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ABSTRACT 

 Perturbations in proteins involved in the mitochondrial processes have emerged 

as a causative factor in a wide range of life-threatening human diseases, such as 

neurodegenerative disorders. In fact, mitochondrial dysfunctions are argued to be the 

first step in triggering the onset of other deleterious events that collectively act causally 

in the pathogenesis of diseases. Accordingly, dysfunctions in mitochondrial proteins 

influence the proper functioning of basic processes, such as energy metabolism and 

reactive species production. Indeed, biochemical and genetic evidence has provided 

molecular insights into the role of mitochondrial proteins and complexes in isolation, yet 

our understanding of how mitochondrial proteins cause and/or contribute to the diverse 

array of human diseases, including neurodegeneration remains unclear. Like any other 

biological system, mitochondria are linked together by extensive networks of physical 

(protein-protein) interactions; therefore a detailed understanding of the systems 

properties is required to unravel their role in neurodegenerative diseases. To address this, 

I have developed and optimized an effective procedure to identify the physically 

interacting proteins for generating a mitochondrial protein-protein interaction network 

for those involved in various neurodegenerative diseases.  
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CHAPTER ONE: INTRODUCTION 

Mitochondria are integral dynamic organelles that participate in various essential 

biological processes. Any perturbations in their homeostasis, morphology, or function 

can result in dire consequences, affecting human health. The central nervous system 

(CNS) is particularly vulnerable, due to its reliance on the energy supply from the 

mitochondria. Indeed, dysfunctions in mitochondrial proteins (MPs) result in a wide 

spectrum of neurodegenerative diseases (NDs) at different stages of life [1-3]. Therefore, 

deciphering the network of protein-protein interactions (PPIs) of ND-linked MPs and 

studying their biological significance remain an active area of research [4].       

1.1 Mitochondria: structure, cellular activities, and role in health and disease  

The complex double-membraned mitochondria mediate diverse cellular 

processes, including respiration, Ca
2+

 homeostasis, membrane potential regulation, and 

apoptosis [1, 3]. Due to the integrative nature of many of these processes, perturbations 

in MPs result in a wide-spectrum of life-threatening mitochondrial diseases, such as 

malignancies, cardiomyopathies, and NDs, which affect the lives of several million 

individuals every year globally [1-3]. These cellular functions are carried out by an 

estimated 1,500 MPs with the majority of them encoded by the cell’s nucleus, with only 

13 encoded by mitochondrial DNA [3]. Interestingly, more than 100 nuclear-encoded 

MPs have been implicated in NDs [4].  

The nuclear-coded proteins are imported into the mitochondria from the 

cytoplasm by a set of specialized protein translocases of the mitochondrial outer 

membrane (OM) and inner (IM) membrane [5]. The space in between the OM and the 
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IM is called the mitochondrial intermembrane space (IMS) [5] (Figure 1). The functional 

processes contained within each of these compartments are highly interconnected and 

coordinated, encompassing a specific and unique set of MPs that defines the identity and 

biochemical capabilities of each compartment [6]. Briefly, the OM contains porins, 

whose water filled channels allow free passage of small molecules to enter the IMS [6, 

7]. However, most of these molecules cannot pass the impermeable IM, as the passage of 

ions and metabolites across the IM is tightly controlled by specific transport proteins [6-

8]. The structure of IM is determined by three distinct domains: the boundary membrane, 

the cristae membrane, and the cristae junctions [9]. The boundary membrane runs in 

parallel to the OM, facilitating protein translocation, lipid trafficking, and the assembly 

of the respiratory complex machinery [9]. The cristae structure is formed by the folding 

of the IM penetrating into the matrix and connected to the boundary membrane, via the 

tubular segments of the cristae junctions [9, 10]. In fact, the cristae membrane has been 

shown to be enriched with respiratory complex subunits and is the main site of oxidative 

phosphorylation (OXPHOS) activity [10, 11]. As mentioned earlier, the tubular cristae 

junctions connect the boundary membranes to the internal cristae compartments, and 

thus associate with the IMS components to promote the release of pro-apoptotic proteins, 

such as cytochrome c [12]. While the physiology and the biochemistry of these 

compartments have been well characterized [13], most proteomics studies to date have 

mainly focused on cataloguing individual components [4]. Indeed, a better understanding 

of the mitochondrial structure not as a single entity, but rather as a set of interconnected 

physical interactions with macromolecular complexes working in synergy as molecular 

machines remains an area not yet fully explored.  
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Figure 1: The structure of a mitochondrion is composed of an outer membrane (OM) 

and an inner membrane (IM), separated by an intermembrane space (IMS). The OM is 

composed of water-like channels, referred to as porins (shown as green circles). The 

IM is composed of three sub-compartments: the boundary membrane, cristae, and the 

cristae junctions. The cytosol of the IM is referred to the matrix, which houses the 

ribosomes (shown as red boxes) and mtDNA (shown as black threads). The figure was 

adapted from [4] and generated using SmartDraw
TM

. 
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OXPHOS, the mitochondrial membrane translocases, the protein folding, 

mitophagy, and the fusion machineries are extreme archetypes of mitochondrial 

assemblies. In fact, recent evidence strongly suggests the role of these processes in the 

development and pathogenesis of many mitochondrial diseases, especially in NDs [3]. 

For example, recessive mutations in the quality control mitophagy pathway proteins of 

PINK1 (phosphatase and tensin homolog (PTEN)-induced kinase 1) and PARK2 (Parkin) 

that together form a mitochondrial multiprotein complex [14] are involved in the 

degradation of damaged mitochondria leading to Parkinson’s disease (PD) [15]. Despite 

their significance to disease and therapeutics, many more mitochondrial multiprotein 

complexes and pathways are expected to be linked to NDs that mediate major 

biosynthetic, metabolic, and signaling activities at or within the mitochondria, and such 

knowledge gaps can be closed through the proposed mitochondrial proteomic analysis. 

1.2 Previous studies paved the way to implement AP-MS for the large scale study of 

ND-linked MPs 

Pioneering work by Babu and colleagues on the proteome-wide soluble and 

membrane protein interaction network surveys in the budding yeast Saccharomyces 

cerevisiae, using affinity purification coupled with mass spectrometry (AP-MS) has 

demonstrated that it is now feasible to systematically query physical (protein-protein) 

interactions among thousands of proteins [16-18]. Subsequently, this methodology has 

been extended to evolutionarily diverse organisms, including bacteria [19] and human 

[20, 21]. Particularly, Dr. Babu’s group has worked on extensively studying and 

mapping the physical interactions with high confidence in two model organisms, 

particularly the budding yeast Saccharomyces cerevisiae and eubacterium Escherichia 
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coli [23-25]. Using the AP-MS technology, the Babu laboratory has conducted large-

scale characterization studies, which focused on isolating endogenous soluble and 

membrane protein complexes under near-physiological conditions. The same principle 

behind the AP-MS approach is being leveraged to mammalian systems, addressing 

fundamental mechanistic questions about how soluble or membrane bioprocesses are 

integrated with one another in multiprotein complexes as well as cellular pathways [4]. 

The goal of this project was to develop an optimized mammalian lentiviral expression 

and affinity purification system [20-22] that can be used to identify macromolecular 

protein complexes from human ND-linked MPs, which manifest as highly connected PPI 

sub-networks. 

1.3 Key NDs and the intercepted biological pathways  

The various functions of the CNS depend significantly on efficiently working 

mitochondrial machineries, from cellular respiration, response to oxidative stress, and 

apoptosis [3, 26]. As aforementioned, the CNS system is particularly vulnerable due to 

the high demand of brain tissues to energy [26]. Mutations in MPs are implicated in the 

generation of reactive oxygen species (ROS), and their ineffective degradation lead to 

depletion in the supply of energy, resulting in a wide spectrum of NDs at different stages 

of life [1, 3, 27]. Mitochondrial dysfunctions have been reported to be associated with 

proteins that regulate the OXPHOS machinery and mitochondrial dynamic processes, 

such as fission and fusion, all of which are responsible in maintaining mitochondrial 

structural integrity and homeostasis [26-28]. The majority of the MPs are nuclear-

encoded and imported via specialized translocases, therefore interacting with proteins 

within and outside the mitochondria [3, 27, 29]. This level of complexity has not yet 



6 

 

been studied [30], which might indicate that building the network of interactions 

between mitochondrial and extra-mitochondrial proteins could potentially help in 

understanding various biological processes and the changes observed in disease states.  

Ageing-related NDs are linked to increased oxidative damage and elevated 

apoptosis levels [26-28]. However, it remains unclear whether mitochondrial dysfunction 

due to oxidative stress is the cause of ND onset or rather a consequence of 

neurodegeneration. Oxidative stress has been implicated with Alzheimer’s disease (AD), 

Parkinson’s disease (PD,) and to other dementias [26, 27, 31, 32]. 

AD is the most common ND, affecting currently 36 million people worldwide 

[31, 33]. AD patients suffer from memory loss during the early stages of the disease, 

followed by apathy and depression in the later stages [34, 35]. The hallmark phenotypes 

of this disease include amyloid β (Aβ) plaques and tangle formation of 

hyperphosphorylated tau protein [10, 34, 35]. In addition, several MPs are associated 

with AD, causing various types of mitochondrial dysfunction and morphological 

alterations [31, 32, 36]. In fact, modifications of MPs associated with energy 

metabolism, the electron transport chain (ETC), and the OXPHOS machinery were 

reported to result in oxidative stress, exacerbating the problem by creating a feedback 

effect [31, 32, 37-39].  

The second most common ND, PD is reported to affect at least 2% of the world’s 

population aged 60 years or older [14, 27, 40]. In addition to environmental factors, 

genetic predisposition has been identified to play a key role in the pathogenesis of PD 

[31, 40-42]. This disease is characterized by a significant loss of dopaminergic neurons 
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[31, 40, 41]. The most common protein associated with PD is α-synuclein that forms the 

hallmark phenotype of this disease, excessive aggregations known as Lewy bodies (LBs) 

[14, 32, 40]. PD-linked MPs are involved in maintaining mitochondrial integrity, by 

regulating key aspects of mitochondrial cellular activities, particularly the respiratory 

activity, calcium homeostasis, membrane potential, and most importantly apoptotic-

regulated disposal of stressed mitochondria [40, 43]. 

Another devastating ND that is associated with mitochondrial dysfunctions is 

Leigh syndrome (LS). Unlike other related NDs, LS disease symptoms are typically 

manifested in infancy or early childhood. However, a small subset of LS disease takes 

place at later staged of life and is characterized, as a subacute necrotising encephalopathy 

[44]. Numerous causative mutations in mitochondrial- and nuclear-encoded genes, 

particularly components of the OXPHOS have been associated with LS. In fact, LS has 

been previously described as an OXPHOS disorder, due to the extensive association 

between disease causing genes and the OXPHOS machinery [44, 45].  

Another interesting phenomenon that has complicated our understanding of NDs 

is organelle crosstalk. Indeed, organelles do not exist in isolation, but rather interact with 

each other, via a distinct set of proteins that are co-localized in the mitochondria and 

other organelles, such as the endoplasmic reticulum (ER) and the peroxisome. Any 

perturbations in this interaction can result in dysfunctions in key functions of the 

mitochondria, resulting in disease development [46]. For instance, an intracellular 

structure extracted from rat liver contained constitutes of the physical connection 

between the ER and the mitochondria, which was later on named as mitochondria-

associated membrane (MAM) [47]. The importance of this sub-domain was highlighted 
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when key pathogenic components of AD, presenilins were extracted from mouse 

embryonic knockout fibroblasts [48]. As a product of the γ-secretase complex, 

presenilins are involved in the cleavage of Aβ and their clearance [48, 49]. In fact, I will 

propose a potential pathway linking AD-linked MPs with MAM-associated proteins.  

Furthermore, we have studied interactions of the superoxide dismutase (SOD1) 

protein. SOD1 protein is associated with the motor neuron disease amyotrophic lateral 

sclerosis (ALS) [50]. Disease progression is extremely rapid, with a typical survival of 

only 2-3 years post diagnosis. About 5-10% of ALS patients have a genetic basis, 

referred to familial ALS (FALS) [50]. Primarily, mutations in SOD1 are the most 

common of FALS cases, and associated with the onset of a cascade of intercalated 

processes, ultimately resulting in neuronal cell death [50, 51]. In fact, dysfunctional 

SOD1 is involved with elevated levels of free radicals, causing disruptions to the ETC 

complexes and loss of the mitochondrial membrane potential [50, 52]. These deleterious 

changes lead to mitochondrial structure defects, accompanied by depleted ATP supply 

and apoptosis triggered by the release of cytochrome c from the mitochondrial IMS [50, 

52]. 

1.4 Research objectives 

The goal of this project was to study the interactions of the affinity-purified ND-

linked MPs that are associated with dementia. Previous approaches used in studying ND-

linked MPs were not successful in isolating MPs and capturing the interactions among 

MPs [4]. Accordingly, we needed to develop an optimized AP-MS framework to study 

the ND-linked MPs. Therefore, we aimed at developing protocols that are targeted to 

overcome the key following challenges: the integration of MP-encoding genes in 
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expression plasmids, the construction of stable cell lines, the efficient isolation of the 

mitochondrial from other cellular compartments, and capturing transient and 

comprehensive sets of mitochondrial PPIs. Subsequently, we needed to assess the 

efficiency and the applicability of the developed protocol in capturing comprehensive 

mitochondrial PPI network associated with ND. Lastly, in order to assess the generality 

of the findings in neuronal specific cells, a subset of interactions identified from the in 

vitro the human embryonic kidney (HEK293) cells were tested in the differentiated 

neurons derived from the human embryonic stem cells (NTera2).  

We hypothesized to capture a wide range of MPs involved in different 

mitochondrial processes, particularly those associated with OXPHOS machinery, being 

the energy source of many cells. However, the extent of this interaction between ND-

linked MPs and OXPHOS associated MPs was not known. In addition, we aimed at 

capturing known and predicated interactions to help in assessing the success of both the 

protocol and the purification process.  

 

 

 

 

 

 

 

 

 



10 

 

CHAPTER TWO: EXPERIMENTAL METHODLOGY 

2.1 Materials  

Reagents and buffers were purchased as indicated in Table 1, otherwise a recipe 

was provided where applicable. Ultrapure grade water filtered using MilliQ (18.2 

MΩ·cm) was used, unless otherwise indicated. Particularly, buffers used in running MS 

samples were prepared with high grade high-performance liquid chromatography 

(HPLC) water. 

2.2 Methods  

The various experimental procedures used in this project ranged from human cell 

line culturing, affinity purification, mass spectrometry analysis, to data filtration 

processes, in the subsequent sub-sections.    

2.2.1 Human cell lines  

HEK 293 cells and HEK 293T cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) with 10% FBS, 1% penicillin and streptomycin (P/S) and 

incubated at 37 °C under humidified air containing 5% CO2 [20]. In addition, NTera2 

cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% 

P/S and grown at 37 °C in a humidified atmosphere of 5% CO2 [53]. The confluent 

undifferentiated non-neuronal cells were differentiated into neurons upon the addition of 

retinoic acid (RA) [53]. 
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Table 1: List of reagents and equipment grouped into different categories.  

Category Reagent/Material 
Company 

name 
Catalog # 

Plasmids 

 

 

 

Gateway-compatible 

destination clone 

Addgene 

24588 

Lentiviral packaging (Pax2) 

plasmid 
12260 

Lentiviral envelope 

(MD2G) plasmid 
12259 

Gateway
®

-compatible entry 

clones 

Harvard 

Plasmid ID 

database 

N/A 

Plasmid 

transformation 

reagents 

Ethylenediaminetetraacetic 

acid (EDTA) 

Sigma-

Aldrich 

 

E9884 

Gateway
®

 LR clonase II 

enzyme 

Life 

Technologies 

11791-043 

Proteinase K 25530-049 

DH5α  cells 18265-017 

Cell lines 

HEK 293 cells 

American 

Type Culture 

Collection 

(ATCC) 

CRL-1573 

HEK 293T cells CRL-3216 

NTera2 cells CRL-1973 

 

 

Transfection reagents 

 

 

Lipofectamine LTX 
Life 

Technologies 
15338-100 

FuGene HD 
Promega 

 
E2312 

XtremeGENE 

 

 

Roche 

 

 

 

6365787001 
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Cell culture media and 

related reagents 

Dulbecco’s modified 

Eagle’s medium (DMEM) 

Life 

Technologies 

11965-118 

Fetal bovine serum (FBS) 12483-020 

Retinoic acid (RA) 1353500 

Polybrene 

Sigma-

Aldrich 

 

107689 

Antibiotics 

Penicillin and streptomycin 

(P/S) Life 

Technologies 

15140-122 

Puromycin A11138-03 

Detergents 

Digitonin Abcam ab141501 

Fos choline 12 (FC12) 

Anatrace 

F308S 

Fos choline 15 (FC15) F314 

Triton 

Life  

Technologies 

X100 

CHAPS 

(3-[(3-cholamidopropyl) 

dimethylammonio]-1-

propanesulfonate) 

C3023 

DDM 

(N-dodecyl β-D-

maltopyranoside) 

D4641 

LDAO 

(N,N-

dimethyldodecylamine-N-

oxide) 

D9775 

CHAPSO 

(3-([3-cholamidopropyl] 

dimethylammonio)-2-

hydroxy-1-

propanesulfonate) 

C3649 

Radio-immunoprecipitation 

assay buffer (RIPA) 
Thermo 

Scientific 

89900 

DM 

(N-decyl-β-D-

maltopyranoside) 

89902 
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NP40 

(Nonyl 

phenoxypolyethoxylethanol) 

85125 

Antibodies 

 

Anti-FLAG antibody 

Sigma-

Aldrich 

 

F3165 

Horseradish peroxidase-

conjugated goat anti-mouse 

secondary antibody 

Thermo 

Scientific 
32430 

Silver staining 

Acetic acid 
Fisher 

Scientific 
A38-500 

Silver nitrate 

Sigma-

Aldrich 

209139 

Methanol 34860 

Formaldehyde F8775 

Sodium thiosulfate 72049 

Sodium carbonate 223484 

Dithiobis succinimidyl 

propionate (DSP) 

Thermo 

Scientific 

 

22585 

SDS-PAGE 

Nitrocellulose membranes 

Life 

Technologies 

LC2010 

Tris-Acetate SDS Running 

Buffer (20X) 
LA0041 

Tetramethylethylenediamine 

(TEMED) 
15524-010 

 

Loading dye 
Lonza 50632 
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Affinity purification 

and MS related 

treatments 

FLAG M2 agarose beads 

Sigma-

Aldrich 

 

M8823 

Sucrose S0389 

Sodium chloride S7653 

Tobacco etch virus (TEV) 

protease buffer 
T4455 

HPLC-grade H2O 270733 

Sodium bicarbonate S5761 

3X FLAG Peptide F4799 

2-iodoacetamine (IAM) I1149 

Formic acid 14265 

Bio-spin disposable 

chromatography column 
Bio-Rad 732-6008 

Strep-Tactin Sepharose 

resins 
IBA 2-1201-010 

Protease and phosphatase 

inhibitor cocktail 

Thermo 

Scientific 

78440 

TCEP-HCl 20490 

Immobilized trypsin 20230 

Acetonitrile (ACN) 51101 

Tris-HCl 
Promega 

 
H5125 

Protease inhibitor Roche 4693132001 
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Kits 

 

Mitochondrial fractionation 

kit 
Active Motif 40015 

Plasmid mini kit 

QIAGEN 

12125 

Plasmid midi kit 12145 

Instruments/equipment 

 

 

Fluorescence based 

molecular imaging 
Kodak 

ISM 

2000MM 

Speed vac Savant SVC 200H 

Nanodrop 2000
TM

 

spectrophotometer 

Thermo 

Scientific 

N/A 

Orbitrap Elite mass 

spectrometer 
N/A 

SDS gel electrophoresis box P82 

Protein gel boxes 
Life 

Technologies 
WG1602BOX 

Milli-Q integral water 

purification system 

EMD 

Millipore 
N/A 
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2.2.2 Plasmid construction 

Plasmid lentiviral expression vector was constructed with the Gateway
®
 LR 

clonase II enzyme, pLD-puro-ccVA destination plasmid, and Gateway
®

-compatible 

entry clones [20]. In particular, the sticky ends of attL (entry clones) and attR 

(destination vectors) match up in a process referred to the LR reaction, forming the 

expression clone with attB flanking ends and a by-product with attP ends (Figure 2A). 

2.2.3 Creating ND-linked mitochondrial fusion proteins  

A sequence verified that the cDNA entry clone pertaining to the gene of interest 

in the Gateway compatible pDONR221/223 or pENTR223 vectors was inserted into the 

MAPLE (Mammalian Affinity Purification and Lentiviral Expression) destination vector 

through Gateway recombination cloning technology. Briefly, the MAPLE vector was 

composed of ~12 kDa versatile affinity (VA) for affinity purification, in-frame with a 

Gateway cassette containing 3× Flag, 6× histidine (His), and 2× Streptactin (Strep) 

epitopes, where Flag and His were separated by the dual tobacco etch virus (TEV) 

protease cleavage sites [20] (Figure 2B). Thus, the fusion of a protein-coding sequence 

with the MAPLE vector allowed for single, dual, or triple purifications [22]. The 

expression of the integrated gene in the MAPLE vector was regulated by the constitutive 

cytomegalovirus (CMV)-driven promoter. 

Each mitochondrial target cDNA entry clone was integrated into the MAPLE 

destination plasmid using the LR clonase to generate expression clones. The LR reaction 

mixture was prepared using 1 µL entry clone, 1 µL pLD-puro-ccVA (control of cell 

death (ccdB)) was integrated), 7 µL Tris-EDTA (TE) buffer (10 mM Tris-HCL, 1 mM 

ethylenediaminetetraacetic acid (EDTA), pH 5.9), and 1 µL Gateway LR clonase II  
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B 

 

 Figure 2: An LR reaction is carried out between an entry clone containing 

mitochondrial target cDNA and a destination MAPLE vector that is composed of the 

VA epitope tag [20].  
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enzyme to a total volume of 10 µL. The mixture was incubated at room temperature for 

~2 hrs [20]. In this reaction, ccdB was replaced with the mitochondrial target cDNA, 

such that only cells containing a recombinant DNA can give rise to viable clones 

(insertional inactivation of ccdB). To stop the reaction, 1 µL proteinase K was added to 

the LR reaction mixture, followed by incubation at 37 
o
C for 10 min (Figure 2A). To 

transform LR reaction products, 1 µL of the prepared mixture was added to 50 µL of 

DH5α competent cells, following the manufacture’s protocol. The transformed products 

were selected on the LB medium containing ampicillin (100 μg/mL) and 

chloramphenicol (34 μg/mL) [20]. Single colonies were isolated for mini-preps to 

confirm if the clones were correctly recombined. 

Once an expression plasmid (i.e., the integration of the gene of interest located in 

the entry clone into the MAPLE vector) was constructed, lentivirus elements and 

transfection reagents were used to generate lentiviral particles containing the MAPLE 

vector with the gene of interest using HEK293T cells. The viral particles were 

transduced into the host HEK293 cells to integrate the MAPLE vector [20]. Stably 

transfected cells were observed after two rounds of puromycin (2μg/mL) selection and 

subsequently expanded into large quantities for affinity purifications (Figure 3A) [4].   

2.2.4 Generation of stable cell lines and immunoblotting 

After splitting HEK293T cells into 60-mm plates with low antibiotic media 

(DMEM with 10% heat-inhibited FBS and 0.1× penicillin-streptomycin (P/S)), 6 μL 

FuGene transfection reagent, 90 mL Opti-MEM, and 2 µg expression clones were mixed 

together with the viral mixture containing 1.0 µg packaging (Pax2), 0.1 µg envelope 

(MD2G), to a total volume of 20 mL with Opti-MEM media [20]. In addition to Fugene,  
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A 

 

 

 

 

B 

 

 

  

Figure 3: Transfection of HEK293 cells and immunoblotting experiments are 

explained. In panel A, the MAPLE vector is fused with target mitochondrial cDNA 

into HEK293 cell lines, via non-viral or lentiviral-based methods. Non-viral 

transfections require the use of transfection reagents, for example FuGENE,  

X-tremeGENE, and Lipofectamine, resulting in transient cell lines expressing VA-

tagged MPs. Lentiviral transfection requires the use of lentiviral envelope and 

packaging elements to transfect HEK293T cells. After the generation of lentviruses 

that contain mitochondrial target cDNA, HEK293 cells are transduced to construct 

stable cell lines expressing target MPs. In panel B, to confirm tag integration into 

the host cell line, HEK293 cells are collected, treated with a lysis buffer, 

immunblotted, and developed against anti-FLAG antibodies. 
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other transfection reagents, such as Lipofectamine LTX or XtremeGENE were evaluated 

to determine the transfection efficiency. The viral contents were incubated for 30 min at 

room temperature, transferred to HEK293T cells, and incubated at 37 °C in 5% CO2 

overnight. The following day, the mixture was replaced with high-serum containing 

media (i.e., DMEM, 30% FBS, 1× P/S) and incubated for 24 hrs. The viral cells 

collected after several harvests were centrifuged at 476 ×g for 5 min at 4 °C to remove 

cellular debris deposited at the bottom of the microcentrifuge tubes. The viral 

supernatant along with the cationic polymer polybrene (8 μg/mL) were added to 

HEK293 cells (~0.5 × 10
6
) and seeded in 6-well plates to enhance gene transfer. After 24 

hrs of incubation, the viral media were replaced with fresh DMEM, 10% FBS, 1× P/S, 

and puromycin (2 μg/mL) selection for 2-3 days, to ensure effective isolation of stable 

cells, expressing the introduced VA-tag MP (Figure 3A).   

In the event of transfecting neuronal cells, NTera2 cells (6.25 x 10
5
) were seeded 

in a 6-well plate and incubated using the above described conditions. On the subsequent 

day, 8 μg/mL of polybrene was added to viral media to enhance gene transfer. After 24 

hrs of incubation, the viral media were replaced with DMEM, 10% FBS, 1× P/S, and 2 

μg/mL puromycin and repeated for 2-3 days to ensure effective selection of stably 

transfected cells. Once stably-transduced cells were generated, NTera2 cells were lysed 

using the buffer described below and the expression of tagged proteins was confirmed 

using anti-FLAG antibody. After confirming the tag, stable cells were grown in ten T-

175 flasks. After centrifugation, the cell pellets were either processed immediately or 

stored at -80 °C for future use. 
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For detecting tagged protein expression through immunoblotting, the stably-

transfected cells were lysed using 500 µL high salt lysis radio-immunoprecipitation 

assay buffer (RIPA) [25mM Tris-HCl, pH 7.6; 150mM NaCl; 1% NP-40, 1% sodium 

deoxycholate; and 0.1% sodium dodecyl sulfate (SDS)] and a protease and phosphatase 

inhibitor cocktail to block endogenous proteolytic and phosphatase enzymes that could 

alter the protein of interest (Figure 3B) [4]. The cell lysates were centrifuged at 23,447 

×g for 5 min. Protein concentration in the supernatant (soluble fraction) was measured 

using the Nanodrop 2000
TM

 spectrophotometer. Subsequently, the protein lysate mixture 

was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), and transferred to nitrocellulose membranes. The membrane was probed against 

anti-FLAG antibody for ~2-3 hrs, followed by incubation with horseradish peroxidase-

conjugated goat anti-mouse secondary antibody for 45-60 min. Immunodetection was 

performed using enhanced chemiluminescence and visualized by fluorescence based 

molecular imaging using excitation filters of  535 nm (Kodak ISM 2000MM).  

2.2.5 Silver staining 

The purified stably expressed FLAG-tagged proteins separated by 10% SDS-

PAGE were fixed using 50 % methanol, 10% acetic acid, and 50 µL formaldehyde /100 

mL solution overnight. The gel was washed with 50% ethanol three times with 20 min 

intervals between each wash, followed by a one min wash with hypo solution (sodium 

thiosulfate solution 20 mg/100 mL, swirl by hand). The gel was repeatedly washed with 

water three times for 20 sec with swirling, followed by silver nitrate treatment (200 

mg/100 mL) for 30 min. After washing the gel once again for 20 sec with water three 

times, 100 mL developing solution (6 g sodium carbonate, 2 mL of the hypo solution, 
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and 50 µL formaldehyde) incubated for 30 min was used to develop the gel and 5% 

acetic acid to stop the reaction.  

2.2.6 Extraction of mitochondrial and cytosolic fractions from VA-tag ND-linked 

MPs  

Two approaches were used to extract the mitochondrial and the cytosolic 

fractions for data reproducibility and interaction coverage. The first was a modified 

protocol obtained from Dr. Aaron Schimmer’s laboratory (Princess Margaret Hospital, 

Toronto; from here on referred as Frezza et al.) and the second from a commercial kit 

(Active Motif, USA). Dr. Schimmer’s protocol was adapted from a protocol published 

by Frezza et al. [54]. In this approach, an enzyme dilution buffer [20mM Tris buffer, 500 

mM sucrose, 2mM ethylene glycol tetraacetic acid (EGTA) and 1 tablet of protease 

inhibitor, pH 7.0] was used to isolate the mitochondrial fraction from the cytosol and 

cellular debris. Cell pellets collected from ten T-175 flasks were thawed on ice and re-

suspended by pipetting 15× using 0.5 mL MilliQ water (Figure 4A). Cells were lysed 

using a glass homogenizer centrifuged at 600 ×g for 10 min at 4 °C and 16,100 ×g for 15 

min at 4 °C. The supernatant was aspirated and collected in a separate tube (i.e., 

cytosolic fraction), while the mitochondrial enriched pellet was washed extensively with 

enzyme dilution buffer and centrifuged at 16,100 ×g for 15 min at 4 °C. 

Both cytosolic and mitochondria-enriched pellets were used for purifications. In 

parallel to Frezza et al. protocol, a commercial cell fractionation kit was used to isolate 

mitochondrial and cytosolic fractions for purifications, following the manufacturer’s 

instructions (Figure 4B). 
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B 

 

Figure 4: Mitochondrial fractionation and detergent solubilization procedures are shown. 

In panel A, once the VA-tag integration is confirmed, recombined cells are expanded 

into ten T-175 flasks and then collected by centrifugation, to be used for the isolation 

into cytosolic and mitochondrial components, via either a commercial kit or the Frezza et 

al. protocol [54]. In panel B, The two fractions are treated with the chemical crosslinker 

dithiobis succinimidyl propionate (DSP) and detergent solubilized (digitonin), isolating 

integral membrane proteins from the membrane and forming a detergent-bound IM 

proteins. 
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2.2.7 Chemical cross-linking 

The chemical crosslinking reagent dithiobis succinimidyl propionate (DSP) was 

prepared in dimethyl sulfoxide (DMSO) and then diluted in PBS to make 2 mM stock 

solution. Mitochondrial and cytosolic fractions treated with 1 mL diluted DSP were 

incubated at room temperature for 30 min, keeping the tubes horizontal while gently 

mixing the samples every 5 min (Figure 4B). The chemical reaction was quenched by 

adding 1M Tris-HCl (pH 7.5) to a final concentration of 100 mM and incubated on ice 

for 10 min and mixed by gently inverting the tubes every 5 min.  

2.2.8 Detergent solubilization  

A representative set of ND-linked proteins chosen from various mitochondrial 

sub-compartments were tested for solubilization using mild non-ionic and zwitterionic 

detergents. The detergent solubilized extracts were probed with anti-FLAG antibody to 

evaluate the most suitable detergent for affinity purification, using the above described 

immunoblotting procedure (Figure 4B).  

2.2.9 Affinity Purification of ND-linked tagged MPs 

Mitochondrial and cytosolic fractions isolated from ND-linked tagged MPs 

treated with chemical crosslinking were subjected to affinity purifications. HEK293 cells 

were lysed in a buffer containing 30 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% 

digitonin, and protease and phosphatase inhibitors, and incubated on ice for 30 min. 

After incubation, cell lysates were centrifuged at 23,447 ×g for 20 min at 4 °C. In the 

meantime, FLAG M2 agarose beads were pre-washed three times with 1 mL PBS, and 

twice with 1 mL lysis buffer. The supernatant was harvested, transferred to a new 

Eppendorf tube, and incubated with 40 μL liquid slurries of M2 agarose resins overnight 
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at 4 °C with gentle rotation. The overnight mixture was then subjected to either single or 

dual round(s) affinity purification (Figure 5) [20]. 

In the single step purification, the supernatant and FLAG M2 agarose beads were 

transferred to Bio-spin disposable chromatography column and the flow-through was 

collected in fresh Eppendorf tubes (Figure 5). Prior to the transfer of supernatant, the 

columns were pre-washed three times with 800 L lysis buffer containing 0.1% digitonin 

instead of 1%, and then washed twice with 500 L lysis buffer, without any detergent. 

The supernatant was transferred to the column containing the resins, washed four times 

with 1 mL ice cold 1× Tris-buffered saline (TBS) (50 mM Tris, 150 mM NaCl, pH 7.6), 

and eluted in 1.5 mL tubes using the elution buffers described below.  

In dual step purification, after incubating the supernatant and FLAG M2 agarose 

resins at 4 °C overnight and washing with TBS, the samples were purified using the 

Strep-Tactin Sepharose resins (Figure 5). Briefly, after one-round of purification with 

anti-FLAG beads, columns were washed twice with 1 mL TEV buffer (10 mM Tris-HCl, 

pH 7.9; 125 mM NaCl; and 0.1% digitonin), incubated with 100 L TEV buffer, 5 L 

TEV protease (2 mg/mL), and 2 L 3×FLAG peptide, and rotated overnight at 4°C. Into 

a fresh column, 20 L Strep-Tactin bead slurry was added and washed three times with 1 

mL TEV buffer at 4 °C with gentle mixing. Columns were washed with TBS four times 

and samples were eluted from the column with two different elution buffers (10% 

ammonium hydroxide in HPLC-grade H2O (pH 11.5), and 50 mM ammonium 

bicarbonate) in a volume of 150 μL by incubating it for 30 min at 4 °C prior to each 
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Figure 5: Experimental pipeline for AP-MS is shown. The VA-tagged MPs are treated 

with anti-FLAG M2 agarose beads (single round purification). To eliminate the 

contaminants, TEV proteases are used prior to the addition of Strep-Tactin sepharose 

beads. The bait and its interacting preys are eluted using the elution buffer NH4OH. The 

protein complex is trypsin digested, cleaving at the positively-charged amino acids 

lysine and arginine, generating a peptide mixture that are separated and ionized using the 

Orbitrap mass spectrometer. To determine the identity of the preys, MS data are 

analyzed against the human search engines, SEQUEST and the confidence scores are 

validated by STATQuest algorithm.     
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elution. The eluted samples were dried using the speed vac overnight and subjected to 

mass spectrometry analysis (see below). 

2.2.10 Mass spectrometry and protein identification  

The speed vac dried samples were diluted with 50 μL digestion buffer (50 mM 

NH4HCO3 and 1 mM CaCl2) and  incubated with 0.9 μL of 100 mM TCEP-HCl [Tris (2-

carboxyethyl) phosphine] (final concentration of 2 mM) at room temperature for 45 min 

to reduce protein disulfide bonds. To this mixture, 1 μL of 0.5 mM 2-iodoacetamine 

(IAM) alkylating agent was added to a final concentration of 10 mM and incubated in 

the dark for 40 min, prior to digesting the mixture with immobilized trypsin (70 

units/mg). The tyrpsinized samples were incubated overnight at room temperature by 

mixing gently using a rocking shaker. The reaction was stopped by adding 1 μL of acetic 

acid to the sample. The digested samples were processed using the following steps: first, 

a zip tip was equilibrated by aspirating 10 μL of wetting solution [70% acetonitrile 

(ACN) in 0.1% formic acid (FA)] and dispensing to waste three times, then washed with 

100% HPLC grade H2O in 0.1% FA by aspirating and dispensing 10 times, and finally 

washed three times with wetting solution and dispensed. After washing extensively, 10 

μL of digested sample was aspirated and dispensed twice and then dried completely 

using the speed vac for 25 to 45 min. Dried samples were diluted with 20 μL FA buffer 

and vortexed for 10-30 sec to mix contents, and briefly centrifuged at 20,217 ×g for 1 

min, prior to loading the samples in an Orbitrap Elite mass spectrometer. 

Trypsin digested affinity purified samples were separated by liquid 

chromatography and injected into the mass spectrometer for initial scan and selection of 

the ions that correspond to the peaks within the spectra. These same peaks were further 
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isolated and dissected to analyze fragment spectra in an automated fashion, where 

peptides of distinct characteristics were selected for further fragmentation and analysis. 

High-confidence matches among the resulting MS/MS spectra were mapped against a 

reference human protein sequences using the SEQUEST database search engine and the 

matches were evaluated by the STATQuest probability algorithm [55]. In addition, 

untagged wild type cells and green fluorescent tagged protein (GFP) VA-fused HEK293 

cells were used to eliminate common false positive interactions detected by the mass 

spectrometer.  

2.2.11 Sub-network generation  

The MS spectra obtained from the purified MP-tagged in HEK293 and 

differentiated NTera2 neuronal cells were searched using the SEQUEST search 

algorithm to identify the baits and their interacting prey proteins. These search results 

were subjected to a STATQuest probability algorithm to determine the probability of this 

interaction being true based on a likelihood score [55]. Similar to other large-scale 

proteomics studies, the inherent issue remains in distinguishing true interactions from 

false positives [4]. To achieve this, we have implemented the following strategies: (1) 

many high abundant housekeeping proteins, particularly actins, ribosomal proteins, and 

chaperones are noted as common contaminants and hence were discarded; (2) proteins 

that either bound to the VA-tagged GFP bait or untagged wild type HEK293 control cells 

were used to eliminate false positive interactions; (3) proteins that consistently co-

purified with 80% or more (i.e. 30 out of 38 MPs were discarded) of the baits tested were 

considered as common contaminants; (4) proteins that were previously detected as 

contaminants from the contaminant repository for affinity purification (CRAPome) 
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database [56] were identified and  filtered ; (5) interactions with a probability score of 

less than 90% (generated from STATQuest) were considered as spurious and filtered out; 

and (6) finally since each MP purification was performed in quadruplicate, only proteins 

that co-purified consistently in more than 75% of the purifications were considered as 

true interactors. The resulting filtered dataset was used to generate sub-networks via a 

publicly available Cytoscape plug-in [57].  

The interaction type was chosen to be the number of peptides, as shown on the 

edges (connecting lines representing PPIs) between nodes. Then, nodes are further 

classified based on their functional role. Each functional category was given a certain 

color code, as shown in the legends of the figures presented below. The orientation of the 

sub-networks was adjusted by grouping certain nodes together to emphasize certain 

functional or disease-related aspects.  
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CHAPTER THREE: RESULTS AND DISCUSSION 

3.1 Generation of master table of ND-associated MP targets for large scale AP-MS 

An exhaustive search of literature sources and public databases, including 

Uniprot, OMIM (Online Mendelian Inheritance in Man), HGMD (Human Gene 

Mutation Database), CGP (Cancer Genome Project), and GAD (Genetic Association 

Database) revealed that more than 600 non-redundant nuclear-encoded MP-coding genes 

are linked to various mitochondrial diseases solely due to mutations, including 128 genes 

that are involved in various ND diseases [4]. The sub-cellular localization of these 128 

ND-linked MPs was examined using UniProt, as well as the results of various signal 

peptide and trans-membrane helix prediction algorithms, including TMHMM [58], 

Scampi [59], and Phobius [60], indicating that 71 are localized to the mitochondrial 

membranes (58 experimentally verified, 13 computationally-predicted), while the other 

57 are soluble and/or membrane bound.   

To prioritize ND-linked MPs for affinity purifications, Dr. Ke Jin used evidence 

from mRNA expression levels determined by RNA-Seq as a proxy [61] to estimate a 

lower boundary on how many target ND-linked MP proteins are expressed in HEK293 

cells. Of the 128 ND-linked MPs, about 85% (109 out of 128) have expressed mRNA in 

HEK293 cells. We decided to use HEK293 cells, due to their ease in culturing and 

transfection, compared to neuronal cells, and their advantage in studying protein 

expression in un-mutated cell line. Using this evidence, a seed list of 12 ND-associated 

MPs was prioritized (shown italicized in Table 2) based on their expression level and 

used for optimizing experimental approaches to study MP association with NDs. In other 

words, this table adapted from Uniprot helped in generating a purification target list,  
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Table 2: mRNA expression of ND-linked MPs in HEK293 cells, expressed as reads per 

Kilobase per million reads (RPKM), adapted from the Uniprot database. Cellular 

functions were taken from pubmed.com (protein) database. A subset of the ND-linked 

MPs is shown in italic font, representing those that were used in the initial pilot study.   

 

Sub-cellular 

Localization  

 

 

ND-linked MP 

 

Functional 

Category 

HEK293 

mRNA 

expression 

(RPKM) 

 

 

Solubility 

 

 

 

 

 

 

 

Cytoplasm 

 

 

 

 

 

 

IDE 

Insulin-degrading 

enzyme 

Metabolism 243 Membrane 

SOD1 

Superoxide dismutase 2 

Metabolism 21156 Soluble 

KIF1B 

Kinesin family member 

1B 

Apoptosis 1415 Soluble 

BLMH 

Bleomycin hydrolase 

Metabolism 2965 Soluble 

ACAT2 

Acetyl-CoA 

Acetyltransferase 2 

 

Metabolism 3259 Soluble 
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Cytoplasm 

 

UCHL1 

Ubiquitin carboxyl-

terminal hydrolase 

isozyme L1 

 

Metabolism 

 

3177 

 

Membrane 

IREB2 

Iron-responsive 

element-binding protein 

2 

Metabolism 436 Soluble 

 

 

 

 

 

 

IMS 

 

 

 

 

 

 

 

HTRA2 

HtrA serine peptidase 2 

 

Apoptosis 336 

 

Membrane 

CPOX 

Coproporphyrinogen 

oxidase 

Metabolism 3140 Membrane 

NDUFS4 

NADH dehydrogenase 

ubiquinone iron-sulfur 

protein 4 

Metabolism 3306 Membrane 

SLC25A22 

Solute carrier family 25 

member 22 

 

Transport 241 Membrane 
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IM 

SDHA 

Succinate 

dehydrogenase 

ubiquinone flavoprotein 

subunit 

 

Transport 

 

N/A 

 

Membrane 

NDUFV3 

NADH dehydrogenase 

ubiquinone flavoprotein 

3 

Cellular 

respiration 

132  Membrane 

 

 

 

 

 

Matrix 

 

 

 

 

 

TFAM 

Transcription factor A, 

mitochondrial 

Transcription 2248 Soluble 

DLD 

Dihydrolipoamide 

dehydrogenase 

Cellular 

Respiration 

1316 Soluble 

PDHA1 

Pyruvate dehydrogenase 

α 1 

Cellular 

Respiration 

4139 Soluble 

 

 

DARS2 

Aspartate-tRNA ligase 

 

 

Metabolism 1574 Soluble 
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OM 

 

 

 

 

 

 

PINK1 

PTEN-induced putative 

kinase 1 

Apoptosis 460 Membrane 

DNM1L 

Dynamin 1-like 

Mitochondrion 

Organization 

644 Membrane 

TSPO 

Translocator Protein 

Transport N/A Membrane 

TOMM40 

Translocase Of outer 

mitochondrial 

membrane 40 homolog  

Transport 4716 Membrane 

MFN2 

Mitofusin-2 

Mitochondrion 

Organization 

350 Membrane 

VDAC1 

Voltage-dependent 

anion-selective channel 

protein 1 

Transport N/A Membrane 

 

 

Unknown 

 

 

 

CDK1 

Cyclin-dependent 

kinase 1 

 

 

Apoptosis 

 

716 

 

Soluble 



35 

 

 

 

 

 

 

 

 

 

 

 

Unknown 

 

 

 

 

 

 

 

 

 

 

 

 

COX15 

Cytochrome oxidase 

homolog 15 

Cellular 

Respiration 

459 Membrane 

SOAT1 

Sterol O-acyltransferase 

1 

Transport 124 Membrane 

PARK7 

Parkinson protein 7 

Apoptosis 8438 Soluble 

COQ2 

Coenzyme Q2 4-

hydroxy- benzoate 

polyprenyltransferase 

Metabolism 1593 Membrane 

APBB1 

Amyloid beta A4 

precursor protein 

binding family B 

member 1 

Apoptosis N/A Membrane 

SPG7 

Spastic paraplegia 7 

Metabolism N/A Membrane 

SLC9A6 

Solute carrier family 9  

member 6 

 

Transport 534 Membrane 
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Unknown 

 

 

 

ABCD1  

ATP-binding cassette 

sub-family D member 1 

Transport N/A Membrane 

DLST 

Dihydrolipoamide S-

succinyltransferase 

Cellular 

respiration 

611 Soluble 

FXN 

Frataxin 

Cellular 

respiration 

61 Soluble 

NDUFS7 

NADH dehydrogenase 

ubiquinone iron-sulfur 

protein 7 

Cellular 

respiration 

5683 Soluble 

HSD17B10 

Hydroxysteroid 17-β 

dehydrogenase 10  

Metabolism 2466 Soluble 

MPO 

Myeloperoxidase 

Metabolism N/A Membrane 

MSRB2 

Methionine sulfoxide 

reductase B2 

Metabolism 2334 Soluble 
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using mRNA microarray expression values as a proxy. Consequently, we have expanded 

our work to include an additional 26 ND-linked MPs, localized in various mitochondrial 

sub-compartments with a wide range of mRNA expression values (Table 2).  

There are a few MPs included in our study that did not have any corresponding 

expression values in HEK293 cells. Regardless, these MPs were tagged, purified, and 

analyzed, due to our interest in understanding their biological role and expanding the 

network of interactions between MPs. Particularly, some of these MPs were detected as 

preys in the MS data of other purified MPs, such as SDHA, ABCD1, and VDAC1. Other 

MPs, such as TSPO, MPO, APBB1, and SPG7 had been marginally explored previously, 

which encouraged us to study them further.  

3.2 Assessing the efficacy of transfection reagents 

To identify a transfection reagent that exhibited less cytotoxicity, fastest recovery 

of post-transfection, and that was capable of generating stable cell lines, three 

commercially available transfection reagents (FuGENE, X-tremeGENE and 

Lipofectamine) were tested in HEK293 cells. A visual representation of cells from the 

day of transfection to stable cell generation is shown in Figure 6. While both FuGENE 

and X-tremeGENE were the most expensive, they had the highest rate of transfection, 

with success determined by viable cell density, as compared to Lipofectamine. The latter 

transfection reagent was less harmful to cells, but the results were variable and required 

many replicates to ensure transfection success (Figure 6). This might indicate that 

Lipofectamine reagent is not specific or stringent enough to transfect mitochondrial-

encoded genes in HEK293 cells.  



38 

 

 

 Day 0  

(- puromycin) 

Day 7  

(+ puromycin) 

Day 15  

(+ puromycin) 

Day 30  

(+ puromycin) 

L
ip

o
fe

ct
am

in
e 

     

X
tr

em
e-

G
E

N
E

 

     

F
u

G
E

N
E

 

       

     

T
ra

n
sf

ec
ti

o
n

 R
ea

g
en

ts
  

 
Figure 6: Representative images of cell response to Lipofectamine, X-tremeGENE, 

and FuGENE transfections from day 0 until the generation of stably expressing ND-

linked cells containing the MAPLE vector. Transfection efficiencies (measured using 

Cell Countess
TM

) are shown as a percentage of viable cells 48 hrs post transfection 

after puromycin selection with ± standard deviation of 2%. Scale bar, 500 µm.  
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As a cationic liposome, Lipofectamine LTX reagent forms a complex with the 

negatively-charged DNA of interest, in a liposome-like structure that can be engulfed 

into the plasma membrane. However, these DNA-encompassing liposomes might not be 

stable enough to be delivered to the nucleus and penetrate the nucleus to carry out the 

transfection process [62, 63]. In fact, Yamaguchi et al. failed to detect the fluorescent 

localization of Lipofectamine fused with the DNA of interest at the nucleus. Instead a 

combination of high stability proteins, such as GST and FLAG tag helped in forming a 

stable complex to be delivered to the nucleus [63]. This latter feature might explain the 

variability in the results and the need to include replicates when using Lipofectamine for 

transfection. Perhaps the combination of FLAG, HIS, and Strep epiptope tags was not an 

optimal choice to ensure the stability of the DNA of interest with Lipofectamine based 

transfections.      

3.3 Determining detergent solubilization efficiency in tagged ND-linked MPs 

Since detergents have the tendency to solubilize the integral or peripheral MPs 

differently [4], a pilot study was conducted to determine the best possible detergent to 

purify the MPs. Accordingly, a series of mild non-ionic and zwitterrionic detergents 

were tested against a representative set of ND-linked MPs from different mitochondrial 

sub-cellular localizations (Figure 7). Efficiency of detergent solubilization in 

mitochondrial extracts was confirmed using the anti-FLAG antibody. As expected, the 

different detergents showed varying patterns of solubilization. However, digitonin and 

FC15 seem to work well at least for the representative set of MPs tested (Figure 7). To 

minimize the large-scale purification effort, digitonin was chosen as the best detergent, 

which is consistent with previous reports, indicating that digitonin efficiently solubilizes  
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Figure 7: Immunoblots showing extraction efficiency of a representative set of ND-

linked Flag-tagged MPs in non-ionic (regular font) and zwitterionic (italics) detergents 

probed against anti-FLAG antibodies. Gene tagging, generation of stable lines for the set 

of proteins, and purifications were prepared by Sandy Kassir, whereas the preparation of 

the dot blot assay was performed in collaboration with Dr. Vishaldeep Sidhu from 

Babu’s laboratory.  
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MPs [64, 65]. In the event that the tagged bait MP was not recovered, an alternate 

zwitterrionic detergent, FC15 was used.  

3.4 Confirmation of ND-linked MP tag expression  

To confirm the integration and expression of VA-tagged proteins in HEK293 

cells, immunoblotting was performed, using anti-FLAG antibody against the FLAG 

epitope, as shown in Figure 8. 

3.5 Chemical crosslinking captures new transient MP interactions 

The number of co-purified proteins, also known as preys of the tagged bait was 

variable, depending on the treatment used. In other words, chemical treatment of the 

purified cell lysates can alter the number of preys that co-purify with the bait, either by 

enforcing or eliminating the associations. Particularly, chemical crosslinking has proven 

to be a critical step towards the detection of transient or weak interactions [4, 66, 67]. A 

representative set of MPs affinity purified were tested by silver staining (without trypsin 

digestion) to determine if transient or weak interactions can likewise be captured in the 

conditions optimized for large-scale purifications. As expected, in most cases the highly 

abundant bait proteins were captured in both cross-linking and non-crosslinking 

conditions, but other bait MPs were captured only in the presence of cross-linking 

(Figure 9A). For example, the ND-linked MP, dynamin 1-like protein (DNM1L) was 

recovered only in the presence of cross-linking (Figure 9A). This is consistent with other 

MPs tested compared to the number of co-purifying preys identified from both non-cross 

linking and cross-linking conditions for a set of five MPs (PINK1, VDAC1, HTRA1, 

COQ2, and PARK7). This experiment showed that nearly three-fourths of the prey  
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Figure 8: Immunoblots showing the expression of a representative set of human 

mitochondrial open reading frames (ORFs) in lentivirus-transduced HEK293 cells 

against anti-FLAG antibodies.  
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Figure 9: Silver stained affinity purified  FLAG-tagged MPs in the presence (+) and 

absence (-) of chemical cross-linking captures baits and uncovers new transient 

interactions, as shown in the silver stain and Venn diagram in panels A and B, 

respectively. The molecular masses (kDa) of marker protein are shown on the left of the 

gel. Asterisks refer to the gel bands corresponding to the tagged bait MPs (placed above 

each band), indicating the recovery of the tagged bait proteins, which was confirmed by 

mass spectrometry. The numbers shown in panel B represent the protein count for co-

purifying preys. Gene tagging, generation of stable lines for the set of proteins, and 

protein purifications were prepared by Sandy Kassir, whereas the silver stain image was 

prepared by Dr. Vishaldeep Sidhu. 
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interacting proteins were captured in both conditions, while one-third of the interactions 

obtained in the presence of cross-linking were new, indicating that this is an effective 

means for identifying more transient interactions (Figure 9B).  

3.6 Evaluating mitochondrial extraction methods  

Two mitochondrial isolation methods, one adapted from Frezza et al. [55] and the 

other from a commercial kit were used to extract mitochondrial and cytosolic fractions 

from six ND-linked MPs (HTRA1, COQ2, IDE, PINK1, COX15, and PARK7). While 

both procedures recovered the tagged mitochondrial bait proteins by mass spectrometry, 

however, at times the number of peptides was lower when using the commercial kit 

compared to Frezza et al procedure. This could be attributed to the method used in lysing 

cell pellets using a glass homogenizer, particularly referring to the number of times a 

sample is pipetted up and down. Using the commercial kit, cell pellets were 

homogenized 30 times as opposed to 15, when using the mitochondrial extraction 

approach developed by Frezza et al [55]. In addition, cell lysates prepared using the 

commercial kits were treated with potent chemicals, particularly dithiothreitol (DTT), 

which is used to lyse the mitochondrial-containing pellet. DTT can reduce the disulfide 

bonds to sulfhydryls, which inhibits the formation of disulfide bonds between cysteine 

residues in peptide sequences [68].The complementation of DTT with digitonin, as a 

solubilization detergent could result in reduced or even diminished protein stability and 

function, which would potentially reduce the strength between interacting proteins, and 

hence a lower number of recovered baits [69]. The strength of interaction could also be 

influenced by the speed and duration of centrifugation, which were higher using the 

commercial kit. Nonetheless, nearly 60% of these proteins were recovered from both 
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extraction protocols, each method captured additional set of proteins not detected by the 

other (Figure 10). As well, comparison of the number of prey proteins from both the 

mitochondrial and cytosolic fractions showed that ~40% of the proteins were specific to 

each procedure tested, while a significant portion of the prey proteins overlapped well 

with both methods. Therefore, to have better interactome coverage and statistical 

reproducibility, we combined the datasets from both mitochondrial extraction methods. 

3.7 Single versus dual affinity purifications of flag-tagged ND-linked MPs in the 

presence of cross-linking 

Since MPs that are transient in nature have a higher tendency to lose proteins 

during stringent washing steps of dual-step (FLAG-STREP) purification as opposed to 

single-step (FLAG), the rate of success in recovering the tagged bait proteins from both 

single- and dual-step purifications was evaluated. To address this, MPs of the OM; 

PINK1 and DNM1L, and multi-pass membrane protein cytochrome c oxidase assembly 

homolog 15 (COX15) were purified using single and dual-step purifications. In single-

step purification, the bait recovery and the number of co-purifying proteins were higher, 

as shown for COX15 and PINK1 (Figure 11A). Consequently, single-step FLAG 

purification was deemed to be efficient for large-scale purification.   

We also detected the presence of contaminants in the silver stain images common 

among the purified samples (Figure 11A). These bands highlighted in red circles could 

also result from polypeptide degradation during SDS-PAGE. In addition, contamination 

could be introduced at the various steps of sample preparation not only when preparing 

silver stain images but also with MS samples. In particular, keratins are reported in most  
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Figure 10: Venn diagrams are shown to illustrate the number of proteins extracted from 

the co-purifying preys from both mitochondrial (A) and cytosolic (B) fractions, using 

either protocol from the commercial kit or Frezza et al. Gene tagging, generation of 

stable lines for the set of proteins, and purification were prepared by Sandy Kassir, 

whereas the preparation of Venn diagram was conducted by Ms. Sadhna Phanse from 

Dr. Babu’s laboratory. 
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(A) (B) 

Figure 11: Silver staining (A) and heat map (B) images is showing the bait recovery 

from single and dual affinity purification for a selected set of MPs from the pilot study. 

Molecular masses (kDa) of the marker protein are indicated. Asterisks refer to the gel 

bands corresponding to the tagged bait MPs, indicating the recovery of the tagged bait 

proteins, which was confirmed by MS data. The red circles refer to broken polypeptides 

in protein samples. The MS data filtered at 90% cut-off were used to generate the heat 

map using Java Treeview software, as shown in panel B. Red reflects high peptide count, 

and black the absence of peptides. Since the number of interactions recovered from the 

purified MPs was on average 50, only a representative list of co-purifying proteins was 

shown. Gene tagging, generation of stable lines for the set of proteins, and purification 

were prepared by Sandy Kassir, whereas the preparation of silver stain image was 

performed by Dr. Vishaldeep Sidhu, while the heat map was generated by Ms. Sadhna 

Phanse. 
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purification samples and originate from skin, hair, or dust [70]. It is recommended to 

always use fresh solutions when preparing samples; however the complete elimination is 

simply impossible. For example, the oxidation of β-mercaptoethanol and excessive 

heating could result in polypeptide degradation. Moreover, these samples were treated 

with phosphatase and protease inhibitor cocktail, which could modify amino acid 

residues, leading to the breakage of intra-molecular and intermolecular bonds [70]. 

Although the AP-MS methods used in this project provided protein identifications with a 

probability estimate, non-specific binding (false positives) was eliminated either from 

untagged wild type cells or using an unrelated VA-tagged GFP bait in HEK293 cells. In 

other words, interactions detected in these purifications, both the untagged and VA-GFP 

tagged HEK293 cells were eliminated due to the lack of specificity. In general, the 

frequent contaminants detected from MP-affinity purified samples at high abundance 

were the housekeeping proteins, particularly actin proteins, ribosomal proteins, putative 

proteins, and chaperones. Such proteins can bind to chromatographic beads and the bait 

protein, contributing to the extensive list of non-specific preys detected in MS analysis 

samples [4, 70, 71]. Common traces of contaminants can be picked from the various VA-

tagged MP purifications that are similar to untagged purifications [70]. For examples, 

14-3-3 protein beta/alpha protein (YWHAB) is the most common contaminant identified 

in MS samples, as identified from our study. Quality of purifications was assessed 

primarily if the bait was recovered. In the event the bait is not recovered from the affinity 

purification, we would look at the number of known or predicted interactions. 

Sometimes the bait is not recovered but a significant number of preys are detected that 

are either known or computationally predicted.   
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In addition, an alternative representation of co-purified preys of PINK1 and 

COX15 baits are shown (Figure 11B), such that each bar represents a common co-

purifying prey detected for COX15 and PINK1, using single- and dual-step purifications. 

The intensity of the color of each bar reflects the number of the prey proteins detected in 

the MS analysis. On average, about 300 interactions are detected between bait and its co-

purifying preys using AP-MS analysis. However, only about 150 of these interacting 

preys are relevant and can be identified after eliminating all non-specific sets of 

interactions, as explained previously. In fact, PPIs detected are organelle and function 

dependent, with some transient in nature that we aim to pick up using chemical cross-

linking and sample replicates. For example, the voltage-dependent anion channel 

(VDAC1) protein is part of the MAM sub-domain. It can either be found in the ER or the 

mitochondrial OM. It is not the only MPs that can be co-localized in two different 

organelles [72] (Figure 11B).  

3.8 Evaluation of best elution buffers for MS and protein identification 

In affinity purification, the non-covalent binding interactions between a ligand 

and set of target molecules are studied, where the purified ligand is immobilized to a 

solid support, such as porous bead, and then the mixture of target molecules binds to the 

immobilized ligand based on their variable affinities. After washing any non-specific 

interactors or possible contaminants, the bound target molecules are eluted or recovered 

from the ligand using potent buffers that can interfere with the affinity interactions 

between the ligand and target molecules but simultaneously maintain the integrity of the 

interactions among target molecules [59, 70]. 
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To recover the baits and the number of potential co-purifying proteins from the 

affinity tagged MPs, the efficacy of two (NH4OH, and NH4HCO3) elution buffers were 

tested (Figure 12). Our data suggests that while more than 60% of the co-purifying 

proteins were captured in both elution buffers, NH4OH buffer tends to capture more new 

interactions with higher confidence (>90%) compared to NH4HCO3. To keep our 

experimental efforts simple and lower the cost per sample, we chose NH4OH as the 

primary elution buffer for all future large-scale purifications. 

3.9 Data filtration captured extensive links between ND-linked MPs and OXPHOS 

as well as MAM associated proteins   

A total of 210 purifications in HEK293 cells encompassed 38 MPs as baits. The 

purification success was about 34% (13 out of 38), where the success rate was 

determined based on the bait recovery only. For example, the number of recovered baits 

when using a cut-off of at least two peptides with a probability of 90% or higher was 13 

out of 38 MPs, compared to 15 out of 38 (39%) using at least one peptide with the same 

probability. It is possible that these unrecovered baits were present in low quantities 

below the detection sensitivity of the MS. In the event the bait was not recovered, the 

quality of the purification was assessed by determining the presence of known 

interactions. Accordingly, the successfulness of the bait purification was improved from 

34% to 66% (25 out of 38).  

Affinity purifications of these 38 MPs encompassing 31,633 interactions after 

post filtering (refer to section 2.2.11) resulted in 6,649 high-confidence (with 90% or 

higher probability) interactions. Of these 336 are among MPs, whereas the remaining 
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Figure 12: Venn diagram showing the comparison of two elution buffers in the AP-MS 

experiments of nine FLAG-tagged MPs (DLD, IDE, HTRA1, VDAC1, COX15, CDK1, 

SOAT1, PARK7, and PINK1). Gene tagging, generation of stable lines for the set of 

proteins, and purification were prepared by Sandy Kassir, whereas the preparation of the 

Venn diagram was carried out by Ms. Sadhna Phanse.   
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interactions were linked between the mitochondria and extra-mitochondria. Besides 

capturing several highly-connected sub networks in various ND-linked processes, of 

interest were the OXPHOS and inter-organelle sub-networks (see below) linked to 

various NDs.   

3.9.1 Sub-networks showing physical connectivity between AD- , PD-, and LS-

causing MPs linked with OXPHOS machinery 

With aging, the CNS is influenced by deficiencies in mitochondrial functions; 

namely, the elevated levels of ROS, depleted energy levels, altered Ca
2+

 levels, and 

increased levels of dysfunctional proteins. The majority of the changes in mitochondrial 

regulated activities are associated with perturbations in the complexes of the respiratory 

chain, also known as the OXPHOS machinery [26-28, 32, 73]. This system is composed 

of five inner membrane spanning complexes, along with two electron carriers; 

ubiquinone and cytochrome c. By transferring electrons between electron donor 

complexes into the IMS, electrons are used in the reduction of oxygen. The accumulation 

of protons in the IMS creates an electrochemical gradient that is used to phosphorylate 

adenosine diphosphate (ADP) to ATP by complex V (F1-F0 ATPase) [27, 73]. 

We have identified AD-linked MPs to interact with OXPHOS associated MPs. 

The majority of the OXPHOS interacting proteins are part of complex I. As a component 

of the COX complex (IV), NDUFA4 was detected to interact with two AD-linked MPs, 

IDE and SOAT1. In addition, a component of complex II, SDHA was detected to 

interact with AD-linked MPs; BLMH, DNM1L, IDE, TSPO, NDUFV3, PSEN1, PSEN2 

and MSRB2 (Figure 13). Another interesting observation is the interaction between AD-  
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Figure 13: A sub-network showing the interactions between AD-linked MPs and those 

involved in OXPHOS, using cut-off values; unique peptides ≥2 and probability ≥90, as 

detected in HEK293 cells. Tagged MP baits are BLMH, NDUFV3, CDK1, DNM1L, 

MSRB2, SOAT1, IDE, PSEN1, PSEN2 and TSPO. The number of co-purifying prey 

proteins is reflected by the edge thickness.  
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linked MPs. CDK1 was detected to interact with BLMH, DNM1L, IDE, and SOAT1 

(Figure 13). This also indicates that AD-linked MPs interact with each other.  

Being the first electron carrier of the ETC, nicotinamide adenine dinucleotide 

(NADH) ubiquinone oxidoreductase is involved in the transfer of electrons from NADH 

to ubiquinone, via iron sulfur centers. In fact, complex I of OXPHOS is composed of 

three essential subdomains: a dehydrogenase, hydrogenase, and a membrane arm that are 

collectively known as N, Q, P modules, respectively [45, 74]. The Q module is involved 

in the transfer of electrons from the N module to the P module. Accordingly, the Q 

module is known to act as a ubiquinone reduction site [74]. 

Current literature supports the notion that the role of mitochondrial dysfunction 

and oxidative stress influences the onset and detection of plaque formation and AD 

pathogenesis [31, 34, 35, 73, 75]. This finding was reinforced using a transgenic mice 

model to demonstrate that oxidative damage occurs before Aβ buildup [76]. It has also 

been demonstrated that the expression of genes involved in metabolism (e.g., BLMH, 

and IDE) and apoptosis (e.g. CDK1) are elevated when neurons are undergoing oxidative 

stress [77, 78] (Figure 13). In fact, PSEN1 has been shown to interact with a number of 

OXPHOS machinery, such as SDHA, NDUFS1, NDUFS5, and NDUFS6 (Figure 13). In 

the AD mouse model, both lipid peroxidation and mitochondrial impairments were 

detected prior to the onset of Aβ plaque and tau deposition, indicating that the oxidative 

stress initiated in the mitochondria and Aβ burden may set the stage for major 

downstream pathogenesis [79]. The same observations were also detected in brain 

samples of AD patients [37, 38]. DNM1L tagged bait protein has been shown to interact 

with AD-linked MPs cyclin dependent kinase 1, CDK1 (Figure 13). Aβ peptides have 
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been reported to be involved in regulating mitochondrial fission/fusion processes; 

particularly levels of the DNM1L, as detected in the hippocampal tissues of AD patients 

[36, 73, 75]. 

Interestingly, MPs involved in cellular respiration appear to contribute more to 

interactions among PD-linked MPs, which are shown to interact with OXPHOS proteins, 

particularly those part of complex I and II [32, 40]. In addition, PD causing MPs are 

detected to interact with each other (Figure 14). Furthermore, PD-linked MPs interact 

with the majority of NADH dehydrogenase 1 subunits along with those associated with 

metabolism (Figure 14), together maintaining a homeostatic environment within the 

mitochondria [32, 80]. This is consistent with the fact that any perturbations in OXPHOS 

machinery and metabolic processes can trigger ROS production, disrupting the Ca
2+

 

balance [26, 27, 31, 40]. Together, this could promote a cell death response by HTRA2, 

PARK7, or PINK1 [40, 81, 82]. Moreover, all PD-linked MPs were shown to interact 

with common OXPHOS associated MPs, particularly NDUFA10, NDUSFS1, NDUFS2, 

NDUFS3, NDUFS4, NDUFS7, NDUFV1, and SDHA (Figure 14). This sub-network 

explains how PD is another example of neurodegeneration to be caused by disruptions in 

the OXPHOS machinery. 

We have tagged four PD-linked MPs; PINK1, PARK1, HTRA2, and UCHL1. 

PINK1 is a mitochondrial kinase that acts as an anti-apoptosis regulator protects, by 

inhibiting the release of cytochrome c [26, 40, 43]. In fact, any perturbations to PINK1 

protein are associated with reduced complex I activity [40, 80, 82, 83]. The interaction  
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Figure 14: Sub-network showing the interactions between PD-linked MPs and MPs 

involved in OXPHOS, using cut-off values; unique peptides >=2 and probability 

>=90, as shown in HEK293 cells. Bordered nodes refer to PD-linked MPs. Tagged 

MP baits UCHL1, HTRA2, PINK1, and PARK7. The number of interacting prey 

proteins is indicated by the intensity of the edges.  
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between PINK1 with other MPs regulates the balance of mitochondrial dynamic 

processes; namely fusion and fission [26, 43, 80, 82]. On the other hand, PARK7 is a 

negative regulator of PINK1 protein, triggering cell apoptosis by the phosphorylation of 

phosphatidylinositol (3,4,5)-trisphosphate that activates the Akt apoptosis pathway [81]. 

Moreover, PARK7 acts a ROS scavenger or sensor since mutations resulted in increased 

oxidative stress and apoptosis [26, 43, 81, 84]. As mentioned earlier, PD-linked MPs 

interact with each other, which might indicate that they are synergistically acting in the 

same pathway.  

Interestingly, based on our mass spectrometry data for PARK7 purified VA-

tagged cells, PINK1 was pulled down as a co-purifying prey (Figure 14). This is the first 

direct report linking the two PD-linked MPs. In fact, PARK7 has been argued to not 

intercept PINK1 apoptosis pathway [43]. However, recent evidence shows that PARK7 

is directly involved in PINK1. It was shown that the up-regulation of PARK7 can rescue 

the loss of PINK1 and ameliorate ATP levels, in both mutant mouse and Drosophila [14, 

42].  

Other PD-linked MPs studied in this project that are involved in the regulation of 

mitochondria include HTRA2 and UCHL1. HtrA serine peptidase 2 (HTRA2) is a 

quality control protein involved in mitophagy acting as a pro-apoptotic, determining the 

level of mitochondrial swelling and responding to lower membrane potential [26, 30, 77, 

85]. The neuronal ubiquitin C-terminal hydrolase isozyme L1 (UCHL1) is one of the 

MPs that have been linked to PD [86]. As deubiquinating enzymes, UCHL1 is involved 

in hydrolyzing the amide bonds between the ubiquitin and adjacent proteins [86]. Such 

enzymatic activity is involved in various cellular functions, and most importantly 
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lysosomal degradation of target proteins, such as ER resident proteins [87]. In addition, 

UCHL1 has been reported to play a role in DNA damage response, and cell cycle 

regulation [87]. Collectively all these PD-causing proteins associate with a number of 

MPs that are involved in OXPHOS system (Figure 14). 

Mutations in PINK1- and PARK7-encoding genes were reported to associate with 

PD cases [40, 83, 84, 88]. Due to its protective role, PINK1 mutations have been 

implicated in causing PD by impairing the phosphorylation of its kinase substrate 

activity [83, 88, 89]. Impaired phosphorylation is most deleterious to the mitochondria, 

causing fragmentation of the crista in PINK1 mutants, resulting in enhanced 

susceptibility to oxidative stress [83, 90]. In fact, mutated PINK1 result in the loss of 

protein function, and thereby the protective role under stress conditions, leading the 

degradation of damaged or stressed mitochondria and ultimately the development of PD 

[43, 85]. 

Mutations in PARK7 are involved with 1-2% of early onset cases of PD [43]. 

PARK7 is shown to interact with NADH dehydrogenase (ubiquinone) 1 α-subcomplex 

10 (NDUFA10), and NADH ubiquinone oxidoreductases (NDUFS1, NDUFS2, 

NDUFS3, NDUFS4, and NDUFS7), which demonstrates the importance of PARK7 in 

regulating mitochondrial respiratory activity (Figure 14). Any alterations or deletions in 

PARK7 polypeptide sequence are associated with elevated susceptibility to cell damage 

and accordingly cell death [43, 91, 92]. Furthermore, the extent of PARK7 modifications 

increases with age, contributing to the ensued elevation in oxidative stress and loss of 

protein function, similar to the consequences of PINK1 mutations [92]. These pathogenic 
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phenotypes were detected in both sporadic PD detected in aged animal models, as well 

as familial early-onset cases [43, 92].  

In our project, UCHL1 has been detected to interact with MPs associated with 

cellular respiration. This indicates that UCHL1 is involved in the regulation of the 

OXPHOS machinery, such that in the event an error occurred in any of the MPs, UCHL1 

will ensure its destruction and clearance (Figure 14). Although UCHL1 is highly 

expressed in neurons, its normal function in the cell is not well understood. Accordingly, 

a number of mice transgenic studies have attempted to understand the biological 

significance of the absence of UCHL1 protein function [87, 93]. UCHL1 mutations have 

been associated with increased susceptibility to PD; however its exact biological and 

pathological mode of action remains unclear [87, 94]. UCHL1 proteins have also been 

found to localize in LBs and other inclusions of other NDs [86]. In fact, the ubiquitin 

lysosome machinery has been proposed to play a key role in PD, mainly since the 

majority of the mutations observed among PD-linked MPs interfere with proper 

degradation of dysfunctional proteins. It has been suggested that UCHL1 is responsible 

of the degradation of misfolded and dysfunctional proteins [86].  

As similar observation was detected linking MPs causing LS and OXPHOS 

associated proteins (Figure 15). This sub-network has also shed light on how LS-linked 

MPs interact with each other. As expected, the majority of MPs associated with LS are 

involved in cellular respiration, particularly the OXPHOS machinery. Interestingly, LS-

associated MPs are shown to interact with each other to facilitate the production of ATP. 

In addition, the sub-network emphasizes the importance of the interactions between  
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Figure 15: A sub-network is compiled showing the interactions between LS-causing 

MPs and OXPHOS associated proteins, using cut-off values; unique peptides >=2 

and probability >=90, as detected in HEK293 cells. Tagged MP baits are COQ2, 

COX15, DLD, NDUFS4, NDUFS7, PDHA1, SUCLG1, and SDHA. Bordered lines 

represent MPs associated with LS. The number of co-purifying prey proteins is 

reflected by the intensity of the edges. 
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OXPHOS associated MPs with LS-linked MPs, particularly maintaining a constant flow 

of ATP.  

According to our MS data, COQ2 was detected to interact with other LS-linked 

MPs; NDUFS3, leucine-rich pentatricopeptide repeat-containing protein (LRPPRC), and 

pyruvate dehydrogenase E1 component subunit alpha (PDHA1). The interaction between 

COQ2 and PDHA1 would possibly shed some light at the linkage between the glycolytic 

pathway and the tricarboxyylic acid (TCA) cycle. COQ2 functions in the final steps of 

the coenzyme Q10 (ubiquinone) biosynthesis, which functions as an electron carrier 

from both complex I and II to complex III [95]. The flow of electrons between the 

carriers of the respiratory chain creates a biochemical energy that facilitates the pumping 

of protons across the IM. In fact, the buildup in the proton gradient in the IMS, generated 

by this translocation and the ensuing inward-negative mitochondrial membrane potential 

provides the driving force for ATP synthesis by complex V (ATP) synthase [73]. 

Coenzyme Q10 deficiency is also a known cause of LS, associating with OXPHOS 

dysfunction leading to cell death [96].  

Succinyl CoA NADH dehydrogenase flavoprotein 1 (SUCLG1) has been 

detected to interact with dihydrolipoamide dehydrogenase (DLD), COX15, and COQ2; 

all are components of complex I and IV (Figure 15). SUCLG1 mutations are involved 

with methylmalonic aciduria that is associated with Leigh-like encephalopathy [97]. 

Leigh-like cases were reported to exhibit deficiencies in the TCA enzyme succinyl-CoA 

synthase. Its malfunction induces secondary deficiency of OXPHOS enzymes (complex I 

and IV), and as a result, LS and LS-like disease are both primarily caused by 

perturbations in the OXPHOS machinery [98].  



62 

 

A number of NADH associated MPs were detected to interact with LS-linked 

MPs (Figure 15). The NADH dehydrogenase domain is composed of four essential 

nuclear-encoded subunits: NDUFS2, NDUFS3, NDUFS7 and NDUFS8. It has been 

shown that all these proteins are involved in LS pathogenesis [99]. All these subunits of 

complex I have been detected in our MS data and shown to interact with cytochrome c 

oxidase (COX) 15 homolog. Interestingly, NDUFS3 has been detected to interact with 

two key LS-linked MPs; COX15 and COQ2 (Figure 15). In fact, NDUFS3 is part of the 

catalytic core of the complex I, particularly Q module and suggested to initiate the in 

vivo assembly of complex I subunits into the mitochondrial matrix [100].  

As a key LS-linked MP, COX15 was detected to interact with most LS causing 

MPs and all OXPHOS associated MPs (Figure 15). COX15 of complex IV is defective 

among French-Canadian LS patients[101]. However, this deficiency in complex IV is 

triggered by LRPPRC mutations [102]. In fact, LRPPRC is a complex IV assembly 

factor that regulates the stability of the mitochondrial mRNAs and the production of 

COX subunits [101-103]. Moreover, LRPPRC knockout mice exhibited dysfunctional 

OXPHOS machinery and thus depleted ATP supply, indicating a connection between 

LRPPRC protein and the ATP synthase machinery [102].  

As a component of the pyruvate dehydrogenase complex, PDHA1 was detected 

to interact with COQ2, COX15, and DLD; all are integral components of the OXPHOS 

machinery (Figure 15). Deficiency of PDHA1 is the common cause of LS [102]. PDHA1 

has been shown to participate in catalyzing the conversion of pyruvate to acetyl CoA and 

CO2 [102], and hence linking glycolysis to the TCA cycle. Interactions between PDHA1 

with key LS causing MPs might indicate that the different subunits of the OXPHOS 
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machinery interact with each other at multiple levels to ensure adequate levels of ATP in 

the mitochondria.   

3.9.2 Sub-network showing inter-organellar physical connectivity with ND-liked 

proteins 

There is a set of proteins co-localized between the ER and the mitochondria that 

facilitates the association and the cellular activities mediated between the two organelles 

[40, 105]. Four key MPs are involved in different functions (Figure 16). For example, 

VDAC1 is responsible for the transport of organic and inorganic phosphates across the 

OM [32]. The activities of VDAC1 are regulated by B-cell lymphoma 2 (Bcl-2) [77], 

together contributing to the toxic aggregates generated when ALS-causing MP, SOD1 is 

mutated [52, 106]. In addition, VDAC1 was the first tethering candidate that physically 

connects the ER Ca
2+

 release channel, inositol 1,4,5-trisphosphate receptor (IP3R) using 

HSPA9 chaperon [107]. The second tethering protein is mitofusin 2 (MFN2), a 

mitochondrial OM dynamin-like GTPase that mediates mitochondrial fusion [108]. 

Another MP associated with the tethering process is DNM1L that helps in the formation 

of the ER tubule-mitochondrial contacts [46, 109]. The MAM is also involved in 

cholesterol metabolism via acyl-CoA: cholesterol acyltransferase (ACAT1) [110].  

Other ER resident proteins help in the formation of the connection between the 

two organelles and mediate their cellular functions (Figure 16). For example, the ATP 

synthase ATP2A1 is involved in regulating the MAM and amplifying the ER stress 

calnexin (CANX) protein that helps in calcium pumping [111]. In addition, ER lipid raft 

proteins (ERLIN1 and ERLIN2) are involved in targeting IP3Rs for degradation in the 

ER-associated degradation (ERAD) pathway [112]. Prolyl 4-hydroxylase beta  
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Figure 16: Interactions between mitochondrial and ER resident proteins in the 

mitochondria associated membrane (MAM), using cut-off values; unique peptides >=2 

and probability >=90, as shown in HEK293 cells. Tagged MP baits are DNM1L, MFN2, 

SOAT1, and VDAC1. Number of co-purifying prey proteins is indicated on the edges 

and their thickness.  
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polypeptide (P4HB) is involved in the retention of proteins in the ER [48, 112] and a 

number of ER folding chaperones are responsible for regulating ER calcium signaling 

including CANX [111]. As a lectin, CANX regulates the proper folding of newly 

synthesized glycoproteins through its delicate interaction with ribosomes and the 

oxidoreductases [48]. As molecular chaperons, HSPA5 and HSPA9 are involved in 

monitoring ER stress [48, 107, 113]. Apoptosis-inducing factor, mitochondrion-

associated 1 (AIFM1) is responsible for regulating mitochondrial morphology [77, 114]. 

Interestingly, presenilin proteins (PSEN1/2) have been reported to be part of the MAM 

domain, and thus the stimulatory subunit of the γ-secretase, basigin (BSG) has been 

involved in regulating MAM function [48, 115].  

Next, we have identified the interactions between ALS-linked MP SOD1 and ER-

resident proteins and MAM-associated proteins (Figure 17), such as calumenin (CALU), 

calumenin-like protein 5 (CALML5), and calreticulin (CALR), all of which are Ca
2+

-

binding ER proteins [48, 116]. SOD1 eliminates superoxide radicals by converting them 

into oxygen and hydrogen peroxide (H2O2) [52] and has different isoforms at different 

sub-compartments of the mitochondria [31, 117]. In addition, SOD1 has been shown to 

interact with key transporters of the MAM; SOAT1 and VDAC1; and mitochondrial 

fusion protein DNM1L (figure 17). Another interesting protein that was found to interact 

with SOD1 in facilitating vesicle transport and fusion is valosin-containing protein 

(VCP) (Figure 17). VCP is an ATPase that is also implicated in type 14 of ALS disease 

and reported to co-localize in both the ER and mitochondria [118]. This novel set of 

interactions might suggest a potential role of SOD1 in regulating the degradation of free 

radicals and maintaining a balanced flow of Ca
2+

 from the ER to the mitochondria.  
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Figure 17: Interactions between AD- and ALS-linked MPs with ER resident proteins in 

the mitochondria associated membrane (MAM), using cut-off values; unique peptides 

>=2 and probability >=90, as shown in HEK293 cells. Bordered nodes refer to AD- and 

ALS-linked MPs. Tagged baits are CDK1, DNM1L, IDE, MFN2, SOAT1, SOD1, 

TFAM, TOMM40, TSPO, and VDAC1. The Number of co-purifying prey proteins is 

reflected by the intensity of the edges. 
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Recent studies have shown that presenilins are localized predominately in the ER 

enriched sub-compartment, the MAM structure [49]. A calcium binding protein, CANX 

has been detected as an interacting partner with MPs (TSPO, TFAM, CDK1, TOMM40, 

and VDAC1), all of which are associated with AD (Figure 17). CANX has been reported 

to interact with the newly synthesized glycoproteins in the ER and regulate the quality 

control apparatus of the ER by the retention of incorrectly folded protein [48, 111]. 

Moreover, two glucose-regulated proteins were identified to interact with ND-linked 

proteins; HSPA9 that binds to VDAC1, and HSPA5 that acts as a chaperon facilitating 

the assembly of multimeric protein complexes inside the ER (Figure 17).  

Another MAM associated protein detected in our MS data was ACAT1, which 

has been observed to interact with CDK1, IDE, MFN2, and SOAT1 (Figure 17). 

Moreover, cholesterol metabolism is carried out by ACAT1 enriching the stock of free 

cholesterol particles in lipid droplets [110]. In fact, ACAT1 has been identified to be 

extremely enriched in the MAM subdomain and reported to be over-expressed among 

AD fibroblast samples, resulting in increased formation of lipid droplets [119].  

The other set of interactions pertained to those linking MAM associated proteins 

with the mitochondrial dynamics regulatory proteins, namely DNM1L and MFN2 that 

are involved in the fission and fusion processes, respectively [36, 46, 75, 108, 109]. 

Essential for the tethering of mitochondria to the ER [109, 120], DNM1L has been 

shown to interact with other MAM associated proteins, particularly CALR, HSPA5, 

HSPA9, P4HB, and VCP (Figure 17). Similar to DNM1L, MFN2 interacted with other 

MAM associated proteins, such as ACAT1, HSPA9, and P4HB (Figure 17). This reveals 
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the connection between AD-associated proteins under normal circumstances with the 

MAM’s structure and its critical functions.    

Lastly, AD-associated proteins were shown to interact with each other, which 

indicate that under normal conditions, these proteins are cross-talking to ensure the 

function of the MAM domain. For example CDK1 has been detected to interact with 

DNM1L, IDE, and SOAT1 (Figure 17). 

The interaction between ALS-linked MP, SOD1, and a number of AD-linked 

MPs with MAM resident proteins shows an unprecedented linkage between two 

organelles and NDs. Indeed, more work needs to be conducted to validate this set of 

interactions and assess their significance via either reciprocal tagging or tagging in 

neuronal cells.  

3.10 Validation of potential HEK293 interactions in differentiated neurons  

A number of studies have used HEK293 cells to study neurological disorders 

[121, 122]. Despite their inability to differentiate neuronal lineages or exhibit neuronal 

phenotypes, HEK293 cells have been used to investigate a number of NDs. Greene et al. 

have used HEK293 cells to transiently express PD-linked MP, leucine-rich repeat kinase 

(LRRK2) protein to study its effect on intracellular degradation of PD-related pathogenic 

aggregates, such as LBs [121]. Similarly, Skibinski et al. assessed the effect of mutant 

LRRK2 toxicity in both HEK293 cells and rat cortical neurons. In both cell models, the 

authors observed that genetic or pharmacological inhibitors of the kinase activity of 

LRRK2 resulted in decreased LRRK2-related aggregate formation and accompanied 

toxicity [122]. In addition, Luo et al. compared the cell viability in both HEK293 cells 
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and NTera2 cells, due to phosphotyrosyl phosphatase activator (PTPA) knockdown 

[123]. PTPA was reported to be down-regulated in the brains of AD transgenic mice 

models and AD patients. Their study has shown that PTPA knockdown resulted in 

increased levels of cell apoptosis in both cell lines, compared to wild type cells [123].  

To assess how well the interactions identified from the HEK293 cell line are 

bona fide in differentiated neurons, we selected a set of interactions from HEK293 cells 

and tested them in differentiated neurons derived from a neuronal specific cell line 

Ntera2, due to its ease in culturing and handling. The majority of the common 

interactions between the two cells represented those involved in regulating the 

connection between mitochondria and the ER (Table 3). In fact, we have validated the 

association of SOAT1, DNM1L, or CDK1 with the molecular chaperons HSPA5, 

HSPA9 in multiple purifications, indicating that the interactions in HEK293 can be 

recapitulated in neuronal specific cells, but more rigorous mechanistic work is warranted 

to understand the biological significance of the underlying interactions observed.  

In addition, we have identified the interactions between ND-linked MPs and 

mitochondrial ATP synthase subunits alpha (ATP5A1) and beta (ATP5B) (Table 3). 

These two MPs are components of the OXPHOS machinery, utilizing the 

electrochemical gradient arising from pumping protons across the IM. The ATP synthase 

is composed of two subunits; a soluble catalytic core, also known as the F1 unit, and a 

membrane-spanning F0 unit, together forming the proton pumping channel. Interestingly, 

the F1 catalytic core is composed of five subunits, classified as alpha, beta, gamma, delta, 

and epsilon [73]. This also provides additional evidence to the applicability of the  
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Table 3: Interactions observed in HEK293 and NTera2 cells for five MPs, using cut-off 

values of unique peptides >=2 and probability >=90. Peptide counts for each bait protein 

are shown in replicates.  

Bait Prey Prey Description Total peptides Cell Line 

SOAT1 

HSPA5 

78 kDa glucose-

regulated protein 

21 HEK293 

3 NTera2 

CDK1 

30 HEK293 

4 NTera2 

DNM1L 

HSPA9 

 

Mitochondrial Stress-70 

protein 

18 HEK293 

2 NTera2 

SOAT1 

27 HEK293 

5 NTera2 

CDK1 

27 HEK293 

5 NTera2 

SOAT1  

ATP5A1 

 

Mitochondrial ATP 

synthase subunit alpha 

3 HEK293 

4 NTera2 

TSPO 

11 HEK293 

2 NTera2 

IDE 

 

ATP5B 

 

Mitochondrial ATP 

synthase subunit beta 

17 HEK293 

5 NTera2 

SOAT1 

18 HEK293 

4 NTera2 

TSPO 

2 HEK293 

2 NTera2 
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interactions detected in the model cell line HEK293 in the differentiated neuronal 

NTera2 cells. Moreover, the interactions between ATP synthase subunits and MPs are 

particularly specific to AD-linked MPs; SOAT1, TSPO, and IDE. This might suggest an 

association between AD-causing MPs and complex V subunits of the OXPHOS 

machinery, as shown in both HEK293 and NTera2 cells (Table 3) [32]. In fact, a 

previous study has shown that the accumulation of ATP synthase alpha subunits was 

associated with early stages of AD [124]. Similarly, protein levels of complex V beta 

subunits were shown to be lower in brain tissues of AD patients [28, 38, 125].   
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CHAPTER FOUR: CONCLUSIONS AND FUTURE WORK 

I will summarize the key findings of this project, pertaining to both the 

experimental optimizations and MS data analysis. In addition, I will briefly describe the 

main challenges and caveats in each section.   

4.1 Experimental optimizations  

I have presented the optimization procedures, including the usage of affinity tags, 

the mitochondrial extraction approaches, the introduction of chemical cross-linking, and 

the different epitopes used in affinity purification, collectively implemented to identify 

novel ND-associated putative mitochondrial multiprotein complexes. Most notably, the 

proposed AP-MS technique has several advantages, compared to other proteomic 

technologies that exist to date, such as the yeast-two hybrid, which is optimal for 

studying interactions between proteins in close proximity. For instance, the use of the 

MAPLE vector accommodated for the various rounds of purifications, using FLAG, 

STREP, and HIS tags. Furthermore, the system relied on using lentiviral elements, which 

exhibit broad host range in transducing a wide range of human cell lines, particularly the 

neuronal cell lines, such as NTera2 cells. Nonetheless, like any other large-scale studies, 

the disadvantage of this method originated from the expression of the exogenous CMV-

driven promoter, resulting in over-production of MPs. In other words, the CMV-driven 

over-expression can alter the normal physiological state of endogenous protein 

expression in the cell, which results in false positive identifications of MP interactions 

[4]. However, we have mitigated this effect by using purifications with GFP tagged and 

untagged wild type controls, as well as using multiple replicate purifications of the same 
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tagged bait protein, so that interactions that are consistently found in all the replicate 

purifications were filtered out.     

There are other approaches that can overcome the overexpression phenomenon 

observed using the CMV promoter. First, the tetracycline -regulatable system offers a 

different perspective on controlling the level of protein expression in the cell [4, 126]. 

The transcription can be reversibly switched on and off, depending on the presence of 

tetracycline or its derivatives, such as doxycycline [4, 126, 127].  Second, a 

revolutionary idea makes use of the catalytically inactive clustered regularly interspaced 

short palindromic repeats (CRISPR) system and its associated nuclease, referred to Cas9 

[128]. This system is generally used to repress the endogenous gene expression in cells, 

however recently the same system has been used to effectively activate endogenous gene 

expression using a multiplexing RNA-programmable CRISPR-on system [129]. In fact, 

the CRISPR-Cas9 system has been applied to genetic engineering studies for identifying 

therapeutic targets and the introduction of functional domains that can either repress or 

activate gene expression, allowing us to explore gene regulation mechanisms at the 

molecular level [128, 130].        

 We have also attempted to verify some of the PPIs detected for MP-tagged 

HEK293 cells in a differentiated neuronal cell model, NTrera2. We have detected an 

association between key AD-linked MPs with MAM associated proteins, which suggests 

a possible route of disease mechanism. Moreover, we have also identified subunits of 

complex V of the OXPHOS machinery to interact with another set of AD-linked MPs in 

both HEK293 and NTera2 cells. This latter finding reinforced our earlier discussion 

about the interactions between various AD-linked and OXPHOS associated MPs. 
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Nonetheless, more work is needed to verify these set of interactions in other neuronal 

cells, such as the human neuroblastoma (SH-SY5Y) or induced pluripotent stem cells 

(iPSCs). SH-SY5Y cells are widely used in determining the route of neurodegeneration 

upon differentiation [14, 85, 88, 89, 131]. In fact, differentiation with RA reagent is 

optimal for studying dopaminergic-related disorders, such as PD [132]. Studying NDs in 

culture models has helped in recapitulating many deleterious aspects of these diseases in 

cell cultures and provided insights into the effect and role of certain compounds and 

drugs on either slowing down or halting certain disease phenotypes [80]. However, the 

advent of iPSC models has provided new approaches for gene editing and studying gene 

mutations in the wild type cell lines. Although each ND has a distinctive set of etiologies 

and mechanism of action at the molecular level, many NDs share common features that 

were highlighted previously, such as mitochondrial process perturbations, energy supply 

depletion, and ineffective degradation of damaged mitochondria. The collection of iPSC 

lines holds a huge promise in not only improving our understanding of the pathology of 

these diseases, but also in providing a platform to screen and validate a wide range of 

potential therapeutics [133]. Most importantly, iPSCs can be triggered to differentiate 

into neuronal cells with different phenotypes of interest [134]. In fact, cells can be 

triggered to a pre-embryonic state and then converted to various kinds of cells, 

particularly neurons with specific characteristics found in NDs [135]. However, this new 

approach is time-consuming and very expensive, especially when applied to large scale 

type of work in iPSC lines. Instead, this technique can be implemented to study a very 

selective set of candidate interacting proteins to provide clues related to the biological 

significance of the interactions and disease relevance [136].      



75 

 

4.2 MS data analysis and their implications  

After using the extensive list of the filtration parameters, we obtained 1,534 high-

confidence (with 90% or higher probability) interactions, encompassing 336 MP-MP 

interactions. This shows that the PPIs among MPs are much lower (22%) and possibly 

harder to detect. The complexity of the MPs and their involvement in not only different 

biological roles but also in different organelles make the task of isolating and capturing 

the interactions between MPs extremely challenging. In addition, MP-MP interactions 

occur within the various sub-compartments of the mitochondria. Perhaps, we need a 

more specialized fractionation technique to detect the interactions of MPs within the 

mitochondria. Enrichment of these interactions might also enhance interactome coverage 

of MP-MP interactions, using a prioritized data set [137].     

Particularly, OXPHOS associated MPs were identified to interact with various 

ND-linked MPs. Moreover, we have detected some interactions between components of 

OXPHOS and ND-linked MPs in NTera2 cells. This observation does not come as a 

surprise since there was previous evidence linking oxidative stress with 

neurodegeneration [34, 35]. In fact, cells which require high amounts of OXPHOS-

derived energy, such as the neuronal cells, are specifically vulnerable to mitochondrial 

dysfunction [26, 75].  

For many years, research focused on cataloguing proteins, assuming that each 

one exists in isolation from the biological system. This view has drastically changed as I 

have shown in this report that interactions do exist within the mitochondria and between 

mitochondria and other organelles. In turn, this has emphasized the complexity of the 

mitochondrial PPI network, in carrying out critical cellular activities in OXPHOS, 
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transport, apoptosis, and among other processes. I have also discussed that a possible 

route of interactions exists between MPs that are associated with various NDs, and 

indicated further that OXHPOS is the core machinery that triggers the interactions 

among AD, PD, and LS. Finally, I have shown a few common interactions identified in 

HEK293 to be bona fide in differentiated neuronal cells. However, additional work is 

still needed to further understand the biological significance of these interactions at the 

pathway level. 

4.3 Future Work 

Although the PPI data were filtered using very stringent conditions, further 

validations are required prior to any follow-up experiments. In addition, the 

methodology used to study ND-linked MPs was successful; particularly since bait 

recovery was 35% and captured key known interactions. While this project has provided 

a new set of interactions from this complex organelle, additional methodology 

refinement is needed to better identify transient PPIs for ND-linked MPs. The protocol 

developed remains tedious, as it requires many technical replicates and an extensive data 

filtration process, which are both common for large-scale studies. However, interactions 

were generated from an exogenous plasmid, which raises the possibility of interactions 

being altered from the normal physiological state. This can be circumvented with the use 

of antibody-based immunoprecipitations but the success of this approach depends on the 

quality of the protein specific antibodies that are commercially available. Most notably, 

commercial antibodies are not available for all human proteins and sometimes the bait 

proteins were not recovered, due to their low binding affinity to the epitope. Therefore, 

while both these approaches are complementary, the proposed methodology is highly 
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adaptable to any human soluble or membrane proteins for which antibodies are not 

available. Lastly, interactions captured for this set of ND-linked MPs may be different in 

other cell types, therefore only a certain percentage of these interactions can be used. In 

other words, interactions are cell-type specific and disease-dependent. The captured set 

of PPIs represents the cellular activities of that specific cell. For example, neuronal cells 

are expected to express more neuronal signals and host a completely different set of 

interactions of PPIs, when compared to those detected in, for example, a kidney or a liver 

cell line. Moreover, PPIs are different at the various stages of cell growth and 

healthiness. Under the various stress conditions, a different set of proteins are expressed 

and repressed to accommodate for the internal changes, resulting in alterations in the 

interaction networks. Therefore, future studies should focus on diseased tissues, using 

techniques, such as co-fractionation coupled with mass spectrometry [138] to better 

understand the interactions between MPs and MPs and those outside the mitochondria, 

and expand our knowledge in the area of pharmaceutical targets or biomarkers. 
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