mitochondria quenching the fluorescent DiSC3(5) probe in normal healthy mitochondria. Upon 

depolarization, DiSC3(5) is no longer quenched and fluorescence increases. MB-51 showed no 

significant increase fluorescence upon treatment at 100 µM relative to CCCP control (Figure 2-

5C). Interestingly, MB-50 at 100 µM showed a slight increase in fluorescence relative to DMSO 

control. This suggests MB-50 may partially reduce membrane potential, a mechanism that may 

contribute to the import inhibition. However, complete import inhibition by MB-50 is seen at 

concentrations at or below 50 µM. It is possible that higher concentrations of MB-50 may cause 

secondary deleterious effects in isolated mitochondria not related to MPP. 

In recent years, zebrafish has proven to be a highly versatile organism for disease 

modeling and high-throughput screening. Zebrafish offers several advantages over other model 

organisms due to its low-cost, transparent larval stages, shorter life cycle, and ease for genetic 
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manipulation and drug treatment18–20. Zebrafish also share a high degree of homology to the 

human genome21.  Zebrafish are particularly useful for mitochondrial studies because the 

organismal development and muscular systems (i.e., the cardiac system) are extremely prone to 

mitochondrial abnormalities due to their reliance on ATP production. Zebrafish expressing 

DsRed cardiac myocyte light chain 2 (cmlc2) were treated with varying concentrations of MB-50 

and MB-51 to determine how impaired MPP affects early stage body and heart development. 

These treatments were applied on embryos at 3 hours post-fertilization. The zebrafish were then 

allowed to grow to 3 days post-fertilization before imaging. At 20 μM MB 50 the zebrafish show 

defects in body curvature and a slight loss of pigmentation. At 50 μM MB-50 the body curvature 

and pigmentation defects were more severe (Figure 2-6A)11. Negative MB-50 analogs 50-A1 and 

50-A2 did not exhibit the same body curvature defects or pigmentation deficiency at similar 

concentrations. Unexpectedly, positive analog MB-50.1 was lethal at all concentrations which 

may suggest a pathway of toxicity unrelated to MPP. Pigmentation loss was also seen for MB-51 

treatment at 20 µM with increased severity at higher concentrations. However, MB-51 did not 

cause the body curvature defects seen with MB-50 at concentrations up to 100 μM (Figure 2-

6B)11. Positive SAR analogs MB-51.1 and MB-51.2 also exhibited loss of pigmentation at 

concentrations of 20 µM and higher. Negative analogs 51-A1, and 51-A3 did not exhibit 

pigmentation defects like MB-51, though higher concentrations displayed changes in body shape 

and heart development. 51-A2 displayed some depigmentation at 20 µM but this phenotype was 

not consistent with higher concentrations. With regards to heart development, MB-50 and MB-

51 at 20 µM exhibit clear cardiac defects that include atrial distension (Figure 2-6 A and B).  

The zebrafish pigmentation defects appear unique for MB-50 and MB-51 with respect to 

tested MitoBloCK inhibitors. However, chelation of compounds through N-phenylthiourea 
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(PTU) and bathocuproine have also been shown to cause pigmentation defects in zebrafish22–24. 

To determine the lasting effects of MB-50 and MB-51, Colin performed a wash out experiment 

was performed with PTU and bathocuproine as a control. As expected, significant pigmentation 

defects were observed for MB-50, MB-51, PTU and bathocuproine treatment as well as 

morphological defects for MB-50 and MB-5111. However, the pigmentation appeared to return 2 

days after the drugs were washed out. Given the similar pigmentation defect demonstrated by 

MB-50 and MB-51 with known chelators, a mode of MPP inhibition could be through chelation 

of metals from the active site. However, this hypothesis is unlikely because MPP was counter-

screened against PreP, another metalloprotease from the same family. To confirm that MB-50 

and MB-51 do not inhibit MPP through chelation, a titration of metal ions was performed in the 

YDHA7 JPT peptide cleavage assay used in the MPP screen. Recombinant MPP was pre-

incubated in the presence of MB-50 and MB-51 with varying amounts of MnCl2. After 

incubation, the YDHA7 JPT fluorogenic peptide was added and fluorescence was monitored 

over time (Figure 2-7). DMSO and the chelator o-phenanthroline, were used as controls. As 

expected, titration of MnCl2 significantly reduced inhibition by o-phenanthroline. However, 

increasing amounts of MnCl2 fail to rescue MPP activity with MB-50 and MB-51 treatments. 

This suggests that MB-50 and MB-51 do not inhibit MPP through chelation.  

Parkinson’s associated protein PTEN induced kinase 1 (Pink1) is recruited to the 

mitochondrial outer membrane upstream of Parkin induced mitophagy25–29. Specifically, Pink1 is 

recruited to the TOM complex and processed by MPP and PARL, triggering its degradation by 

the cytosolic proteasome29–32. Attenuation of β-MPP has been shown to recruit Pink1 to the 

mitochondria OM and induce mitophagy30.  Previous work by Colin Douglas hypothesized that 

treatment of MB-50 or MB-51 could induce mitophagy by stabilizing Pink1 recruitment to the 
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outer membrane by inhibiting MPP dependent processing. Import inhibition of radiolabeled 

hPink1 import in isolated yeast mitochondria was demonstrated by MB-50 and MB-51. 

Additionally, MB-51 caused accumulation of a high molecular weight aggregate during hPink1 

import11. This aggregate was initially thought to be a Pink1 complex at the outer membrane. 

However, MB-51 failed to accumulate at the mitochondrial outer membrane in Hela cells stably 

expressing Parkin-EGFP. Interestingly, MB-50 was able to induce Parkin recruitment to 

mitochondria but only in the presence of a suboptimal concentration of CCCP11. 

Cumulatively, these results suggest MB-50 and MB-51 are potent inhibitors of MPP in 

vitro, but their mode of mitochondrial import inhibition requires further study. In this chapter I 

will further characterize MB-50 and MB-51 with respect to potency and specificity for 

precursors of various mitochondrial import pathways (ie. Sam, Mia40, Tim22). These studies 

would elucidate whether the small molecules inhibit a specific pathway or mechanism of import. 

Studies were also done in conjunction with genetic manipulations of MPP. This will determine 

whether these inhibitors behave differently under altered MPP activity. Lastly, MB-50 and MB-

51 treatment on zebrafish display a unique pigmentation defect as well as other more common 

mitochondrial associated defects (Figure 2-6)11. An anti-sense knockdown of MPP subunits 

using morpholinos will determine whether these phenotypes are specific for MPP attenuation or 

non-specific side effects of MB-50 and MB-51. 

2.2 Import Inhibitory Potency of MB-50 and MB-51 

Previous studies by Colin Douglas show import inhibition by MB-50 and MB-51 toward 

a wide range of Tim23 destined precursors11. A titration was performed on Su9-DHFR import 

and determined inhibitory concentrations of 50 µM and 100 µM for MB-50 and MB-51 

respectively11. However, several other import assays were a time course with a constant 
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concentration of 100 µM for both MB-50 and MB-51. This is over ten times the reported IC50 in 

vitro (Figure 2-3A). Using a saturating concentration of small molecule may produce secondary 

effects that alter precursor import and obscure specificity for certain precursors. A range of 

concentrations is needed to determine the minimum inhibitory concentration of each small 

molecule for each precursor. Furthermore, the only non-Tim23 destined precursor reported with 

MB-50 and MB-51 treatment was AAC11.  AAC import inhibition by MB-50 and MB-51 was 

reported as not significant. These results should be repeated with a titration using other non-

Tim23 precursors to further elucidate specificity of the compounds. I expect specificity toward 

Tim23 precursors because MPP resides in the matrix and cleavage likely occurs during import of 

N-terminally targeted precursors. I performed titrations with a diverse set of Tim23 and non-

Tim23 destined precursors to determine pathway specificity for each molecule.  

Frataxin is an N-terminally targeted MPP substrate and is a highly conserved 

mitochondrial protein with a critical role in maintaining mitochondrial iron homeostasis33,34. 

Frataxin is imported through the Tim23 complex and is cleaved twice by MPP at residues 41-42, 

and 55-56, yielding an intermediate and mature form33. A titration of MB-50 and MB-51 was 

performed in isolated yeast mitochondria prior to import of yeast frataxin (Yfh1) (Figure 2-8A). 

Consistent with the reported inhibitory concentrations of Su9-DHFR import, MB-50 treatment 

substantially inhibited import of the mature and intermediate peptides at 50 µM. Furthermore, a 

small increase in the precursor form was observed in 25 µM and 50 µM treatments of MB-50, 

suggesting some accumulation of the peptide before cleavage within the mitochondria. This 

suggests MB-50 may prevent translocation across the inner membrane specifically. Another 

possibility is a partial inhibition of cleavage activity in addition to import by MB-50. In addition 

to the small increase in precursor at lower concentrations of MB-50, there is a notable decrease 
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in the mature form while the intermediate form stays constant. This suggests the flux forming the 

intermediate precursor is unchanged and that both cleavage events are inhibited equally. At 100 

µM the precursor form fails to accumulate and virtually no signal is seen for the processed 

forms, showing a more general inhibition of import. MB-51 also shows significant inhibition of 

import at 50 µM and 100 µM, but to a lesser extent than MB-50. No precursor accumulation is 

demonstrated by MB-51 and both processed forms decrease consistently with increasing 

concentrations. This suggests processing by MPP is unaffected relative to the import defect when 

mitochondria are treated with MB-51.  

To determine whether this import inhibition depends on the presence of an MPP binding 

motif, I performed import titrations using precursors without a cleavable presequence. Cpn10 

encodes the yeast Hsp10 homolog and is imported into the mitochondrial matrix without a 

cleavable presesquence35. A titration of MB-50 and MB-51 on Cpn10 import showed strong 

inhibition (>50%) at 50 µM and 100 µM respectively (Figure 2-8B). Sym1 is a yeast homolog of 

MPV17, which is associated with mitochondrial DNA depletion syndrome (MDDS). Sym1 is 

also a Tim23 substrate without a cleavable presequence but is imported into the inner membrane 

by a lateral sorting mechanism36. Import of Sym1 is also inhibited by MB-50 and MB-51, but to 

lesser extent than Cpn10 or Yfh1 at similar concentrations (Figure 2-8C). This suggests that MB-

50 and MB-51 can inhibit import of laterally sorted precursors without cleavable presequences. 

Sym1 homolog MPV17 is also responsible for the pigmentation defect in casper zebrafish37. As 

noted, MB-50 and MB-51 treatment also cause a pigmentation defect in zebrafish in addition to 

other mitochondrial associated defects (Figure 2-6). These results suggest the inhibition of 

MPV17 biogenesis could be a mechanism that induces the pigmentation defect by MB-50 and 

MB-51 in zebrafish. 
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To assess whether MB-50 and MB-51 import inhibition is specific for Tim23 destined 

precursors, I performed similar titrations with precursors of other mitochondrial import 

pathways. AAC encodes the ADP/ATP carrier protein and is imported into the inner membrane 

by the Tim22 complex38,39. Tom40 is the channel forming protein of the Tom complex and is 

imported into the outer membrane by the Sam complex in a potential independent manner40–42. 

Lastly, Cmc1 is a copper-binding protein of the mitochondrial intermembrane space and is 

imported by the Mia40/Erv1 disulfide relay43,44. MB-50 and MB-51 show inhibition of Tom40, 

AAC and Cmc1 import at similar concentrations where import inhibition of Tim23 destined 

precursors are demonstrated (Figure 2-9).  

The effects of MB-50 and MB-51 on dual-localized precursors were also tested. 

Fumarase, encoded by yeast Fum1, is localized to the cytosol and mitochondria. Import and 

localization of fumarase depends on MPP processing at residues 24 and 2545–47. Import of 

fumarase is also inhibited by MB-50 but not MB-51 at 100 µM (Figure 2-10A). Another protein 

with complex localization is Parkinson’s associated protein Pink1. Pink1 is recruited to the 

mitochondrial outer membrane upstream of Parkin induced mitophagy118,19. MB-50 and to a 

lesser extent MB-51, also appear to inhibit Pink1 import in isolated yeast mitochondria (Figure 

2-10B). These results are consistent with previous studies performed by Colin Douglas. 

Cumulatively, MB-50 and MB-51 reduce import of precursors from all canonical 

pathways of mitochondrial import. This includes the Tim23 matrix and lateral sorting pathways, 

the Tim22 carrier pathway, the outer membrane SAM pathway, and the Mia40/Erv1 disulfide 

relay pathway. MB-50 is the more potent inhibitor of all tested precursors, typically showing 

strong inhibition at 50 µM. MB-51showed significant inhibition as well, but typically at the 

higher concentration of 100 µM for all precursors. From this data, MB-50 and MB-51 can be 
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classified as general inhibitors of protein import. This is surprising given that past studies of 

MPP show its role in presequence cleavage and not import. In contrast, MB-50 and MB-51 

induce a substantial defect in import efficiency with little to no accumulation of precursor. Given 

the diversity of tested precursors across several import pathways, it is difficult to attribute the 

import defects solely on MPP function. Membrane uncoupling could be a potential mechanism 

for disrupting import of several of the tested precursors. Notably, MB-50 did have a mild effect 

on membrane potential from the DiSC3(5) assay at 100 µM. However much of the inhibition by 

MB-50 was accomplished by 50 µM. However, MB-50 and MB-51 also display inhibition of 

Tom40 and Cmc1 which are imported in a potential independent manner. This suggests that the 

mechanism of import inhibition may be more complicated than membrane uncoupling. Further 

studies will be focused on whether the import defect can be attributed to MPP function or a non-

specific effect by MB-50 and MB-51. 

2.3 MPP Overexpression and Import Efficiency 

Due to the broad import defects caused by MB-50 and MB-51, I asked whether 

overexpression of MPP would offset these defects or increase general import efficiency. Over 

expression of MPP was accomplished by subcloning the Mas1 and Mas2 genes in 2µ plasmids 

pRS424 and pRS425 respectively. Plasmids were then expressed in GA74 yeast and grown in 

selective media. Mitochondria extracts were obtained from the wildtype GA74 strain, vector only 

control (pRS424/pRS425) and the strain overexpressing MPP (MPP). Western blots of isolated 

mitochondria show a substantial increase in antibodies detecting MPP in the MPP over WT 

and vector only controls. Notably, other proteins of mitochondria import components were 

relatively unchanged (Figure 2-11A). This includes Pam motor components Pam16, Pam18, 

Tim44 and Hsp70. To determine the relative membrane potential between each strain, the 
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potentiometric DiSC3(5) probe was applied to equal amounts of mitochondria extract from each 

strain and their relative fluorescence was measured. Results show a slightly lower fluorescence 

for the overexpressed strain relative to the control strains (Figure 2-11B). Furthermore, 

timecourse import of Su9-DHFR and AAC show a substantial increase in import efficiency 

relative to wildtype in the overexpressed strain (Figure 2-12 A and B). Su9-DHFR and AAC 

imports with the vector control strain also showed a smaller but significant increase in import for 

the overexpression strain. Similar imports were performed with the IMS and matrix localized 

CytB2-DHFR precursors, showing a modest 10-20% increase in processed forms (Figure 2-11 C 

and D). Import of the non-cleaved Tim23 precursor Cpn10 was also increased (Figure 2-12E). 

To determine whether an increase in cellular MPP can lead to resistance in import defects by 

MB-50 and MB-51, a titration was performed prior to precursor import in both strains. The 

overexpressed strain displayed a consistent increase in Su9-DHFR import in subsequent trials. 

However, the overexpressed strain did not show any significant resistance to import defects in 

both MB-50 and MB-51 titrations (Figure 2-13A). Similar results were demonstrated with Cpn10 

import titrations (Figure 2-13B). These experiments were repeated with the vector control strain 

yielding the same result (data not shown). In summary, these results suggest MPP 

overexpression leads to an increased membrane potential which may contribute to greater import 

efficiency. However, overexpression of MPP does not reduce sensitivity to import defects caused 

by MB-50 or MB-51. 

2.4. Temperature Sensitive MPP Mutants with MB-50 and MB-51 

Characterization of MPP function has been reported using temperature-sensitive Mas1 

and Mas2 mutants. MPP temperature sensitive mutants display processing defects and precursor 

accumulation of mitochondrial proteins at non-permissive temperatures6–8,48. We wanted to ask if 
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MB-50 and MB-51 treatment in vivo would recapitulate precursor accumulation seen is the MPP 

mutants. A GA74 mutant lacking ABC transporters SNQ2 and PDR5 was used to increase 

intracellular concentrations of MB-50 and MB-5149–51. WT∆pdr5∆snq2 was grown in YPEG and 

treated with 100 µM of MB-50 and MB-51. In addition, apomorphine was identified as a potent 

inhibitor in the in vitro MPP screen and was included in these experiments. Apomorphine was an 

interesting candidate because it is an FDA approved drug used to treat Parkinson’s disease52,53. 

As a control, temperature sensitive mas1 (tsMas1) and mas2 (tsMas2) strains were grown in 

YPEG and switched to the non-permissive temperature of 37ºC for 16 hours prior to cell 

harvesting. As expected, MPP precursors Mdh1, Mge1 and ATPase subunit F1-β showed 

precursor accumulation in the tsMas2 mutant. In contrast, MB-50, MB-51 and apomorphine 

showed no precursor accumulation relative to the DMSO control for all substrates (Figure 2-

14A). Unexpectedly, the tsMas1 mutant only showed precursor accumulation for Mge1. Past 

studies have demonstrated the ability of the tsMas1 strain to accumulate precursors of F1-β and 

MDH18,48. Adjusting the incubation time at the non-permissive temperature for the tsMas1 strain 

could address this issue. Overall, this data suggests MB-50, MB-51 and apomorphine lack the 

potency to recapitulate the precursor accumulation demonstrated by the temperature-sensitive 

MPP mutants in vivo. This could be explained by overall stability of the small molecules in vivo, 

or an inadequate intracellular concentration.  

Next, I wanted to ask if MB-50 and MB-51 would further ablate processing or impede 

import in the temperature-sensitive mutants. The rationale for this experiment expects an 

increased sensitivity to MB-50 or MB-51 in an MPP deficient background. Cytb2(1-167)-DHFR 

localizes to the IMS by a stop-transfer sequence after processing by MPP and IMP54. Import of 

Cytb2(1-167)-DHFR in tsMas1 mitochondria exhibit precursor accumulation within the 
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mitochondria following trypsin shaving (Figure 2-14B). Treatment of MB-50 and MB-51 

inhibits import of this precursor in both wildtype GA74 and tsMas1 mitochondria, suggesting 

MB-50 and MB-51 affects mechanisms of import that are not linked to peptide cleavage. 

ADP/ATP carrier protein AAC is imported into the inner membrane in a potential dependent 

manner by the Tim22 pathway and is not a substrate of MPP. The tsMas1 mutant shows no 

significant defect in AAC import relative to the wildtype GA74 strain. Furthermore, MB-50 and 

MB-51 appear to inhibit AAC import equally in both strains (Figure 2-14C). Consistent with the 

AAC titration, MB-50 is a more potent import inhibitor than MB-51. This data suggests 

temperature sensitive mutations inhibit MPP cleavage exclusively while MB-50 and MB-51 may 

inhibit broader roles of MPP function in import.  

2.5 Effect on Complex I and Complex II Respiration by MB-50 and MB-51 

The broad import defects demonstrated by MB-50 and MB-51 could be caused by effects 

on the electron transport chain which may alter mitochondria coupling and membrane potential. 

Previous results using a Clark-Type oxygen electrode demonstrate little change in oxygen 

consumption of isolated yeast mitochondria when treated with MB-50 and MB-51 (Figure 2-5B). 

Though these results suggest little to no effect on mitochondria respiration, the Clark-Type 

electrode can only detect severe and immediate changes in the oxygen consumption rate once the 

drug is added. Furthermore, the single chamber of the Clark-Type electrode allows for only 

sequential treatments, limiting the scope and utility of the experiments. We decided to utilize the 

Agilent Seahorse XF Analyzer to determine any effects MB-50 and MB-51 may have on 

mitochondria respiration. Unlike the Clark-Type electrode, the Agilent Seahorse XF Analyzer 

can run multiple chambers in parallel, allowing a variety of respiratory conditions to be tested. 

This includes the respiratory flux through Complex I and Complex II (state 2), ADP induced 
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substrate respiration (state 3ADP), oligomycin induced state 4 respiration (state 4o), and maximal 

respiratory capacity induced by FCCP (state 3u)55–57. Mitochondria extracts were purified from 

isolated mouse liver and the respiratory flux through Complex I and Complex II was measured. 

Treatment with complex I substrates pyruvate and malate enabled complex I respiration. 

Meanwhile, treatment with succinate and rotenone, a complex I inhibitor, enabled complex II 

respiration55,56. The effects of MB-50 and MB-51 on the respiratory flux through Complex I and 

Complex II was measured under two conditions. The first condition deemed “inject” measures 

the immediate effects on respiration by injecting the small molecule after sequential addition of 

ADP (state 3ADP) and oligomycin (state 4o). As a control, CCCP was injected in parallel in a 

separate well to measure maximum respiratory capacity (state 3u). Antimycin A was added last 

to inhibit Complex III dependent respiration. The second condition labeled as “Pre-treat” 

measures the effects on respiration if the mitochondria were pre-treated with the small molecule 

for an extended period. Mitochondria were pre-treated with 50 µM of MB-50 and MB-51 for 30 

minutes before sequential addition of ADP (state 3ADP), oligomycin (state 4o), FCCP (state 3u) 

and antimycin A. Conditions measuring both complex I and complex II respiration demonstrated 

the expected effects of ADP, oligomycin and antimycin on oxygen consumption in the DMSO 

injection control. Injection of MB-50 and MB-51 showed no significant changes to respiration 

relative to DMSO and were also responsive to the sequential antimycin A treatment (Figure 2-

15). DMSO controls for pre-treatment display a slightly lower respiratory capacity in state 3ADP 

relative to injection conditions. This could be attributed to a high concentration of 1% DMSO 

that may alter mitochondria respiratory capacity when treated for an extended period. 

Meanwhile, MB-50 pre-treatment in complex I and complex II respiration shows little response 

to ADP and FCCP treatment (Figure 2-15 A and C). MB-51 treatment also shows insensitivity to 
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ADP and FCCP induced respiration in both complex I and complex II (Figure 2-15 B and D). All 

pre-treatments with MB-50 and MB-51 show a dramatic decrease in oxygen consumption after 

antimycin A treatment, demonstrating the respiratory activity is still complex III dependent. 

Cumulatively, these results suggest MB-50 and MB-51 show little to no immediate defects in 

complex I or complex II respiration when the drugs are injected. Meanwhile, pre-treatment with 

MB-50 or MB-51 induces a significant decrease in respiratory capacity in both state 3ADP and 

state 3u respiration. This suggests the uncoupling effect demonstrated by MB-50 and MB-51 are 

not as immediate as an ionophore such as FCCP. Therefore, the mechanism of uncoupling may 

be more complex and appears to affect both complex I and complex II respiration.  

2.6 MPP Morpholino Treatment of Zebrafish Phenocopy MB-50 and MB-51 

Associated Defects 

To determine whether the zebrafish phenotypes demonstrated by MB-50 and MB-51 

treatment are specific for MPP inhibition, other methods are required to alter MPP activity in 

vivo. An anti-sense morpholino knockdown of MPP was used to determine whether the 

phenotypes are recapitulated. Zebrafish embryos were injected with morpholinos targeting αMPP 

and βMPP at the 1-4 cell stage. The embryos were then monitored for up to 3 months post-

fertilization. At 24 hours post-fertilization, morpholino treated embryos appeared behind 

developmentally and exhibit a pigment deficiency (Figure 2-16). Notably, a pigment deficiency 

was also observed for MB-50 and MB-51 treatment (Figure 2-6). At 72 hours post-fertilization 

the pigmentation returned, suggesting the MPP morpholino knockdown was attenuated over 

time. However, severe developmental defects were observed at 72 hours and later. This includes 

a strong body curvature, severe craniofacial defects, an underdeveloped tail fin, and a swollen 

yolk sac. Fish that survived to 3 months post-fertilization typically exhibit the craniofacial 
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defects and an underdeveloped or abnormal tail fin. These results suggest early inhibition of 

MPP causes permanent and severe downstream developmental defects. Furthermore, the 

pigmentation defect observed by MB-50 and MB-51 treatment is recapitulated in the MPP 

morpholino knockdown in early-stage development. This phenotype is not demonstrated with 

any other MitoBloCK inhibitors tested on zebrafish and appears to be specific for MPP 

inhibition. 

2.7 Discussion 

Previous reports characterizing MB-50 and MB-51 describe them as potent MPP 

inhibitors that alter mitochondria import in organello and produce morphological abnormalities 

in vivo. Key results include import inhibition toward Tim23 precursors, morphological and 

pigmentation defects in zebrafish, and a limited ability to recruit Parkin to mitochondrial 

membranes in Hela cells expressing Parkin-EGFP. However, there is little evidence to support 

specificity of MB-50 and MB-51 toward their intended target. Because MB-50 and MB-51 were 

identified using an in vitro model against recombinant yeast MPP, their utility as MPP inhibitors 

may be limited to isolated systems. At the minimum, MB-50 and MB-51 could help elucidate the 

role of MPP in processing and import in isolated yeast mitochondria. Therefore, I decided to 

focus on their specificity toward a diverse set of precursors in radiolabeled import studies. Tested 

Tim23 precursors include Su9-DHFR, CytB2(1-167)-DHFR, CytB2(1-167)A63P-DHFR, Yfh1, 

Cpn10 and Sym1. This diverse set of precursors comprise all known pathways of the Tim23 

complex. Tested precursors that are not imported through the Tim23 complex include Tom40, 

AAC and Cmc1. Many of these precursors were accompanied by a titration of either MB-50 or 

MB-51 prior to import. Table 2.1 shows the cumulative results of all import experiments done by 

me and Colin Douglas. An inhibitory concentration for 50% inhibition (MIC50) is provided if a 
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titration was performed on the indicated precursor. My findings suggest MB-50 and MB-51 are 

general import inhibitors with no significant preference for any single import pathway. 

Specifically, MB-50 appears to significantly inhibit all tested Tim23 and non-Tim23 destined 

precursors at 50 µM. Likewise, MB-51 inhibited all tested precursors at 100 µM with the 

exception of fumarase (Fum1). Inhibition of Tom40 and Cmc1 at similar concentrations is a 

noteworthy result because their import is not potential dependent and are localized to the outer 

membrane and inner membrane space respectively. Because MPP is localized exclusively to the 

matrix, it seems unlikely that it would have the broad role in import suggested by MB-50 and 

MB-51. Another possibility is that MB-50 and MB-51 may inhibit respiration or membrane 

coupling to prevent import of potential-dependent precursors. Studies using the Agilent Seahorse 

XF Analyzer on isolated mitochondria from mouse liver display an uncoupling effect by both 

MB-50 and MB-51 (Figurer 2-15). Consistent with the import experiments, MB-50 appears to be 

the more potent compound with regard to mitochondria uncoupling. However, because the 

uncoupling is not immediate, it is unlikely that MB-50 and MB-51 function as ionophores such 

as FCCP. Instead, MB-50 and MB-51 may disrupt respiration through mechanisms that alter 

electron transport or the flow of protons across the inner membrane. Further studies are required 

to determine the nature of MB-50 and MB-51 induced uncoupling and whether it is linked to 

MPP function or an off-target effect. 

Temperature-sensitive mutants of MPP accumulate precursor in vivo as well as in 

radiolabeled import assays (Figure 2-14). However, whole cell extracts from yeast treated with 

MB-50 and MB-51 failed to recapitulate the precursor accumulation and inhibit import rather 

than processing in radiolabeled import assays. Furthermore, temperature-sensitive MPP mutants 

do not show increased sensitivity to MB-50 or MB-51 with respect to import or processing. 
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Similarly, the overexpressed MPP strain did not display increased resistance to MB-50 or MB-51 

treatment (Figure 2-13 A and B). Overall, these results fail to correlate the import inhibition 

displayed by MB-50 and MB-51 to MPP inhibition in isolated yeast mitochondria. However, 

specificity can be argued by the shared pigmentation defect demonstrated through morpholino 

knockdown of MPP and MB-50/51 treatment in zebrafish. One possible mechanism for this 

phenotype is the import inhibition of MPV17. Notably MB-50 and MB-51 appear to block 

import of MPV17 homolog Sym1 in yeast (Figure 2-8C). MPV17 is responsible for the 

pigmentation defect in casper zebrafish and the inhibition of MPV17 biogenesis could be a 

mechanism that causes the pigmentation defect by MB-50 and MB-5137. However, it is also 

possible that MB-50 and MB-51 may induce pigment deficiency through mechanisms unrelated 

to MPP or MPV17 deficiency.  

One of the more significant findings is the increased coupling and import efficiency when 

MPP is overexpressed (Figure 2-12 and Figure 2-13). Increased import was observed for Su9-

DHFR, CytB2(1-167), CytB2(1-167)A63P-DHFR, Cpn10 and AAC. This result suggests the 

broader role of MPP in import of potential dependent precursors. In chapter 4 I will further 

explore these findings and the potential links between MPP, import and mitochondria coupling. 
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Figure 2-1 Model of JPT fluorogenic peptide assay and plate layout for high-throughput 

screen. (A) High-throughput screen for MPP inhibitors is based on cleavage of a YDHA7 JPT 
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fluorogenic peptide (JPT Peptide Technologies Inc.) with recombinant MPP.  In vitro cleavage 

by MPP occurs at the +2 position from the indicated arginine (red). Following cleavage, the 

proprietary quencher and fluorophore are separated producing a fluorescent signal with an 

excitation of 330 nm and an emission of 405 nm. (B) 384-well plate layout and dispensing 

sequence for HTS screen. The positive control (MPP + DMSO vehicle) and negative control 

(MPP + EDTA & o-phenanthroline + DMSO vehicle) were placed in the indicated columns. Due 

to edge effects no samples were placed in the first or the last column of the plate. Each drug was 

pinned into the remaining wells. A solution of 128 nM MPP in screening buffer was incubated at 

25°C for 1 hour with DMSO, drug, or EDTA & o-phenanthroline. A fluorescence reading was 

taken at time=0 after the hour incubation. 12 µM JPT synthetic peptide was then added to initiate 

the cleavage reaction. An end-point fluorescence reading was taken following incubation for 25 

minutes at 25ºC. Figure included with permission from Colin Douglas11. 
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Figure 2-2 Structures of MitoBloCK-50, MitoBloCK-51 and associated analogs. (A) 

MitoBloCK-50, positive analog 50.1 and negative analogs: 50-A1, 50-A2. (B) MitoBloCK-51, 

positive analogs: 51.1, 51.2 and negative analogs: 51-A1, 51-A2, 51-A3. 
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Figure 2-3 MB-50 and MB-51 reduce MPP cleavage activity in vitro. (A) IC50 analysis of 

recombinant MPP (128 nM) cleavage activity with the YDHA7 peptide (0.1 to 20 µM of drug) 

for 90 min at 25C.  Average % activity ± SD of n = 3 trials.  See Materials and Methods for 

details.  (B) MIC50 analysis of MB-50 and MB-51 with Hek293 cells was determined by treating 

cells for 24 hours with MB-50 and MB-51. The % viability was set relative to DMSO at 100% 

for n = 3 trials. Figure included with permission from Colin Douglas11. 
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Figure 2-4 Import and cleavage of [35S] Su9-DHFR with MB-50 and MB-51 SAR 

compounds. (A-B). Time course assay with radiolabeled Su9-DHFR with recombinant MPP at 

25°C. MPP were pre-incubated with 100 µM of (A) MB-50 and analogs 50.1, 50-A1 and 50-A2, 

or (B) MB-51 and analogs 51.1, 51.2, 51-A1, 51-A2 and 51-A3 for 15 minutes. As a control, 

cleavage was performed in the presence of vehicle control, 1% DMSO or 5mM EDTA. Cleavage 

of [35S] Su9-DHFR was performed at the indicated time points. (C-D) Time course import of 
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[35S] Su9-DHFR in GA74 mitochondria. Mitochondria were pretreated with 1% DMSO, 50 µM 

CCCP or 100 µM (C) MB-50 and analogs, or (D) MB-51 and analogs for 15 minutes and the 

import was performed at the indicated time points. Protease treatment was used to remove non-

imported precursor. As a control, import was also performed in the presence of the vehicle 

control, 1% DMSO.  Protease treatment was used to remove non-imported precursors.  The 

membrane potential (ΔΨ) was dissipated with 4 µg/ml valinomycin and 50 µM CCCP. p, 

precursor; m, mature; the % import was set at 100% for DMSO at the last time point. Figure B-C 

included with permission from Colin Douglas11. Figure D included with permission from Kayla 

Frank. 
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Figure 2-5 MB-50 and MB-51 do not interfere with general mitochondrial function. (A) 

Membrane integrity assay of isolated GA74 mitochondria. Mitochondria were incubated with 1% 

DMSO, 100 µM of drug or 0.2% TritonX-100 at 25oC for 15 minutes. After centrifugation, 

supernatant (S) and pellet (P) were analyzed by Coomassie stain (left) or immunoblot (right). 

Immunoblot was analyzed with antibodies against Cym1, Tom70, Mia40 and Cyt C. (B) Oxygen 

consumption assay of GA74 mitochondria. Mitochondria were treated with 1% DMSO, 50µM 

MB-50, 100µM MB-51 or 20 µM CCCP at the indicated time points. (C) Membrane potential 

assay using potentiometric DisC3(5) probe. GA74 mitochondria were treated with 1% DMSO, 
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100 µM of drug or 40 µM CCCP for 15 minutes. Fluorescence was measured at λem=670 nm and 

λex=620 nm with 3 technical replicates.  
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Figure 2-6 MB-50 and MB-51 cause pigment deficiency and other morphological defects in 

zebrafish. Zebrafish were grown to 3 hours post-fertilization before administering treatment, 

then grown for 3 days. Following treatment, embryos were imaged using a Leica S8APO 

microscope. Cmlc2 embryos were stained with o-dianisidine and imaged in the dark. (A) MB-50 

treatment of zebrafish from 0-50 µM. Concentrations of MB-50 higher than 100µM were lethal. 

(B) MB-51 treatment of zebrafish from 0-100 µM. Figure included with permission from Colin 

Douglas11. 
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Figure 2-7 Treatment with excess divalent cation Mn2+ does not rescue MPP activity after 

MB-50 or MB-51 treatment. Chelation assay using the YDHA7 JPT peptide and recombinant 

MPP. An MPP solution with the indicated concentrations of MnCl2 was pretreated with 100 µM 

of o-phenanthroline, MB-50, MB-51 or an equal volume of DMSO for 1 hour. Fluorescence was 

measured for 90 minutes at λem=405 nm and λex=330 nm with 3 technical replicates.   
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Figure 2-8 MB-50 and MB-51 inhibit the import of TIM23 substrates. (A) Titration import 

assay with [35S] Yfh1 (yeast frataxin) radiolabeled precursor was performed with yeast 

mitochondria at 25°C.  Mitochondria were pre-incubated with increasing concentrations of MB-

50 or MB-51 for 15 minutes. Radiolabeled precursor was then added and allowed to incubate for 

an additional 15 minutes. As a control, import was also performed in the presence of the vehicle 

control, 1% DMSO.  Protease treatment was used to remove non-imported precursors.  The 

membrane potential (ΔΨ) was dissipated with 4 µg/ml valinomycin and 50 µM CCCP. (B) As in 

‘A’ with [35S] Cpn10.  (C) As in ‘A’ with Sym1 (yeast Mpv17) and import reaction was 

incubated for 30 minutes. p, precursor; i, intermediate; m, mature; the % import was set at 100% 

for DMSO control. 
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Figure 2-9 MB-50 and MB-51 inhibit the import of non-TIM23 substrates. (A) Titration 

import assay with [35S] AAC radiolabeled precursor was performed with yeast mitochondria at 

25°C.  Mitochondria were pre-incubated with increasing concentrations of MB-50 or MB-51 for 

15 minutes. Radiolabeled precursor was then added and allowed to incubate for an additional 30 

minutes. As a control, import was also performed in the presence of the vehicle control, 1% 

DMSO.  Protease treatment was used to remove non-imported precursors.  The membrane 

potential (ΔΨ) was dissipated with 4 µg/ml valinomycin and 50 µM CCCP. (B) As in ‘A’ with 

[35S] Tom40 and import reaction was incubated for 15 minutes. As a control, mitochondria were 

treated with 0.2% Triton X-100 following import. (C) As in ‘A’ with Cmc1. The % import was 

set at 100% for DMSO control. 
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Figure 2-10 Effects of MB-50 and MB-51 on import of dual-localized Fum1 and Pink1 in 

yeast mitochondria. (A) Time course import assay with [35S] Fum1 (yeast fumarase) 

radiolabeled precursor was performed with yeast mitochondria at 25°C.  Mitochondria were pre-

incubated with 100 µM MB-50 or MB-51 for 15 minutes and the import was performed for the 

indicated time points. As a control, import was also performed in the presence of the vehicle 

control, 1% DMSO.  Protease treatment was used to remove non-imported precursors.  The 

membrane potential (ΔΨ) was dissipated with 4 µg/ml valinomycin and 50 µM CCCP. (B) As in 

‘A’ with [35S] hPink1. The % import was set at 100% for DMSO control at the respective time 

point. 
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Figure 2-11 Overexpression of MPP increases mitochondrial membrane potential. (A) 

Mitochondrial proteins (10, 25, 50 µg) were purified from strains WT GA74 background, 

expressing vector controls, and overexpressing Mas1 and Mas2 (MPP) and separated by SDS-

PAGE followed by immunoblot analysis. Antibodies for the indicated proteins were used.  Note 

an antibody that detects Mas1 and both Mas1 and Mas2 were used. (B) Membrane potential 

assay using potentiometric DisC3(5) probe. Mitochondria from the indicated GA74 strains were 
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normalized by BCA assay and treated with the DisC3(5) probe. As a control, mitochondria from 

each strain were pre-treated with 40 µM CCCP for 15 minutes. Fluorescence was measured at 

λem=670 nm and λex=620 nm with 3 technical replicates. 
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Figure 2-12 Overexpression of MPP increases import in isolated mitochondria. (A) Time 

course import assay with [35S] Su9-DHFR radiolabeled precursor was performed with 

mitochondria from GA74 background (WT) and overexpressed MPP strain (MPP) (left), or 

GA74 expressing the empty vector (Vector) and the MPP strain (right).  Imports were 

performed for the indicated time points. As a control, import was also performed in the presence 

of the vehicle control, 1% DMSO.  Protease treatment was used to remove non-imported 

precursors.  The membrane potential (ΔΨ) was dissipated with 4 µg/ml valinomycin and 50 µM 

CCCP. (B) As in ‘A’ with [35S] AAC. (C) As in ‘A’ with [35S] CytB2 (1-167)-DHFR. (D) As in 
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‘A’ with [35S] CytB2 (A63P)-DHFR. (E) As in ‘A’ with [35S] Cpn10. p, precursor; i, 

intermediate; m, mature; the % import was set at 100% for DMSO control at the last time point. 
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Figure 2-13 Overexpression of MPP does not rescue import defects induced by MB-50 or 

MB-51. (A) Titration import assay with [35S] Su9-DHFR radiolabeled precursor was performed 

with yeast mitochondria from the WT GA74 background strain and the overexpressed MPP 

(MPP) strain at 25°C.  Mitochondria were pre-incubated at the indicated concentrations of 

MB-50 or MB-51 for 15 minutes. Radiolabeled precursor was then added and allowed to 

incubate for an additional 15 minutes. As a control, import was also performed in the presence of 

the vehicle control, 1% DMSO.  Protease treatment was used to remove non-imported 
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precursors.  The membrane potential (ΔΨ) was dissipated with 4 µg/ml valinomycin and 50 µM 

CCCP. Quantification of import % is shown on the right with DMSO control at 100%. p, 

precursor; m, mature. (B) As in ‘A’ with [35S] Cpn10. 
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Figure 2-14 Temperature sensitive MPP mutants show processing defects and no import 

defects. (A) Immunoblot of GA74 ∆pdr5∆snq2 strain grown in YPEG and treated with 100 µM 

MB-50, MB-51 or apomorphine. As a control, yeast were also treated with the vehicle control, 

1% DMSO. Temperature-sensitive MPP mutants (tsMas1 and tsMas2) were allowed to grow at 

25ºC for 36 hours before switching to the non-permissive temperature 37ºC for 16 hours before 

harvesting. Protein extracts were separated by SDS-PAGE followed by immunoblot analysis. 

Antibodies for the indicated proteins were used. p, precursor; m, mature. (B) Time course assay 

with [35S] Cytb2(1-167)-DHFR was performed with mitochondria from WT GA74 and tsMas1 
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mutant15. Mitochondria were incubated at 37°C for 15 minutes prior to import. Mitochondria 

were then pre-incubated with 100 µM MB-50 or MB-51 for 15 min and the import was 

performed for the indicated time points at 25ºC.  As a control, import was also performed in the 

presence of the vehicle control, 1% DMSO.  Protease treatment was used to remove non-

imported precursors. The membrane potential (ΔΨ) was dissipated with 4 µg/ml valinomycin 

and 50 µM CCCP. (C) As in ‘B’ with AAC. p, precursor; i, intermediate; m, mature; the % 

import was set at 100% for import with DMSO at the last time point. 
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Figure 2-15 Pre-treatment with MB-50 and MB-51 uncouples respiration in isolated mouse 

liver mitochondria. (A) An Agilent Seahorse XF96 Analyzer was used to measure oxygen 

consumption rate under state 2, 3 and 4o respiration in isolated mouse liver mitochondria. 

Mitochondria were resuspended in buffer containing 5mM pyruvate and malate (Complex I) (A-

B) or 5mM succinate and 2µM rotenone (Complex II) (C-D). For injection conditions, ADP and 

oligomycin were added subsequently at the indicated time points. 50 µM MB-50 (A, C) or MB-

51 (B-D) were then added to the mitochondria at the specified time point. As a control, 

mitochondria were incubated in the presence of vehicle, 1% DMSO, or 4 µM FCCP. Antimycin 

A was added last to cease Complex III dependent respiration. For pre-treatment, the 

mitochondria were treated with DMSO, MB-50 or MB-51 for 30 minutes prior to sequential 
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addition of ADP, oligomycin, FCCP and antimycin A at the indicated time points. Conditions 

were performed in triplicate. 
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Figure 2-16 Morpholino knockdown of MPP subunits in zebrafish causes pigment 

deficiency and other morphological defects. Embryos collected from zebrafish were 

microinjected at the 1-4 cell stage with morpholino oligos targeting to zebrafish proteins MPPα 

and MPPβ (Gene Tools, LLC). Zebrafish were imaged at 24 hours post-fertilization (hpf), 72 hpf 

and 3 months post-fertilization (mpf). Figure included with permission from Jennifer Ngo. 
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Precursor 

MPP 

Cleavage 

Sites Pathway Localization 

MB-50 

Tested 

Conc. 

(µM) 

MB-51 

Tested 

Conc.  

(µM) 

MIC50 

MB-50 

(µM) 

MIC50 

MB-51 

(µM) 

Performed 

by 

Su9-DHFR 2 Tim23 Matrix 

6.25-

100 25-100 25-50  >100 

Eric Torres, 

Colin 

Douglas 

Cpn10 None Tim23 Matrix 

6.25-

50 25-100 12.5-25 25-50 

Eric Torres, 

Colin 

Douglas 

Yfh1 2 Tim23 

Dual 

Matrix/Cyt 10-100 10-100 10-25 10-25 Eric Torres 

Pink1 1 Tim23 OM/Matrix 

1.5-

100 

1.5-

100 50-100 50-100 

Eric Torres, 

Colin 

Douglas 

Sym1 None Tim23 IM 25-100 25-100 50-75 >100 Eric Torres 

Cmc1 None Mia40 IMS 

12.5-

100 

12.5-

100 25-50 >100 Eric Torres 

AAC None Tim22 IM 

12.5-

100 

12.5-

100 12.5-25 25-50 

Eric Torres, 

Colin 

Douglas 

Tom40 None SAM OM 25-100 25-100 25-50 75-100 Eric Torres 

Cytb2(1-

167)-

DHFR 2 Tim23 IMS 100 100 <100 <100 

Eric Torres, 

Colin 

Douglas 

Cytb2(1-

167)A63P-

DHFR 2 Tim23 Matrix 100 100 <100 <100 

Eric Torres, 

Colin 

Douglas 

Cytc1 1 Tim23 Matrix 100 100 >100 <100 

Colin 

Douglas 

Fum1 None Tim23 

Dual 

Matrix/Cyt 100 100 <100 

No 

inhibition Eric Torres 

Table 2-1 Summary of [35S] Radiolabeled Import Studies with MB-50 and MB-51. Table 

shows summary of all precursors tested with MB-50 and MB-51 at the indicated concentration 

range. The MIC50 is an estimated range where import is reduced to at least 50% inhibition 

relative to DMSO control. Table is cumulative of experiments performed by me and Colin 

Douglas11. 
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Materials and Methods 

Yeast Strains. Standard set of genetic and molecular techniques was used to generate the strains 

in this study. The overexpression strain was made by first sub-cloning the Mas1 and Mas2 with 

their endogenous promoters into separate 2μ plasmids pRS424 and pRS425 respectively. Primers 

were designed with RE sites BamHI and SalI for Mas1 cDNA while primers for Mas2 were 

designed with NotI and SalI at 5’ and 3’ respectively.  Co-transformation of plasmids was done 

in a GA74 background and selected under auxotrophic markers Trp1 and Leu2.  

Table 2-S1 Strains used in this study 

Media and Reagents. Media reagents were purchased from EMD Biosciences and US 

Biological. Chemical reagents were from Chembridge and Sigma unless otherwise noted. YPEG 

medium is 1% Bacto-yeast extract, 2% Bacto-peptone, 3% glycerol, and 3% ethanol. Synthetic 

dextrose (SD) media contains 0.17% yeast nitrogen base, 0.5% ammonium sulfate, and the 

Strain Background Genotype Source 

GA74-1A GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+ 

(Koehler et. al 1998) 

WT∆pdr5∆snq2 GA74 his3 leu2 ade8 trp1 

ura3 pdr5∆0::HIS3 

snq2∆0::KANMX 

(Miyata et. al 2017) 

WT pRS424/pRS425 GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+:: PRS424 

[Empty:Trp1 2µ] 

PRS425 [Empty:Leu2 

2µ] 

This study 

MPP GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+::[Mas1:Trp1 2µ] 

PRS424 [Mas2:Leu2 

2µ] PRS425 

This study 

tsMas1 AH 216 a, leu2, his3, phoC, 

phoE 

(Yaffe et. Al 1984) 
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appropriate amino acid dropout mixture. Antibodies against Cym1, CytC, ATPase subunit F1-β, 

mtHsp70, Mas1, Mas1/Mas2, Mdh1, Mge1 Mia40 Tom70, Tim50, Tim44, Tim23, Tim17, 

Pam16 and Pam18 are rabbit polyclonal and originated in the Schatz/Koehler labs.  

Drug IC50. The IC50 for each compound was assessed using the MPP/JPT fluorogenic peptide 

assay. These assays were conducted in the same manner as described for the non-automated 

confirmation of each compound with one alteration. For each small molecule the concentration 

was varied from 0.1 to 20 μM. All small molecule concentrations were done in triplicate and 

analyzed with GraphPad Prism 5. The fluorescence was monitored over 90 min using a 

FlexStation Plate Reader (Molecular Devices) with constant shaking at an excitation of 330 nm, 

an emission of 405 nm, and an auto cutoff of 325 nm. 

Mitochondria Purification. Crude mitochondria extracts were obtained as described in previous 

studies43,58. Yeast cultures were kept at 25°C with vigorous shaking during growth. Mitochondria 

concentration was measured by BCA assay. Aliquots of 200 µg were flash frozen in liquid 

nitrogen and stored at -80°C. 

Membrane Integrity Assay. Yeast GA74 mitochondria were thawed on ice and resuspended in 

osmotic buffer BB7.4 buffer (0.6 M sorbitol, 20mM Hepes pH 7.4). Mitochondria were 

incubated with 1% DMSO, 100 µM of drug or 0.2% TritonX-100 at 25oC for 15 minutes. 

Mitochondria were then centrifuged at 8000 x g for 6 minutes. The remaining mitochondrial 

pellet was resuspended in Laemmli Sample buffer and resolved on SDS-PAGE. Supernatants 

were TCA precipitated, resuspended in Laemmli Sample buffer and resolved on SDS-PAGE. 

Gels were visualized by standard Coomassie staining and immunoblotting. 
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Yeast Crude Protein Extraction. Crude protein extracts from yeast were obtained by a NaOH 

and 2-mercaptoethanol lysis followed by TCA precipitation. The protocol was adapted from the 

Yaffe Schatz protein extraction method8. Briefly, GA74 ∆pdr5∆snq2 cultures were grown in 4 

ml YPEG in the presence of 100 µM drug until mid-log phase. Temperature-sensitive MPP 

mutants were first grown at 25ºC for 36 hours and then switched to non-permissive temperature 

37ºC overnight for 16 hours before harvesting. Cells were resuspended in 1 ml H2O and 

transferred to a 1.5 ml Eppendorf tube. 150 µL of NaOH/2-ME solution (1.85M NaOH, 7.4% 2-

mercaptoethanol) was added to the resuspension and incubated for 10 minutes on ice. 150 µL of 

50% TCA was then added to the mixture and incubated on ice for an additional 10 minutes. 

Mixture was centrifuged and washed twice with acetone. Cell pellets were allowed to dry at 

room temperature for 10 minutes before resuspension in Laemmli sample buffer. 2 OD 

equivalent was loaded on an SDS-PAGE and analyzed by immunoblot. 

Oxygen electrode assay. Oxygen consumption of WT mitochondria was measured using 

methods previously described 59. Briefly, purified WT mitochondria (25 mg/ml) were thawed on 

ice and tested within 2 hours. Oxygen consumption assays were performed with a Clark-type 

oxygen electrode in a stirred thermostatically controlled 1.5-ml chamber at 25°C (Oxytherm, 

Hansatech). State II respiration was induced in a suspension of 100 µg/ml mitochondria in 0.25 

M sucrose, 20 mM KCl, 20 mM Tris-Cl, 0.25 mM EDTA, 4 mM KH2PO4, and 3 mM MgCl2, 

pH 7.2 after adding 2 mM NADH. Consumption rate was monitored for approximately 2 min. 50 

µM of MitoBloCK-50 and 100 µM of MitoBloCK-51 were added to a final concentration of 1% 

DMSO and respiration was measured for at least 1 minute. Uncoupled respiration was achieved 

by the addition of 20 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) to the chamber.  
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DiSC3[5] Assay. Membrane potential measurement assays were conducted with a FlexstationTM 

II fluorometer. The quenching of potentiometric probe (3,3’-dipropylthiadicarbocyanine iodide) 

DisC3(5) was measured at λem=670 nm and λex=620 nm. Purified GA74 mitochondria was 

thawed and resuspended in respiration buffer (0.6M sorbitol, 2 mM KH2PO4, 50 mM KCl, 

10mM MgCl, 2.5 mM EDTA, 1 mg/ml BSA and 50 mM Hepes pH 7.1) to a final concentration 

of 21 µg/ml. Either 100 µM of drug or DMSO was then added to a final vehicle concentration of 

1% and allowed to sit for 15 minutes. Mitochondria were also treated with 40 µM CCCP as a 

control. After incubation components were added to a final concentration of 100 nM DisC3(5), 2 

mM NADH, and 2 µg/ml oligomycin. Reactions were allowed to incubate for an additional 5 

minutes at room temperature. Fluorescence was measured in a 384-well plate with 3 technical 

replicates. 

Mouse liver mitochondria isolation and Seahorse Oxygen Consumption assay. A single 

C57BL6 mouse was euthanized with isoflurane. The extracted liver was washed with PBS, 

minced with scissors and homogenized in a Potter-Elvehjem homogenizer with 10ml of ice cold 

MSHE buffer (200mM mannitol, 70mM sucrose, 10mM HEPES-KOH pH7.4, 1mM EDTA. 

Homogenates were centrifuged at 1000g for 10 minutes at 4°C. Supernatant was collected and 

centrifuged at 10,000g for 10 minutes at 4°C. The mitochondrial pellets were washed twice in 

MSHE buffer supplemented with 0.5% fatty-acid free BSA. Final mitochondrial pellet was re-

suspended in ice cold MSHE buffer. Mitochondrial protein content was measured with a BCA 

assay (Pierce). An Agilent Seahorse XF96 Analyzer was used to measure oxygen consumption 

rate under state 2, 3 and 4o respiration. The XF96 cartridge was loaded with a total of 5µg and 

3µg of protein per well for Complex I and Complex II driven respiration respectively. 

Mitochondria were resuspended in 150 µL MAS buffer (70mM sucrose, 220mM mannitol, 5mM 
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KH2PO4, 5mM MgCl2, 2mM HEPES-KOH pH7.4, 1mM EGTA and 0.1% fatty-acid free BSA) 

with either 5mM pyruvate and malate (Complex I) or 5mM succinate and 2µM rotenone 

(Complex II). Plates were incubated at 37°C in non-CO2 incubate for 8 minutes before loading 

into the XF96 instrument after 30 minutes calibration. Compounds were injected at the specified 

time at the given concentrations: 4mM ADP, 3.5µM oligomycin, 4µM FCCP, 4µM antimycin A, 

1% DMSO, 50µM MB-50 and MB-51. For pre-treatment, the mitochondria were treated with 

DMSO, MB-50 or MB-51 for 30 minutes prior to sequential addition of ADP, oligomycin, FCCP 

and antimycin A. Conditions were performed in triplicate. 

MPP Chelation assay with JPT-Peptide. The assay was performed under similar conditions to 

the high-throughput YDHA7 JPT-peptide screen.128 nM of recombinant MPP was incubated in 

screening buffer (10 mM Hepes, pH 7.4, 50mM NaCl, 0.01% BSA) with the indicated 

concentrations of MnCl2. MPP solutions were then treated with 100 µM of o-phenanthroline, 

MB-50, MB-51 or an equal volume of DMSO for 1 hour at room temperature. After incubation, 

12 µM of YDHA7 JPT peptide was added to the reaction and mixed thoroughly. Fluorescence 

with 330 nm excitation and 405 nm emission was monitored for 90 minutes using a FlexStation 

Plate Reader. Experiment was performed with three technical replicates. 

 [35S]- Radiolabeled import assays. Prior to import into purified mitochondria, 35S-methionine 

and cysteine labeled proteins were generated with TNT Quick Coupled Transcription/Translation 

kits (Promega) and plasmids carrying the gene of interest. Transcription of genes was driven by 

either the T7 or Sp6 promoter. Import reactions were performed as previously described49. 

Frozen mitochondria aliquots were thawed and added to import at a concentration of 25 µg/ml. 

Drug or DMSO was added as indicated to a final concentration of 1% vehicle for all 

experiments. Samples with dissipated membrane potential (-Δψ) were treated with 4 µg/ml 
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valinomycin and 50 µM CCCP for at least 4 minutes at 25°C. Following a 15 minute incubation 

at 25°C, import reactions were initiated by the addition of 5-10µL translation mix. Aliquots were 

removed at intervals during the reaction time-course and stopped with cold buffer containing 50 

µg/ml trypsin. Soybean trypsin inhibitor was added in excess after a 15 minute incubation on ice. 

Mitochondria were then pelleted by centrifugation (8000 x g, 6min) and re-suspended in 

Laemmli sample buffer. Import of membrane proteins (AAC and Tom40) were carbonate 

extracted with an additional step to remove proteins that have not been inserted into the 

membrane as described in 60. Samples were resolved on SDS-PAGE and analyzed by 

autoradiography. 

[35S]- Radiolabeled MPP cleavage assays. [35S]-methionine and cysteine labeled Su9-DHFR 

was made with the TNT Quick Coupled Transcription/Translation kit (Promega) prior to MPP 

cleavage. Recombinant MPP was resuspended in screening buffer (10mM Hepes, pH 7.4, 50mM 

NaCl, 1mM MnCl2, 0.01% BSA) in a final concentration of 128 nM. Drug or DMSO was added 

at 100 µM or final concentration of 1% vehicle for all experiments and incubated at room 

temperature for 15 minutes. MPP inhibition through chelation was accomplished by the addition 

of 5 mM EDTA. Reaction was initiated by the addition of 10 µL translation mix. Aliquots were 

removed at intervals during the reaction time-course and stopped by the addition of Laemmli 

sample buffer. Samples were resolved on SDS-PAGE and analyzed by autoradiography. 

Zebrafish. All zebrafish (Dani rerio) were maintained in accordance with standard laboratory 

conditions 61. The TDL6 (Tuebingen driver line) zebrafish used in all experiments was identified 

in a screen for developmentally regulated enhancers that drive tissue-specific expression. Gal4-

driven GFP expression marks myocardial cells (cmlc2). Mitochondria are marked by a TOL2-

mediated insertion of a Gal4-UAS-MLS-dsRed pC2+ construct62. 
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Zebrafish Husbandry. Zebrafish lines were maintained in a 14-hour-light/10-hour-dark cycle 

and mated for 1 hour to obtain synchronized embryonic development. Embryos were grown for 

4dpf in 1xE3 buffer (5 mM sodium chloride, 0.17 mM potassium chloride, 0.33 mM calcium 

chloride, 0.33 mM magnesium sulfate) at 28.5°C63. 

Zebrafish Manipulations & Morpholino Injections. Embryos collected from zebrafish lines 

characterized with an AB and TDL6 background were collected and microinjected at the 1-4 cell 

stage with 0.02 mM and 0.04 mM solution of morpholino oligos (MO) targeting to zebrafish 

proteins MPPα and MPPβ (Gene Tools, LLC). 1 mM of MO solutions were diluted with 1xE3 

buffer (5 mM sodium chloride, 0.17mM potassium chloride, 0.33 mM calcium chloride, 0.33 

mM magnesium sulfate). The following MO solutions were used:  

MPPα 5’-CATGTGAGCAGCCATGTTGGATTCT 3’ 

MPPβ ATG 5’-GAGGCCGCCATGCTGTTTACTGACT-3’ 

Zebrafish were anesthetized in 0.01% tricaine at 24 hours post-fertilization (hpf), 72 hpf and 3 

months post-fertilization (mpf) and imaged using a Leica S8AP0 stereomicroscope at 1.575x 

magnification and a Leica MZ16F fluorescent stereoscope at 11.5x magnifications. Images were 

then processed with the Leica LAS EZ software then resized to 300dpi without resampling in the 

Adobe Photoshop software63. 

Zebrafish Drug Treatment Assay. Zebrafish were mated for 1 hour to obtain synchronized 

embryonic development. Embryos were grown to 3 hours post-fertilization in E3 buffer (5 mM 

sodium chloride, 0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium 

sulfate) and then incubated with buffer, 1% DMSO, or drug for 3 days at 28.5°C. Following 

treatment, embryos were imaged using a Leica S8APO microscope at 1.575x magnification or 
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Leica MZ16F fluorescent stereoscope (TexasRed filter set) at 5x magnification. Cmlc2 embryos 

were stained with o-dianisidine (40% (v/v) ethanol, 0.01 M sodium acetate, 0.65% hydrogen 

peroxide, 0.6 mg/mL o-dianisidine) and incubated for 15 minutes in complete darkness. Embryos 

were then washed with E3 buffer to remove residual stain and stereoscopically imaged under 

white light using a Leica S8APO microscope at 1.575x magnification. Images were resized to 

300 dpi without resampling using Adobe Photoshop. 

Miscellaneous. Western blotting was performed using standard protocols. Proteins were 

transferred to nitrocellulose membranes and immune complexes were visualized with HRP 

labeled goat secondary antibody against rabbit or mouse IgG. Chemiluminescent and 

autoradiographic imaging was performed on film unless otherwise noted. 
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Chapter 3: Characterization of Additional 

Selected MPP Inhibitors 
 

3.1 Introduction 

An estimated 70% of imported mitochondrial proteins contain an amino terminal 

mitochondrial targeting sequence (MTS) and processing proteases in the matrix and 

intermembrane space coordinate the removal and degradation of the MTS1. The matrix 

processing peptidase (MPP) mediates the first cleavage of the presequence2,  followed by the 

Oct1 protease that removes an additional 8 amino acids. Once the cleavage occurs, the 

presequence peptidase/metallopeptidase 1 (PreP/MP1, Cym1 in yeast) degrades the targeting 

sequence3–5.  If the precursor localizes to the intermembrane space, the inner membrane protease 

(IMP) mediates a second cleavage of the sorting sequence.  In addition, other specialized 

processing pathways have been developed that are substrate-specific. 

MPP, assembling as a heterodimer of α-MPP (Mas2/PMPCA) and β-MPP 

(Mas1/PMPCB), is a metalloendopeptidase in the pitrilysin family. Both subunits of MPP are 

essential for viability in yeast6–8. β-MPP possesses the inverted HXXEHX74-76E zinc binding 

motif for cleavage while α-MPP carries a glycine-rich loop proposed to aid in substrate 

binding/release9. Common cleavage site motifs have an arginine at position -2, -3 or -10 or an 

aromatic amino acid at position +1 from the cleavage site; however, other substrates have no 

discernible motif2,9,10. 

Studies characterizing MPP rely heavily on genetic yeast manipulations and biochemical 

assays. However, given the intricate and dynamic processes of the mitochondrial import 

machinery, novel methods are needed to study the role of MPP. A small molecule screen based 
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on an in vitro cleavage assay by recombinant MPP was reported by Colin Douglas, a previous 

member of the Koehler lab11. The in vitro assay was based on signal fluorescence of a substrate 

peptide (YDHA7) flanked by fluorophore and quencher moiety (Figure 2-1A)11. Incubation of 

MPP protein with the synthetic peptide yields an end-point fluorescent signal inversely 

proportional to the inhibition by a given compound. Roughly 130,000 compounds were screened 

at the California NanoSystems Institute at UCLA, yielding 88 confirmed hits. Metrics to evaluate 

the validity of high-throughput screens can be determined by a low hit rate less than 0.14%, and 

a screening coefficient (Z’) value greater than 0.512. The screen produced a Z’ value of 0.8, with 

a hit rate of 0.07%. Colin “cherry picked” 28 compounds from the 88 confirmed hits for further 

study and grouped them based on their central scaffolding. The “cherry picked” compounds were 

selected based on the absence of known moieties with high reactivity or likely to disrupt 

membrane integrity. The “cherry picked compounds were also absent from a screen identifying 

inhibitors of presequence peptidase (PreP), another metalloendopeptidase from the same family 

as MPP. The “cherry picked” hits included MB-50 and MB-51 as structurally distinct and potent 

inhibitors of MPP (Figure 2-2).  

Subsequent studies demonstrate that MB-50 and MB-51 appear to cause broad import 

defects from a diverse array of precursors. These import defects appear to be induced in isolated 

mitochondria only at concentrations 5 to 10-fold higher than their reported IC50 of recombinant 

MPP. This contradicts with previous studies suggesting the function of MPP is solely in 

presequence cleavage and not import6–8,13. In addition, MB-50 and MB-51 treatment do not 

recapitulate the precursor accumulation of MPP substrates demonstrated in temperature sensitive 

mutants in vivo and in isolated mitochondria (Figure 2-13A). Cumulatively, these results limit 

the application of MB-50 and MB-51 to study the role of MPP in mitochondrial biogenesis. As a 
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result, I focused on characterizing other MPP inhibitors from Colin’s screen. My goal was to 

identify a more potent compound that induces the precursor accumulation expected for MPP 

inhibition. This chapter will summarize the data characterizing the selected MPP inhibitors not 

included in Colin’s “cherry picked” list of compounds.  

3.2 Analysis of Import and Processing Defects by MPP Inhibitors 

Due to the apparent limitations of MB-50 and MB-51, I focused on screening 19 

uncharacterized compounds from the list of 88 confirmed MPP inhibitors. These compounds 

were selected based on similar principles applied to the original 28 “cherry-picked” compounds 

from Colin’s screen11. The new set of compounds were grouped into 7 families based on their 

central scaffolding (Figure 3-1). The rationale for this was to identify an MPP inhibitor that 

would be more potent and recapitulate the precursor accumulation expected for MPP inhibition. 

Based on this objective, I focused on the effects of Su9-DHFR import in isolated mitochondria. 

At the minimum, a new compound of interest should be just as potent as MB-50 in isolated 

mitochondria and induce precursor accumulation. Furthermore, this assay can identify general 

inhibitors of mitochondria import, including molecules that solubilize membranes or dissipate 

membrane potential. A timecourse import of Su9-DHFR was performed on all 19 selected 

compounds with MB-50 and CCCP as positive controls for import inhibition (Figure 3-2). To 

address relative potency, I kept the concentration of small molecule at 50 µM, the lowest 

concentration of MB-50 where precursor import is significantly reduced. Compounds that 

displayed import inhibition similar to MB-50 include 0042, 0100, 0017, 0136, 1125 and 0160 

(Figure 3-2 A-C).  Meanwhile, compounds that caused precursor accumulation and a 

corresponding reduction in mature form include 0022, 0015, 8247, 603 and 875. These 

compounds were with a lower concentration of 10 µM (Figure 3-2D). As expected, MB-50 did 
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not significantly inhibit Su9-DHFR import at 10 µM. Meanwhile, compounds 0115, 0136 and 

875 continued to display potent import inhibition at the lower concentration. Interestingly, 

compounds 0022, 0115, 8247, 603 and 875 failed to demonstrate the robust precursor 

accumulation observed at 50 µM. This suggests the compounds require a higher concentration 

for MPP inhibition to occur in isolated mitochondria. Potent Su9-DHFR inhibitors were also 

tested for their effects on Cpn10 and Cmc1 import (Figure 3-3A).  Compound 0115, 0136 and 

875 exhibited significant inhibition at 10 µM toward Cpn10 import while compounds 8247, 603 

and 0022 displayed a milder inhibition. These results were consistent with Cmc1 import 

inhibition at similar concentrations except for compound 8247 which did not inhibit import of 

Cmc1 at 50 µM (Figure 3-3B). Effects on the import of Parkinson’s associated Pink1 was also 

tested with the Su9-DHFR inhibitors (Figure 3-3C). Compounds 0022, 0115, 0136, 875, 8247, 

603 along with MB-50 abolished Pink1 import at 50 µM. 

Next, my goal was to determine the effects on import of hydrophobic precursors not 

localized to the matrix. To address this, I performed a co-import and carbonate extraction of 

radiolabeled Tom40 and AAC following treatment with the more potent inhibitors of Su9-DHFR 

(Figure 3-4). The compounds were tested at concentrations where they exhibited potent import or 

processing defects toward Su9-DHFR. MB-50 was also tested at 50 µM as a control. Compounds 

that displayed strong inhibition of Tom40 and AAC at 10 µM include 0136, 875 and 0115. 

Compound 8247 also exhibited a smaller but significant inhibition of Tom40 and AAC at 50 

µM. Meanwhile, compound 0022 showed little to no inhibition of Tom40 and AAC at 50 µM.  

In summary, several of the selected MPP inhibitors exhibit potent inhibition of import 

and processing. MPP inhibitors 0115, 875 and 8247 exhibit the most severe processing defects of 

Su9-DHFR and were included in subsequent import experiments. Moreover, these compounds 
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have an equal or greater potency to MB-50 with respect to in organello radiolabeled import 

experiments. However, each of these compounds also exhibit some import defect in non-cleaved 

or non-matrix precursors that include Cpn10, Cmc1, Tom40 and AAC. This suggests a lack of 

specificity similar to the effects observed with MB-50. In the next section I will summarize 

results from secondary assays that identify potential mechanisms of import inhibition and 

quantify potency of the selected MPP inhibitors. 

3.3 Secondary Assays of MPP inhibitors 

Results from the Su9-DHFR import assays demonstrate a range of effects on processing 

and import from the selected MPP inhibitors. To determine if the import defects can be attributed 

to effects on membrane potential, mitochondria were treated with compound in the presence of a 

potential dependent DiSC3(5) (3,3’-dipropylthiadicarbocyanine iodide) dye. The assay relies on 

the ability of coupled mitochondria quenching the fluorescent DiSC3(5)  probe14. Upon 

depolarization, DiSC3(5) is no longer quenched and fluorescence increases. DMSO and FCCP 

treatment were used as controls (Figure 3-5A). Several compounds including processing 

inhibitors 0115, 8247, 603 and 875 did not appear to cause a signal increase. Therefore, these 

compounds were not considered general mitochondria uncouplers. Meanwhile, compounds 0022, 

0100, 0113, 0017, 1125, 0160 and 0146 displayed a significant fluorescence increase at 100 µM. 

These compounds  were retested at a lower concentration of 50 µM. Under the lower 

concentration, compounds 0022, 0100, 0113 and 0146 showed no significant fluorescence 

increase and were therefore not considered uncouplers at 50 µM. Meanwhile, compounds 0017, 

1125 and 0160 displayed a significant fluorescence increase at both 100 µM and 50 µM. This 

result is consistent with the Su9-DHFR import inhibition without the accumulation of precursor 

at the same concentration. I concluded compounds 0017, 1125 and 0160 may inhibit import by 
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dissipating mitochondria membrane potential and were excluded from further studies. Based on 

the cumulative data from the import experiments and the DiSC3(5) probe assay, compounds 

0022, 0115, 8247, 603 and 875 were selected as candidate compounds for further 

characterization. 

MPP is a metalloprotease and therefore relies on the coordination of a metal ion at the 

active site for cleavage activity. Treatment with known chelators leads to sequestration of 

coordinating metal ions and inhibition of MPP activity15. To assess the chelation activity of the 

MPP inhibitors that induce processing defects, a titration of metal ions was performed in the 

YDHA7 JPT peptide cleavage assay used in the MPP screen. Recombinant MPP was pre-

incubated with varying amounts of MnCl2 in the presence of DMSO, o-phenanthroline or 100 

µM compound. After incubation, the YDHA7 JPT fluorogenic peptide was added and 

fluorescence was monitored over time (Figure 3-6). Compounds 0022, 0115, 8247, 603 and 875 

were selected for this assay because they displayed precursor accumulation in the Su9-DHFR 

import experiments. Compound 0136 was also because it was a potent import inhibitor. The 

DMSO controls showed an increase in MPP activity with increasing amounts of MnCl2. 

Meanwhile, negative control o-phenanthroline showed little to no activity with no MnCl2 added 

but a complete rescue at 0.1 mM of MnCl2. The fluorescence was not rescued after addition of 

saturating amounts of MnCl2 for compounds 0022, 0115, 875 and 0136. This suggests the 

mechanism of import for these compounds do not depend on the presence of metal ions in 

solution and likely do not function as chelators. Compounds 8247 and 603 displayed some 

rescue of MPP activity with increasing amounts of MnCl2.  However, the MPP activity relative 

to DMSO was consistently lower at the respective MnCl2 concentrations for 8247 and 603 

treatment. Therefore, unlike the o-phenanthroline treatment, saturating amounts of MnCl2 does 
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not completely abolish 8247 or 603 inhibition. Furthermore, increasing amounts of MnCl2 

increases MPP activity in the DMSO control. This result complicates the nature of MPP 

inhibition by 8247 and 603. One possibility could be inhibition by chelation and additional 

mechanisms not dependent on the presence of metal ions. Another hypothesis is the inhibition 

displayed by 8247 and 603 is not sufficient to offset the increased activity acquired by saturating 

MnCl2. Notably, 8247 and 603 displayed weaker import inhibition relative to 0115, 0136 and 

875 at 10 µM (Figure 3-2D). Furthermore, compound 8247 and 603 were not identified as 

general inhibitors when cross-screened against PreP, another metalloprotease. Based on this 

reasoning, it is unlikely that 8247 and 603 function purely as chelators to inhibit MPP activity. 

However, because compound 603 showed very little potency in the Su9-DHFR import assays 

relative to MB-50, it was not further assessed with subsequent assays. 

Next, I wanted to assess if the selected compounds behaved like detergents and inhibit 

import by solubilizing membranes. The mitochondrial integrity assay involves treating isolated 

mitochondria with small molecules before centrifugation, separating the supernatant from the 

membrane bound vesicles. For this assay I selected the most potent compounds that exhibit 

precursor accumulation in Su9-DHFR import assays; this includes compounds 0022, 0115 and 

875. Though compound 0136 did not accumulate precursor, it was a potent import inhibitor and 

was also included in the assay. DMSO and the ionic detergent TritonX-100 were used as 

controls. Unlike the TritonX-100 treatment, none of the tested compounds disrupted membrane 

integrity by leaking mitochondrial proteins into the supernatant (Figure 3-7).  

 To evaluate the relative potency between processing inhibition in isolated mitochondria and 

MPP inhibition in vitro, I conducted an IC50 analysis toward recombinant MPP using the 

YDHA7 JPT peptide cleavage assay with the candidate compounds (Figure 3-8). The IC50 of 
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compounds 8247, 0115, 875 and 0136 roughly correlated with their relative potency in the Su9-

DHFR import assays. Compound 875 was the most potent compound with an IC50 of 7.09 µM, 

while 8247 was the least potent compound with an IC50 of 50.1 µM. The relative toxicity in yeast 

was also assessed with titrations of compounds 0022, 0115, 0136 and 875. To increase 

intracellular concentrations, a mutant lacking drug pumps Snq2 and Pdr5 was used for the assay. 

GA74∆Snq2∆Pdr5 yeast were grown in YPEG media with compound for 24 and 48 hours before 

their optical density was measured (Figure 3-9 and Figure 3-10). Compound 875 was the most 

toxic compound with the relative growth rate dropping below 50% at 50 µM for both time points 

(Figure 3-9). Meanwhile, compound 0136 displayed no significant decrease in relative growth 

rate at concentrations up to 100 µM. Compound 0115 was only mildly toxic at 48 hours, 

dropping relative growth rates to 70% at the maximum concentration (Figure 3-10). Compound 

0022 also displayed some growth inhibition at 100 µM, reducing the relative growth to near 50% 

at both time points. Relative toxicity was also determined in Hela cells expressing EGFP-Parkin 

using the MTT assay. The yellow tetrazolium MTT (3-(4,5-dimethylthiazoyl-2)-2, 5-

diphenyltetrazolium bromide) is reduced by metabolically active cells proportional to the rate of 

NADPH production. A measure of cell viability can then be determined by quantifying the 

resulting intracellular purple formazan by spectrophotometric techniques. The percent viability 

was evaluated for compounds 8247, 0115, 0136 and 875 by normalizing to a DMSO control 

(Figure 3-11). All the tested compounds exhibit strong toxicity at concentrations at or above 50 

µM. Compound 875 displayed the highest toxicity, a result consistent with the yeast toxicity 

assay. 

 Mitochondrial protein import is often coupled to membrane potential and the respiratory chain. 

Specifically, contacts between the Tim23 complex and complex III of the electron transport 
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chain act synergistically to promote import of certain precursors16–19. Therefore, non-specific 

effects on the respiratory chain could alter protein processing and import in isolated 

mitochondria. We decided to utilize the Agilent Seahorse XF Analyzer to determine any effects 

the MPP inhibitors may have on mitochondria respiration. The Agilent Seahorse XF Analyzer 

allows for sensitive measurements of mitochondria respiration across a wide array of conditions 

simultaneously. This includes the respiratory flux through Complex I and Complex II (State 2), 

ADP induced substrate respiration (state 3ADP), oligomycin induced state 4 respiration (state 4o), 

and maximal respiratory capacity induced by FCCP (state 3u)20–22. For this assay I chose 

compounds 8247, 0115 and 875 because they induced the most severe processing defects in Su9-

DHFR import and did not affect general mitochondrial function in secondary assays. 

Mitochondria extracts were purified from isolated mouse liver and the respiratory flux through 

Complex I and Complex II was measured (Figure 3-12). Treatment with complex I substrates 

pyruvate and malate enabled complex I respiration. Meanwhile, treatment with succinate and 

rotenone, a complex I inhibitor, enabled complex II respiration20,21. Furthermore, the effects of 

each compound on the respiratory flux through Complex I and Complex II was measured under 

two conditions. The first condition deemed “inject” measures the immediate effects on 

respiration by injecting the small molecule after sequential addition of ADP (state 3ADP) and 

oligomycin (state 4o). As a control, FCCP treatment was done in parallel to measure maximum 

respiratory capacity (state 3u). Antimycin A was added last to inhibit all mitochondria 

respiration. The second condition labeled as “Pre-treat” measures the effects on respiration if the 

mitochondria were pre-treated with the small molecule for an extended period. Mitochondria 

were pre-treated with 50 µM of each compound or 1% DMSO for 30 minutes before sequential 

addition of ADP (state 3ADP), oligomycin (state 4o), FCCP (state 3u) and antimycin A. 
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Conditions measuring both complex I and complex II respiration demonstrated the expected 

effects of ADP, oligomycin and antimycin on oxygen consumption in the DMSO injection 

control. Notably, DMSO controls for pre-treatment displayed a slightly lower respiratory 

capacity in state 3ADP relative to injection conditions. This could be attributed to a high 

concentration of 1% DMSO that may alter mitochondria respiratory capacity when treated for an 

extended period. Injection of compound 0115 displayed a lower basal respiration rate for 

complex I respiration while complex II respiration was relatively unchanged (Figure 3-12A). 

However, mitochondria that were pre-treated with compound 0115 were completely insensitive 

to ADP induced respiration (state 3ADP) as well as FCCP induced (state 3u) maximal respiration 

in both complex I and complex II conditions. Compound 875 induced maximal respiration under 

injection conditions similar to FCCP but retained sensitivity to antimycin A (Figure 3-12B). Pre-

treatment with compound 875 resembles pre-treatment with compound 0115. The mitochondria 

are not responsive to ADP or FCCP induced respiration but still retain a sensitivity to antimycin 

A. This result suggests compound 875 uncouples mitochondria by behaving similar to an 

ionophore like FCCP. Compound 8247 shows no significant change to respiration under 

injection conditions but shows a reduction in state 3ADP respiration under pre-treatment 

conditions (Figure 3.12C). Moreover, pre-treatment with 8247 affects maximal respiration 

induced by FCCP (state 3u) in complex I and complex II differently. State3u respiration appears 

to be increased in complex I but is decreased in complex II relative to DMSO. Cumulatively this 

data demonstrates that compounds 0115, 8247 and 875 decrease state 3 respiration with varying 

potencies. Compound 875 remains the most potent compound and affects respiration in both 

injection and pre-treatment conditions similar to FCCP. Compound 0115 does not affect 

mitochondria under injection conditions but demonstrates strong uncoupling under pre-treatment 
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conditions. Lastly, compound 8247 appears to be the least potent of the tested compounds. Pre-

treatment with 8247 retains some sensitivity to ADP under pre-treatment conditions but appears 

to affect maximal respiration in complex I and complex II differently. 

3.4 Discussion 

 MB-50 and MB-51 are limited in their utility because they lack potency in vivo and produce 

wide effects on import and respiration in mitochondria. To identify more ideal MPP inhibitors, I 

selected 19 compounds from the remaining 60 uncharacterized MPP hits for further study. The 

initial Su9-DHFR import study identified 5 compounds that inhibited import (0042, 0100, 0017, 

0136, 1125 and 0160). Another 5 compounds that accumulated precursor and reduced formation 

of the mature form were also identified (875, 0015, 0022, 603 and 8247). Compounds 875 and 

0115 showed the most robust precursor accumulation at 50 µM toward Su9-DHFR import. 

However, these compounds also inhibited import of Cpn10, Cmc1, AAC and Tom40. None of 

which contain cleavable pre-sequences. Compounds 0022 and 603 accumulated Su9-DHFR 

precursors but lacked potency for inhibition of the mature form. 0022 and 603 also inhibited 

Pink1 import but not Tom40 or AAC import. This suggests these compounds may possess some 

specificity for Tim23 destined precursors. However, due to their lack of potency relative to MB-

50, these compounds were not considered ideal MPP inhibitors. Compound 8247 showed 

significant processing defects but also partially inhibited Tom40, AAC and Pink1 import. 

Compound 0136 was further characterized because of a strong potency to inhibit Su9-DHFR 

import relative to MB-50. However, 0136 also inhibited Pink1, Cmc1, Tom40 and AAC, 

suggesting import inhibition by a more general mechanism. Cumulative results for import 

efficiencies with the tested compounds are displayed in Table 3-1. 
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Secondary assays testing for non-specific effects on mitochondrial function were also 

performed on the more promising MPP inhibitors. An assay measuring membrane potential 

using the fluorescent DiSC3(5) probe identified compounds 0017, 1125 and 0160 as membrane 

uncouplers and were eliminated from further characterization. Meanwhile, compounds 875, 0115 

and 8247 showed little effect from the DiSC3(5) assay and did not permeabilize membranes of 

isolated mitochondria. An IC50 analysis against recombinant MPP was consistent with the 

potency demonstrated in the Su9-DHFR import assays. However, respirometry studies with the 

Agilent Seahorse XF Analyzer identified an uncoupling effect when mouse liver mitochondria 

were pre-treated with 875, 0115 or 8247. This result seems to contradict the DiSC3(5) assay 

which shows little effect on membrane potential by these compounds. One hypothesis is the 

compounds uncouple ATP synthesis from O2 production while retaining membrane potential. 

Another possibility is the subtle changes in oxygen consumption detected by the Agilent 

Seahorse XF Analyzer may be more sensitive to changes in membrane potential than the 

DiSC3(5) assay. Cumulative results for secondary assays with the tested compounds are 

displayed in Table 3-2. 

Cumulatively, these studies failed to identify an ideal candidate for MPP inhibition. 

Compounds 875, 0115 and 8247 were identified as the most robust inhibitors of Su9-DHFR 

processing while displaying equal or greater potency than MB-50. However, these compounds 

also displayed general import inhibition of non-cleaved and non-matrix precursors and uncouple 

ATP synthesis from O2 production. 
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Figure 3-1 Structures of MPP inhibitors selected for further characterization. Compounds 

were selected from the list of 88 confirmed MPP inhibitors based on similar principles applied to 
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the original 28 “cherry-picked” compounds from Colin’s screen11. The new set of compounds 

were grouped into 7 families based on their central scaffolding. 
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Figure 3-2 Time course import [35S] Su9-DHFR with selected MPP inhibitors. (A-C) Time 

course import assay with Su9-DHFR radiolabeled precursor was performed in yeast 
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mitochondria at 25ºC. Mitochondria were pre-incubated with 50 µM of small molecule for 15 

min and the import was performed for the indicated time points. As a control, import was also 

performed in the presence of the vehicle control, 1% DMSO.  Protease treatment was used to 

remove non-imported precursors.  The membrane potential (ΔΨ) was dissipated with 4 µg/ml 

valinomycin and 50 µM CCCP. (D) As in ‘A-C’ with 10 µM of the indicated small molecule. p, 

precursor; m, mature; the % import was set at 100% for DMSO control at the last time point. 
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Figure 3-3 Time course import [35S] Cpn10, Cmc1 and hPink1 with selected MPP 

inhibitors. (A) Time course import assay with Cpn10 radiolabeled precursor was performed in 

yeast mitochondria at 25ºC. Mitochondria were pre-incubated with 10 µM of small molecule for 

15 min and the import was performed for the indicated time points. As a control, import was also 

performed in the presence of the vehicle control, 1% DMSO.  Protease treatment was used to 

remove non-imported precursors.  The membrane potential (ΔΨ) was dissipated with 4 µg/ml 

valinomycin and 50 µM CCCP. (B) As in ‘A’ with [35S] Cmc1 and the indicated concentration of 

small molecule. (C) As in ‘A’ with [35S] hPink1 and 50 µM of the indicated small molecule. 

The % import was set at 100% for DMSO control at the last time point. 

 



111 
 

Figure 3-4 Co-import of [35S] Tom40 and AAC with selected MPP inhibitors. (A) Time 

course import assay of both Tom40 and AAC radiolabeled precursor was performed in yeast 

mitochondria at 25ºC. Mitochondria were pre-incubated with either 50 µM or 10 µM of small 

molecule for 15 min and the import was performed for the indicated time points. As a control, 

import was also performed in the presence of the vehicle control, 1% DMSO.  Protease treatment 

was used to remove non-imported precursors.  The membrane potential (ΔΨ) was dissipated with 

4 µg/ml valinomycin and 50 µM CCCP. The Triton-X control was permeabilized with 0.2% 

Triton X-100 following import. (B) Lower exposure of ‘A’ that shows AAC import without 

saturation. The % import was set at 100% for DMSO control at the last time point. 
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Figure 3-5 DisC3(5) potentiometric assay with selected MPP inhibitors. (A) GA74 

mitochondria were treated with 1% DMSO, 100 µM of drug or 40 µM CCCP for 15 minutes. (B) 

Same as “A” at 50 µM of drugs that showed membrane uncoupling in A. Fluorescence was 

measured at λem=670 nm and λex=620 nm with 3 technical replicates.  
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Figure 3-6 Chelation assay of select MPP inhibitors using the YDHA7 JPT peptide and 

recombinant MPP. An MPP solution with the indicated concentrations of MnCl2 was pretreated 

with 100 µM of o-phenanthroline, drug or an equal volume of DMSO for 1 hour. Fluorescence 

was measured for 90 minutes at λem=405 nm and λex=330 nm with 3 technical replicates.   
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Figure 3-7 Membrane integrity assay with selected MPP inhibitors. (A) Mitochondria were 

incubated with 1% DMSO, 100 µM of drug or 0.2% TritonX-100 at 25oC for 15 minutes. After 

centrifugation, supernatant (S) and pellet (P) were analyzed by Coomassie stain (A) or 

immunoblot (B). Immunoblot was analyzed with antibodies against Cym1, Mas1, AAC and Cyt 

C. 
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Figure 3-8 IC50 analysis of recombinant MPP with selected inhibitors. (A) Recombinant 

MPP (128 nM) cleavage activity with the YDHA7 peptide (0.006 to 100 µM of drug) for 90 min 

at 25C.  Average % activity ± SD of n = 3 trials.  See Materials and Methods for details.   
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Figure 3-9 Yeast cell viability assay of compounds 0136 and 875. 

Yeast GA74 ∆pdr5∆snq2 strain was treated with varying concentrations of small molecule from 

0.01 µM to 100 µM.  OD600 was measured at 24 and 48 hours. % survival was normalized to 1% 

DMSO treatment. Average percentage of survival ± S.D. of n = 3 trials. 
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Figure 3-10 Yeast cell viability assay of compounds 0022 and 0115. 

Yeast GA74 ∆pdr5∆snq2 strain was treated with varying concentrations of small molecule from 

0.01 µM to 100 µM.  OD600 was measured at 24 and 48 hours. % survival was normalized to 1% 

DMSO treatment. Average percentage of survival ± S.D. of n = 3 trials. 
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Figure 3-11 MTT toxicology assay in HeLa cells with compounds 8247, 0115, 0136 and 875. 

HeLa cells were treated for 24 hours with small molecule at the indicated concentrations, and 

then viability was measured. 100% was defined as the signal from cells treated with 1% DMSO.  
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Figure 3-12 Agilent Seahorse respirometry assay with compounds 0115, 875 and 8247. (A) 

An Agilent Seahorse XF96 Analyzer was used to measure oxygen consumption rate under state 

2, 3 and 4o respiration in isolated mouse liver mitochondria. Mitochondria were resuspended in 

buffer containing 5mM pyruvate and malate (Complex I) (left) or 5mM succinate and 2µM 

rotenone (Complex II) (right). For injection conditions, ADP and oligomycin were added 
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subsequently at the indicated time points. 50 µM of 0115 was then added to the mitochondria at 

the specified time point. As a control, mitochondria were incubated in the presence of vehicle, 

1% DMSO, or 4 µM FCCP. Antimycin A was added last to cease Complex III dependent 

respiration. For pre-treatment, the mitochondria were treated with DMSO or 0115 for 30 minutes 

prior to sequential addition of ADP, oligomycin, FCCP and antimycin A at the indicated time 

points. (B) as in ‘A’ with compound 875. (C) as in ‘A” with compound 8247. Conditions were 

performed in triplicate. 
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Materials and Methods 

Yeast Strains. Standard set of genetic and molecular techniques was used to generate the strains 

in this study. The overexpression strain was made by first sub-cloning the Mas1 and Mas2 with 

their endogenous promoters into separate 2μ plasmids pRS424 and pRS425 respectively. Primers 

were designed with RE sites BamHI and SalI for Mas1 cDNA while primers for Mas2 were 

designed with NotI and SalI at 5’ and 3’ respectively.  Co-transformation of plasmids was done 

in a GA74 background and selected under auxotrophic markers Trp1 and Leu2.  

Table 3-S1 Strains used in this study 

Media and Reagents. Media reagents were purchased from EMD Biosciences and US 

Biological. Chemical reagents were from Chembridge and Sigma unless otherwise noted. YPEG 

medium is 1% Bacto-yeast extract, 2% Bacto-peptone, 3% glycerol, and 3% ethanol. Synthetic 

dextrose (SD) media contains 0.17% yeast nitrogen base, 0.5% ammonium sulfate, and the 

appropriate amino acid dropout mixture. Antibodies against Cym1, CytC, ATPase subunit F1-β, 

mtHsp70, Mas1, Mas1/Mas2, Mdh1, Mge1 Mia40 Tom70, Tim50, Tim44, Tim23, Tim17, 

Pam16 and Pam18 are rabbit polyclonal and originated in the Schatz/Koehler labs.  

Drug IC50. The IC50 for each compound was assessed using the MPP/JPT fluorogenic peptide 

assay. These assays were conducted in the same manner as described for the non-automated 

Strain Background Genotype Source 

GA74-1A GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+ 

(Koehler et. al 1998) 

WT∆pdr5∆snq2 GA74 his3 leu2 ade8 trp1 

ura3 pdr5∆0::HIS3 

snq2∆0::KANMX 

(Miyata et. al 2017) 
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confirmation of each compound with one alteration. For each small molecule the concentration 

was varied from 0.006 to 100 μM. All small molecule concentrations were done in triplicate and 

analyzed with GraphPad Prism 5. The fluorescence was monitored over 90 min using a 

FlexStation Plate Reader (Molecular Devices) with constant shaking at an excitation of 330 nm, 

an emission of 405 nm, and an auto cutoff of 325 nm.  

Cell viability assays.  Cell viability was measured with an MTT-based toxicology assay kit 

(Sigma). HeLa cells were grown in 24-well dishes to 80% confluency. Cells were treated with 

1% DMSO or various concentrations of small molecule for 24 hours. After treatment, cells were 

incubated with MTT solution for additional 4 hour as described in the manufacturer protocols. 

Yeast MIC50 was determined in the GA74 ∆pdr5∆snq2 strain. A dilution series was performed 

in clear 96-well plates with 100 µL YPEG yeast cultures. The concentration of each small 

molecule varied from 0.01 µM to 100 µM with a final 1% DMSO concentration. The OD600 was 

measured after vigorous mixing at 24 and 48 hours. % survival was normalized to 1% DMSO 

treatment. Each condition was performed in triplicate. 

Mitochondria Purification. Crude mitochondria extracts were obtained as described in previous 

studies23,24. Yeast cultures were kept at 25°C with vigorous shaking during growth. Mitochondria 

concentration was measured by BCA assay. Aliquots of 200 µg were flash frozen in liquid 

nitrogen and stored at -80°C. 

Membrane Integrity Assay. Yeast GA74 mitochondria were thawed on ice and resuspended in 

osmotic buffer BB7.4 buffer (0.6 M sorbitol, 20mM Hepes pH 7.4). Mitochondria were 

incubated with 1% DMSO, 100 µM of drug or 0.2% TritonX-100 at 25oC for 15 minutes. 

Mitochondria were then centrifuged at 8000 x g for 6 minutes. The remaining mitochondrial 

pellet was resuspended in Laemmli Sample buffer and resolved on SDS-PAGE. Supernatants 
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were TCA precipitated, resuspended in Laemmli Sample buffer and also resolved on SDS-

PAGE. Gels were visualized by standard Coomassie staining and immunoblotting. 

Oxygen electrode assay. Oxygen consumption of WT mitochondria was measured using 

methods previously described 25. Briefly, purified WT mitochondria (25 mg/ml) were thawed on 

ice and tested within 2 hours. Oxygen consumption assays were performed with a Clark-type 

oxygen electrode in a stirred thermostatically controlled 1.5-ml chamber at 25°C (Oxytherm, 

Hansatech). State II respiration was induced in a suspension of 100 µg/ml mitochondria in 0.25 

M sucrose, 20 mM KCl, 20 mM Tris-Cl, 0.25 mM EDTA, 4 mM KH2PO4, and 3 mM MgCl2, 

pH 7.2 after adding 2 mM NADH. Consumption rate was monitored for approximately 2 min. 50 

µM of MitoBloCK-50 and 100 µM of MitoBloCK-51 were added to a final concentration of 1% 

DMSO and respiration was measured for at least 1 minute. Uncoupled respiration was achieved 

by the addition of 20 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) to the chamber.  

DiSC3[5] Assay. Membrane potential measurement assays were conducted with a FlexstationTM 

II fluorometer. The quenching of potentiometric probe (3,3’-dipropylthiadicarbocyanine iodide) 

DisC3(5) was measured at λem=670 nm and λex=620 nm. Purified GA74 mitochondria was 

thawed and resuspended in respiration buffer (0.6M sorbitol, 2 mM KH2PO4, 50 mM KCl, 

10mM MgCl, 2.5 mM EDTA, 1 mg/ml BSA and 50 mM Hepes pH 7.1) to a final concentration 

of 21 µg/ml. Either 100 µM of drug or DMSO was then added to a final vehicle concentration of 

1% and allowed to sit for 15 minutes. Mitochondria were also treated with 40 µM CCCP as a 

control. After incubation components were added to a final concentration of 100 nM DisC3(5), 2 

mM NADH, and 2 µg/ml oligomycin. Reactions were allowed to incubate for an additional 5 

minutes at room temperature. Fluorescence was measured in a 384-well plate with 3 technical 

replicates. 
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Mouse liver mitochondria isolation and Seahorse Oxygen Consumption assay. A single 

C57BL6 mouse was euthanized with isoflurane. The extracted liver was washed with PBS, 

minced with scissors and homogenized in a Potter-Elvehjem homogenizer with 10ml of ice cold 

MSHE buffer (200mM mannitol, 70mM sucrose, 10mM HEPES-KOH pH7.4, 1mM EDTA. 

Homogenates were centrifuged at 1000g for 10 minutes at 4°C. Supernatant was collected and 

centrifuged at 10,000g for 10 minutes at 4°C. The mitochondrial pellets were washed twice in 

MSHE buffer supplemented with 0.5% fatty-acid free BSA. Final mitochondrial pellet was re-

suspended in ice cold MSHE buffer. Mitochondrial protein content was measured with a BCA 

assay (Pierce). An Agilent Seahorse XF96 Analyzer was used to measure oxygen consumption 

rate under state 2, 3 and 4o respiration. The XF96 cartridge was loaded with a total of 5µg and 

3µg of protein per well for Complex I and Complex II driven respiration respectively. 

Mitochondria were resuspended in 150 µL MAS buffer (70mM sucrose, 220mM mannitol, 5mM 

KH2PO4, 5mM MgCl2, 2mM HEPES-KOH pH7.4, 1mM EGTA and 0.1% fatty-acid free BSA) 

with either 5mM pyruvate and malate (Complex I) or 5mM succinate and 2µM rotenone 

(Complex II). Plates were incubated at 37°C in non-CO2 incubate for 8 minutes before loading 

into the XF96 instrument after 30 minutes calibration. Compounds were injected at the specified 

time at the given concentrations: 4mM ADP, 3.5µM oligomycin, 4µM FCCP, 4µM antimycin A, 

1% DMSO, 50µM MB-50 and MB-51. For pre-treatment, the mitochondria were treated with 

DMSO, MB-50 or MB-51 for 30 minutes prior to sequential addition of ADP, oligomycin, FCCP 

and antimycin A. Conditions were performed in triplicate. 

MPP Chelation assay with JPT-Peptide. The assay was performed under similar conditions to 

the high-throughput YDHA7 JPT-peptide screen.128 nM of recombinant MPP was incubated in 

screening buffer (10 mM Hepes, pH 7.4, 50mM NaCl, 0.01% BSA) with the indicated 
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concentrations of MnCl2. MPP solutions were then treated with 100 µM of o-phenanthroline, 

drug or an equal volume of DMSO for 1 hour at room temperature. After incubation, 12 µM of 

YDHA7 JPT peptide was added to the reaction and mixed thoroughly. Fluorescence with 330 nm 

excitation and 405 nm emission was monitored for 90 minutes using a FlexStation Plate Reader. 

Experiment was performed with three technical replicates. 

 [35S]- Radiolabeled import assays. Prior to import into purified mitochondria, 35S-methionine 

and cysteine labeled proteins were generated with TNT Quick Coupled Transcription/Translation 

kits (Promega) and plasmids carrying the gene of interest. Transcription of genes was driven by 

either the T7 or Sp6 promoter. Import reactions were performed as previously described26. 

Frozen mitochondria aliquots were thawed and added to import at a concentration of 25 µg/ml. 

Drug or DMSO was added as indicated to a final concentration of 1% vehicle for all 

experiments. Samples with dissipated membrane potential (-Δψ) were treated with 4 µg/ml 

valinomycin and 50 µM CCCP for at least 4 minutes at 25°C. Following a 15 minute incubation 

at 25°C, import reactions were initiated by the addition of 5-10µL translation mix. Aliquots were 

removed at intervals during the reaction time-course and stopped with cold buffer containing 50 

µg/ml trypsin. Soybean trypsin inhibitor was added in excess after a 15 minute incubation on ice. 

Mitochondria were then pelleted by centrifugation (8000 x g, 6min) and re-suspended in 

Laemmli sample buffer. Import of membrane proteins (AAC and Tom40) were carbonate 

extracted with an additional step to remove proteins that have not been inserted into the 

membrane as described in Koehler et. al 199827. Samples were resolved on SDS-PAGE and 

analyzed by autoradiography. 

Miscellaneous. Western blotting was performed using standard protocols. Proteins were 

transferred to nitrocellulose membranes and immune complexes were visualized with HRP 
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labeled goat secondary antibody against rabbit or mouse IgG. Chemiluminescent and 

autoradiographic imaging was performed on film unless otherwise noted. 
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Chapter 4: The MPP BioID Proteome, 

Implications in Protein Import and Respiration 
 

4.1 Introduction 

An estimated 70% of imported mitochondrial proteins contain an amino terminal 

mitochondrial targeting sequence (MTS) and processing proteases in the matrix and 

intermembrane space coordinate the removal and degradation of the MTS1. The matrix 

processing peptidase (MPP) mediates the first cleavage of the presequence2,  followed by the 

Oct1 protease that removes an additional 8 amino acids. Once the cleavage occurs, the 

presequence peptidase/metallopeptidase 1 (PreP/MP1, Cym1 in yeast) degrades the targeting 

sequence3–5.  If the precursor localizes to the intermembrane space, the inner membrane protease 

(IMP) mediates a second cleavage of the sorting sequence.  In addition, other specialized 

processing pathways have been developed that are substrate-specific. 

MPP, assembling as a heterodimer of α-MPP (Mas2/PMPCA) and β-MPP 

(Mas1/PMPCB), is a metalloendopeptidase in the pitrilysin family. Both subunits of MPP are 

essential for viability in yeast6–8. β-MPP possesses the inverted HXXEHX74-76E zinc binding 

motif for cleavage while α-MPP carries a glycine-rich loop proposed to aid in substrate 

binding/release9. Common cleavage site motifs have an arginine at position -2, -3 or -10 or an 

aromatic amino acid at position +1 from the cleavage site; however, other substrates have no 

discernible motif2,9,10. MPP has an evolutionary relationship with the respiratory chain because 

of its structural similarity to Cor1 and Cor2 proteins of Complex III11,12. N. crassa β-MPP is 

bifunctional: Cor1 of the bc1 complex and cleavage of the MTS 13. In plants MPP is fully 

integrated as Cor1 and Cor2 proteins14.  
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Studies characterizing MPP rely heavily on genetic yeast manipulations and biochemical 

assays. However, given the intricate and dynamic processes of the mitochondrial import 

machinery, novel methods are needed to study the role of MPP. A small molecule screen based 

on an in vitro cleavage assay by recombinant MPP was reported by Colin Douglas, a previous 

member of the Koehler lab. The in vitro assay was based on signal fluorescence of a substrate 

peptide (YDHA7) flanked by fluorophore and quencher moiety (Figure 2-1A)15. This screen 

yielded two potent inhibitors of MPP (MB-50 and MB-51) which attenuated import of several 

precursors15. Notably, MB-50 and MB-51 also appeared to affect respiratory capacity of isolated 

liver mitochondria. These results suggest possible roles of MPP in respiration and protein import.  

To elucidate the complex role of MPP in mitochondrial biogenesis, I employed an in vivo 

tagging system known as BioID to identify potential interacting partners. In this chapter I will 

present the results from the MPP BioID proteomic analysis and complementary experiments with 

MB-50 and MB-51. Results show an interaction between MPP and core subunit Qcr2 of 

Complex III, suggesting an evolutionary conserved interaction with the respiratory chain. Follow 

up experiments using native gel electrophoresis demonstrate MPP assembling in higher 

molecular weight complexes, broadening the role of MPP in mitochondria biogenesis.  

4.2 Identifying MPP Interacting Proteins using BioID 

BioID is a method used to screen for protein interactions in living cells. The technique 

involves expression of bait protein fused to a 35-kDa promiscuous biotin ligase BirA* which 

permits labeling of adjacent proteins. The promiscuous BirA* carries an R118G mutation that 

reduces affinity for the labile intermediate biotinoyl-5’-AMP (bioAMP) formed from biotin and 

ATP. The bioAMP intermediate is normally kept within the active site until it reacts with the 

specific biotin acceptor tag (BAT)16,17. However, the R118G mutation forces early release of 
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bioAMP and biotinylation of primary amines within 10nm18. Interacting proteins can be 

identified by streptavidin affinity capture followed by mass spectrometry (Figure 4-1A)16,19–22. 

BioID and other in vivo tagging systems have been widely implemented in mammalian and other 

eukaryotic species to develop interactomes of several compartmentalized proteins19,22,23. Given 

the strong covalent modification of the tag, these methods are particularly useful for detecting 

weak transient interactions that may have solubility issues in standard immunoprecipitation 

methods21. 

 The HEK Flp-InTM T-RexTM 293 system was used to generate stable cell lines expressing the 

MPP-BirA* fusion proteins24. This host cell line contains a single pFRT/lacZeo target site under 

an SV40 early promoter for integration. Human αMPP or βMPP (PMPCA and PMPCB) C-

terminally tagged with a GGSG-FLAG-BirA* was sub-cloned into a pcDNA5/FRT/TO 

expression vector (Figure 4-1B). As a control, a matrix-localized EGFP-BirA* fusion protein 

with a human COX8 leader sequence was sub-cloned into the same expression vector. In this 

system the constructs are expressed under a tetracycline-inducible human CMV promoter25. The 

vector also contains a hygromycin resistance gene embedded downstream of an FRT 

recombination site25. The vector was then co-transfected with the pOG44 plasmid that 

constitutively expresses the Flp recombinase into the host cell line. Homologous recombination 

between FRT sites of the expression vector and the host cell line integrates the hygromycin 

resistance in frame with the SV40 promotor while inactivating a lacZ-ZeocinTM fusion gene. 

Selection for hygromycin resistance and ZeocinTM sensitivity allows for stable expression of the 

BirA* fusion proteins.  

4.3 The MPP-BirA* Fusion Construct is a Functional Biotin Ligase 
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Due to the large size of the BirA* tag (35 kDa), care must be taken to ensure proper 

function and localization of the bait proteins. Levels of biotinylated proteins were analyzed in 

whole cell extracts with SDS-PAGE followed by streptavidin-HRP. The presence of specific 

biotinylated proteins was dependent on doxycycline and supplemental biotin treatment (Figure 4-

2A). Notably, the MTS-EGFP-BirA* was highly active relative to MPP BioID strains even in the 

absence of doxycycline. This may have been due to leaky expression and a more uniform 

distribution across the mitochondrial matrix. Subcellular fractionation and immunoblot analysis 

show expression of the BirA* constructs and biotinylated proteins enriched in the mitochondrial 

pellet (Figure 4-2 B and C). Furthermore, immunofluorescence of the MPP fusion constructs 

demonstrate colocalization of Flag and mitochondrial outer membrane protein Tomm20 (Figure 

4-2D). Colocalization between GFP fluorescence and mitotracker red was demonstrated in the 

MTS-EGFP strain (data not shown). Cumulatively these results verify the BioID fusion 

constructs properly localize in the mitochondria and are biologically active. 

4.4 MPP BioID Mass Spectrometry Analysis 

BioID experiments were performed using three biological replicates of Hek293 Flp-InTM T-

RexTM background (WT), PMPCA-GGSG-FLAG-BirA* (αMPP), PMPCB-GGSG-FLAG-BirA* 

(βMPP) and MTS-EGFP-GGSG-FLAG-BirA*. Cells were treated with doxycycline and D-

Biotin 24 hours prior to harvest. A mitochondrial extract was isolated for each strain and 

normalized for affinity capture on GE Streptavidin SepharoseTM High Performance agarose 

beads followed by mass spectrometry analysis. An interactome of each MPP BioID strain was 

then generated against the WT and MTS-EGFP controls. Spectral analysis of the cumulative data 

sets was performed using Saint Express algorithms. We accepted the minimum AvgP score of 

0.65 with false discovery rate of <0.05 minimum. Each sample had three biological replicates. 
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To reduce noise, contaminating proteins such as keratin isoforms, biotin containing carboxylases 

and self-biotinylation of MPP subunits, were removed before identifying significant hits. The 

analysis yielded 385 hits for PMPCA and 328 hits for PMPCB relative to the WT control alone. 

Meanwhile, normalization against the matrix localized MTS-EGFP control yielded no significant 

mitochondrial hits in either MPP subunit. Greater expression and BirA* activity of the MTS-

EGFP construct relative to αMPP and βMPP may have contributed to this result, masking 

potential interactions (Figure 4-2 A-C). Top hits for both subunits against the WT control 

include: a leucine-rich PPR motif-containing protein (LRPPRC), Acyl-coenzyme A thioesterase 

1 and 2 (ACOT1, ACOT2), isoleucyl-tRNA synthetase (IARS2) and ATP synthase subunits 

alpha and beta (ATP5A1 and ATP5B). Utilizing a computational method known as MitoFates, 

significant hits were analyzed to determine the presence of a predicted N-terminal mitochondrial 

presequence26. The rate of significant hits with predicted mitochondrial presequences were 68% 

and 72% for αMPP and βMPP respectively. The top 50 significant hits by fold change with the 

MitoFates analysis are listed in Table 4-1 (αMPP) and Table 4-2 (βMPP). This analysis lacks a 

proper matrix-compartmentalized BirA* and therefore does not account for non-specific 

interactions with the ligase. To address this issue the cumulative data from each MPP subunit 

was normalized against the other subunit and the WT background control. The rationale for this 

was to identify potential interactions exclusive to each subunit while normalizing against another 

matrix-localized BirA*. Results identify cytosolic LDHB (L-lactate dehydrogenase B chain) as 

the only single significant hit for αMPP. However, LDHB is strictly a cytosolic enzyme and 

yielded the minimum AvgP value for significance (0.65). It is therefore unlikely that LDHB is a 

genuine interactor with αMPP and was disregarded. Meanwhile, βMPP yielded three 

mitochondrial hits: Uqcrc2 (cytochrome b-c1 complex subunit 2), Timm13 (mitochondrial 
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import inner membrane translocase subunit Timm13), and Trnt1 (mitochondrial tRNA-

nucleotidyltransferase 1) (Table 4-3).  

Uqcrc2 was an interesting find because MPP shares an evolutionary relationship to the 

core proteins of Complex III11,12. Specifically, the Cor1 and Cor2 subunits of Complex III share 

structural similarities with αMPP and βMPP respectively and are argued to be remnants of the 

MPP subunits2,11,12,27. Interaction of Uqcrc2 with βMPP was confirmed by a streptavidin-HRP 

immunoblot from the BioID pull-down (Figure 4-3A). Notably, Tim44 and Timm14 were import 

components that were significant in the data analysis normalized to the WT control but not the 

MTS-EGFP control. The western blot confirmed those findings, displaying more enrichment in 

the MTS-EGFP control than either MPP subunit. To further validate these results, an in situ 

detection method for protein interactions known as the proximity ligation assay (PLA) was 

applied to the BioID strains. This technique relies on close-proximity of hybridized oligo probes 

that bind to the host epitope of primary antibodies. The signal is then amplified by DNA 

polymerase, producing a rolling circle amplicon, followed by hybridization of a fluorophore 

probe. The tagged BirA* strains were also transfected with a plasmid expressing mito-GFP prior 

to fixation. PLA signals were detected with pair antibodies of mouse and rabbit origin. The MPP 

BirA* constructs were probed with an anti-Flag mouse antibody while antibodies against βMPP, 

Tim44, and Uqcrc2 were from rabbit origin (Figure 4-3B). As a negative control the anti-Flag 

mouse antibody without a corresponding rabbit antibody was applied to the αMPP-BirA* strain. 

As expected αMPP-BirA* strain displayed numerous interactions between the anti-Flag and anti-

βMPP antibodies. Conversely, αMPP-BirA* with anti-Flag alone produced no PLA signal. 

Antibody pairs between anti-Flag, anti-Tim44 or anti-Uqcrc2 produced no PLA signal in the 

αMPP-BirA* strain. Meanwhile, βMPP-BirA* displayed interactions with Uqcrc2 and to a lesser 
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extent Tim44. Notably, interactions between βMPP-BirA* and Timm44 were not significant 

from the BioID mass spectrometry analysis when normalized to the αMPP-BirA* strain. Based 

on this data, only Uqcrc2 was identified as a genuine interacting partner with βMPP. 

To determine if the Uqcrc2 interaction with MPP is conserved in yeast, Ni-NTA affinity 

capture coupled with DSP (dithiobis-(succinimidyl propionate)) cross-linking was performed in 

strains endogenously expressing Mas1 (βMPP) and Mas2 (αMPP) C-terminally tagged with 

polyhistidine (Figure 4-3C). Crosslinking with DSP permits detection of weak protein-protein 

interactions through an amine-reactive N-hydroxysuccinimide (NHS) ester that reacts with 

primary amines. Amine-containing molecules are stably bound by a 12.0Ǻ spacer and can be 

readily released with reductant28. Tim44-6XHis was included as a control for stable interactions 

with the Tim23 translocon and PAM complex components. As expected, Tim44-6XHis 

displayed interactions with Pam18 (hTimm14), Tim17, mtHsp70 and Tim23. Interestingly, Mas1 

showed a weak interaction with mtHsp70, the motor subunit of the PAM complex29–35. Mas1 or 

Mas2 did not show any interaction with Cor2 or the other Tim23 subunits. These results suggest 

yeast MPP does not interact with Cor2 or components of the Tim23 translocon but may show 

weak interactions with PAM complex component mtHsp70. 

4.5 MPP Assembles in High Molecular Weight Protein Complexes 

Results from the MPP BioID pulldowns suggest a possible interaction between the βMPP 

subunit and the Cor2 protein of Complex III. Moreover, import inhibition of Tim23 destined 

precursors by MB-50 and MB-51 suggest a role for MPP in mediating protein import. To 

elucidate broader roles of MPP in mitochondrial function, I asked if MPP assembles in higher 

molecular weight complexes. I hypothesized that MPP may mediate protein import by 

associating with the Tim23 translocon. Two homodimers of Tim23 and Tim17 form the core of 
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the Tim23 channel, also known as the 90kDa TIM23CORE36. The TIM23SORT complex is 

responsible for lateral sorting into the inner membrane and includes Tim23, Tim17, Tim50 and 

Tim2129,37. This complex can be readily separated from the 90kDa TIM23CORE with a mild 

detergent lysis followed by blue native gel electrophoresis (BN-PAGE)29,37. To determine if 

MPP co-migrates with the Tim23 complexes GA74 mitochondrial extracts were analyzed by 

two-dimensional native electrophoresis (2D Native PAGE).  Protein complexes were first 

resolved by BN-PAGE in the first dimension followed by an SDS-PAGE to resolve the 

individual protein subunits in the second dimension. Antibodies against Tim23 and Tim17 

display protein complexes between 90-232 kDa, representative of the TIM23CORE and 

TIM23SORT complexes (Figure 4-4A). Antibodies against both subunits of MPP and βMPP alone 

migrated predominately as a heterodimer at 60-100 kDa. However, larger complexes up to 232 

kDa were also observed for both antibodies. These complexes are uniformly increased in the 

MPP overexpression strain relative to WT (Figure 4-4B). Meanwhile, distribution of the 

Tim23SORT and Tim23CORE complexes appear unaffected with MPP overexpression.  High 

molecular weight complexes of MPP are uncharacterized and their migration patterns differ from 

the Tim23SORT and Tim23CORE complexes, making it unclear if MPP associates with the 

translocon. To determine whether MB-50 or MB-51 inhibits import by altering assembly of 

Tim23 complexes, two-dimensional SDS-PAGE was applied to GA74 mitochondrial extract pre-

treated with DMSO, MB-50 or MB-51 (Figure 4-4C). Migration patterns for Tim17 and Mas1 

were not altered by drug treatment, suggesting the import inhibition is not caused by disruption 

of Tim23 or MPP associated complexes.  

4.6 MB-50 and MB-51 Promote Assembly of Respiratory Chain 

Supercomplexes 
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The mitochondria respiratory chain assembles into distinct supramolecular structures 

composed of isolated and combined complexes. These supramolecular structures can be 

preserved with a mild detergent lysis and resolved by BN-PAGE38–41. In Saccharomyces 

cerevisiae, Complex III assembles as a dimer (500 kDa) and forms supercomplexes with one or 

two complex IV monomers (III2IV1 or III2IV2). Coupling of these complexes is proposed to 

allow for efficient substrate channeling of quinol and cytochrome C during respiration40. In 

addition, protein import through the Tim23 complex is mediated by multiple contacts with the 

core subunits of Complex III suggesting translocation and respiration are interconnected42,43. I 

hypothesized MB-50 and MB-51 could inhibit protein import by altering assembly of the 

respiratory complexes. Yeast mitochondria pretreated with MB-50 and MB-51 were lysed by 

digitonin and analyzed by BN-PAGE.  Respiratory chain complexes were visualized with 

antibodies against Cor2 (Uqcrc2) and CoxIV. Coomassie staining and immunoblot analysis of 

WT GA74 mitochondria treated with 50µM MB-50 shows an accumulation of III2IV1 and III2IV2 

supercomplexes (Figure 4-5 A and B). Notably, MB-50.1 treatment also accumulates Complex 

III,IV supercomplexes and is the only MB-50 SAR compound that inhibits both MPP cleavage in 

vitro and mitochondrial import. MB-51 treatment leads to a similar accumulation at higher 

concentrations of 100 µM.  

Cumulatively, these results suggest MB-50 and MB-51 may disrupt oxidative 

phosphorylation by altering assembly of respiratory chain complexes. I then asked if MPP 

overexpression alters Complex III,IV supercomplex assembly and whether this effect would be 

attenuated by MB-50 or MB-51 treatment. BN-PAGE analysis of mitochondrial extract from 

vector and overexpressed MPP strains exhibit similar amounts of III2IV1 and III2IV2 complexes 

(Figure 4-5C). Moreover, pretreatment with MB-50 and MB-50.1 induces a comparable 
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accumulation of the supercomplexes relative to DMSO or no treatment (NT) controls. Based on 

these results I concluded MB-50, MB-50.1 and MB-51 may alter mitochondrial protein import 

by altering ratiometric amounts of Complex III,IV supercomplexes. Meanwhile, overexpression 

of MPP does not appear to alter respiratory chain assembly or diminish MB-50 induced 

accumulation of the supercomplexes. 

4.7 Discussion 

The high-throughput screen for MPP inhibitors identified several candidate molecules 

that were further characterized by me and Colin Douglas15. MB-50 and MB-51 were the most 

promising molecules due to their potent inhibition in vitro and minimal effects on general 

mitochondrial function. The most notable attribute from these molecules is their ability to inhibit 

protein import of several mitochondrial precursors, suggesting broader roles for MPP in 

mitochondrial biogenesis. However, respirometry studies using the Agilent Seahorse XF 

Analyzer suggest the general import inhibition induced by MB-50 and MB-51 pretreatment can 

be attributed to a weakened respiratory capacity. Other potent MPP inhibitors that cause general 

import inhibition also induced significant respiratory defects (Figure 3-12). Furthermore, 

overexpression of MPP causes an increase in mitochondrial coupling and import efficiency.  

These results provided the impetus for analyzing the MPP interactome using the in vivo 

tagging system known as BioID. Identification of MPP interactors may help elucidate whether 

MPP mediates import directly by associating with components of the Tim23 translocon, or 

indirectly by regulating respiration and membrane potential through association with the electron 

transport chain. Results demonstrated a putative interaction between βMPP and the Cor2 

(Uqcrc2) protein of electron transport Complex III. MPP has an evolutionary relationship to the 

respiratory chain because of its structural similarity to the Cor1 and Cor2 proteins of Complex 
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III11,12. It is proposed that the core proteins of the bc1 complex once displayed MPP-like 

processing activity, coupling the respiratory chain directly to precursor processing12,44. Previous 

studies have also shown coupling of complex III to the Tim23 channel supports potential 

dependent import27,42. I speculated that MPP may support this coupling through transient 

interactions with Complex III and regulate the import of potential dependent precursors.  

Native gel electrophoresis of yeast mitochondrial extract identified MPP in protein 

complexes at 232 kDa. This was unexpected because MPP is described as a soluble matrix 

protein in Saccharomyces Cerevisiae and higher level eukaryotes44–46. MPP did not co-migrate 

with the Tim23SORT or Tim23CORE complexes in yeast and Ni-NTA affinity capture of strains 

expressing polyhistidine tagged MPP failed to pulldown any component of the Tim23 

translocon. However, pulldowns followed by DSP crosslinking identified weak interactions 

between Mas1 (βMPP) and PAM complex component mtHsp70. ATPase mtHsp70 is the motor 

component of the PAM complex which drives import through nucleotide exchange by a 

Brownian ratchet mechanism37,47. mtHsp70 activity is stimulated by J-proteins Pam16 and 

Pam18 which also bind to Tim4429–35. Consequently, transient interactions with mtHsp70 may 

promote recruitment of MPP to emerging nascent peptides and subsequent processing. However, 

DSP crosslinking did not identify interactions between MPP subunits and other PAM complex 

components, leaving MPP as a genuine component of the PAM complex uncertain. Furthermore, 

association with the PAM complex does not account for inhibition by MB-50 toward non-Tim23 

precursors such as AAC and Cmc1. Therefore, MPP may regulate import indirectly by playing a 

role in respiration and membrane potential.  

PAM complex associated mtHsp70 is also identified in a complex with CoxIV of electron 

transport Complex IV and nucleotide exchange factor Mge148. A mtHsp70 mutation that disrupts 
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the mtHsp70-Mge1-Cox4 ternary complex decreases assembly of Complex IV and electron 

transport chain supercomplexes III2IV1 and III2IV2. Interestingly, BN-PAGE analysis shows an 

accumulation of these supercomplexes after pretreatment with MB-50 and MB-51. I speculate 

MPP mediates assembly of the electron transport chain supercomplexes through a mechanism 

dependent on interactions between MPP and mtHsp70. Consequently, MB-50 and MB-51 may 

prohibit broader functions of MPP that mediate supercomplex assembly, thereby disrupting 

membrane coupling and potential dependent import. 

These conclusions are based on cumulative data from the MPP BioID experiments, native gel 

analysis, yeast genetic manipulations, and the effects of MB-50 and MB-51. Collectively these 

studies provide reasonable support for broader roles of MPP in mitochondrial biogenesis. 

However, there is enough experimental evidence that supports careful skepticism. For instance, 

the transient interaction between βMPP and Cor2 (Uqcrc2) was not detected by Ni-NTA affinity 

capture coupled with DSP crosslinking in yeast. It is possible the MPP-Uqcrc2 interaction is 

unique to mammalian lineages or the BioID and PLA techniques provides a more proper cellular 

context than pulldowns with mitochondrial extract. There is also no direct evidence that links the 

MPP-mtHsp70 interaction with import inhibition or supercomplex accumulation from MB-50 or 

MB-51 treatment. Furthermore, MPP overexpression alone does not alter assembly of the 

electron transport supercomplexes or offset any effects by MB-50 or MB-51. These results 

obscure an association of MPP with the respiratory chain in yeast and question whether the 

effects of MB-50 and MB-51 can be linked to MPP inhibition. Additional studies are required to 

elucidate the biological significance of MPP interactions with the respiratory chain and whether 

MB-50 or MB-51 reduces import efficiency by disrupting these interactions. The answer to these 
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enquiries would help clarify MPP functions that extend beyond precursor processing and 

determine the utility of MB-50 and MB-51 to modulate MPP activity.  

4.8 Future Perspectives 

 The work presented in Chapters 2-4 characterize the effects of small molecule inhibitors, 

identified from an in vitro screen against MPP, on cell viability and mitochondrial function15. 

The most pertinent conclusion from the small molecules suggest a role for MPP in mitochondrial 

protein import by supporting mitochondrial respiration through interactions with Complex III. 

Past studies that modulate MPP activity typically rely on chelation, depletion, or siRNA 

knockdown49–51. However, these methods can be prone to off-target effects that may obscure the 

role for MPP in mitochondrial biogenesis. For instance, treatment with chelators would 

theoretically inhibit several mitochondrial metallopeptidases that possess distinct functions 

crucial for maintaining mitochondrial homeostasis. siRNA knockdown can also be prone to off-

target effects caused by the transfection or partial complementarity to unintended targets.  

Furthermore, MPP activity is crucial for proper processing and maturation of several 

mitochondrial proteins. Therefore, prolonged attenuation would obscure direct functions of MPP 

by disrupting all mitochondrial functions that rely on MPP substrates. A small molecule that is 

specific for MPP avoids these drawbacks because the treatment is cell permeable, potent and 

immediate. MPP inhibitors MitoBloCK-50 and MitoBloCK-51 join a growing list of small 

molecules that target various mechanisms of mitochondrial biogenesis52–55. However, the 

structural and mechanistic basis for MB-50 and MB-51 inhibition of MPP remains unclear. 

Crystallography or in silico modeling that characterize interactions between MPP and the small 

molecule would shed light on the mechanism of MPP inhibition. Moreover, small molecule 
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binding pockets or structural changes induced by MB-50 or MB-51 may serve as a starting point 

for studying MPP functions in protein import or respiration.   

Additionally, the discovery of potent and specific MPP inhibitors has implications in 

human disease research. MPP has been linked to certain neurodegenerative diseases such as 

Friedreich’s ataxia and Parkinson’s disease49,56–59. Friedreich’s ataxia is linked to defects in 

mitochondrial frataxin, a mitochondrial protein with a critical role in maintaining mitochondrial 

iron homeostasis60,61. Frataxin is imported and cleaved twice by MPP at residues 41-42, and 55-

56, yielding an intermediate and mature form60. It is proposed that defects in frataxin processing 

by MPP contributes to the MPP disease phenotype. Interestingly, MB-50 and MB-51 inhibits 

import of yeast frataxin homolog YFH1 (Figure 2-8). Consequently, application of MB-50 or 

MB-51 in relevant cellular models may help elucidate the role of MPP in cerebellar ataxias. 

Parkinson’s associated protein Pink1 is recruited to the mitochondrial outer membrane upstream 

of Parkin induced mitophagy. Pink1 is processed by MPP and attenuation of β-MPP has been 

shown to recruit Pink1 to the mitochondria OM and induce mitophagy49. However, these 

experiments were performed using siRNA knockdown against βMPP, limiting studies to in vitro 

cultures and potential off-target effects. Meanwhile, small molecules such as MB-50 and MB-51 

could be applied to both in vitro and in vivo Parkinson’s disease models as well as allow 

temporal control for treatment. Such studies would help clarify the role of MPP in Pink1 

processing and determine if MPP inhibition would be a suitable mode for mitochondrial 

clearance in Parkinson’s disease models. 
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Figure 4-1 BioID in vivo tagging system to detect transient interactions of MPP. (A) Model 

of BioID tagging system with MPP-BirA* fusion construct. Hek293 cells expressing the 

construct are supplemented with biotin for 24 hours. MPP interactors are biotinylated in a 

proximity dependent fashion. Biotinylated proteins are then identified by subsequent streptavidin 

pulldown and mass spectrometry. (B) MPP BioID constructs. Genes encoding MPP subunits 

PMPCA (αMPP) and PMPCB (βMPP) were C-terminally tagged to the R118G BirA* biotin 

ligase with a GGSG-FLAG leader sequence. As a control, the leader sequence of human Cox8 

fused to EGFP was also tagged with BirA*. Model is drawn to scale. 
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Figure 4-2 MPP BioID constructs are functional and localize to the mitochondria. (A) 

Immunoblot analysis using streptavidin-HRP of whole cell extracts from Hek293 BioID cell 

lines. Cells were treated for 24 hours with 50 µM biotin and 0.5 µg/ml doxycycline. (B) 

Subcellular fractionation of cell lines Hek293 Flp-InTM T-RexTM (WT), expressing EGFP-BirA* 

(MTS-EGFP), αMPP-BirA* (αMPP) or βMPP-BirA* (βMPP). Fractions containing heavy 

membrane supernatant (S) and heavy membrane pellet (P) were analyzed by immunoblot with 

antibodies against Flag, tubulin and Tomm40. (C) As in ‘B’, fractions were analyzed by 

immunoblot using a streptavidin-HRP antibody. (D) TOMM20 and BirA*-tagged MPP co-

localize. Hek293 cells stably expressing PMPCA-FLAG-BirA* or PMPCB-FLAG-BirA* were 
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grown on sterile coverslips. After 24 hrs, cells were fixed and incubated with mouse anti-FLAG 

and rabbit anti-TOMM20 antibodies.  Scale bar is 10 µm.  

 

 

 

 

 

 

 

 

 

 

 



149 
 

 

 



150 
 

Figure 4-3 Hek293 MPP BioID cell lines demonstrate transient interactions with Qcr2 of 

complex III and PAM motor components. (A) Streptavidin immunoprecipitation of Hek293 

BioID cell lines. Heavy membrane fractions of cells treated with biotin and doxycycline for 24 

hours were lysed and immunoprecipitated using streptavidin agarose beads. Total, bound and 

flow-through (FT) were resolved by SDS-PAGE and blotted using antibodies against Flag, 

Uqcrc2, Timm44, and Timm14. (B) Proximity ligation analysis (PLA) shows interactions among 

αMPP (left) and βMPP (right) BioID strains. Hek293 cells were transiently transfected with 

Mito-GFP and PMPCA-FLAG-BirA*. After 24 hrs, cells were fixed and incubated with the 

indicated antibodies: mouse anti-Flag, rabbit anti-βMPP, rabbit anti-TIMM44 and rabbit anti-

UQCRC2 (Complex III). (C) DSP Crosslinking and pulldown of mitochondria from GA74 

strains with 6XHis-tagged Mas1, Mas2 and Tim44. 50 µg of lysate was loaded for input and 

flow-through (Flow). Immunoblot analysis was performed with antibodies against 6XHis, 

Tim44/His, Pam18, Tim17, Hsp70, Tim23 and Cor2 (Uqcrc2). 
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Figure 4-4 MPP is associated with higher molecular weight complexes. (A) 2-D BN gel 

analysis was performed with wildtype GA74 mitochondria, followed by immunoblot analysis 

with antibodies that recognize βMPP, α/βMPP, Hsp70, Tim23 and Tim17. The Tim23CORE and 

Tim23SORT complexes are noted. (B) as in ‘A’ with WT and MPP mitochondria followed by 
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blotting with antibodies against Hsp70, Mas1, and Tim17.  Note that low (LE) and high (HE) 

exposure panels are presented for the Tim17 analysis. (C) as in ‘B’ with 100 µM treatment of 

MB-50 or MB-51 of WT GA74 mitochondria. As a control, mitochondria were treated with 

vehicle, 1% DMSO.  
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Figure 4-5 MB-50 and MB-51 promote supercomplex assembly of Complexes III and IV. 

(A) GA74 mitochondria were pretreated with 1%DMSO, MB-50 or MB-51 for 30 minutes at the 

indicated concentrations. Extracts were ran on a BN-PAGE and stained with Coomassie Brilliant 

Blue. Complexes III2IV2, III2IV1, III2, and III are noted. (B) Isolated GA74 mitochondria were 

not treated (WT) or pretreated with DMSO, or 50 µM of MB-50 and analogs 50.1, 50-A1 and 

50-A2 for 15 minutes. Extracts were also treated with MB-51 at 50 µM and 100 µM for 15 

minutes. Samples were ran on a BN-PAGE and analyzed by immunoblot with antibodies against 

Cor2 and CoxIV. (C) GA74 mitochondria containing vector control (Vector) and mitochondria 

overexpressing MPP (MPP) were not treated (WT) or pretreated with DMSO, or 50 µM of 
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MB-50 and positive analog 50.1 for 15 minutes. Samples were ran on a BN-PAGE and analyzed 

by immunoblot with antibodies against Cor2 and CoxIV. As a control, a separate SDS-PAGE gel 

containing an equivalent amount of extract was analyzed by immunoblot with anti-Porin 

antibody. 
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BioID PMPCA Vs. WT control 

 

 

Hit # Gene Name AvgP 

Fold 

Change 

Probability of 

presequence 

Mitochondrial 

Presequence 

Cleavage site 

(processing 

enzyme) 

Net 

charge 

1 LRPPRC 1 1227 0.999 Yes 

58(MPP), 
59(Icp55*) 0.138 

2 ACOT1 1 1183 0.01 No 

25(MPP), 
26(Icp55*) 0 

3 IARS2 1 1167 0.922 Yes 44(MPP) 0.182 

4 SHMT2 1 747 0.996 Yes 26(MPP) 0.154 

5 AFG3L2 1 720 0.988 Yes 42(MPP) 0.119 

6 ATP5B 1 713 0.996 Yes 

19(MPP), 
20(Icp55*) 0.158 

7 KIAA0564 1 697 0.967 Yes 28(MPP) 0.179 

8 ACOT2 0.67 690 0.099 No 63(MPP) 0.127 

9 LETM1 1 687 0.974 Yes 67(MPP) 0.104 

10 C17orf80 1 513 0.045 No 21(MPP) 0.143 

11 ATP5A1 1 500 1 Yes 

35(MPP), 
43(Oct1) 0.171 

12 RG9MTD1 1 463 0.577 Yes 39(MPP) 0.179 

13 POLRMT 1 457 0.996 Yes 41(MPP) 0.171 

14 MRPL37 1 443 0.5 Yes 29(MPP) 0.138 

15 DHX30 1 433 0.012 No 64(MPP) 0.125 

16 CCT8 1 433 0.013 No 45(MPP) 0.044 

17 DBT 1 390 0.989 Yes 22(MPP) 0.227 

18 TACO1 1 390 0.954 Yes 49(MPP) 0.122 

19 TRAP1 1 377 0.936 Yes 

58(MPP), 
59(Icp55*) 0.19 

20 TIMM44 1 373 0.993 Yes 17(MPP) 0.235 

21 VARS2 1 363 0.387 Yes 25(MPP) 0.16 

22 MTHFD1L 1 353 0.996 Yes 31(MPP) 0.258 

23 ALDH18A1 1 333 0.854 Yes 39(MPP) 0.103 

24 FLNA 1 327 0 No 64(MPP) 0.016 

25 GLS 1 327 0.998 Yes 

71(MPP), 
79(Oct1) 0.141 

26 PYCR2 1 327 0.019 No 

18(MPP), 
19(Icp55*) 0.056 

27 NFS1 1 320 0.939 Yes 28(MPP) 0.179 

28 ACAD9 1 317 0.991 Yes 

29(MPP), 
37(Oct1) 0.172 

29 C1QBP 1 317 0.999 Yes 30(MPP) 0.133 

30 SDHA 1 317 0.995 Yes 

32(MPP), 
40(Oct1) 0.188 

31 CLPX 1 313 0.41 Yes 27(MPP) 0.074 

32 SUPV3L1 1 303 0.506 Yes 17(MPP) 0.176 

33 ME2 1 303 0.996 Yes 18(MPP) 0.167 

34 MRPS31 1 300 0.224 No 59(MPP) 0.136 

35 SLC25A5 1 290 0.007 No 81(MPP) 0.062 

36 NDUFAF2 1 290 0.252 No 

14(MPP), 
15(Icp55*) 0.071 
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37 MDH2 1 283 0.999 Yes 

16(MPP), 
24(Oct1) 0.188 

38 MRPS9 1 280 0.137 No 49(MPP) 0.122 

39 GLUD1 1 277 0.965 Yes 

52(MPP), 
53(Icp55*) 0.058 

40 GRSF1 1 277 0.012 No 65(MPP) 0.123 

41 GFM1 1 273 0.838 Yes 35(MPP) 0.2 

42 PTCD1 1 273 0.291 No 31(MPP) 0.129 

43 FASTKD5 1 267 0.438 Yes 27(MPP) 0.185 

44 NNT 1 267 0.975 Yes 35(MPP) 0.143 

45 TUFM 1 263 0.996 Yes 

42(MPP), 
43(Icp55*) 0.119 

46 CARS2 1 257 0.662 Yes 33(MPP) 0.121 

47 MRPS24 1 253 0.922 Yes 

27(MPP), 
35(Oct1) 0.074 

48 OAT 1 247 0.996 Yes 17(MPP) 0.176 

49 ATAD3A 1 243 0 No 36(MPP) 0 

50 PHB2 1 243 0.806 Yes 89(MPP) 0.067 

77 PMPCB 1 183 0.996 Yes 29(MPP) 0.138 

Table 4-1 BioID hits of PMPCA Vs. WT Control. Table shows top 50 hits by fold change of 

Hek293 PMPCA-BirA* versus WT parental strain. The βMPP subunit (PMPCB) is included as 

hit #77 and is highlighted in yellow. FDR (false discovery rate) for all proteins listed is 0. Hits 

were also analyzed using the MitoFates algorithm to determine the probability of a mitochondrial 

presequence and putative processing sites26. Hits were determined using the SAINTexpress 

analysis with a minimum AvgP score of 0.65 and false discovery rate of <0.05 minimum. n = 3 

trials.   
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BioID PMPCB Vs. WT control 

 

 

Hit # Gene Name AvgP 

Fold 

Change 

Probability of 

presequence 

Mitochondrial 

Presequence 

Cleavage site 

(processing 

enzyme) 

Net 

charge 

1 LRPPRC 1 980 0.999 Yes 

58(MPP), 

59(Icp55*) 0.138 

2 ACOT1 1 966.67 0.01 No 

25(MPP), 

26(Icp55*) 0 

3 IARS2 1 846.67 0.922 Yes 44(MPP) 0.182 

4 ATP5B 1 683.33 0.996 Yes 

19(MPP), 

20(Icp55*) 0.158 

5 CCT8 1 623.33 0.013 No 45(MPP) 0.044 

6 LETM1 1 616.67 0.974 Yes 67(MPP) 0.104 

7 AFG3L2 1 603.33 0.988 Yes 42(MPP) 0.119 

8 KIAA0564 1 583.33 0.967 Yes 28(MPP) 0.179 

9 C17orf80 1 563.33 0.045 No 21(MPP) 0.143 

10 ACOT2 0.67 540 0.099 No 63(MPP) 0.127 

11 TRAP1 1 530 0.936 Yes 

58(MPP), 

59(Icp55*) 0.19 

12 SHMT2 1 503.33 0.996 Yes 26(MPP) 0.154 

13 UQCRC2 1 480 0.996 Yes 

13(MPP), 

14(Icp55*) 0.231 

14 CLPX 1 446.67 0.41 Yes 27(MPP) 0.074 

15 RG9MTD1 1 440 0.577 Yes 39(MPP) 0.179 

16 ATP5A1 1 423.33 1 Yes 

35(MPP), 

43(Oct1) 0.171 

17 DBT 1 360 0.989 Yes 22(MPP) 0.227 

18 GLS 1 340 0.998 Yes 

71(MPP), 

79(Oct1) 0.141 

19 NDUFAF2 1 333.33 0.252 No 

14(MPP), 

15(Icp55*) 0.071 

20 TIMM44 1 313.33 0.993 Yes 17(MPP) 0.235 

21 DHX30 1 303.33 0.012 No 64(MPP) 0.125 

22 TACO1 1 296.67 0.954 Yes 49(MPP) 0.122 

23 VARS2 1 280 0.387 Yes 25(MPP) 0.16 

24 PHB2 1 270 0.806 Yes 89(MPP) 0.067 

25 TUFM 1 260 0.996 Yes 

42(MPP), 

43(Icp55*) 0.119 

26 MTHFD1L 1 253.33 0.996 Yes 31(MPP) 0.258 

27 ME2 1 253.33 0.996 Yes 18(MPP) 0.167 

28 POLRMT 1 246.67 0.996 Yes 41(MPP) 0.171 

29 SLC25A5 1 236.67 0.007 No 81(MPP) 0.062 

30 PMPCA 1 236.67 0.999 Yes 33(MPP) 0.182 

31 ALDH18A1 1 233.33 0.854 Yes 39(MPP) 0.103 

32 NFS1 1 230 0.939 Yes 28(MPP) 0.179 

33 GLUD1 1 230 0.965 Yes 

52(MPP), 

53(Icp55*) 0.058 

34 NNT 1 230 0.975 Yes 35(MPP) 0.143 

35 SDHA 1 226.67 0.995 Yes 

32(MPP), 

40(Oct1) 0.188 

36 GRSF1 1 223.33 0.012 No 65(MPP) 0.123 

37 MDH2 1 223.33 0.999 Yes 

16(MPP), 

24(Oct1) 0.188 
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38 SUPV3L1 1 220 0.506 Yes 17(MPP) 0.176 

39 MRPS31 1 216.67 0.224 No 59(MPP) 0.136 

40 GFM1 1 213.33 0.838 Yes 35(MPP) 0.2 

41 FLNA 1 213.33 0 No 64(MPP) 0.016 

42 C1QBP 1 210 0.999 Yes 30(MPP) 0.133 

43 PHB 1 210 0.01 No 44(MPP) 0.045 

44 TRMT5 1 206.67 0.065 No 16(MPP) 0.125 

45 MRPS24 1 203.33 0.922 Yes 

27(MPP), 

35(Oct1) 0.074 

46 MRPS9 1 203.33 0.137 No 49(MPP) 0.122 

47 PTCD1 1 203.33 0.291 No 31(MPP) 0.129 

48 PYCR2 1 203.33 0.019 No 

18(MPP), 

19(Icp55*) 0.056 

49 ERAL1 1 196.67 0.854 Yes 43(MPP) 0.14 

50 ETFA 1 193.33 0.997 Yes 19(MPP) 0.211 

Table 4-2 BioID hits of PMPCB Vs. WT Control. Table shows top 50 hits by fold change of 

Hek293 PMPCB-BirA* versus WT parental strain. The αMPP subunit (PMPCA) and Uqcrc2 

hits are highlighted in yellow. FDR (false discovery rate) for all proteins listed is 0. Hits were 

also analyzed using the MitoFates algorithm to determine the probability of a mitochondrial 

presequence and putative processing sites26. Hits were determined using the SAINTexpress 

analysis with a minimum AvgP score of 0.65 and false discovery rate of <0.05 minimum. n = 3 

trials.   
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Table 4-3 BioID hits of each MPP-BirA* subunit against the other plus the WT Control. 

Table shows top significant hits by fold change for each analysis. Hits were also analyzed using 

the MitoFates algorithm to determine the probability of a mitochondrial presequence and 

putative processing sites26. Hits were determined using the SAINTexpress analysis with a 

minimum AvgP score of 0.65 and false discovery rate of <0.05 minimum. n = 3 trials.   

 

 

 

 

 

 

 

PMPCA Versus PMPCB and WT control 

 

 

Hit # 

Gene 

Name AvgP 

Fold 

Change 

 

 

FDR 

Probability of 

presequence 

Mitochondrial 

Presequence 

Cleavage site 

(processing 

enzyme) 

Net 

charge 

1 LDHB 0.65 26.67 0 0 No 16(MPP) -0.125 

PMPCB Versus PMPCA and WT control 

 

 

Hit # 

Gene 

Name AvgP 

Fold 

Change 

 

 

FDR 

Probability of 

presequence 

Mitochondrial 

Presequence 

Cleavage site 

(processing 

enzyme) 

Net 

charge 

1 UQCRC2 0.94 3.51 0.01 0.996 Yes 

13(MPP), 

14(Icp55*) 0.231 

2 TIMM13 0.92 26.67 0.03 0 No 83(MPP) 0 

3 TRNT1 0.87 23.33 0.04 0.523 Yes 68(MPP) 0.074 
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Materials and Methods 

Plasmids and Strains. Standard set of genetic and molecular techniques was used to generate 

the strains in this study. The overexpression strain was made by first sub-cloning the Mas1 and 

Mas2 with their endogenous promoters into separate 2μ plasmids pRS424 and pRS425 

respectively. Primers were designed with RE sites BamHI and SalI for Mas1 cDNA while 

primers for Mas2 were designed with NotI and SalI at 5’ and 3’ respectively.  Co-transformation 

of plasmids was done in a GA74 background and selected under auxotrophic markers Trp1 and 

Leu2. The Mas1-His10 and Mas2-His10 strain was generated using PCR-based integration at the 

3’ end of open reading frame and integration was selected using the HISMX6 selection 

cassette49. For the BioID plasmids, the alpha and beta MPP subunits were C-terminally tagged 

with a linker GGSG, FLAG and BirA* sequence using a pcDNA5TM
 Frt/To expression vector. A 

pcDNA5TM
 Frt/To plasmid containing a GGSG-FLAG-BirA* between the XhoI and ApaI 

restriction sites was given to us as a gift from the Wohlschlegel lab at UCLA. The MPPα and 

MPPβ subunits were subcloned into the BamHI-XhoI and BamHI-NotI restriction sites 

respectively. A mitochondrial matrix targeted EGFP was made by fusing the leader sequence of 

hCox8 to the N-terminus of EGFP. The construct was subcloned into the pcDNA5TM Frt/To 

BirA* plasmid at the KpnI-XhoI restriction sites. Stable expression of the BioID constructs was 

achieved the in Flp-InTM T-RexTM 293 Cell line. Cells were co-transfected with pOG44 and 

pcDNA5TM Frt/To BioID expression vectors using Bioland Scientific BioT transfection reagent 

following standard user guidelines and selected on 10µg/ml hygromycin and blasticidin. 
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Table 4-S1 Strains used in this study 

Media and Reagents. Media reagents were purchased from EMD Biosciences and US 

Biological. Chemical reagents were from Chembridge and Sigma unless otherwise noted. YPEG 

medium is 1% Bacto-yeast extract, 2% Bacto-peptone, 3% glycerol, and 3% ethanol. Synthetic 

dextrose (SD) media contains 0.17% yeast nitrogen base, 0.5% ammonium sulfate, and the 

appropriate amino acid dropout mixture. Hek293 cells were cultured in complete DMEM with 

1% penicillin/streptomycin solution (Invitrogen) and 10% FBS. Antibodies against Mas1, 

Mas1/Mas2, Tom70, Tim50, Tim44, Tim23, Tim17, Pam16, Pam18, Mia40, mtHsp70, Cor2, 

CoxIV, Cym1, Cyt C and human Tomm40 are rabbit polyclonal and originated in the 

Schatz/Koehler labs. Rabbit polyclonal anti-Uqcrc2 (14742-1-AP), anti-Timm44 (13859-1-AP) 

and anti-Tim14/DNAJC19 (12096-1-AP) were acquired from Proteintech. The anti-Flag M2 

GA74-1A GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+ 

(Koehler et. al 1998) 

WT pRS424/pRS425 GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+:: PRS424 

[Empty:Trp1 2µ] 

PRS425 [Empty:Leu2 

2µ] 

This study 

MPP GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+::[Mas1:Trp1 2µ] 

PRS424 [Mas2:Leu2 

2µ] PRS425 

This study 

Mas1HIS10 GA74 his3 leu2 ade8 trp1 

ura3 Mas1-

HIS10:HISMX6 

This study 

Mas2HIS10 GA74 his3 leu2 ade8 trp1 

ura3 Mas2-

HIS10:HISMX6 

This study 

TIM44HIS10 GA74 his3 leu2 ade8 trp1 

ura3 TIM44-

HIS10:HISMX6 

Miyata e. Al 2017 
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mouse monoclonal antibody was obtained from Sigma Aldrich. The anti-tubulin and anti-6XHis 

antibodies are from Covance. Streptavidin conjugated to HRP was obtained from Roche. 

Affinity capture of biotinylated proteins. Protocol was adapted from 16. Briefly, Hek293 

Frt/To BioID cell lines were grown in DMEM complete and treated with 0.5 µg/ml Doxycycline 

and 50 µM D-Biotin 24 hours prior to harvest. Cells were washed with PBS and resuspended in 

homogenization buffer (20 mM HEPES-KOH pH7.5, 220 mM mannitol, 70 mM sucrose, 0.5 

mM PMSF) with 0.2% BSA (HB+). Cells were lysed with a Teflon downse and centrifuged at 

800 x g for 5 minutes at 4°C. Supernatant was collected and centrifuged for 10,000 x g for 10 

minutes at 4°C. Pellet was resuspended in homogenization buffer without BSA (HB) and 

centrifuged again to obtain the heavy membrane fraction. Pellets were then lysed with 8 M urea, 

2% SDS and 0.1 M Tris, pH 8. Samples were briefly sonicated to disrupt mtDNA in the sample 

before centrifugation at 20,000 x g for 15 minutes. Supernatant was collected and normalized 

using the Pierce BCA kit. 5 µg of lysate was used as a reference for a Total (T). Before the 

immunoprecipitation, GE Streptavidin SepharoseTM High Performance agarose beads were 

subjected to reductive alkylation by Hampton Research Protocol HR2-434 to reduce signal 

derived from streptavidin peptides during the mass spectrometry analysis. 1.5 mg of lysate were 

loaded on a 60 µL bed volume of reductive alkylated Streptavidin SepharoseTM and incubated for 

2 hours at room temperature with gentle agitation. After incubation, 5 µg of lysate was used as a 

reference for a flow-through (FT).  Lysates were washed three times each with lysis buffer, wash 

buffer I (lysis buffer with 0.5M NaCl), wash buffer II (lysis buffer with 0.2% SDS, 0.5M NaCl, 

5% ethanol and 5% isopropanol) and digestion buffer (8 M Urea, 0.1M Tris, pH 8.5). Beads 

were resuspended in 50 µl digestion buffer before on-bead digestion prior to mass spectrometry 

analysis. For immunoblots, beads were treated with elution buffer (2% SDS, 3 mM D-Biotin and 
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8 M Urea in PBS) and incubated for 15 minutes at room temperature and 15 minutes at 95°C. 

Samples were loaded on 10% SDS-PAGE using Laemmli sample buffer. 

Mass spectrometry of biotinylated proteins. The protein mixtures were reduced, alkylated, and 

digested by the sequential addition of trypsin and Lys-C proteases50. Samples were then desalted 

using Pierce C18 tips, eluted in 40% acetonitrile, and dried and resuspended in 5% formic acid. 

Desalted samples were fractionated using a C18 reversed phase (1.9 μM, 100A pores, Dr. 

Maisch GmbH) column, packed with 25 cm of resin in a 75μM inner diameter fused silica 

capillary.  This separation was performed online using a 140-minute water-acetonitrile gradient 

with 3% DMSO and ionized using electrospray ionization by application of a distal 2.2kV.  

Ionized peptides were analyzed by tandem mass spectrometry (MS/MS) in a Thermo Orbitrap 

Fusion Lumos mass spectrometer51.  Data was acquired using a Data-Dependent Acquisition 

(DDA) method that utilized a MS1 scan resolution of 120,000, MS2 resolution of 15,000, and a 

cycle time of 3 seconds.  Data analysis was carried out using the ProLuCID and DTASelect2 

implemented in the Integrated Proteomics Pipeline - IP2 (Integrated Proteomics Applications)52–

54. Protein and peptide identifications were filtered using DTASelect and required at least two 

unique peptides per protein with a peptide-level false positive rate of 5% as estimated by a decoy 

database strategy55. We used SAINTexpress version 3.6 (default parameters) as statistical tool 

and calculated the probability value of each putative protein–protein interaction56. We compared 

counts of each target (PMPCA/PMPCB) to average counts of control and the nontarget subunit.  

We accepted the minimum AvgP score of 0.65 with false discovery rate of <0.05 minimum. 

Samples had three biological replicates.  

Cell Lysis and Subcellular fractionation. Hek293 BioID cell lines were grown to 70% 

confluency and treated with doxycycline and D-Biotin as in the BioID IP. For total cell lysate, 
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cells were lysed with 1X RIPA buffer (50mM Tris pH7.5, 150mM NaCl, 1% NP-40, 0.5% 

Sodium deoxycholate, 0.1% SDS, 1mM EDTA, 1mM PMSF) and incubated on ice for 30 

minutes with periodic vortexing. Lysate was centrifuged at 21,000 x g for 10 minutes and 

supernatants were normalized with BCA. Lysates were loaded on an SDS-PAGE with 25 

µg/lane. For subcellular fractionation of mitochondria and cytosolic fractions, cells were 

harvested as in the BioID immunoprecipitation for the heavy membrane fraction. Heavy 

membrane supernatant was saved after 10,000 x g spin, precipitated by TCA and normalized 

with the heavy membrane pellets with a BCA assay. Samples were loaded on SDS-PAGE with 

30 µg/lane. Immunoblot was visualized using standard techniques.  

Mitochondria Purification. Crude mitochondria extracts were obtained as described in previous 

studies57,58. Yeast cultures were kept at 25°C with vigorous shaking during growth. Mitochondria 

concentration was measured by BCA assay. Aliquots of 200 µg were flash frozen in liquid 

nitrogen and stored at -80°C. 

Crosslinking. 400 µg of isolated yeast mitochondria treated with 2mM DSP 

(dithiobis(succinimidyl propionate)) in 1ml of BB7.4 buffer (0.6 M sorbitol, 20mM Hepes pH 

7.4). Reactions were incubated for 1 hour at room temperature and quenched with 50 mM Tris 

pH 7.4. Crosslinked mitochondria were then lysed with buffer containing 0.2% TritonX-100, 

20mM Hepes pH 7.4, 80 mM KCl, 10% glycerol and 1mM PMSF) followed by centrifugation at 

10,000 x g for 10 minutes. 

Pulldown assays. 50 μg lysate was removed from the supernatant to use as a reference for the 

input. The remaining 350 μg was diluted to 0.35 μg/μl of lysis buffer.  Pulldowns were 

performed for 2 hr at 4˚C with rotation using 30 ul of HisPur Ni2+ beads (Thermo Scientific). 

After binding, 50 μg of lysate was removed as a reference for the material that did not bind 
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(denoted Flow).  The beads were washed 4 times with buffer.  The elution and crosslinking 

reversal were done by the addition of Laemmli sample buffer supplemented with 15% β-

mercaptoethanol and 300 mM imidazole. The bound, input, and flow-through (Flow) were 

separated by SDS-PAGE and analyzed by immunoblotting. 

1D and 2D BN-Page. BN-PAGE experiments were adapted from39. Briefly 400µg of isolated 

yeast mitochondria were lysed with 1% digitonin lysis buffer (20mM HEPES pH 7.4, 10% 

glycerol, 50mM NaCl, 0.1mM EDTA, 2.5mM MgCl2 and 1mM PMSF) for 1 hour at 4oC. The 

lysate was then centrifuged for 30 minutes at 20,000 x g at 4°C. The supernatant was loaded on a 

BN-PAGE Tris/Tricine 6-16% gradient gel for native complex resolution. For the second 

dimension, lanes were excised and reduced in a 1%SDS, 1%β-ME solution for 40 minutes at 

60°C. Excised lanes were embedded in a 12.5% acrylamide gel and resolved by electrophoresis. 

50 µg of WT GA74 mitochondria was loaded as a standard.  

Cell manipulations.  For microscopy experiments, HEK293 cells were fixed with 4% 

formaldehyde and permeabilized with ice-cold methanol. Immunostaining was performed with a 

rabbit anti-Tomm20 antibody (Santa Cruz) and the mouse monoclonal M2 anti-FLAG antibody 

(Sigma). Primary antibodies were visualized with Alexa Fluor 594 goat anti-rabbit IgG 

(Invitrogen) and Alexa Fluor 488 donkey anti-mouse IgG (Invitrogen). Cells were visualized 

with a microscope 9Axiovert-200M (Carl Zeiss) using a Plan-Fluor 63x oil objective. Images 

were acquired at room temperature with a charge-coupled device camera (ORCA ER, 

Hamamatsu Photonics) controlled by Axiovision software (Carl Zeiss). Images were resized to 

300 dpi without resampling using Photoshop software (Adobe). 
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Proximity Ligation Assay. PLA studies were performed using the Duolink® In Situ Red 

Mouse/Rabbit kit from Sigma-Aldrich following standard user guidelines. Hek293 Flp-InTM T-RexTM 

293 BioID cell lines were transfected with a mitochondrial localized Mito-GFP plasmid (BioT, 

Bioland) and induced with 0.5µg/ml doxycycline 24 hours prior to fixation and probe treatment. 

Miscellaneous. Western blotting was performed using standard protocols. Proteins were 

transferred to nitrocellulose membranes and immune complexes were visualized with HRP 

labeled goat secondary antibody against rabbit or mouse IgG. Chemiluminescent and 

autoradiographic imaging was performed on film unless otherwise noted. 
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Chapter 5: Nuc1 and Porin Influence Killer 

Virus Loads Co-dependently in Saccharomyces 

Cerevisiae 
 

5.1 Introduction 

Yeast carry several indigenous viruses, many of which serve as models for eukaryotic 

host-viral interactions. The yeast double-stranded RNA (dsRNA) killer viruses of the Totiviridae 

family are well-characterized and one of the most prolific in laboratory yeast strains. Yeast 

expressing the killer phenotype secrete protein toxins into the extracellular space that kill toxin-

sensitive strains of similar genera1–8. The viruses are highly abundant in the cell but are 

surprisingly well tolerated suggesting a mutual symbiotic relationship. Indeed, killer yeast 

display a competitive advantage over invading toxin-sensitive strains in natural environments 

where resources are limited9. Furthermore, killer viruses are not considered infectious as they are 

not transmitted through any extracellular route. Instead the killer genome is passed down 

vertically during mating, producing “virus-like” particles (VLPs)10,11. The toxic protein 

responsible for the killer phenotype is encoded by one of several distinct dsRNA M genomes 

(M1, M2, M28 and Mlus) which also confer immunity by the host12. The M genomes are 

maintained and replicated with the help of the larger 4.6 kb dsRNA L-A helper genome which 

encodes the major capsid protein, Gag, and Gag RNA polymerase fusion protein, Gag-Pol, 

through a -1 ribosomal frameshift11,13–15. Both the L-A and satellite M genomes are encapsulated 

in separate VLPs containing 60 asymmetric dimers of the Gag protein15. Replication of the 

dsRNA L-A genome occurs by extrusion of a newly transcribed L-A (+)ssRNA strand from 

theVLP14. The released (+)ssRNA strand is either translated yielding the Gag and Gag-Pol viral 
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proteins, or packaged into another VLP12.  Replication of the satellite M genomes is identical to 

L-A, except plus strands are only extruded when two dsRNA M genomes per viral particle are 

present10. Several genes that influence killer virus expression were identified through random 

mutagenesis and complementation experiments. These genes can be classified into two groups: 

maintenance of killer plasmid (mak) genes3,16–19, and superkiller (ski) genes which repress killer 

virus expression2,20,21. Notable mak genes required for L-A and M genome stability include: 

MAK3, MAK10 and MAK31. Together these genes form an N-acetyltransferase complex that 

acetylates the initial methionine of L-A Gag which is required for particle assembly4,22–24. In 

contrast, ski genes enable host defense against the killer virus through repression of viral RNAs 

which lack a 5’ cap structure and 3’ poly(A) tail2,20. Superkiller genes SKI2, SKI3, SKI4, SKI6, 

SKI7 and SKI8 are involved in the exosome and ski complexes which mediate 3’-5’ degradation 

of viral RNAs21,25–27. Mutations in any of the superkiller genes lead to overproduction of the L-A 

and satellite M genomes. Work by Carol Dieckmann and Melitta Dihanich identified two other 

genes, NUC1 and POR1, as repressors of Killer virus production28–30. NUC1 encodes the major 

mitochondrial nuclease that digests both DNA and RNA31,32, and POR1 encodes the voltage-

dependent anion channel porin (human VDAC) of the outer mitochondrial membrane33,34. Both 

genes are nonessential for mitochondrial respiration and cell viability. Currently, Nuc1 and porin 

are the only mitochondrial localized proteins known to regulate killer virus expression, 

implicating unique mitochondrial mechanisms in viral-host symbiosis. The mechanisms behind 

L-A overproduction in NUC1 or POR1 mutants are not clear, though there is some evidence that 

link mitochondrial function and viral particle production. For instance, VLP levels are increased 

when strains are grown on non-fermentable media, implicating a role for respiration. 

Interestingly, POR1 mutants display growth defects in glycerol but are able to adapt after several 
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days35. NUC1 mutants have no growth defects and the increase in the L-A dsRNA and Gag 

protein appears to be dependent on the absence of an M genome30. In this study we explore the 

roles of Nuc1 and Por1 in regulating VLP production. We propose a model where porin mediates 

import of L-A RNA transcripts into the mitochondrial IMS where they are degraded by Nuc1.  

5.2 L-A Viral Production is Influenced by NUC1 and POR1 Independently of 

Respiratory Capacity 

Work by Carol Dieckmann (A12 strain) and Melitta Dihanich (HR125 strain) identified 

an 86-kDA protein that was overexpressed in NUC1 and POR1 mutant strains respectively29,30,35. 

Upon further study, both strains were found to contain VLPs and the 86-kDA protein was 

identified as the major capsid Gag protein encoded by the L-A helper genome of killer virus. We 

obtained Carol Dieckmann’s and Melitta Dihanich’s wildtype and mutant strains to further study 

the relationship between NUC1, POR1 and the L-A viral genome. DsRNA extraction followed 

by agarose gel electrophoresis confirmed the increase of the 4.6 Kb L-A genome in NUC1 and 

POR1 mutants relative to wildtype controls (Figure 5-1A). To observe the L-A genome levels 

within cells we employed an antibody specific for dsRNA. The J2 monoclonal antibody 

recognizes dsRNA over 40bp in length and has been widely used in detecting dsRNA viruses36. 

Immunofluorescence with an L-A infected strain (WT) shows strong cytosolic puncta indicative 

of the virus-like particles (Sup. 5-1A). This signal was absent in an L-A null strain or when the 

antibody was pre-incubated with a synthetic dsRNA analog (poly(I:C)). We applied the J2 

antibody to ΔNUC1 and ΔPOR1 strains which showed a uniform increase of dsRNA in both 

strains (Sup. 5-1B). Work by Dieckmann and Dihanich discovered L-A Gag expression can be 

further stimulated when yeast are grown on non-fermentable media, suggesting a link between 

mitochondrial respiration and killer virus production29,30. Notably, POR1 mutants show an initial 
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growth defect in glycerol, implicating a weakened ability to respire, but are able to adapt after 

several days29. We repeated the experiments in dextrose and glycerol containing medium in each 

set of strains. Indeed, the L-A Gag protein was increased in both wildtype and mutant strains 

when grown in glycerol (Figure 5-1B). This suggests NUC1 and POR1 mutations stimulate L-A 

production by mechanisms independent of mitochondrial respiration. To determine if the 

mitochondrial genome or encoded proteins influences L-A production, yeast wildtype strains 

from both backgrounds were made rho null by ethidium bromide (EtBr) treatment. Clearance of 

the mitochondrial genome was confirmed by colony PCR of mitochondrial gene Cox2 (Figure 5-

1C) and impaired growth on YPEG (data not shown). Immunoblot of wildtype and rho null 

strains displayed no difference in L-A Gag expression (Figure 5-1C). This suggests L-A 

production is not influenced by respiratory capacity but may be stimulated by other metabolic 

factors from non-fermentable carbon sources. We then asked if NUC1 and POR1 act 

synergistically, thereby further increasing L-A production when both genes are deleted. A 

ΔNUC1 and ΔNUC1ΔPOR1 double knockout was generated from HR125 wildtype and ΔPOR1 

strains respectively through stable integration of a KanMX6 cassette at the Nuc1 locus. We then 

performed immunoblot analysis to determine relative L-A Gag levels of HR125 single and 

double knockout mutants (Figure 5-1D). L-A Gag levels in the ΔNUC1 and ΔNUC1ΔPOR1 

strains were comparable and significantly increased over both wildtype and ΔPOR1 strains. This 

suggests deletion of both genes are not synergistic and that NUC1 deletion contributes 

significantly more to L-A production than POR1 deletion. 

5.3 NUC1 Localizes to the Mitochondrial IMS in Wildtype and POR1 Deleted 

Strains 
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The NUC1 mammalian ortholog EndoG is known for its role in pathways of 

mitochondrial associated apoptosis. Similar to cell-death regulators cytochrome c and apoptosis 

inducing factor (AIF), apoptotic stress induces EndoG translocation from the mitochondria inner 

membrane space (IMS) to the nucleus where it contributes to chromosomal DNA degradation37–

40. Similar apoptosis pathways have been proposed in yeast including a mechanism for NUC1 

translocation into the nucleus41–44. Human VDAC also participates in mechanisms of mammalian 

apoptosis including Bax/Bak dependent release of cytochrome c and, though controversial, as a 

member of the mitochondrial permeability transition pore (MPTP)45–47. We hypothesized that 

Nuc1 may regulate L-A expression by degrading nascent single-stranded transcripts extruded 

from the viral particles. We deduced that Nuc1 most likely regulates the viral load by 

translocation into the cytosol where viral particle replication occurs. There is some evidence that 

porin immunoprecipitates with Nuc1 and may facilitate Nuc1 translocation to the nucleus upon 

apoptotic stress44. We asked if there are steady state levels of cytosolic Nuc1 in L-A infected 

yeast and if Nuc1 localization is restricted to the mitochondria in porin deleted strains. We C-

terminally tagged endogenous Nuc1 with a 3HA (hemagglutinin) epitope and performed 

subcellular fraction to obtain cytosolic (S) and mitochondrial enriched pellets (P). Immunoblot 

analysis detected HA tagged Nuc1 solely in the mitochondrial enriched pellet in both wildtype 

and the ΔPOR1 strain (Sup. 5-2A). Next, we conducted an in vivo approach to determine Nuc1 

localization using a TEV protease cleavage assay. In this system we C-terminally tagged Nuc1 

with a 3XFLAG and 3HA epitope linked by a TEV cleavage sequence. Yeast were then 

transformed with a plasmid expressing an IMS localized CytB2 [1-220]-TEV protease in 

wildtype and ΔPOR1 strains. As a control, strains were also transformed with a plasmid 

expressing a matrix localized Su9-TEV protease (Sup. 5-2B). Immunoblot analysis with FLAG 
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antibodies reveal the full length Nuc1-3XFlag-TEV-3HA and cleaved Nuc1-3XFLAG in both 

WT and ΔPOR1 strains. Moreover, steady state levels of the full length and cleaved bands were 

similar between both strains. This data suggests Nuc1 resides in the mitochondrial IMS and that 

porin deletion does not alter Nuc1 localization in vivo.  

One point of criticism is the release and detection of Nuc1 and other apoptotic factors 

relies on an external apoptotic stress. We measured Nuc1 release in isolated mitochondria to 

determine if Nuc1 retro-translocation is feasible outside of an apoptotic cell. An in organello 

protein release assay that tracks retro-translocation of apoptotic factor Cyc1 and other IMS 

proteins has been demonstrated previously48. We performed the in organello protein release 

assay on isolated mitochondria from GA74 wildtype and ΔPOR1 strains with endogenously 

tagged Nuc1-3HA. Mitochondria were incubated in protein release buffer for 30 minutes prior to 

centrifugation. As a control, 50 mM DTT was supplemented to reduce disulfide bonds and 

induce retro-translocation of Ccp1. Immunoblot analysis of the mitochondrial pellet and 

supernatant reveals detectable levels of released Ccp1 (Sup. 5-2C). Moreover, Ccp1 release was 

increased with DTT treatment. Conversely, HA tagged Nuc1 was not detected in the supernatant 

regardless of DTT treatment.  

These results challenge a previous hypothesis proposed by the Madeo group that Nuc1 

could is released from the mitochondria and is translocated to the nucleus upon apoptotic stress. 

To test this result, we repeated a similar experiment reported by the Madeo group showing Nuc1 

colocalization with the nucleus by immunofluorescence upon apoptotic stress. In our experiment, 

ΔNUC1 and ΔNUC1ΔPOR1 strains transformed with a plasmid expressing wildtype pNuc1-

FLAG were treated with H2O2  or acetic acid for 48 hours. To confirm apoptotic stress, live cells 

were stained with apoptosis markers Annexin V and propidium iodide. Results show a 
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significant increase in Annexin V and Annexing V plus PI positive cells under acetic acid 

treatment for both strains (Sup 5-3). However, immunofluorescence using FLAG antibodies and 

DAPI staining displays no colocalization of Nuc1 with the nucleus in either strain upon apoptotic 

stress (Sup. 5-4). Cumulatively, this data shows no evidence for extra-mitochondrial localization 

of Nuc1, suggesting Nuc1 may regulate the killer viral levels from within the mitochondria.  

4.5 POR1 Mutants Have Reduced Import Efficiency 

We asked if porin deletion may affect Nuc1 biogenesis by altering mitochondrial import 

and processing. We performed import assays using [35S] radiolabeled Nuc1 precursor into 

isolated mitochondria from wildtype and ΔPOR1 strains. Results show Nuc1 precursor is 

imported without further processing and is potential dependent (Sup. 5-5A). Furthermore, Nuc1 

import efficiency is drastically reduced in ΔPOR1 mitochondria. Import assays of the matrix 

localized Su9-DHFR (presequence of Fo-ATPase subunit 9 fused to DHFR) and IMS localized 

AAC (ADP/ATP Carrier) precursors also show a decrease in import efficiency in the ΔPOR1 

strain (Sup. 5-5B-C). To determine whether the decrease in import efficiency may be linked to a 

deficiency in import complexes, an immunoblot analysis was performed to analyze steady state 

levels of components from the TOM and Tim23 complexes (Sup. 5-5D). Antibodies against 

Tom70, Tim23, Tim44 and Pam16 showed no change between wildtype and ΔPOR1 

mitochondria. These results suggest porin deficiency lead to a general decrease in import of 

potential dependent precursors including Nuc1. However, experiments examining steady state 

levels of endogenously tagged Nuc1 in ΔPOR1 mitochondria show no significant decrease in 

detectable Nuc1 relative to wildtype (Sup. 5-2). Therefore, import deficiency in a ΔPOR1 

background does not significantly alter the biogenesis of Nuc1 in vivo. This suggests porin does 

not regulate L-A expression by altering Nuc1 function.  
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4.6 Nuc1 and Por1 Regulate L-A expression Co-dependently 

Our localization experiments determined Nuc1 was strictly confined into the 

mitochondrial IMS in wildtype and ΔPOR1 strains. To assess how mitochondrial targeting of 

Nuc1 affects L-A viral amounts, we expressed a C-terminal FLAG tagged mutant ΔN9pNuc1 

which contains a partially deleted mitochondrial localization sequence (MLS)44. We then 

performed subcellular fractionation of the ΔNUC1 and double knockout ΔNUC1ΔPOR1 strains 

containing the wildtype pNuc1 and ΔN9pNuc1 plasmids. Immunoblot analysis confirms 

enrichment of the ΔN9pNuc1 construct in the cytosolic HMS (heavy membrane supernatant) 

fraction (Figure 5-2A). These results were confirmed by immunofluorescence with FLAG 

antibodies. Strains expressing the ΔN9pNuc1 construct displayed cytosolic staining while the 

pNuc1 construct colocalizes with mitochondrial Mia40 (Figure 5-2B). We then performed 

immunoblot analysis to determine relative L-A Gag levels in each strain. Rescue by the wildtype 

pNUC1 in a ΔNUC1 background significantly reduces L-A Gag levels (Figure 5-3A). In 

contrast, expression of the ΔN9pNuc1 showed no significant change in L-A Gag levels relative 

to the vector control. In addition, we expressed a H138ApNuc1 construct containing a mutation 

in the putative nuclease domain44. Similar to the ΔN9pNuc1 construct, expression of the mutant 

H138ApNuc1 showed no significant reduction in L-A Gag levels. This suggests Nuc1 nuclease 

activity and mitochondrial localization is required for L-A attenuation. To assess if the changes 

in L-A Gag levels correspond to the L-A genome levels, quantitative real-time PCR (qRT-PCR) 

with L-A specific primers was performed on whole cell RNA extracts. Results show rescue of L-

A genome levels with wildtype pNuc1 in a ΔNuc1 background (Figure 5-4A). Meanwhile, 

rescue of L-A genome expression was significantly reduced by the mutant H138ApNuc1 

construct while the cytosolic ΔN9pNuc1 showed an increase in L-A genome levels. The Nuc1 
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constructs were also expressed in the ΔNUC1ΔPOR1 strain to determine if porin is required for 

Nuc1 rescue of L-A viral loads. L-A Gag expression was significantly increased in the double 

knockout strain relative to the single ΔPOR1 knockout (Figure 5-3B). This result was also 

confirmed by RT-qPCR analysis (Figure 5-4B). Interestingly, immunoblot and RT-qPCR 

analysis shows expression of wildtype pNuc1 in the ΔPOR1ΔNUC1 strain increased the viral 

load relative to the vector control (Figure 5-3B and Figure 5-4B).  Meanwhile, expression of the 

cytosolic localized ΔN9pNuc1 showed no significant difference in L-A Gag levels while the 

mutant H138ApNuc1 demonstrated only a slight increase (Figure 5-3B). These results 

demonstrate the requirement of porin for Nuc1 rescue of L-A viral loads. Furthermore, the 

increase of L-A Gag protein induced by wildtype Nuc1 in the double knockout strain suggests 

the absence of porin may alter the L-A regulating function of Nuc1. We also performed the 

reciprocal experiment where a wildtype porin construct (pPor1) was expressed in the ΔPOR1 and 

ΔPOR1ΔNUC1 double knockout. Expression of the pPor1 construct reduced L-A Gag and L-A 

genome expression in the ΔPOR1 strain (Figure 5-3C and Figure 5-4B). However, expression of 

pPor1 did not rescue L-A Gag levels when expressed in the double knockout (Figure 5-3C). 

Cumulatively this data demonstrates phenotypic rescue of L-A viral loads in the double knockout 

strain requires the presence of both Nuc1 and Porin. This suggests Nuc1 and Porin are co-

dependent in regulating L-A expression. 

4.7 The L-A Genome is Protected in Mitochondrial Fractions 

 
Increased L-A viral expression from extra-mitochondrial localization of Nuc1 allowed us 

to postulate L-A genomes may be imported into the mitochondrial IMS. We proposed a 

subpopulation of (+)ssRNA L-A genomes that are extruded from the viral particle are imported 

into the mitochondrial IMS and degraded by Nuc1. To assess the presence of L-A genomes 
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within the mitochondria, we performed a micrococcal nuclease protection assay of mitochondrial 

enriched fractions from wildtype, ΔNUC1 and ΔPOR1 strains. To remove contaminating viral 

particles protecting L-A genomes, we isolated mitochondria at low centrifugation (8000 x g) and 

destabilized viral particles by resuspension with an osmotic buffer containing low salt (5mM 

CaCl2)
10,15. Immunoblot analysis of the subcellular fractionation showed the L-A Gag protein is 

absent in the mitochondrial enriched heavy membrane pellet (HMP) (Figure 5-5A). We then 

incubated the mitochondria with a micrococcal nuclease (MNase) that possesses calcium 

dependent endo-exonuclease activity of double stranded and single stranded nucleic acids. After 

incubation, RNA was isolated by phenol-chloroform extraction and L-A expression was 

analyzed by RT-qPCR. As a control, we also measured expression of mitochondrial targeted 

mRNAs Atp2 and MDM10. These mRNAs are associated with the mitochondrial outer 

membrane for co-translation translocation and are vulnerable to MNase degradation49. A 2^(-

ΔΔCt) analysis of L-A, Atp2 and MDM10 was normalized to the mitochondrial gene Cox1 and 

the untreated control sample (Figure 5-5B). Expression of ATP2 and MDM10 was significantly 

decreased in MNase treated samples relative to untreated controls for all strains. Meanwhile, L-A 

viral amounts show protection in the ΔNUC1 and ΔPOR1 strains but not in the wildtype. We 

hypothesize the absence of L-A degradation in ΔNUC1 strains increases sequestration of ss(+) L-

A genome levels in the mitochondria. Notably, L-A levels in the ΔPOR1 strain are also 

protected, suggesting porin deletion stabilizes or increases import of the L-A genome. In 

summary, Nuc1 and porin appear to regulate L-A genomes present within the mitochondria, 

implicating a role of yeast mitochondria in host-defense against L-A killer viruses. 

4.8 Discussion 
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Early work by Carol Dieckmann and Melita Dihanich on yeast dsRNA genomes 

discovered deletion of either NUC1 or POR1 genes lead to overproduction of the dsRNA Killer 

virus28–30. Further studies reveal both genes encode mitochondrial proteins. NUC1 encodes the 

major mitochondrial nuclease Nuc1 and is an ortholog of the apoptosis associated mammalian 

EndoG31,32, while POR1 encodes the voltage-dependent anion channel porin (human VDAC) of 

the outer mitochondrial membrane33,34. The yeast killer viruses are well-characterized and one of 

the most prolific in laboratory strains. Two double-stranded genomes are associated with these 

viruses. The 4.6kb L-A helper genome encodes the major capsid Gag and Gag-Pol fusion 

protein, and is required for viral maintenance11,13–15. Meanwhile the smaller 1.5-2kb M genome 

encodes the toxic protein responsible for the killer phenotype12. Several aspects of the killer 

viruses have been thoroughly investigated including the viral particle structure, replication cycle 

and mode of toxicity2,11,15,50,51. Moreover, several genes involved in viral repression (ski) or 

maintenance (mak) have been characterized16,21,22,25,27,52–54. However, mechanisms that govern 

killer virus overproduction from NUC1 or POR1 deletion are still not understood. We first 

hypothesized porin may mediate release of Nuc1 into the cytosol where it contributes to the 

degradation of ss(+) L-A strands extruded from viral particles. This theory is based on an  

apoptotic pathway of the Nuc1 mammalian ortholog EndoG which translocates to the nucleus 

upon apoptotic stress37–40. Notably, human porin (VDAC) is also involved in apoptosis by 

participating in the release of cytochrome c45–47. Furthermore, studies in yeast shows Nuc1 

participates in an analogous apoptosis pathway to EndoG and that porin immunoprecipitates with 

Nuc144. Based on these findings, and the cytosolic replication cycle of L-A killer viruses, we 

speculated Nuc1 release from the mitochondria would be the most likely scenario. However, our 

localization experiments were unable detect any extra-mitochondrial localization of Nuc1 in L-A 
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infected strains (Sup. 5-2 and Sup. 5-4). Furthermore, a cytosolic localized ΔN9pNuc1 failed to 

rescue L-A viral loads in the ΔNuc1 strain. Together, these results indicate Nuc1 mediates L-A 

viral levels within the mitochondria. We then speculated a mechanism for L-A RNA import into 

the mitochondria. This theory is not implausible as mitochondria have been known to import 

several noncoding RNA species55–57. Examples of imported RNA molecules include tRNAs, 

RNA components of RNase P, and some species of 5s rRNA58–60. Yeast in particular are known 

to import tRNA(Lys)(CUU), tRK1, as an adaptive stress mechanism where the mitochondrial 

encoded tRNA(Lys)(UUU) fails to decode the lysine AAG codon61. Notably, the VDAC (porin) 

in plants is identified as the main channel for tRNA translocation across the mitochondrial outer 

membrane62,63. We hypothesized that certain ss(+) L-A strands extruded from the viral particle 

are imported into the mitochondrial IMS through porin and are subsequently degraded by Nuc1. 

Interactions between RNA viruses and mitochondria have been documented in other species. For 

instance, the Flock House virus (FHV) of the animal nodaviruses replicates its genome within 

vesicular invaginations between the inner and outer mitochondrial membranes64,65. Furthermore, 

mammalian mitochondria possess mechanisms that restrict levels of harmful nucleotide species. 

Specifically, the mitochondrial RNA degradosome, composed of RNA helicase SUV3 and 

polynucleotide phosphorylase PNPase, prevents accumulation and release of mitochondrial self-

encoded dsRNA66. However, there is evidence here that contradict the model of porin mediated 

RNA translocation. For instance, MNase protection experiments show an increase in L-A 

protection in the ΔPOR1 strain. This result challenges the model of RNA import through porin as 

we would predict the L-A genome would be occluded from mitochondria and therefore more 

vulnerable to MNase degradation (Figure 5-5B). Arguably, cytosolic contamination combined 

with an increased viral load in ΔNUC1 and ΔPOR1 strains could produce the observed results. 
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To prevent this we thoroughly washed the mitochondrial fractions with a low salt buffer known 

to destabilize viral particles15. RNA import studies with in vitro transcribed ss(+) L-A strands 

would help confirm this result. The mechanism of L-A regulation by Nuc1 and porin becomes 

less clear when analyzing the ΔNUC1ΔPOR1 double knockout. For instance, plasmid expression 

of pNUC1 rescues L-A expression in the Nuc1 knockout but increases L-A levels in the 

ΔNUC1ΔPOR1 strain (Figure 5-3B and Figure 5-4B). Meanwhile, expression of the 

H138ApNuc1 mutant only slightly increases L-A amounts in the ΔNUC1ΔPOR1 strain, while 

cytosolic ΔN9pNuc1 shows no change in L-A levels (Figure 5-3B). Expression of a wildtype 

pPor1 also failed to rescue L-A levels in the ΔNUC1ΔPOR1 background (Figure 5-3C). One 

possibility is the high L-A abundance and replication rate in the ΔNUC1ΔPOR1 background 

nullifies rescue by Nuc1 or porin alone. However, this theory does not address the increase in L-

A viral loads from wildtype pNuc1 expression in the ΔNUC1ΔPOR1 strain. We speculate 

deletions in both NUC1 and POR1 genes somehow alters the symbiotic relationship between 

host and virus; such that Nuc1 serves to promote L-A production rather than inhibit it. 

Unfortunately, more precise models are impossible without understanding the full scope of the 

host-viral relationship. Due to the overwhelming abundance of VLPs in the cells, accounting for 

10-20% of total protein in porin knockouts, we speculate host-virus interactions depend on 

tightly regulated metabolic mechanisms that allow for unhindered growth of L-A infected 

yeast35. Consequently, metabolic changes stemming from mitochondrial defects may alter viral 

expression. A study analyzing yeast transcriptional response to loss of dsRNA L-A and M 

genomes identified 715 genes with altered expression67. These genes are related to several 

cellular functions that include: mitochondrial function, stress response and metabolism. 

Currently, there are no links between Nuc1 function and metabolism. Porin however serves as 
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the primary channel of metabolites, nucleotides and ions across the outer mitochondrial 

membrane. Furthermore, the ΔPOR1 yeast are defective in mitochondrial protein import and 

have an initial growth defect in nonfermentable media (Sup. 5-5)68. We speculate porin deletion 

may disrupt several mitochondrial metabolic functions that alter rates of VLP production. 

Meanwhile, Nuc1 appears to regulate L-A viral particles more directly by contributing to the 

degradation of L-A RNA transcripts. 
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Figure 5-1 L-A viral levels are increased in ΔNUC1 and ΔPOR1 mutants. (A) Agarose gel 

electrophoresis of dsRNA extracts. From left to right: HR125 (ΔPOR1), wildtype HR125-2B 

(Por+), A12 ΔNUC1 and A12 wildtype. The L-A dsRNA genome and rRNAs are denoted. (B) 

Wildtype and mutant strains of HR125 and A12 backgrounds were grown in YPD (dextrose) or 

YPEG (glycerol) to mid-log phase. Whole cell protein extracts were then separated by SDS-

PAGE followed by immunoblot analysis. Arrows indicate bands representing L-A Gag and porin 

proteins. (C) (Upper) Immunoblot analysis with L-A Gag and Tim23 antibodies of whole cell 

extracts from (left to right) HR125 ΔPOR1, HR125-5D wildtype, HR125-5D rho null, wildtype 

HR125-2B (Por+), HR125-2B (Por+) rho null and HR125-5D ΔNUC1 strains grown in YPD. 

(Lower) PCR confirmation of the mitochondrial encoded Cox2 gene in ethidium bromide treated 
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HR125-5D (WT) and wildtype HR125-2B (Por+) strains. (D) HR125-5D wildtype, ΔNUC1, 

ΔPOR1 and ΔNUC1ΔPOR1 strains were grown in YPGal (galactose) to mid-log phase. Whole 

cell extracts were analyzed by immunoblot with L-A Gag and Tim23 antibodies. 
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Figure 5-2 Localization of pNuc1-FLAG and ΔN9pNuc1-FLAG constructs. (A) Subcellular 

fractionation of HR125 strains ΔNUC1 (ΔN) and ΔNUC1ΔPOR1 (ΔNΔP) strains expressing 

pNuc1-FLAG (wt) or ΔN9pNuc1-FLAG (Δ9). Total, cytosolic enriched heavy membrane 

supernatant (HMS) and mitochondrial enriched heavy membrane pellet (HMP) were analyzed by 

immunoblot with the indicated antibodies. Arrows in FLAG panel indicate wildtype Nuc1-FLAG 

and ΔN9Nuc1-FLAG bands. (B) Immunofluorescence of vector control and strains indicated in 

‘A’ with FLAG and Mia40 antibodies. Scale bar is 5 µm. 
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Figure 5-3 L-A Gag levels in Nuc1 and Por1 rescue strains. (A) HR125-5D wildtype 

containing vector and HR125-5D ΔNUC1 containing vector, pNuc1, ΔN9pNuc1 or 

H138ApNuc1 plasmids were grown in SC-Ura galactose to mid-log phase. Immunoblot analysis 

(left) was performed on whole cell extracts with L-A Gag, FLAG and porin antibodies. 
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Densitometry quantification is displayed on the right. Arrows in FLAG panel indicate wildtype 

Nuc1-FLAG and ΔN9Nuc1-FLAG bands. (B) As in ‘A’ with HR125 ΔPOR1 and 

ΔNUC1ΔPOR1 strains. (C) As in “B” with ΔPOR1 and ΔNUC1ΔPOR1 expressing vector and 

pPor1 plasmids. Quantification was normalized to Tim44 or Porin. Normalized L-A Gag ratio ± 

SD of n replicates in gel. Not significant; NS, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.005, P ≤ 0.0005. 
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Figure 5-4. RT-qPCR of L-A levels in Nuc1 and Por1 rescue strains. (A) qRT-PCR analysis 

of RNA extractions obtained from strains in Fig. 3A. A 2^-(ΔΔCt) relative expression analysis of 

L-A was normalized to RDN18 internal control and the wildtype vector control strain. (B) As in 

‘A’ with ΔPOR1 containing vector and pPor1 plasmids and ΔNUC1ΔPOR1 containing vector 

and pNuc1 plasmids. Relative L-A expression ± SD of n = 9 (3 biological and technical 

replicates). Not significant; NS, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.005, P ≤ 0.0005. 
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Figure 5-5 L-A RNA is protected in mitochondrial fractions of ΔNUC1 and ΔPOR1 strains. 

(A) Subcellular fractionation of wildtype HR125-5D, ΔNUC1 and ΔPOR1 strains grown in 

YPGal. Total, cytosolic enriched heavy membrane supernatant (HMS) and mitochondrial 

enriched heavy membrane pellet (HMP) were analyzed by immunoblot with the indicated 

antibodies. (B) Mitochondrial extracts obtained from strains in “A” were treated with 150 U 

MNase for 20 minutes. Reactions were stopped by the addition of Trizol reagent followed by 

phenol chloroform RNA extraction. RT-qPCR analysis of L-A, ATP2 and MDM10 was 
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normalized to internal control Cox1 and untreated samples. Relative expression ± SD of n = 2 

experiments (3 technical replicates each). Significance was determined from a one sample t test 

with a hypothetical value of 1. Not significant; NS, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.005, P ≤ 

0.0005. 
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Sup. 5-1 Immunofluorescence of L-A infected strains with anti-dsRNA (J2) monoclonal 

antibody. (A)  HR125-5D wildtype and the A12 L-A Null strain were grown in YPGal to mid-

log phase before fixation and incubation with mouse anti-dsRNA (J2) and rabbit anti-Mia40  
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antibodies. The J2 antibody was preincubated overnight in 0.2 mg/ml Poly (I:C) prior to 

immunostaining. (B) As in ‘A’ with HR125-5D wildtype, ΔNUC1 and ΔPOR1 strains. 

Immunofluorescent signal was obtained with mouse anti-dsRNA (J2) and rabbit anti-Tim44 

antibodies. 
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Sup. 5-2 Nuc1 localizes to the mitochondrial IMS in wildtype and ΔPOR1 strains. (A) 

Subcellular fractionation of wildtype HR125-2B (Por+) and HR125 ΔPOR1 strains. Cytosolic 

(S) supernatant and mitochondrial enriched (P) pellet were analyzed by immunoblot with 
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hemagglutinin (HA), Nac1 (Cytosol), outer mitochondrial membrane (OMM) porin and 

mitochondrial matrix (Matrix) Cym1 antibodies. Asterisk denotes non-specific band in HA 

analysis. (B) HR1 wildtype and ΔPOR1 strains endogenously tagged with Nuc1-3XFLAG-TEV-

3HA were transformed with plasmids expressing: vector control, matrix localized Su9-TEV, or 

IMS localized CYB2[1-220]-TEV. Strains were grown in SC-Ura galactose and harvested in 

mid-log phase. Whole cell extracts were analyzed by immunoblot with FLAG, HA, Tim44 and 

porin antibodies. Note that high (HE) and low (LE) exposure panels are shown for FLAG 

analysis. Arrows indicate uncut and TEV protease cut Nuc1-3XFLAG-TEV-3HA proteins. (C) 

Protein release assay of isolated mitochondria. Mitochondrial extracts were collected from GA74 

wildtype and ΔPOR1 strains with endogenously tagged Nuc1-3HA. Isolated mitochondria were 

resuspended in protein release buffer with and without 50mM DTT. Aliquots of mitochondria at 

time 0 minutes (P0) and supernatants at time 30 minutes (S30min) were analyzed by immunoblot 

with the indicated antibodies. 

 

 

 

 

 

 

 

 

 



198 
 

Sup. 5-3 Apoptotic stress induces Annexin V and Propidium Iodide staining in yeast. (A) 

HR125 strains ΔNUC1 pNuc1-FLAG and ΔNUC1ΔPOR1 pNuc1-FLAG were grown in SC-Ura 

Gal for 48 hours in H2O2 or Acetic acid. Cells were then stained with Annexin V and Propidium 

iodide before visualizing under a fluorescence microscope. Scale bar is 5 µm. (B) Quantification 

of positive stained cells after apoptotic induction. Percent positive cells from total number of 
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cells counted ± SD of duplicate experiments with n ≥ 300 cells each. Not significant; NS, P > 

0.05; *, P ≤ 0.05; **, P ≤ 0.005, P ≤ 0.0005. Figure included with permission from Kayla Frank. 
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Sup. 5-4 Nuc1 does not localize to the nucleus under apoptotic stress. HR125 strains ΔNUC1 

pNuc1-FLAG and ΔNUC1ΔPOR1 pNuc1-FLAG were grown in SC-Ura Gal for 48 hours in 

H2O2 or Acetic acid. Cells were then fixed and stained with FLAG antibodies and DAPI. Scale 

bar is 5 µm. Figure included with permission from Kayla Frank. 
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Sup. 5-5 Mitochondria deleted in Por1 are import deficient. (A) Time course assay with 

radiolabeled Nuc1 was performed with wildtype HR125-2B (Por+) and HR125 ΔPOR1 

mitochondria at 25°C.  Mitochondria were incubated with the radiolabeled precursor for the 

indicated time points and protease treatment was used to remove non-imported precursors.  The 

membrane potential (ΔΨ) was dissipated with 50 µM CCCP and 4 µg/ml valinomycin. (B) As in 

‘A’, Su9-DHFR was imported. (C) As in ‘B’ AAC was imported. (D) Mitochondrial proteins 

(10, 25, 50 µg) were purified from WT and ΔPOR1 mitochondria and separated by SDS-PAGE 

followed by immunoblot analysis.  Antibodies for the indicated proteins were used. p, precursor; 

m, mature; the % import was set at 100% for import with wildtype at the last time point. 

 

 

 

 



202 
 

Materials and Methods 

Plasmids and Strains. Standard set of genetic and molecular techniques was used to generate 

the strains in this study. Porin and Nuc1 deletion strains were generated through integration of 

the KanMX unit from the pUG6 gene disruption cassette69. The KanMX gene was amplified 

using primers complementary to 45 nt upstream of the ATG and 45 nt downstream of the stop 

codon of the target gene.  

Por1 pUG6 deletion primers:  

Fwd 5’-AACAGCCAAGCGTACCCAAAGCAAAAATCAAACCAACC 

TCTCAACACAGCTGAAGCTTCGTACGC-3’ 

Rev 5’-CACATATATGGTATATAGTGAACATATATATATTAGATAT 

ATACGT GCATAGGCCACTAGTGGATCTG-3’  

Nuc1 pUG6 deletion primers: 

Fwd 5’- ATTTAGTTAAGTTCCCCACTTATTAGATCCCAAAGTTAAAGTTATC 

CAGCTGAAGCTTCGTACGC-3’ 

Rev 5’-ATCGTTGTGTTATGAATTAATTTATATTTACAGTTTTTCAGTACAT 

GCATAGGCCACTAGTGGATCTG-3’  

The PCR product was purified and integrated into the parental strains (GA74, HR125-5D and 

HR125-2A Por-). Mutant colonies were selected on G418 YPD plates. Por1 deletion was 

confirmed by colony PCR and immunoblot with Por1 antibodies. Nuc1 deletion was confirmed 

by colony PCR. Rho null strains were generated by growing cells in YPD medium with 10 µg/ml 

ethidium bromide and plating on YPD for individual colonies70. Loss of mitochondrial DNA was 

confirmed by observing growth defects on YPEG plates and by colony PCR with COX2 specific 

primers. Nuc1 was C-terminally tagged with 3HA using the pFA6a-3HA-KanMX module for 
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PCR-based gene targeting71. A PCR insert of the 3HA-KanMX module was generated with ends 

complementary to 40 nt of the 3’ end of the Nuc1 gene before and after the stop codon.  

Primers for PCR amplification for the 3HA-KanMX tag: 

Fwd 5’- GAAAGATGTGAAATTGTTACCTCCTCCAAAAAAAAGGAATCGGATCC 

CCGGGTTAATTAA-3’ 

Rev 5’- GTGTTATGAATTAATTTATATTTACAGTTTTTCAGTACAT 

GAATTCGAGCTCGTTTAAAC-3 

Colonies were selected by growth on G418 plates. Integration of the tag was confirmed by PCR 

and immunoblot with anti-HA antibody. Strains with C-terminally tagged 3XFLAG-TEV-3HA 

were generated from the same pFA6a-3HA-KanMX backbone following insertion of the 

3XFLAG-TEV sequence at the SalI and SmaI restriction sites. A Nuc1 targeted insert of the 

3XFLAG-TEV-3HA-KanMX module was generated with the following forward primer and the 

reverse primer used to generate the 3HA tag. 

5’-GAAAGATGTGAAATTGTTACCTCCTCCAAAAAAAAGGAAT 

GAAGCTTCGTACGCTGCAGG-3’  

Plasmids of the p416 backbone containing a matrix localized Su9-TEV Protease and IMS 

localized CYB2[1-220]-TEV Protease were provided by John Thatcher and Noriko Kondo 

respectively72. The centromeric pRS316 vector was used for plasmid expression of Por1 and 

Nuc1 proteins. The wildtype Por1 sequence was amplified from wildtype yeast genomic DNA 

extract and subcloned into the BamHI and SalI sites of the pRS316 GPD PGK vector containing 

the constitutive GPD PGK (promoter and terminator) sequences flanking the multiple cloning 

site. For C-terminally tagged Nuc1 plasmids, a 3XFLAG-Stop sequence was first cloned at the 

HindII and SalI restriction sites in the empty pRS316 vector or pRS316 GPD PGK. The wildtype 
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Nuc1 sequence was amplified from wildtype yeast genomic DNA extract and subcloned at the 

BamHI and HindIII sites in frame with the 3XFLAG-Stop sequence. Nuc1 expression under the 

endogenous promoter was accomplished by subcloning Nuc1 with 600bp upstream of the start 

codon at the SacII and SalI restriction sites in frame with the 3XFLAG-Stop sequence. The 

H138A and ΔN9 Nuc1 mutants were generated by site-directed mutagenesis of the pRS316 

vector expressing wildtype Nuc1-3XFLAG. Primer pairs expressing the H138A or ΔN9 deletion 

were used to PCR amplify the vector expressing the mutant. Subsequent digestion by DpnI 

removed the original vector backbone. 

Primer pairs used to generate the H138A Nuc1 mutation: 

Fwd 5’-GTAAACTAAGAGACTATTTTAGGTCGGGCTATGATCGAGGCGCTC-3’ 

Rev 5’- GAGAAAATTTTGCGTCTGCAGCTGGGGCTTGAGCGCCTCGATCAT-3’ 

Primer pairs used to generate the ΔN9 Nuc1 deletion: 

Fwd 5’-CCAAAGTTAAAGTTATCATGTTAGTCGGACTGGGTGCTGG-3’ 

Rev 5’-CCAGCACCCAGTCCGACTAACATGATAACTTTAACTTTGG-3’ 

Strain Background Genotype Source 

GA74-1A GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+ 

(Koehler et. al 1998) 

GA74-1A ΔPor1 GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+, por::URA3 

(Koehler et. al 1998) 

GA74-1A 

Nuc1-3XFLAG-TEV-

3HA 

GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+, Nuc1-3XFLAG-

TEV-3HA::KanMX6 

This study 

GA74-1A ΔPor1 

Nuc1-3XFLAG-TEV-

3HA 

GA74 MATa his3-11,15 leu2 

ura3 trp1 ade8 rho+ 

mit+, por::URA3,  

Nuc1-3XFLAG-TEV-

3HA::KanMX6 

This study 
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HR125-5D (WT) HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

(Dihanich et. al 

1987) 

HR125-2B Por+ (WT) HR125 MATa gal2, his3, his4, 

leu2, trp1, ura3 

(Dihanich et. al 

1988) 

HR125-5D (ΔNUC1) HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3, 

Nuc1::KanMX6 

(Dihanich et. al 

1987) 

HR125-5D (ΔNUC1), 

pRS316 (Vector) 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3, 

Nuc1::KanMX6, 

pRS316: Ura3 

This study 

HR125-5D (ΔNUC1), 

pNuc1-3XFLAG 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3, 

Nuc1::KanMX6, 

pRS316 Nuc1-

3XFLAG: Ura3 

This study 

HR125-5D (ΔNUC1), 

ΔN9pNuc1-3XFLAG 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3, 

Nuc1::KanMX6, 

pRS316 GPDPGK  

ΔN9pNuc1-3XFLAG: 

Ura3 

This study 

HR125-5D (ΔNUC1), 

H138ApNuc1-

3XFLAG 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3, 

Nuc1::KanMX6, 

pRS316 H138ANuc1-

3XFLAG: Ura3 

This study 

HR125-2A Por- 

(ΔPOR1) 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2 

(Dihanich et. al 

1988) 

HR125-2A Por- 

(ΔPOR1),  

pRS316 (Vector) 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2,  

pRS316: Ura3 

This study 

HR125-2A Por- 

(ΔPOR1) 

ΔN9pNuc1-3XFLAG 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, 

pRS316 GPDPGK  

ΔN9pNuc1-3XFLAG: 

Ura3 

This study 

HR125-2A Por- 

(ΔPOR1) 

H138ApNuc1-

3XFLAG 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, 

pRS316 H138ANuc1-

3XFLAG: Ura3 

This study 
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HR125-2A Por- 

Nuc1::KanMX6  

(ΔNUC1ΔPOR1) 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, 

Nuc1::KanMX6 

This study 

HR125-2A Por- 

Nuc1::KanMX6  

(ΔNUC1ΔPOR1),  

pRS316 (Vector) 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, 

Nuc1::KanMX6,  

pRS316: Ura3 

This study 

HR125-2A Por- 

Nuc1::KanMX6  

(ΔNUC1ΔPOR1), 

ΔN9pNuc1-3XFLAG 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, 

Nuc1::KanMX6, 

pRS316 GPDPGK  

ΔN9pNuc1-3XFLAG: 

Ura3 

This study 

HR125-2A Por- 

Nuc1::KanMX6  

(ΔNUC1ΔPOR1), 

H138ApNuc1-

3XFLAG 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, 

Nuc1::KanMX6, 

pRS316 H138ANuc1-

3XFLAG: Ura3 

This study 

A12 L-A (ΔNUC1) A12 [rho+] trp1, ura3-52, 

leu2-3, nuc1-1::LEU2, 

L-A only 

(Dieckmann et. al 

1989) 

A12 WT L-A (WT) A12 [rho+] trp1, ura3-52, 

leu2-3, WT Nuc1, L-A 

Only 

(Dieckmann et. al 

1989) 

A12 θ (L-A null) A12 [rho+] trp1, ura3-52, 

leu2-3, no L-A or M 

genome 

(Dieckmann et. al 

1989) 

HR125-2B Por+ Rhoo  HR125 MATa gal2, his3, his4, 

leu2, trp1, ura3 [ρ0] 

This study 

HR125-5D Rhoo HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 [ρ0] 

This study 

HR125-2B Por+ 

Nuc1-3HA 

HR125 MATa gal2, his3, his4, 

leu2, trp1, ura3,  

Nuc1-3HA::KanMX6 

This study 

HR125-2A Por-  

(ΔPOR1) 

Nuc1-3HA 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, Nuc1-

3HA::KanMX6 

This study 

HR125-2B Por+ 

Nuc1-3XFLAG-TEV-

3HA, pRS316 (Vector) 

HR125 MATa gal2, his3, his4, 

leu2, trp1, ura3,  

Nuc1-3XFLAG-TEV-

This study 
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Table 5-S1 Strains used in this study 

Media and Reagents. Media reagents were purchased from EMD Biosciences and US 

Biological. Chemical reagents were from Chembridge and Sigma unless otherwise noted. YPEG 

medium is 1% Bacto-yeast extract, 2% Bacto-peptone, 3% glycerol, and 3% ethanol. Synthetic 

dextrose (SD) media contains 0.17% yeast nitrogen base, 0.5% ammonium sulfate, and the 

appropriate amino acid dropout mixture. Antibodies against Tom70, Tim50, Tim44, Tim23, 

3HA::KanMX6, 

pRS316: Ura3 

HR125-2B Por+ 

Nuc1-3XFLAG-TEV-

3HA, pSu9-TEV 

Protease 

HR125 MATa gal2, his3, his4, 

leu2, trp1, ura3,  

Nuc1-3XFLAG-TEV-

3HA::KanMX6, p416 

Su9-TEV Protease: 

Ura3 

This study 

HR125-2B Por+ 

Nuc1-3XFLAG-TEV-

3HA, pCYB2[1-220]-

TEV Protease 

HR125 MATa gal2, his3, his4, 

leu2, trp1, ura3,  

Nuc1-3XFLAG-TEV-

3HA::KanMX6, p416 

CYB2[1-220]-TEV 

Protease: Ura3 

This study 

HR125-2A Por-  

(ΔPOR1) 

Nuc1-3XFLAG-TEV-

3HA, pRS316 (Vector) 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, Nuc1-

3XFLAG-TEV-

3HA::KanMX6, 

pRS316:Ura3 

This study 

HR125-2A Por- 

(ΔPOR1) 

Nuc1-3XFLAG-TEV-

3HA, pSu9-TEV 

Protease 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, Nuc1-

3XFLAG-TEV-

3HA::KanMX6,  p416 

Su9-TEV Protease: 

Ura3 

This study 

HR125-2A Por- 

(ΔPOR1) 

Nuc1-3XFLAG-TEV-

3HA, pCYB2[1-220]-

TEV Protease 

HR125 MATα gal2, his3, his4, 

leu2, trp1, ura3 

por::LEU2, Nuc1-

3XFLAG-TEV-

3HA::KanMX6,  

CYB2[1-220]-TEV 

Protease: Ura3 

This study 
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Tim17, Pam16, Pam18, Mia40, Por1 are rabbit polyclonal and originated in the Schatz/Koehler 

labs. The anti-Flag M2 mouse monoclonal antibody was obtained from Sigma Aldrich. The J2 

anti-dsRNA mouse monoclonal antibody was obtained from SCICONS. Antibodies against the 

L-A Gag protein were obtained from 

dsRNA extraction. Crude dsRNA extracts were obtained as described in previous studies73 

Protein extraction. Crude protein extracts were obtained using a mechanical glass bead lysis in 

SUTE buffer (1% SDS, 8 M Urea, 10 mM Tris pH 7.5, 10 mM EDTA, 0.5 mM PMSF). Cultures 

were grown in 4 ml medium to mid log phase. 5 OD600 worth of cells were then collected 

through centrifugation and resuspended in 100 µl of SUTE buffer and 100 µl of glass beads. 

Cells were vortexed at full speed for 3 minutes. After vortexing, 100 µl of Laemmli Sample 

buffer with 15% β-mercaptoethanol was added to the lysate and allowed to incubate at 55ºC for 

10 minutes. Lysate was transferred to a new 1.5 ml Eppendorf tube and centrifuged again at 

10,000 x g for 5 minutes. Lysates were then resolved by SDS-PAGE and visualized by 

immunoblot using standard techniques. 

Mitochondria Purification and Subcellular fractionation. Crude mitochondria extracts were 

obtained as described in previous studies74,75. Yeast were grown to mid-log phase in YPGal at 

30ºC with vigorous shaking. Cells were pelleted and washed in sterile water and resuspended in 

Tris-DTT Buffer (10 mM dithiothreitol (DTT), 0.1 M Tris-SO4, pH 9.4). Cells were then 

incubated for 15 minutes at 30ºC with shaking. Cells were then washed with Buffer A (1.2 M 

sorbitol, 20 mM potassium phosphate, pH 7.4) before resuspension in Buffer A with Zymolyase 

20T corresponding to 2.5 mg per gram of yeast. Cells were incubated for 1 hour at 30ºC with 

shaking. After incubation, cells were washed twice with Buffer A and resuspended in Buffer B 

(0.6 M sorbitol, 20 mM K+ MES, pH 6.0, 0.5 mM PMSF). Cells were then resuspended by a 
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glass Dounce homogenizer and an aliquot of the resuspension was taken as total lysate (Total).  

The remaining lysate was centrifuged at 1700 x g for 5 minutes and the supernatant was 

collected in a separate tube. The remaining pellet was resuspended in Buffer B. The 

homogenization and centrifugation were repeated, and the supernatants were combined and 

centrifuged again at 8000 x g for 8 minutes. The supernatant was taken as heavy membrane 

supernatant (HMS) and the pellet was washed twice with Buffer C (0.6 M sorbitol, 20 mM K+ 

HEPES, pH 7.4). The crude mitochondrial extract or heavy membrane pellet (HMP) was washed 

twice in Buffer C before a final resuspension in Buffer C. The Total, HMS and HMP fractions 

were normalized by BCA. Normalized amounts of total and HMS fractions were TCA 

precipitated before loading on an SDS-PAGE. Mitochondrial extracts (HMP) were either flash 

frozen in liquid nitrogen in 200 µg aliquots and stored at -80°C or proceeded directly to the 

MNase protection assay without freezing. 

 [35S]- Radiolabeled import assays. Prior to import into purified mitochondria, 35S-methionine 

and cysteine labeled proteins were generated with TNT Quick Coupled Transcription/Translation 

kits (Promega) and plasmids carrying the gene of interest. Transcription of genes was driven by 

either the T7 or Sp6 promoter. Import reactions were performed as previously described76. 

Frozen mitochondria aliquots were thawed and added to import at a concentration of 25 µg/ml. 

Samples with dissipated membrane potential (-Δψ) were treated with 4µg/ml valinomycin and 

50µM CCCP for at least 4 minutes at 25°C. Following a 15-minute incubation at 25°C, import 

reactions were initiated by the addition of 5-10µL translation mix. Aliquots were removed at 

intervals during the reaction time-course and stopped with cold buffer containing 50 µg/ml 

trypsin. Soybean trypsin inhibitor was added in excess after a 15-minute incubation on ice. 

Mitochondria were then pelleted by centrifugation (8000 x g, 6min) and re-suspended in 
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Laemmli Sample buffer. Import of membrane proteins (AAC) were carbonate extracted with an 

additional step to remove proteins that have not been inserted into the membrane as described 

in77. Samples were resolved on SDS-PAGE and analyzed by autoradiography. 

In Organello Protein Release Assay. The in organello protein release assay was performed as 

described previously48. 1.1 mg of isolated mitochondria were resuspended in release buffer (250 

mM sucrose, 5 mM MgCl2, 80 mM KCl, 10 mM MOPS/KOH, 5 mM methionine, and 10 mM 

KH2PO4/K2HPO4 pH 7.2) with 25 µg/mL proteinase K and incubated at 30ºC for 15 minutes. 

Mitochondria were then centrifuged for 10,000 x g for 8 minutes and resuspended in release 

buffer containing 2 mM PMSF and with or without 50 mM DTT. At 0 and 30-minute timepoints 

an aliquot was transferred to a separate tube and centrifuged immediately at 10,000 x g for 8 

minutes. Pellets was resuspended in Laemmli Sample buffer. Supernatants were TCA 

precipitated before resuspension in Laemmli Sample buffer. 12.5 µg equivalent of each sample 

was resolved by SDS-PAGE. 

MNase Protection assay. Mitochondrial extracts were normalized by BCA and 100 µg aliquots 

were resuspended in Buffer C with 5 mM CaCl2. Solubilized samples were treated with 0.2% 

TritonX-100 and vortexed thoroughly. Extracts were treated with 150 units of Micrococcal 

Nuclease (Thermofisher) and incubated at 37ºC for 20 minutes. Reactions were stopped by the 

addition Trizol reagent and the RNA was purified by phenol-chloroform extraction.  

RT-qPCR. RNA extracts were obtained as described in73. Residual genomic DNA was removed 

with the TURBO DNA-free Kit (Thermofisher). RNA was reverse transcribed into cDNA using 

the SuperScript III First-Strand Synthesis System (Thermofisher) according to the 

manufacturer’s protocols. The PCR was performed with the 2x SYBR Green qPCR Master Mix 
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(Biomake) on the CFX Connect Real-Time PCR detection system (Biorad). Primer sequences 

were obtained from previous studies and ordered from Integrated DNA technologies78–80.  

Annexin V and Propidium Iodide Staining. Apoptosis induction and staining was performed 

by using methods previously described81. Yeast cells were grown in a SC-Ura dextrose starter 

culture overnight. The next day, cells were transferred to a 40 ml culture of SC-Ura galactose in 

either 0.6 mM H2O2 or 40 mM acetic acid to 0.2 OD. Cells were harvested 48 hours later and 

stained with Annexin V and propidium iodide using an ApoAlert™ Annexin V-FITC Apoptosis 

kit from Takara Bio.  

Microscopy. For microscopy experiments, yeast were fixed with 4% formaldehyde and 

immunostained as described in82. For Poly (I:C) treatment, a 1:1000 dilution of the dsRNA (J2) 

monoclonal antibody was incubated overnight in 0.2 mg/ml Poly (I:C) in PBST (Dulbecco’s 

phosphate-buffered supplemented with 0.1% Tween-20 and 3% BSA). Primary (1:500) Sigma 

M2 mouse anti-FLAG antibodies and (1:1000) dsRNA (J2) antibodies were probed using 

secondary (1:1000) donkey anti-mouse IgG Alexa Fluor 488 antibody (Invitrogen). Primary 

(1:100) rabbit anti-Tim44 and (1:400) rabbit anti-Mia40 antibodies were probed with secondary 

(1:1000) goat anti-rabbit IgG Alexa Fluor 568 antibody (Invitrogen). Nuclear staining was 

accomplished using Vectashield® Antifade Mounting Medium with DAPI. Cells were visualized 

with a microscope 9Axiovert-200M (Carl Zeiss) using a Plan-Fluor 100x oil objective. Images 

were acquired at room temperature with a charge-coupled device camera (ORCA ER, 

Hamamatsu Photonics) controlled by Axiovision software (Carl Zeiss). Images were resized to 

300 dpi without resampling using Photoshop software (Adobe). 

Densitometry analysis. Densitometry analysis was performed using Quantity 1 software (Bio-

Rad Laboratories) or image J. 
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Miscellaneous. Agarose gel electrophoresis was performed using standard protocols. 

Nucleotides were visualized by ethidium bromide staining. Western blotting was performed 

using standard protocols. Proteins were transferred to nitrocellulose membranes and immune 

complexes were visualized with HRP labeled goat secondary antibody against rabbit or mouse 

IgG. Chemiluminescent and autoradiographic imaging was performed on film unless otherwise 

noted. 
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