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Abstract 

Mitochondria are essential organelles in the cell. They act as the cell’s primary 

source of energy, carrying out such processes as oxidative phosphorylation, fatty acid 

oxidation, and metabolism of amino acids. In addition mitochondria are major signaling 

centers for the cell, involved in apoptosis regulation and calcium ion storage and release. 

Mitochondria are enveloped by a two membrane system, an inner and outer membrane, 

which creates two distinct compartments, the matrix, residing inside the inner membrane, 

and the inter-membrane space. This complex system is predicted to include 

approximately 1,100 proteins in Neurospora crassa. One of these proteins is the voltage-

dependant anion-selective channel (VDAC) which is in very high abundance in the outer 

membrane. In work done previously, when VDAC was deleted in N. crassa the 

mitochondria developed unusual morphology and the fungus became temperature 

sensitive. This was suspected to be caused by alterations in the membrane architecture. It 

was found that deletion of VDAC causes a reduction in mitochondrial outer membrane 

fluidity leading to a fragile outer membrane. In the current study it was also found that 

loss of VDAC significantly impacts the mitochondrial proteome. The electron transport 

chain subunits of complex I were found to be reduced and oxidative stress proteins were 

increased in abundance. These results taken together suggest that VDAC not only plays a 

role in the mitochondria as a channel for traversing the outer membrane but appears to be 

important for the structural integrity of the mitochondria.  
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CHAPTER 1: Literature Review 

1.1 Mitochondria 

Based on the symbiotic theory, mitochondria are thought to originate from α-

proteobacteria through an endosymbiosis event. The mutual relationship that was formed 

between the eukaryotic cell and the mitochondrion relies primarily on energy exchange; 

thus the mitochondrion is frequently described as the “cellular power plant”, producing 

most of the cell’s ATP through oxidative phosphorylation. This process is tightly coupled 

to glycolysis, the Krebs cycle and to β-oxidation of fatty acids. Mitochondria also play a 

role in regulating cellular Ca2+ 
 homeostasis by storing  Ca2+  in their inter-membrane 

space (IMS) (Pizzo et al. 2012). Additionally, in mammalian cells, mitochondria are 

major regulators of apoptosis, making these organelles vital for proper cellular function 

(reviewed in (Shoshan-Barmatz et al. 2010)).  

The mitochondrion is comprised of a double membrane system with an inner and 

outer membrane (MIM and MOM respectively); these membranes are separated by the 

inter-membrane space. The lumen within the inner membrane is referred to as the 

mitochondrial matrix. The mitochondrial matrix serves as the primary site for many 

enzymatic reactions as well as housing the mitochondrial DNA (mtDNA), which encodes 

some of the mitochondrial proteins.  The MIM is an extremely protein-rich impermeable 

membrane. The MIM architecture includes invaginations termed cristae, which serve to 

increase the total surface area of the membrane (Horvath and Daum 2013). The high 

protein content of the IM is due in large part to the presence of the electron transport 

chain (ETC) proteins. These proteins serve to oxidize the electron carriers NADH and 
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FADH2 to NAD+ and FAD in order to transport protons from the mitochondrial matrix to 

the IMS. The process generates a proton gradient that is later used by ATP synthase to 

produce ATP (Saraste 1999). The MOM is a semi-permeable membrane with a lower 

protein content than the MIM. It is the first barrier between the mitochondria and the 

cellular cytosol. The MOM also acts as the first point of contact for communication 

between the cell and the mitochondrion. One of the key proteins in the MOM is the 

Voltage-Dependent Anion-Selective Channel (VDAC), also known as mitochondrial 

porin.  

1.2 Mitochondrial VDAC 

1.2.1 VDAC Properties and Structure 

 VDAC is a β-barrel, membrane-embedded pore (Figure 1). These pores bear a 

striking resemblance to others found in the membranes of bacteria, such as OmpF and 

OmpC in E. coli, OpdK from Pseudomonas aeruginosa and PorB from Neisseria 

meningitides (Fairman et al. 2011). Typically, bacterial porins form β-barrels from an 

even number of anti-parallel strands; usually the first and last strands close the barrel, 

maintaining an anti-parallel orientation (Galdiero et al. 2012). While bacterial porins 

reside on the external surface of the organism and participate in many diverse functions 

ranging from osmolarity control to virulence, eukaryotic porins act as channels in the 

mitochondria and link the organelles to the cytosol.  
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Figure 1. 3D structure of human VDAC-1. A 3 dimensional rendering of VDAC from 

the side (left) and top (right). The two beta strands highlighted in red a β-1 and β-19.  

This image was generated using Pymol, the 3D source code was obtained from the 

Protein Data Bank (entry 2JK4) 
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Mitochondrial porins exist across multiple domains of life and most have similar 

properties (Young et al. 2007 for review). The signature properties of porin were first 

described in the 1970s, when membrane-embedded channels with a slight selectivity for 

anions and conductivity that was voltage-dependant in nature were isolated from 

Paramecium mitochondria (Schein et al. 1976). The acronym VDAC is widely used for 

these voltage-dependent anion-selective channels.  This protein has also been termed 

mitochondrial porin, referring to its similarity with bacterial porins (Benz et al. 1985).  

In artificial bilayers, the voltage-dependance of VDAC manifests as a change in 

conductance from the open state of 4 nano-Seimens (nS) to the partially closed state with 

a conductance of 1-2 nS, upon application of 50 mV across the membrane (reviewed by 

(Benz 1994)). These channel conductances are remarkably consistent for VDAC from 

plants, animals and fungi (Young et al. 2007). At low voltages, such as 10 mV, the 

channel remains in an open state for up to 2 hours, while at higher voltages, upwards of 

40 mV, VDAC has multiple (partially closed) sub-states that display a range of ion 

conductances and permeabilities (Gincel et al. 2000; Hodge and Colombini 1997). Once 

the threshold of 20-30 mV is passed, the channel switches to the partially closed state. It 

is generally known that the MIM houses a potential across it, denoted as Δψ, which is 

used to drive ATP synthase activity. The MOM may also support a potential, is has been 

suggested that the MOM is subject to Donnan potentials due to localized regions of 

charge in the cytosol at the MOM surface, in the IMS, with H+ ions derived from the 

ETC, and at the MIM surface, which houses charged proteins. This potential is estimated 

to be ~43 mV, which is in the range of VDAC electrical properties (Porcelli et al. 2005).  

Additionally, it has been suggested that cooperative channel activity between VDAC, and 
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the adenine nucleotide translocator (ANT), combined with creatine kinase (CK) activity 

could generate a potential across both the MIM and MOM through the movement of 

electrons from kinase reactions in an oxygen reduced environment (discussed in 

Lemeshko 2014). Thus, the voltage-gating properties of VDAC may serve a role in 

regulation of the channel’s activity in response to the membrane potential changes in the 

mitochondria  

The characteristics of VDAC are well conserved (Benz 1994), but the primary 

sequences are highly divergent (Bay et al. 2012). The β-strand organization of VDAC 

was first proposed by (Kleene et al. 1987) and was supported by numerous analyses using 

circular dichroism methods (reviewed in (Bay and Court 2002)). Unlike bacterial porins, 

VDAC is not easily isolated from mitochondria in sufficient quantities for structural 

studies, and the folded state of isolated eukaryotic porin is not as stable as that of the 

bacterial pores. Thus, studies of the mitochondrial porins lagged significantly behind that 

of the bacterial ones, and detailed structural information has been obtained only from 

VDAC expressed in E. coli  inclusion bodies and refolded in detergent. Work done by 

three independent groups came to similar conclusions using two high-resolution 

techniques, X-ray diffraction and NMR and using both human and mouse VDAC in 

different detergents (Bayrhuber et al. 2008; Hiller et al. 2008; Ujwal et al. 2008). The 

mouse and human proteins differ in only four amino acids. They suggested that the 

structure of VDAC consists of 19 anti-parallel β strands, with strand 1 and 19 aligned in a 

parallel orientation (Figure 1), which is a novel pore organization not observed to date. 

The same arrangement was recently reported for the second isoform of vertebrate VDAC, 

VDAC2 from zebrafish (Schredelseker et al. 2014). The dimensions of the pore are 
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approximately 3.1 by 3.5 nm in the horizontal plane and approximately 4 nm in depth 

(reviewed by Shoshan-Barmatz et al. 2010). In all cases, the data indicate that the first 25 

N-terminal residues form an α-helix that transverses the pore and is not part of the pore 

wall. While this is the prevailing model (Teijido et al. 2012b) its validity is contested by 

those who believe the native structure of VDAC is comprised of 13 β-strands with the α-

helical tail forming part of the pore wall, a model that is based on the results of artificial 

membrane experiments utilizing VDAC variants topologically constrained by streptavidin 

binding (Colombini 2009).  This argument is also based on the perceived weakness of the 

three approaches used to deduce the 19-strand conformation, and that is that the VDAC 

used in these studies was re-folded from inclusion bodies and therefore does not represent 

a native conformation (discussed in Hiller et al. 2010; Summers 2010). Another source of 

debate in the field revolves around the N-terminal α-helix. While some speculate that it 

forms part of the barrel wall, the consensus is it resides either just outside or within the 

pore. However, the true debate surrounds the possibility that the α-helix is part of the 

voltage gating mechanism.  All of the structural analyses to date have supported a model 

in which the N-terminal α-helix is not inserted into the membrane. The N-terminal 

segment of VDAC was observed as a mainly disordered structure in the lumen of the 

barrel in the NMR experiments of (Hiller et al. 2008), or as an α-helix contacting the wall 

of the barrel in the NMR/x-ray crystallography studies of (Bayrhuber et al. 2008) and in 

the crystallography study of mouse VDAC1 by (Ujwal et al. 2008). These observations 

support a series of hypotheses indicating that movement of the N-terminus of VDAC is 

involved in voltage gating (see Summers and Court 2010 for review). A series of 

experiments in which a residue in the N-terminus was covalently linked, via a disulphide 

bond, to the lumen wall were designed by several groups to test the hypothesis. These 
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studies have not clarified the role of the N-terminus in gating, as cross-linking of different 

residues in this segment of the protein either allowed (Teijido et al. 2012a) or did not 

allow (Geula et al. 2012; Mertins et al. 2012; Zachariae et al. 2012) gating. Furthermore, 

the resulting models for gating were based on a rigid barrel with a flexible N-terminus 

(Mertins et al. 2012), or a flexible barrel whose shape was influenced by the position of 

the N-terminus (Zachariae et al. 2012). Thus, the structural data have led to numerous 

testable hypotheses, but no clear conclusion as to the mechanism of gating. 

1.2.2 VDAC as a structural component of the OM 

VDAC appears to play many roles in mitochondria and the cell as a whole. While 

most research focuses on the functions of VDAC as a pore, regulating cell and 

mitochondrial function and even cell death via metabolite flux and protein-VDAC 

interaction (Lemasters and Holmuhamedov 2006; Rostovtseva 2012; Shoshan-Barmatz et 

al. 2010; Tan 2012), there is relatively little study of other functions VDAC may have as 

a structural component of the MOM.  

VDAC is known to be one of the most highly abundant proteins in the MOM, 

comprising over 50% of MOM protein content (Mannella 1998); the other abundant 

proteins form the mitochondrial protein import machinery (Mayer et al. 1993). As such, 

the high abundance of VDAC may serve a purpose in the membrane organization of the 

mitochondrion as a whole. It has been shown that VDAC may organize itself in six unit 

arrays when frozen MOM samples were examined by transmission electron microscopy 

(TEM) (Guo and Mannella 1993). When His-tagged VDAC from N. crassa was 

reconstituted into liposomes and subsequently proteolytically digested, a total elimination 
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of VDAC was not observed, instead only a reduction in apparent molecular weight as 

visualized by PAGE, suggesting VDAC may exist as dimers (Bay et al. 2008). 

Additionally, when zebrafish (zf) VDAC2 was studied using crystallography, there was 

an apparent dimeric interaction surface on the outer wall of the pore similar to the already 

characterized zebrafish VDAC1. When this was further investigated with double electron-

electron resonance (DEER) spectroscopy in LDAO reconstituted VDAC, it was found 

that it ~18% of zfVDAC2 exists as a dimer in solution (Schredelseker et al. 2014). These 

results are rather artificial and they rely on reconstituted VDAC. When whole MOM 

vesicles were isolated from yeast in near native conditions, VDAC appeared to form large 

sheets within the membrane (Goncalves et al. 2007). Interestingly, VDAC forms large 

high packing density regions and low packing density regions, in addition to smaller 

highly mobile domains, suggesting VDAC packing may serve a purpose to over-all 

VDAC function. The packing that was observed was predominantly hexagonal, much like 

that observed with previously observed frozen MOM samples. Forces within the 

membrane, as was suggested by computer modeling, may influence this oligomerization 

of VDAC. Work done by another group had demonstrated that indeed lipids within the 

MOM may impact VDAC oligomerization; specifically the lipid composition of the 

membrane surrounding VDAC may stabilize or destabilize the protein-protein 

interactions (Betaneli et al. 2012). VDAC is generally tied to apoptosis, predominantly 

through release of Ca2+ ions, cytochrome c or more controversially as becoming the 

mitochondrial permeability transition pore. A recent study proposed that in fact VDAC 

oligomerization may indeed facilitate the release of these apoptotic factors by generating 

a large pore like structure between the individual VDAC molecules (Keinan et al. 2010). 

All these collective studies demonstrate that it is not merely the pore like structure of 
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VDAC that is important for mitochondrial functions but likely, the behavior of VDAC 

within the membrane itself may serve a purpose.  

1.3 Mitochondrial Lipids 

Mitochondria are highly specialized organelles; they rely heavily on their membranes, 

which are highly ordered to suit their function. The composition of the mitochondrial 

membranes is different from that of the plasma membrane or other intracellular 

organelles. Mitochondria have high abundance in phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE), up to 80% of total phospholipid, and a large abundance 

of cardiolopin (CP). Additionally the ratio between phospholipid and protein is much 

lower than that of other organelles and the sterol to protein ratio is lower (reviewed in 

Horvath and Daum 2013).  Interestingly, the lipid distribution in mitochondria is highly 

ordered and asymmetrical. This asymmetry presents as differences in the composition of 

the MIM vs. the MOM; for example CP is enriched in the MIM; and the orientation of the 

lipids themselves within a specific membrane differs. For example, PE that is present in 

higher amounts on the MOM leaflet facing the IMS rather than on the cytoplasmic side 

(Sperka-Gottlieb et al. 1988). The phospholipid composition also changes depending on 

the location within the membrane. There are junctions between the MIM and MOM, 

which have been identified by electron microscopy and are termed contact sites (CSs). It 

is speculated that CSs play a role in lipid and protein transport across the membranes. 

These CSs have an enrichment in PE and CL but are significantly reduced in 

phosphatidylinositol (PI) and somewhat reduced in PC. This is important because PE and 

CL are known to stabilize a hexagonal organization of phospholipids, which would help 

form the contact sites and discourage a planar bilayer. This arrangement differs from both 
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the MIM and MOM irrespective of the fact that the CS is a component of both 

membranes (Simbeni et al. 1991).  

In addition to providing structure to the mitochondria, phospholipids have also been 

shown to interact with and potentially regulate mitochondrial proteins. The phospholipid 

CL, which is almost exclusively mitochondrial, carries an overall negative charge on its 

head group and is predominantly situated in the MIM; it is also an inverted hexagonal 

non-lamellar bilayer forming lipid. CL has been shown to interact with tBid increasing its 

binding affinity to mitochondria to promote apoptosis (Lutter et al. 2000), CL is also 

required for cytochrome c activity (Vik et al. 1981). As CL is a non-lamellar lipid it 

creates tension on a bilayer, and a recent study showed that alterations in the packing of 

CL and PE (also non-lamellar) near VDAC facilitated channel closing via elastic pressure 

applied by the membrane (Rostovtseva et al. 2012). These types of studies demonstrate 

that phospholipids not only create membranes but are also involved in regulation of the 

proteins that inhabit them.  

1.4 Mitochondrial Proteome 

The mitochondrion is a rather unique organelle. Mitochondria have their own circular 

DNA, which encodes some of the proteins that comprise the mitochondrial proteome; the 

remainder of proteins are produced in the cell cytosol and must be imported into 

mitochondria. The over-all mitochondrial proteome can be broken down into several sub 

groups depending on function. The members of the first group are respiration-related 

proteins; these are primarily membrane-associated and comprise the electron transport 

chain (ETC) and drive ATP synthesis. Metabolic enzymes are another large sub-group; 
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these enzymes are required for the Krebs cycle and fatty acid metabolism in addition to 

other metabolic pathways. As introduced earlier, the mitochondrion does not synthesize 

all of its proteins, and as such another key group of proteins comprises the import 

machinery that allows translocation of proteins across both membranes. In order to 

synthesize mitochondrially encoded proteins and maintain mitochondrial DNA requires 

transcription and translation as well as chaperone proteins are required. This is not an 

exhaustive list as many smaller sub-groups remain; however, these are the most abundant.  

The complete mitochondrial proteome is still under investigation with many predicted 

proteins yet to be identified and predicted protein estimations constantly changing. In N. 

crassa the predicted mitochondrial proteome consists of 738 proteins (Keeping et al. 

2011). The MitoP2 database (N. crassa sub-section) consists of 249 proteins that were 

identified using shotgun LC-MS/MS (Prokisch et al. 2006). From that group of proteins 

114 overlap with those identified using a newer strategy using a combination of PAGE 

and mass spectrometry supplemented with computational analysis which all together 

identified 260 proteins (Keeping et al. 2011). The search for all the mitochondrial 

proteins is not restricted to just N. crassa; other groups have attempted with varying 

degrees of success to elucidate the mitochondrial proteome from other organisms such as: 

human, yeast,protozoans, and algae (Table 1). The primary difficulty in searching for a 

complete proteome is the differential expression patterns which are inherently present 

with any organism; not all proteins will be expressed at once. Additionally, due to the 

need for mitochondria to import almost all of their protein content from the cytosol it is 

difficult to assess which proteins are truly mitochondrial vs. cellular when making 

prediction databases.  
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Table 1. Mitochondrial proteomics  

Coverage Organism, Compartment Author 
~90% Yeast, whole mitochondria (Sickmann et al. 2003) 
546 out of predicted ~1000 Yeast, whole mitochondria (Prokisch et al. 2004) 
~85% Yeast, MOM (Kim and Loh 2006) 
>90% Yeast, IMS (Vogtle et al. 2012) 
615 out of predicted ~1500 Human, whole mitochondria (Taylor et al. 2003) 
545 out of predicted ~900-
1000 

Tetrahymena thermophila, 
whole mitochondria 

(Smith et al. 2007) 

496 out of predicted   ? Chlamydomonas reinhardtii, 
whole mitochondria 

(Atteia et al. 2009) 

304 out of predicted 1124 Ceratocystis cacaofunesta, 
whole mitochondria 

(Ambrosio et al. 2013) 
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CHAPTER 2: Materials and Methods 

2.1 Strains of Neurospora crassa used 

The strains used in these experiments are described in (Table 2). Briefly, the WS004 

strain, also designated Δpor, is a full deletion mutant in which the gene for VDAC has 

been replaced with a hygromycin-resistance cassette (Summers et al. 2012). It exhibits 

growth defects including a lack of aerial hyphae and cold sensitivity. The mutant 

mitochondria have abnormal morphology. FF001 is a partial deletion mutant (porΔ238-

242, (Runke et al. 2006)) and was used as a strain with an intermediate between the wild-

type and Δpor phenotypes. FF001 is missing the loop between β-strands 16 and 17 and 

part of β-strand 17. It grows at 88% of the wild-type rate at room temperature, has normal 

aerial hyphae and the mitochondria do not show morphological abnormalities (Fraser 

Ferens, unpublished results). The wild-type was obtained from the Fungal Genetics Stock 

Center (Kansas City, MO); it is deficient in the mus-51, which provides easier genetic 

manipulation as deletion of mus-51 promotes homologous recombination repair over non-

homologous end joining, which allows recombination of target sequences into the 

genome (Ninomiya et al. 2004).  

2.2 Isolation of N. crassa mitochondria 

Mitochondria were isolated from N. crassa strains listed in (Table 2) according to 

(Harkness et al. 1994). N. crassa conidia were harvested to inoculate liquid Vogel’s 

medium (Davis and de Serres 1970) (VM)  and were grown 20 (wild-type) to 44 (mutant) 

hours at 30˚C. The mycelia were filtered, and the fungal mat was collected and ground 

with a mortar and pestle for 1 minute, with the addition of SEMP (250 mM sucrose, 1 
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mM EDTA, 9 mM MOPS, 1 mM PMSF at pH 7.5) and quartz sand. The ratio in the 

mixture was 2 ml SEMP and 1.5 g of quartz sand to 1 g of fungal mat dry weight, 

respectively.   

The ground mycelia were then centrifuged in a Sorvall SS34 rotor (Mandel, Guelph, 

ON) at 4,000 rpm, 4˚ C for 15 minutes. The supernatant was collected in separate tubes 

and the resultant pellet consisting of cell debris was discarded. The supernatant was 

centrifuged at 12,000 rpm 4˚ C for 20 minutes to pellet mitochondria. The mitochondrial 

pellets were then re-suspended in 1 ml of cold SEM and brought up to 15 ml with SEM. 

The above two centrifugation steps were repeated. The final mitochondrial pellet was re-

suspended and collected by centrifugation. The mitochondrial protein concentration was 

determined by a Bradford assay (Sigma, St. Louis, MO). 
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Table 2. Table of strains 
Strain Name Genotype Reference 
FGSC 9718a Δmus-51::bar+  (Colot et al. 2006) 
WS004 FGSC 9718; Δpor::hph+  (Summers et al. 2012) 
FF001 (Gr-10) FGSC 9718; ∆238-242(NDRGV) (Runke et al. 2006), Fraser 

Ferens 
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2.3 SDS-PAGE protein profile  

SDS-PAGE gels were manually cast with 0.1% SDS and 12% 

acrylamide:bisacrylamide (29:1) (Laemmli 1970) using the Mini-PROTEAN® 3 Cell kit 

(Bio-Rad Laboratories, Hercules, CA). Gels were loaded with 5 µl of Precision Plus 

Protein™ Unstained Standard ladder (Bio-Rad) and 15 µg of mitochondrial protein for 

samples. Electrophoresis was performed at 175 V for 45 minutes at room temperature.  

2.4 Native PAGE gel complex I staining 

Native PAGE gels were cast as a gradient from 6% to 13% acrylamide with 0.02% 

Ponceau S in150 mM BisTris-Cl, pH 7.0, as described in (Drab et al. 2011). No stacking 

gel was used. The glass plates were washed in 0.5 M NaOH over night prior to casting. 50 

µg of freshly isolated mitochondria were solubilized in 1% (w/v) DIG  (in 20 mM Tris-Cl 

pH 7.4, 0.1 M EDTA, 50 mM NaCl) or 1% DDM (in 20 mM Tris-Cl pH 7.4, 0.1 M 

EDTA, 50 mM NaCl) solubilization buffer (Drab et al. 2011) for 20 minutes on ice 

mixing every 5 minutes. Samples were centrifuged for 30 minutes at 4º C, the supernatant 

was collected and 3 µl of 0.02% (w/v) Ponceau Red S (in 15% glycerol, 150 mM BisTris-

Cl, pH 7) were added. 20 µl of the sample described above were loaded into the gel with 

10 µl of 0.5 mg/ml BSA standard solubilized in DIG as a ladder. Electrophoresis was 

performed in the Mini-PROTEAN® 3 Cell kit (Bio-Rad) at 65 V for 30 minutes, then 130 

V until 4 hours at 4º C with stirring. The buffers used for electrophoresis are denoted as 

cathode buffer (50 mM Tricine, 15 mM Bis-Tris pH 7, 0.012% Ponceau Red) situated in 

the central compartment and anode buffer (50 mM Bis-Tris pH 7.0) situated in the outer 

compartment of the electrophoresis box.  
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Complex I was visualized by submerging the native PAGE gel in 1 mg/ml Nitro blue 

tetrazolium (NBT) in 5 mM Tris-Cl pH 7.4 with approximately 0.1 mg/ml NADH in the 

dark. Color was left to develop for a minimum of 45 minutes (Calvaruso et al. 2008).  

2.5 Mixed membrane isolation 

Mixed membranes were obtained by a method adapted from (Mayer et al. 1993). 

Isolated mitochondria (4-8 mg) were re-suspended in 800 µl of hypotonic buffer (5 mM 

KH2PO4 and 1 mM PMSF) on ice for 10 minutes to allow swelling. The sample was then 

placed in a glass homogenizer (Kimble and Chase, Vineland, NJ ) and 20 strokes were 

applied while the sample remained on ice. The exceptions to the above were the wild-type 

samples, which were re-suspended in “2.5 hypotonic” buffer (2.5 mM KH2PO4 and 2 mM 

PMSF) and incubated at 65º C. 

The sample was then loaded on a sucrose step gradient consisting of 1.6 ml of 1.29 M 

sucrose in EMP buffer and 1.1 ml of 0.25 M sucrose in EMP buffer. EMP buffer consists 

of 1 mM EDTA, 9 mM MOPS, 1 mM PMSF at pH 7.5. The gradient was centrifuged at 

51K RPM for 1 hour  in a Sorvall TLA 100.3 rotor (Mandel, Guelph, ON). The light 

orange band present at the interface of the two sucrose concentrations was collected. This 

membrane rich fraction was then frozen at -70º C. 

2.6 Chloroform-methanol protein extraction 

Extraction was preformed based on the method by Wessel and Flügge (Wessel and 

Flügge 1984). 100 µl of mixed membranes (protein concentration ranging from 0.2 to 0.8 

mg/ml) was aliquoted to an empty microfuge tube. To start the extraction 400 µl of 

methanol (MeOH) were added and vortexed to mix. The mixture was centrifuged at 6K 
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RPM for 10 seconds. Then 100 µl of chloroform were added (200 µl were added if the 

sample was rich in lipid) and vortexed to mix and centrifuged at 6K RPM for 10 seconds. 

Then 300 µl of water were added and vortexed intensely and centrifuged at 6K RPM for 1 

minute. Once phase separation occurred the top layer was discarded (carefully not to 

disturb the interface). 300 µl of MeOH were added and the samples were vortexed to mix 

and then centrifuged at 7K RPM for 2 minutes. The supernatant was discarded and the 

protein pellet was air dried and frozen at -20º C. When more MeOH was added the 

proteins could be collected by centrifugation and the solvents completely evaporated after 

aspiration of the bulk solvent. It was noted that, post extraction, the protein samples were 

rendered non reactive to a Bradford assay. 

2.7 Carbonate extraction of membranes 

20 – 50 µg of mitochondria were washed in 100 mM sodium carbonate, pH 11.5 for 

30 min at 4 °C, followed by centrifugation for 15 min in a microfuge (Court et al. 1996). 

The mitochondrial protein pellet was resuspended in SEM for analysis by SDS-PAGE. 

2.8 Selective membrane disruption with digitonin 

Mitochondria were selectively disrupted using various concentrations of the detergent 

Digitonin (Sigma) based on the method described in (Lill et al. 1992). Freshly isolated 

mitochondria were re-suspended at a concentration of 5 mg/ml of mitochondrial protein 

in SEMP. 40 µl of the suspension was then distributed into separate microfuge tubes 

containing 360 µl of chilled SEM-K (250 mM sucrose, 1 mM EDTA, 9 mM MOPS, 100 

mM KCl at pH 7.5) at the desired concentration of digitonin over a range of 0-0.3% 

(w/v).  
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Each tube was kept on ice for 2 min then centrifuged at 13,000 rpm in a Sorvall pico 

microfuge (Mandel, Guelph, ON) at 4˚ C for 2 min to pellet cell debris. The supernatant 

was collected in separate microfuge tubes and the pellets were re-suspended in 40 µl of 

chilled SEM-K. Both the supernatants and re-suspended pellets were frozen at -20˚ C 

over night. The re-suspended pellets were thawed and a digitonin solution (in SEM) was 

added to a final concentration of 0.1% (w/v). The samples were vortexed for 1 min, 

frozen at -20° C for 1 hour, thawed and vortexed once more.   

2.9 Cytochrome c peroxidase spectrophotometric assay 

Enzymatic activity was obtained using an Ultraspec 4000 spectrophotometer using a 1 

cm path length cuvette and 4 µl of DIG- solubilized mitochondrial pellet or 8 µl of DIG-

solubilized mitochondrial supernatant in 1 ml of cytochrome c buffer (50 mM K2HPO4, 

50 mM KH2PO4, 1 mM EDTA, 0.2 mg/ml bovine heart cytochrome c (Sigma), 15 nM 

H2O2, and a spatula tip of Na2S2O4). Hydrogen peroxide was diluted from a 35% stock in 

peroxide buffer (100 mM KH2PO4, pH 4). The reaction follows first order kinetics 

(Gilmour et al. 1994). Absorbance was measured at 550 nm for 180 seconds with 

readings at 2 second intervals to generate a steady state kinetics curve. The slope of the 

linear section of the downward-sloping curve was used as the rate of enzyme activity. The 

rates obtained for every digitonin concentration were then plotted as a percent rate of the 

maximal activity vs. digitonin concentration to obtain the final curve.  

2.10 Fumarase spectrophotometric assay 

Enzymatic activity was obtained using an Ultraspec 4000 spectrophotometer using a 1 

cm path length and 4 µl of DIG solubilised mitochondrial pellet or 8 µl of DIG-
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solubilised mitochondrial supernatant in 1 ml of L-malate buffer (100 mM K2HPO4, 50 

mM L-malate pH 7.6). Absorbance was measured at 240 nm for 180 seconds with 

readings at 2 second intervals to generate a steady state kinetics curve.  The reaction 

follows first order kinetics (Bock and Alberty 1953).  The slope of the linear section of 

the upward-sloping curve was used as the rate of enzyme activity.  The rates obtained for 

every digitonin concentration were then plotted as a percent rate of the maximal activity 

vs. digitonin concentration to obtain the final curve. 

2.11 Proteomics 

Proteomic analysis was done by Drs. Oleg Krokhin (Manitoba Centre for Proteomics 

and Systems Biology) and Vic Spicer (Department of Physics and Astronomy, University 

of Manitoba). The following method was provided by Dr. Krokhin. Intact mitochondria 

were treated using a modified method based on (Wisniewski et al. 2009). In brief, 

mitochondrial samples were lysed using SDS, which was subsequently replaced by urea. 

Protein was then digested with trypsin at a ratio of ~50/1, protein to enzyme (w/w). The 

digests were then acidified using trifluouroacetic acid to a final concentration of 0.5 % 

and desalted using 1x100 mm column packed with 5 µm Luna C18(2) (Phenomenex, 

Torrance, CA). Purified peptide mixtures were lyophilized and subjected to HPLC/MS 

analysis (further described in (Dwivedi et al. 2008)). 

Mass spectrometric (MS) acquisition was performed using an ABSciexTripleTOF 

5600 TOF-MS system (Applied Biosystems, Foster City, CA) equipped with a Nano-

sprayIII ionization source. Each acquisition cycle included a 250-ms survey, MS 

acquisition (m/z 400- 1500) and up to twenty 100-ms MS/MS measurements on the most 
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intense parent ions (300 counts/s threshold, +2 to +4 charge state, m/z 100–1500 mass 

range for MS/MS).  

The resulting raw WIFF files were processed using a standard conversion script, 

bundled with Analyst QS 1.6 into Mascot Generic File format (MGF). An in-house GPU-

based peptide identification engine (McQueen et al. 2012) was used for protein 

identification. These systems used following search parameters: 20 ppm and 0.1 Da mass 

tolerance on the parent and fragment mass, respectively, fixed modification of cysteine 

residues +57.021 Da (cysteine protection with iodoacetamide). Only tryptic peptides with 

expectation values of log(e) < -1.5 and up to one permitted missed cleavage were used for 

identification. Sequence data were obtained from the 7th annotated version of the N. 

crassa genome, obtained from the Neurospora crassa Sequencing Project, Broad Institute 

of Harvard and MIT (http://www.broadinstitute.org/). 

MGF files contain information on charge, m/z, retention time of fragmented 

peptide as well as m/z values and intensities of fragment ions. Mass measurements for the 

parent and daughter ions are used for peptide identification, while intensities of the 

daughter ions were used for quantitation. TripleTOF 5600 provides very consistent 

MS/MS acquisition with good linearity between intensity of the parent peptide and 

daughter ions. Protein total ion counts (TIC) were used as a relative measure of protein 

expression within an experimental run; these values represent the sum of the MS/MS 

fragment ion intensities for every identified member peptide. This value is expressed in a 

log2 scale. 

Data analysis was carried out in two steps. First, because the mitochondria were not 

highly purified, data for non-mitochondrial proteins were removed. A mitochondrial list 
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was generated from the Broad Institute N. crassa database and UniprotKB 

(http://www.uniprot.org/)  with the word mitochondrial used as a query. The list was 

generated by Fraser Ferens. Second, to identify proteins that were present at statistically 

different levels in two strains, software provided by Dr. Spicer was used on the remaining 

data (personal communication). In principle, z scores were calculated for the population 

of log2 (TIC for WS004) – log2 (TIC for wild-type), and scores exceeding 1.96 or -1.96 

represented points in the outer 5% of a bell-shaped curve and were deemed statistically 

significant changes in the proteome.  

2.12 Membrane fluidity examined by fluorescence of Laurdan  

Frozen mitochondria were re-suspended in SEM (approximately 13 to 15 mg/ml 

protein) and 20 and 30 µl were added to 2.48 and 2.47 ml of SEM buffer, for mutant and 

wild-type respectively. Alternatively 400 µl (0.2 to 0.8 mg/ml protein) of frozen mixed 

membrane samples were diluted in 2.1 ml of SEM. The mixtures were then added to 

quartz cuvettes and an emission spectrum was taken from 370 to 570 nm at an excitation 

wavelength of 350 nm. After obtaining this background spectrum, 3 µl of 1 mM Laurdan 

probe (1 mM Laurdan (Sigma), in DMSO) was added and the sample was incubated for 

30 min in the dark. Following incubation, emission spectra were obtained at desired 

temperatures, with a minimum of 20 min of equilibration time at each temperature with 

stirring. 

The background spectra were subtracted from all fluorescent spectra and curves were 

smoothed using a moving average and a window of 3 nm. The fluidity was calculated 
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with two formulas: generalized polarization (GP) (Parasassi et al. 1991) and a simple ratio 

(Bari et al. 2005).  

The equation for GP is defined as:  

F440 𝑛𝑛𝑛𝑛 − F490 𝑛𝑛𝑛𝑛
F440 𝑛𝑛𝑛𝑛 + F490 𝑛𝑛𝑛𝑛

 

 

and the simple ratio is defined as: 

F440 𝑛𝑛𝑛𝑛
F490 𝑛𝑛𝑛𝑛

 

 

where F indicates fluorescence intensity in arbitrary units.  

CHAPTER 3:  Results 

3.1 Membrane analysis 

3.1.1 Isolation of mitochondrial mixed membranes 

It was noted that the WS004 mutant exhibited cold sensitivity and abnormal 

mitochondrial morphology (Summers et al. 2012). It was hypothesized that altered 

membranes may contribute to these anomalies as membrane composition can affect 

membrane curvature and rigidity, which can influence membrane fluidity and function at 

lower temperatures, and organellar shape. A protocol was adapted from (Mayer et al. 

1993), which makes use of the internal hypertonicity of the mitochondria to allow rupture 

of the outer membrane or both membranes. In order to enhance release of membranes a 

frictional force is applied. The membranes are then separated from the rest of the debris 
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by centrifugation through a sucrose gradient. This original concept was modified to 

isolate a mixture of mitochondrial membranes (mixed membranes) (Table 3). The 

isolation was stopped after centrifugation through a single sucrose step gradient (SEM: 

0.25 M sucrose: 1.29 M sucrose) and a sample containing both inner and outer 

mitochondrial membranes was obtained. Based on the data in (Mayer et al. 1993) these 

fractions should be enriched for outer membranes by 5 times the initial levels and overall 

by 31.5 times over inner membrane.  
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Table 3. Methods used for isolation of  mixed mitochondrial membranes 

Treatment Protein yield (% of 
total mitochondrial 
protein) 

Strain 

27.5 gauge needle 1.6% 9718 
Heat treatment 2.1% 
Decreased swelling buffer volume 1.8% 
2.5 mM hypotonic buffer (see 
section 2.4) 

3.8% 

New homogenizer 4.0% 9718 
3.2% WS004 
11.6% FF001 
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In the initial trials only the mitochondrial pellet could be seen after centrifugation 

due to the unexpected dissipation of the sucrose gradient. Mitochondria can be pelleted 

through a sucrose concentration at a concentration of 1.29 M (Lizardi and Luck 1971) and 

therefore the original sucrose concentration of 0.9 M was replaced by 1.29 M sucrose in 

order to protect the gradient from collapsing during centrifugation by increasing the 

difference in concentration between the two sucrose layers.  

Once centrifugation was complete, the membranes were visible as an orange band 

at the interface of the two sucrose concentrations (Figure 2). Initially, the wild-type 

membranes produced a lighter or almost invisible band at the interface of the two sucrose 

layers. In order to increase the yield of membranes, modifications were made to the 

hypotonic buffer and incubation conditions. The hypotonicity of the buffer was increased 

by halving the concentration of phosphate to 2.5 mM, thereby increasing the outward 

osmotic force from the inside of the mitochondria, and the incubation temperature was 

raised to 65° C instead of 0°C, increasing stress on the membrane. Lastly the 27.5 gauge 

needle with a 1 ml syringe was replaced, as this approach produced membranes, but with 

a low yield, with a Teflon glass (2 ml) homogenizer (Kimble and Chase, Indianapolis, IN) 

and was used instead for all subsequent experiments. The improved yield can be seen by 

comparing lanes 3 and 8 (65oC) and lanes 2 and 7 (0oC) in Figure 3. 
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Figure 2. Centrifuge tubes containing mixed membranes isolated in a sucrose 

gradient.  

Mitochondrial samples in a sucrose gradient after ultracentrifugation. A) FF001 B) 

WS004 C) wild-type. Red arrow indicates OM fraction visible at the gradient interface. 

Yellow arrow indicates mitochondrial debris pellet.  
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Figure 3. SDS-PAGE of pre extraction and extracted mixed membrane proteins with 

carbonate/TCA and MeOH/chloroform.  

A) Isolated mixed membranes from mitochondrial strains 9718, FF001, and WS004 pre 

and post MeOH/chloroform extraction. Heat treatment was tested for its potential to 

improve yielded of 9718 mixed membranes (lane 3) compared to the cold temperature 

protocol (lane 2). FF001 and WS004 (lanes 4 and 5) isolated membranes as well as the 

9718 membranes were loaded at the same volume of 10 µl from their respective isolated 

and non concentrated preparations. The extracted proteins were re suspended in 20 µl of 

loading buffer and loaded into lanes 7 through 10 in the order of 9718, 9718 heat treated, 

FF001 and WS004. The protein ladder (Precision Plus Protein™ Unstained Standard 

BioRad) is in lane 6. 

* Lighting on the gel was adjusted for optimal band visibility with Photoshop. 

B) Whole mitochondria (lanes 1, 9718 and 2, WS004) 15 µg of protein/well are compared 

to isolated mixed membranes (lanes 3, 9718 and 4, WS004) 5 µl/well. Mixed membranes 

were then subjected to a carbonate wash, removing non integral membrane proteins 

leaving only integral membrane proteins and lipids (lanes 6, 9718 and 7, WS004) 5 

µl/well. The resulting soluble proteins were then precipitated with TCA (lanes 8, 9718 

and 9, WS004) 5 µl/well. Protein standard was loaded in lanes 5 and 10. 
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3.1.2 Mixed membrane protein profiles 

When the proteomes of whole mitochondria were examined in (Summers et al. 2012)  

differences in the protein compositions of the wild-type and WS004 were found. It was 

suspected that the protein composition of the mitochondrial membranes was altered in the 

mutant, but membrane proteins can be under represented in standard proteomics and 

many known and predicted membrane proteins were not identified in this study, therefore 

the protein content of the mixed membranes was assessed by several approaches. To 

quantify total protein obtained in the mixed membrane fraction the Bradford method was 

initially applied, but it was noted that the protein concentration was being under estimated 

compared to that which was observed by SDS-PAGE. Therefore, the BCA protein assay 

kit was used (Thermo Scientific, Waltham, MA) yielding values more consistent with 

what was observed on SDS-PAGE. The amount of protein detected by this method was 

used as an indicator of membrane concentration.  

The mixed membranes samples were visualized by SDS-PAGE to determine their 

protein profile. Mixed membranes had poor protein yield per volume isolated, 

necessitating concentration of the samples, as is apparent in Figure 4 where identical 

volumes of mixed membrane were analyzed by SDS-PAGE revealing a visible difference 

in protein content. Samples containing protein and lipid together were poorly resolved 

with smearing likely due to the excessive levels of phospholipid impeding proper protein 

migration (Figure 3 lanes 2-5). To improve resolution, several extraction methods were 

applied to the mixed membranes. In one method the proteins were precipitated using 

methanol (MeOH)/chloroform, and in the other, carbonate treatment was used to remove 

non-integral membrane proteins (Figure 3) as described in Chapter 2.  
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Figure 4. SDS-PAGE of isolated mitochondrial mixed membranes stained with 

coomassie blue. Mixed membranes were loaded in equal volume of 10 µl. Total protein 

content in the 9718 lane was approximately 0.2 µg and total protein in the WS004 lane 

was approximately 20 µg. As a reference whole 9718 (wild-type) mitochondria were 

loaded at 15 µg of protein. The reference ladder is represented in kDa.  
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The MeOH/chloroform extraction method uses the hydrophobic nature of the components 

to separate lipid from protein. 

The chloroform extracts the phospholipids, while the addition of methanol, a polar 

solvent, precipitates the proteins by stripping their hydration shell. Upon addition of water 

an interface between the two solvents is formed where the proteins precipitate leaving all 

lipids in the organic layer. The protein samples purified using MeOH/chloroform 

precipitation were analyzed by SDS-PAGE (Figure 3 lanes 7-10). This extraction method 

provided visible improvements compared to those of the non-extracted samples shown in 

Figure 3 lanes 2-5. 

Another approach enhances the concentration of integral membrane proteins. 

Carbonate (pH 10) extraction employs electrostatic forces to wash non-integral proteins 

from membranes (Fujiki et al. 1982a; Fujiki et al. 1982b). Upon centrifugation, the pellet 

that forms consists of membranes and integral membrane proteins. The electrostatically 

displaced proteins can be precipitated out of supernatant with trichloroacetic acid (TCA) 

(Figure 3 lanes 6-9).  

There was very little protein in the initial mixed membranes from the wild-type 

strain (Figure 3 lane 3); making assessment of the efficiency of the washing difficult. The 

carbonate extracted sample produced a similar pattern of bands (lane 6). The washed 

WS004 membranes do contain fewer protein species than the original sample (compare 

lanes 4 and 7). For example, several proteins of about 50 kDa were removed. The high 

pH wash appeared to enrich several proteins in the sample, including two in the 25-40 

kDa range and one of about 22 kDa. Unfortunately, the background in the lane was 

increased in the high molecular weight region, reducing resolution of individual proteins.  
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Taken together these results show that the ease of extraction and the profile of the 

proteins present in the wild-type is indeed different from those of FF001 and WS004, 

regardless of the extraction method.  

3.1.3 Membrane Fragility 

The altered protein profile of the mixed membranes from WS004 may result in 

abnormalities in the membranes’ structure, integrity and function. To assess the fragility 

of the mitochondrial membranes, digitonin-based selective lysis of inner and outer 

membranes was developed, based on work by (Lill et al. 1992). In brief, freshly isolated 

mitochondria were treated with various concentrations of the detergent digitonin (DIG). 

The pellets and supernatants were collected, equalized to 0.1 % DIG, frozen and later 

subjected to analysis for marker enzymes after addition of substrate. As the outer 

membrane of the mitochondria is ruptured, intermembrane space (IMS) enzymes are 

released into the supernatant. As the destruction of membranes continues the inner 

membrane also ruptures releasing matrix enzymes into the supernatant as well. The 

enzyme activity of marker enzymes from the IMS and matrix were assayed in the 

supernatants from detergent-treated mitochondria using colorimetric reactions quantified 

by a spectrophotometer.  

The marker enzyme for the disruption of the outer membrane was cytochrome c 

peroxidase. For all strains, little activity was detected in the supernatants until a critical 

level of approximately 0.025% to 0.05% DIG was reached, then a rise in activity was 

observed followed by a plateau starting at approximately 0.1% DIG, indicating complete 

disruption of the membrane (Figure 5). 
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Figure 5. Cytochrome c peroxidase enzyme rates in DIG lysed mitochondria.  

Cytochrome c peroxidase reaction rates obtained from supernatants of mitochondria 

treated at various DIG concentrations. Each strain A) wild-type, B) FF001, and C) 

WS004 was assayed in triplicate. Data were normalized to the maximal rate (100%) and 

fitted to Boltzmann function in QtiPlot.  
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The marker enzyme for the disruption of the inner membrane, fumarase, 

demonstrated a profile similar to that of cytochrome c peroxidase, with release of activity 

initiating at a range of approximately 0.025% to 0.05% DIG (Figure 6) for all strains. 

However, the plateau indicating the complete disruption of the inner membrane was 

attained at different DIG concentrations from the cytochrome c peroxidase results, 

ranging from 0.075% to 0.15% DIG, which on average would indicate that less detergent 

was required for complete inner membrane disruption (Figure 6).  

To analyze the activity curves in more detail, they were modeled with a 

Boltzmann distribution (a sigmoidal function) and the inflection points were used to more 

precisely compare the membrane rupture profiles (Table 4).  
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Figure 6. Fumarase enzyme rates in DIG lysed mitochondria.  

Fumarase reaction rates obtained from supernatants of mitochondria treated at various 

DIG concentrations. Each strain A) wild-type, B) FF001, and C) WS004 was assayed in 

triplicate. Data were normalized to the maximal rate (100%) and fitted to Boltzmann 

function in QtiPlot. 
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Table 4. Average midpoints of Boltzmann distribution fit curves for cytochrome c 
peroxidase and fumarase.  

Cytochrome c peroxidase 
 Average curve 

mid-point 
Error R 

squared 
9718 0.061 0.003 0.991 
WS004 0.100 0.002 0.994 
FF001 0.086 0.002 0.995 
Fumarase 
 Average curve 

mid-point 
Error R 

squared 
9718 0.065 0.002 0.997 
WS004 0.043 0.004 0.987 
FF001 0.053 0.009 0.981 
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It was found that the inner and outer membranes behaved differently and 

independently from each other. The individual trials showed a range of variation, with R2 

values for the fit of the Boltzmann distribution ranging from 0.93 to 0.99 (Table 4). The 

overall outer membrane data with midpoints of 0.06%, 0.1%, and 0.9% DIG conformed 

very closely to the model, with R2 values of 0.99 and a midpoint approximation error of 

±0.002 (Figure 7). It was found that the midpoint of outer membrane rupture in the 

WS004 mutant (0.1%) was at a higher detergent concentration than the wild-type 

(0.06%), while the midpoint for the FF001 mutant (0.09%) was at an intermediate 

concentration, which was not significantly different from either the wild-type or WS004 

mutant. It was also noted that the maximal amount of cytochrome c peroxidase activity 

present in the three strains is not equivalent (Figure 8), with WS004 containing about half 

of the activity of the other strains. This observation is constant with the proteomic data 

that indicated that actual marker enzyme concentrations in whole wild-type mitochondria 

are approximately 0.7 times more than in WS004, although statistically the two 

concentrations not considered different in our screen. In this data set the statistically 

significant changes are counted when they are 2 times or greater difference between the 

wild-type and the mutant (Figure 8).  
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Figure 7. Cytochrome c peroxidase enzyme rates in DIG lysed mitochondria.  

Cytochrome c peroxidase reaction rates obtained from supernatants of mitochondria 

treated at various DIG concentrations. Each strain was assayed in triplicate and averaged, 

represented as red circles (9718), green squares (WS004), and blue diamonds (FF001). 

Data were normalized to the maximal rate (100%) and fitted to Boltzmann function. 
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 Figure 8. Maximal activity of marker enzymes over digitonin levels. 

 Change in activity from 0 to 0.2 % digitonin. A) Cytochrome c peroxidase activity.  

B) Fumarase activity.  
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The overall inner membrane data did not fit the model as closely, with R2 values 

ranging from 0.98 to 0.99 and a midpoint approximation error ranging from ±0.002 to 

±0.009 ( 

Figure 9). Interestingly the mid-point values for inner membrane and outer 

membrane rupture are reversed compared to the expected pattern pattern in which the 

outer membrane is more susceptible to disruption (Lill et al. 1992). The disruption mid-

point of the wild-type was at a higher detergent concentration than that of the WS004 

mutant, while again the data for the FF001 mutant remained at an intermediate position, 

with error values overlapping with both those of the wild-type and WS004. However, it 

was noted that the maximal enzyme activities of the inner membrane marker enzyme 

were not statistically different. This observation is in agreement with proteomic data, 

which indicated a 1.1 times reduction in the mutant as compared to the wild-type. 

All of these findings point to the structural integrity of the outer membrane and perhaps to 

a slight degree the inner membrane, being compromised in the porin-less mutant.  
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Figure 9. Fumarase enzyme rates in DIG lysed mitochondria.  

Fumarase reaction rates obtained from supernatants of mitochondria treated at various 

DIG concentrations. Each strain was assayed in triplicate and averaged, represented as a 

red circle (9718), green square (WS004), and blue diamonds (FF001). Data were 

normalized to the maximal rate (100%) and fitted to Boltzmann function. 
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3.1.4 Membrane Fluidity 

The mutant WS004 shows sensitivity to temperature and it was hypothesized that it is 

likely due to altered membrane fluidity compared to the wild-type (Summers et al. 2012). 

Fluorescence of the membrane probe Laurdan was used to observe the temperature-

dependent fluidity shifts in whole mitochondria and in mixed mitochondrial membranes. 

When the probe Laurdan is excited by light at 350 nm, it emits at a maximum centered in 

the blue range (approximately 440 nm) of the spectrum when it is inserted in the 

membrane at the level of the glycerol backbone (Sanchez et al. 2007). The emission of 

the probe shifts towards the red end (approximately 490 nm) of the emission spectrum 

when the membrane state switches from the gel-phase to a liquid crystalline phase, 

indicating a change in fluidity (Vequi-Suplicy et al. 2013). To observe the fluidity profile 

and locate the transition point the temperature can be incrementally increased while 

spectra are obtained (Parasassi et al. 1991).  

 Mixed membrane samples described in section 3.1.2, as well as whole mitochondria, 

were used to obtain fluidity profiles for the WS004 mutant and the wild-type. It was 

assumed that the lipid concentrations present in the in mixed membranes were sufficiently 

close between the two strains, as they were obtained from the same starting mitochondrial 

protein concentrations. Using a circulating water bath, the temperature of the samples was 

elevated at 5° C increments from room temperature, approximately 22° C, to 50° C 

allowing the samples to equilibrate for 20 minutes at each temperature prior to collecting 

an emission spectrum. The background was subtracted from the spectra after a smoothing 

function using a moving average with a window of 3 nm was applied.  
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The fluidity of the membrane can be represented by ratios of the two maxima 

corresponding to the two states of the membrane. These ratios are GP (generalized 

polarization) or simply the ratio of emission intensity at the two maxima, 440 nm over 

490 nm (Bari et al. 2005). When examining whole mitochondria the F440/F490 ratio may 

range between 2.25 to 2.0 at a fixed temperature (Bari et al. 2005). When examining pure 

lipid vesicles GP can range from -0.2 to 0.6 (Parasassi et al. 1991) and when studying 

mitochondria they may be between 0.059 to 0.126, with higher values indicating low 

fluidity (Catanzaro et al. 2009). 

GP and F440/F490 values were obtained from the final spectra and averaged values 

were used to examine the fluidity of mixed membranes (Figure 10). The values obtained 

in this study fall within the ranges observed by others. The values selected for the analysis 

were assay start, 22° C, biologically relevant and statistically significant point of change 

30° C, and assay endpoint 40° C; however the data showed a fair amount of variability 

between replicates at given temperatures. The data for the wild-type exhibited an overall 

linear downward slope in both GP and F440/F490 values as the temperature was increased. 

The GP and F440/F490 values of the WS004 mutant remained the same from room 

temperature to 30° C. Post 30° C, the GP and F440/F490 values for WS004 also adopted a 

downward tendency until 40° C was reached (Figure 17, appendix). When the WS004 

sample was allowed to return to room temperature and then re-heated, the GP and 

F440/F490 values displayed the same trend as the wild-type and did not reproduce the 

WS004 trends obtained during the initial round of heating (data not shown). 
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A 

 
B 

 
 

Figure 10. Isolated mixed membrane fluidity. 

 Isolated mixed membranes of 9718 (red circles) and WS004 (green squares) incubated 

with the fluorescent probe Laurdan at room temperature, 30° C and 40° C. Emission ratio 

is represented as a percent of emission ratios at room temperature. Fluidity is represented 

as A) a ratio of emission maxima 440 nm/ 490 nm and B) as generalized polarization 

(GP). High emission intensity ratios correspond to low fluidity and low emission intensity 

ratios correspond to high fluidity. 
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When whole mitochondria were subjected to fluidity analysis, the wild-type 

demonstrated the same downward slope in both GP and F440/F490; the WS004 mutant 

mitochondria however behaved in an opposite manner to isolated membranes. Instead of 

remaining at a stable GP and F440/F490 at 30° C, the fluorescence ratio dropped very 

sharply and then recovered at 40° C (Figure 11). There is significant variability in the 

mitochondrial data (Figure 17), especially in the mutant. However the 30° C point was 

the most non variable, and therefore was chosen as a representative point in the curves. 

Taken together is appears as though the mixed membrane data suggests a loss in 

mitochondrial fluidity as compared to the wild-type and the whole mitochondrial data 

remains inconclusive. 
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A 

 
B 

 
 

Figure 11. Isolated whole mitochondrial fluidity.  

Isolated whole mitochondria of 9718 (black circles) and WS004 (red squares) incubated 

with the fluorescent probe Laurdan at room temperature, 30° C and 40° C. Emission ratio 

is represented as a percent of emission ratios at room temperature. Fluidity is represented 

as A) a ratio of emission maxima 440 nm/ 490 nm and B) as generalized polarization 

(GP). High emission intensity ratios correspond to low fluidity and low emission intensity 

ratios correspond to high fluidity. 
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3.2 Proteomics 

3.2.1 Proteomics using 1-dimensional peptide separation  

Prior proteomic work comparing wild-type vs. WS004 mitochondria was done using 

the iTRAQ method (Summers et al. 2012); however not all proteins that were 

hypothesized to be present in mitochondria were detected. Complete coverage is an 

ongoing challenge for proteomic analysis; therefore different methods are employed to 

increase detection sensitivity, and both label-free methods, as well as those involving 

labels, such as isobaric tags in iTRAQ, are being used.  

In this study, a label-free method was applied to whole mitochondria that were 

isolated as a “crude” preparation with no extra purification steps. Based on the previously 

discussed fragility of the mitochondrial outer membrane, it was suspected that additional 

purification steps could result in loss of OM and intermembrane space proteins, and 

therefore incomplete proteome coverage. Therefore, handling of the mitochondria was 

minimized, and the resulting sample was then subjected to 1-dimensional liquid 

chromatography followed by tandem mass spectrometry (1D-LC MS/MS), with total ion 

counts (TIC) represented as log2 values. These log2 values were compared and subjected 

to z-score normalization with the upper and lower 5% of the differences being considered 

as significant changes between the wild-type and the WS004 mutant strain. The results 

are represented in Table 5 and Table 6. 1177 proteins were identified, including 497 

mitochondrial proteins; the mitochondrial proteins were sorted from the over-all list using 

existing mitochondrial protein databases (described in section 2.11). Proteins determined 

to be present at statistically different levels range from 3 to 10 times higher or 10 to 52 
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times lower in the mutant. There were 22 proteins in significantly different abundance 

detected in the “1-D proteomes”. These proteins fall in several functional categories with 

the majority being metabolism-associated or electron transport chain-specific; the other 

proteins are in more discrete categories, namely: GTPase, redox homeostasis, membrane 

biogenesis, transporters, and proteases (Figure 12). 
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Figure 12. Categories of proteins found to be altered at statistically significant levels, 

as determined by 1D-LC MS/MS. 1D-LC MS/MS. The proteins that were determined 

to have levels that were increased or reduced as a statistically significant level in WS004 

as compared to the wild-type fall within a few generic categories. The numbers on the Y-

axis represent protein number per category with up and down representing increases or 

decreased in relative levels in the wild-type. Hypothetical proteins with no assigned 

function were placed in the “?” category.  
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Table 5. Proteins found to be at statistically significantly higher levels in WS004 as 
compared to wild-type, as determined by 1D-LC MS/MS 

Locus Description Difference Function Ref Localization 
NCU03558 hypothetical 

protein 
3.35 ETC Abrahams 

et al. 
(1994) 

IM/Matrix 

NCU01140  NAD(P) trans-
hydrogenase 

2.94 ETC/H+ 
Transport 

Ahmad et 
al. (1994) 

IM 

NCU06546 hypothetical 
protein 

2.36 Membrane 
Biogen 

Messersch
mitt et al. 
(2003) 

IM 

NCU05850 rubredoxin-
NAD 

2.63 homeostasis 
redox  

Galagan et 
al. (2003), 
SGD 32% 
AIF 

Matrix 

NCU05495 CVNH 
domain-
containing 
protein 

2.29 Metabolism Koharudin 
et al. 
(2008) 

? 

NCU00865 oxalate 
decarboxylase 
oxdC 

2.12 Metabolism Khuri et al. 
(2000), 
Kegg EC 
4.1.1.2 

Matrix 

NCU00122 aspartyl 
amino-
peptidase 

1.82 Protein/protea
se 

SGD 
53%/505 
APE4 

soluble 

NCU01650 hypothetical 
protein 

1.83 Protein 
Synth/ETC 

Galagan et 
al. (2003), 
Gan et al. 
(2006) 

Matrix 

NCU04578 ATP-
dependent Clp 
protease 
proteolytic 
subunit 

1.65 Protein/protea
se 

Keeping et 
al. (2011) 

Soluble 

NCU04764 hypothetical 
protein 

1.59 ? Kasuga et 
al. (2005) 

? 
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Table 6. Proteins found to be at statistically significantly reduced levels in WS004 as 
compared to wild-type, as determined by 1D-LC MS/MS 

Locus Description Difference Function Ref Localization 
NCU05338 hypothetical 

protein 
-3.22 ? Keeping et 

al. (2011) 
Membrane 

NCU01633 hexose 
transporter 
HXT13 

-3.4 Transport SGD 
38%/515 
HXT9 

Membrane 

NCU03802 Trimethyl-
lysine 
dioxygenase 

-3.05 Metabolism Swiegers et 
al. (2002) 

Matrix 

NCU08561 succinate/ 
fumarate 
mitochondrial 
transporter 

-3.36 Transport Videira et 
al. (2009) 

Membrane 

NCU08661 pantoate-beta-
alanine ligase 

-3.03 Metabolism SGD 
37%/342 
PAN6, 
Webb et al. 
(2004) 

Matrix 

NCU04946 hypothetical 
protein 

-3.73 ? Schmitt et 
al. (2006) 

OM 

NCU02564 cysteine 
synthase 2 

-3.56 Metabolism Schmitt et 
al. (2006) 

OM 

NCU04781 NADH: 
ubiquinone 
oxido-
reductase 9.8 
kDa subunit 

-4.23 ETC Marques et 
al. (2003) 

IM 

NCU00436 GTPase FZO1 -4.11 GTPase Schmitt et 
al. (2006) 

OM 

NCU06110 thiazole 
biosynthetic 
enzyme 

-5.39 Metabolism Zurlinden et 
al. (1994), 
SGD THI4 
60%/300, 
Keeping et 
al. (2011) 

Matrix 

NCU09460 NADH: 
ubiquinone 
oxido-
reductase 
20.1kD 
subunit 

-5.86 ETC Loeffen et 
al. (1998), 
Marques et 
al. (2005) 

IM 

NCU09143 hypothetical 
protein 

-5.72 ETC Collinson et 
al. (1994) 

IM/Inter-
space 
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There were instances of proteins that were not detected in one of the strains, and 

these are summarized in Table 7 and Table 8. There were 46 proteins that are specific to 

the wild-type and 44 that are unique to the WS004 mutant. Most notably porin was only 

detected in the wild type and an alternative oxidase protein was present only in the 

mutant. These differences will be discussed along with the results of the 2D-analysis in 

chapter 4. 
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Table 7. Proteins detected only in the wild-type, as determined by 1D-LC MS/MS. 

Locus Description Log2 
NCU04304 outer mitochondrial membrane protein porin  25.16 
NCU05989 hypothetical protein  21.47 
NCU01754 alcohol dehydrogenase I  18.29 
NCU02936 proline oxidase  17.55 
NCU03966 mitochondrial Rho GTPase 1  17.24 
NCU08354 hypothetical protein  17.23 
NCU04753 NADH:ubiquinone oxidoreductase 11.6kD 

subunit  
16.92 

NCU06542 mitochondrial 30S ribosomal protein S12  16.76 
NCU00107 mitochondrial inner membrane protease ATP-

23  
16.45 

NCU06404 GTP-binding protein  16.38 
NCU04415 hypothetical protein  16.18 
NCU00411 hypothetical protein  15.69 
NCU09536 hypothetical protein  15.66 
NCU03989 ADP,ATP carrier protein  15.61 
NCU07423 hypothetical protein  15.57 
NCU07884 mitochondrial oxaloacetate transporter  15.47 
NCU07988 ATPase family AAA domain-containing protein 

1  
15.45 

NCU04814 DUF21 and CBS domain-containing protein  15.34 
NCU00216 NADH-cytochrome b5 reductase 1  15.29 
NCU02133 superoxide dismutase  15.3 
NCU06666 inositol-3-phosphate synthase  15.17 
NCU00923 topogenesis of outer membrane beta barre  15.11 
NCU00930 mitochondrial import inner membrane 

translocas  
15.04 

NCU07947 glycolipid transfer protein HET-C2  15 
NCU07075 calcium/proton exchanger, variant  14.85 
NCU03798 mitochondrial import inner membrane 

translocas  
14.85 

NCU05881 DUF500 and UBA/TS-N domain-containing 
protein  

14.76 

NCU02657 s-adenosylmethionine synthetase, variant  14.79 
NCU06069 hypothetical protein  14.78 
NCU10311 mitochondrial ribosomal protein subunit S4  14.76 
NCU06317 stress response RCI peptide  14.72 
NCU08699 bli-4 protein  14.64 
NCU08358 hypothetical protein  14.46 
NCU02123 mitochondrial GTPase  14.42 
NCU01854 hypothetical protein  14.35 
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NCU06914 histidyl-tRNA synthetase  14.1 
NCU04174 hypothetical protein  14.13 
NCU03764 microtubule associated protein  14.13 
NCU08382 peroxisomal half ABC transporter  14.1 
NCU02618 peroxisomal membrane protein  14.09 
NCU03276 bem46 family protein, variant  13.59 
NCU00347 peroxin-26 Pex26-Penicillium chrysogenum  13.34 
NCU03813 formate dehydrogenase  13.1 
NCU03992 fimbrin  13 
NCU05927 GTP-binding protein GUF1  12.84 
NCU11170 Similar to glucose inhibited division protein A 12.24 
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Table 8. Proteins detected only in WS004, as determined by 1D-LC MS/MS. 

Locus Description Log2 
NCU07310 hypothetical protein  11.99 
NCU08145 coenzyme A transferase  12.21 
NCU05838 hypothetical protein  12.37 
NCU02179 D-lactate dehydrogenase  12.49 
NCU08269 pyridoxamine 5'-phosphate oxidase  12.99 
NCU03949 FMN-dependent 2-nitropropane dioxygenase  13.07 
NCU09877 hypothetical protein  13.09 
NCU07253 1,3-beta-glucanosyltransferase gel1  13.14 
NCU04736 plasma membrane calcium-transporting ATPase 

3  
13.22 

NCU04594 4-carboxymuconolactone decarboxylase  13.24 
NCU02095 hypothetical protein  13.24 
NCU00355 catalase-3  13.3 
NCU01101 mitochondrial import protein 1  13.33 
NCU03816 hypothetical protein  13.51 
NCU01141 CDP-diacylglycerol-glycerol-3-phosphat  13.71 
NCU09741 NADPH-cytochrome P450 reductase  13.76 
NCU06721 peptide chain release factor 1  13.84 
NCU08326 mitochondrial carrier protein LEU5  13.86 
NCU06308 DNA-directed RNA polymerase  14 
NCU09331 HMF1  14.13 
NCU09599 hypothetical protein  14.16 
NCU03216 adenylate kinase  14.21 
NCU16385 glutaredoxin domain-containing protein  14.36 
NCU02002 hypothetical protein  14.39 
NCU03148 nascent polypeptide-associated complex bet  14.49 
NCU00527 mitochondrial genome maintenance protein 

Mgr2  
14.61 

NCU06687 glycogen synthase, variant 3  14.71 
NCU16968 cytochrome c mitochondrial import factor  14.73 
NCU08476 hypothetical protein  14.84 
NCU01761 hypothetical protein  14.87 
NCU04368 glutathione S-transferase Gst3  15 
NCU03372 nonspecific lipid-transfer protein  15.24 
NCU10225 hypothetical protein  15.38 
NCU04874 alternative oxidase  16.03 
NCU02906 NAD-dependent malic enzyme 1  16.04 
NCU02097 short chain dehydrogenase  16.1 
NCU08093 hypothetical protein  16.3 
NCU08954 hypothetical protein  16.63 
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NCU03147 assembly factor cbp-4  16.95 
NCU06031 mitochondrial peroxiredoxin PRX1  17 
NCU04181 TOM7, variant 2  17.16 
NCU01092 3-oxoacyl- 17.76 
NCU05005 HHE domain-containing protein  18.28 
NCU07953 alternative oxidase  18.68 
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3.2.2 Proteomics using 2-dimensional peptide separation 

While 1-D analysis of the proteome provides useful data for a broad comparison, the 

finer details of the proteomic output are found in the 2-dimensional (2-D) results. As 

discussed in section 2.11 the tryptic products of proteome of the “crude” mitochondrial 

preparation were first separated by LC in one dimension; this separation was based on 

peptide migration at pH 2. To further increase resolution a second LC separation this time 

at pH 10 was applied. Pooled fractions from the previous column (pH 2) were separated 

again at pH 10, allowing peptides whose over-all charges change at the higher pH to be 

separated from similarly sized fragments with no charge change. 

The 2-D analysis detected 3350 proteins, 989 of which were mitochondrial protein 

hits; these included all proteins detected in the 1D analysis. Of those 989 proteins, 32 

were considered to be at statistically different levels in the two strains. This was 

determined based on the differences of the log2 values (a logarithmic representation of 

TIC) between the wild-type and WS004 (calculated by direct subtraction of the two log 

values), with 95% confidence in z-scores (Table 9 and Table 10). Of the 32 different 

proteins, 6 were also found to be at significantly different levels in the 1D analysis. The 

proteins that were found to be in increased numbers were associated with membrane 

transport, oxidative stress response, protein chaperone, DNA repair, and metabolic 

activity; they were also evenly distributed among the various mitochondrial 

compartments. The proteins that were in comparatively lower amounts belong to three 

major groups: protein synthesis/degradation, metabolism and ETC related. Additionally 

these proteins were primarily in the mitochondrial matrix and IM. There were several 

proteins that were detected in only one of the two strains, and are listed in Table 12 and 
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Table 11. Of the proteins detected only in the wild-type, porin and a hypothetical protein 

(NCU05989) were found to be present in both the 1D and 2D lists. The 2D and 1D results 

for proteins detected in exclusively in WS004 also overlap with respect to three proteins: 

two alternative oxidases (NCU07953 and NCU04874), and mitochondrial genome 

maintenance protein Mgr2 (NCU00527).  
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Table 9. Proteins found to be at statistically significantly increased levels in WS004 
as compared to wild-type, as determined by 2D-LC MS/MS 

Locus Description Differences 
(Log2) 

Function Reference Localization 

NCU06043 GPR/FUN34 
family protein 

3.72 Transport Gras el 
al.(2009), 
SGD 
41%/296 
ATO2 

Membrane 

NCU09975 multidrug 
resistance 
protein 3 

2.64 Transport Fernandes et 
al. (2011), 
Mitsuhashi et 
al. (2000), 
SGD 
29%/578 
MDL1 

IM 

NCU07546 multidrug 
resistance 
protein MDR  

1.37 Transport Videira et al. 
(2009), SGD 
35%/491 
MDL1 

IM 

NCU00465 chaperone 
dnaJ 

2.18 Protein/ 
chaperone 

Videira et al. 
(2009) 

Matrix 

NCU07851 superoxide 
dismutase 1 
copper 
chaperone  

1.69 Ox stress Zhu et al. 
(2013)  

Matrix 

NCU05495
* 

CVNH 
domain-
containing 
protein  

1.43 Metabolis
m/ carbon 

L.M.I. 
Koharudin et 
al. (2008) 

? 

NCU06141 protoheme IX 
farnesyltransfe
rase  

1.44 Metabolis
m 

Ellison et al. 
(2011) 
99%/484 
N.tetrasperm
a 

Membrane 

NCU02097 short chain 
dehydrogenase  

1.64 Metabolis
m 

PROSITE 
(PDOC00060
) 

? 

NCU00865
* 

oxalate 
decarboxylase 
oxdC  

1.57 Metabolis
m 

S. Khuri et al. 
(2000) Kegg 
EC 4.1.1.2 

Matrix 

NCU00276 DNA 
polymerase 
gamma  

1.58 DNA Lee et al. 
(2009)  

Matrix 

NCU07407 MutS2 protein  1.43 DNA Borkovich et 
al. (2004) 

Matrix 
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NCU05005 HHE domain-
containing 
protein 

3.19 ? Perry et al. 
(2009), SGD 
28%/105 
Sec39 

? 

NCU05695 hypothetical 
protein  

1.47 ?  ? 

* denotes proteins found at significantly changed levels in both 1 and 2 dimensional 

analysis. 
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Table 10. Proteins found to be at statistically significantly reduced levels in WS004 
as compared to wild-type, as determined by 2D-LC MS/MS. 

Locus Description Differences 
(Log2) 

Function Reference Localization 

NCU00107 mitochondrial 
inner 
membrane 
protease ATP-
23 

-3.19 Proteolysis X. Zeng et 
al. (2007), 
SGD 
Atp23p 
39%/225 

IM/Inter-
space 

NCU09539 40S ribosomal 
protein S13 

-3.23 Protein/ 
translation 

Keeping et 
al. (2011) 

Matrix 

NCU01501 mitochondrial 
peptidyl-tRNA 
hydrolase Pth2 

-4.2 Protein/ 
translation 

De Pereda 
et al. (2004) 

Matrix 

NCU00336 U3 small 
nucleolar 
RNA-
associated 
protein 10 

-4.69 Protein/ 
trancription 

Videira et 
al. (2009), 
Schimmang 
et al. (1989) 

Matrix 

NCU07988 ATPase family 
AAA domain-
containing 
protein 1 

-2.84 Protein/ 
targeting 

Snider et al. 
(2008) 

OM 

NCU09864 2-
oxoisovalerate 
dehydrogenase 
alpha subunit 

-3.07 Metabolism
/ AA 

Nowrousian 
et al. (2003) 

Matrix 

NCU02704 branched-chain 
alpha-keto acid 
dehydrogenase 
E 

-4.53 Metabolism
/ AA 

Videira et 
al. (2009) 

Matrix 

NCU06110
* 

thiazole 
biosynthetic 
enzyme 

-3.26 Metabolism Zurlinden et 
al. (1994), 
SGD THI4 
60%/300, 
Keeping et 
al. (2011) 

Matrix 

NCU09291 FAD 
dependent 
sulfhydryl 
oxidase Erv2 

-3.21 Metabolism Zhu et al. 
(2013) SGD 
40%/89 
ERV1 

soluble 

NCU02472 NADH:ubiqui
none 
oxidoreductase 
20.8kD subunit 

-2.88 ETC Keeping et 
al. (2011), 
Marques et 
al. (2005) 

IM 

NCU08940 ubiquinol- -3.01 ETC Marques et IM 
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cytochrome c 
reductase 
comple 

al. (2007) 

NCU00670 NADH:ubiqui
none 
oxidoreductase 
9.5kD subunit 

-3.45 ETC Marques et 
al. (2005) 

IM 

NCU09460
* 

NADH:ubiqui
none 
oxidoreductase 
20.1kD subunit 

-3.46 ETC J.L. Loeffen 
et al. (1998) 
/loc I. 
Marques et 
al. (2005) 

IM 

NCU04781
* 

NADH:ubiqui
none 
oxidoreductase 
9.8 kDa 
subunit 

-4.09 ETC Marques et 
al. (2003) 

IM 

NCU06740 hypothetical 
protein 

-3.75 ETC Walker et 
al. (1992), 
SGD 
43%/35 
YPR010C-
A 

IM 

NCU00160 NADH:ubiqui
none 
oxidoreductase 
6.6kD subunit 

-6.16 ETC Marques et 
al. (2005) 

IM 

NCU05338
* 

hypothetical 
protein 

-2.87 ? Keeping et 
al. (2011), 
Videira et 
al. (2009) 

Membrane 

NCU01024 hypothetical 
protein 

-3.15 ? Keeping et 
al. (2011) 

? 

NCU01854 hypothetical 
protein 

-3.13 ? Videira et 
al. (2009) 

? 

* denotes proteins found at significantly changed levels in both 1 and 2 dimensional 
analysis. 
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Table 11. Proteins detected only in the wild-type, as determined by 2D-LC MS/MS 

Locus Description Log2 
NCU04304 outer mitochondrial membrane protein porin 28.54 
NCU05989 hypothetical protein 23.28 
NCU03233 hypothetical protein 21.47 
NCU01886 hypothetical protein 20.4 
NCU02217 cytochrome c oxidase-assembly factor cox-

23 
20.43 

NCU05627 high affinity glucose transporter ght1 19.43 
NCU09866 thyroid hormone receptor interactor 12 19.35 
NCU05816 hypothetical protein 19.3 
NCU02826 sodium/calcium exchanger protein 19.27 
NCU09368 cation diffusion facilitator 10 19.01 
NCU07888 hypothetical protein 18.74 
NCU08226 hypothetical protein 18.6 
NCU06095 CP2 transcription factor 18.44 
NCU04603 hypothetical protein 18.42 
NCU05836 glycosyl hydrolase family 47 protein 18.4 
NCU07491 hypothetical protein 18.31 
NCU00677 phenylacetyl-CoA ligase 18.22 
NCU09806 hypothetical protein 18.15 
NCU09659 5'-nucleotidase 18.1 
NCU06268 vacuolar protein sorting-associated protein 18.09 
NCU06912 hypothetical protein 18.01 
NCU05786 hypothetical protein 17.91 
NCU00046 leucine Rich Repeat domain-containing 

protein 
17.83 

NCU09513 GTP-binding protein 1 17.79 
NCU03727 hyphal anastamosis protein 2, variant 17.8 
NCU03873 hypothetical protein 17.7 
NCU03509 amino acid permease NAAP1 17.65 
NCU02351 chitin synthase regulator 3 17.55 
NCU07439 hypothetical protein 17.55 
NCU06616 S-adenosylmethionine-dependen 17.52 
NCU08390 hypothetical protein 17.41 
NCU00008 longevity-assurance protein 1 17.37 
NCU03423 secretory pathway protein Ssp120 17.4 
NCU06674 hypothetical protein 17.38 
NCU01940 serine/threonine protein kinase 17.22 
NCU04650 hypothetical protein 17.08 
NCU06595 vacuolar protein sorting protein 17.08 
NCU00263 serin endopeptidase 17 
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NCU03033 CCAAT-binding complex subunit HAP2 16.88 
NCU06260 mRNA-capping enzyme subunit alpha 16.87 
NCU09809 mitochondrial copper ion transporter 16.84 
NCU08850 UV-endonuclease UVE-1 16.78 
NCU00420 hypothetical protein 16.79 
NCU08183 hypothetical protein 16.69 
NCU03889 SNARE 16.69 
NCU06216 nuclear condensin complex subunit 3 16.45 
NCU00124 hypothetical protein 16.43 
NCU09317 hypothetical protein 16.41 
NCU07872 protein kinase Yak1 16.36 
NCU09004  16.33 
NCU04503 ribosome biogenesis protein Ssf2 16.19 
NCU06957 hypothetical protein 16.05 
NCU03954 tubulin gamma chain, variant 15.99 
NCU08738 MFS peptide transporter 15.94 
NCU05233 p60 domain-containing protein 15.89 
NCU00388 hypothetical protein 15.78 
NCU03526 ubiquitin-activating enzyme E1 3 14.64 
NCU03274 hypothetical protein 13.74 
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Table 12. Proteins detected only in WS004, as determined by 2D-LC MS/MS. 

Locus Description Log2 
NCU00042 selenoprotein domain-containing protein 13.51 
NCU01073 hypothetical protein 13.51 
NCU02120 hypothetical protein 14.55 
NCU05542 xanthine phosphoribosyltransferase 1 14.63 
NCU02724 HLH transcription factor 14.95 
NCU07739 YTP1 15.03 
NCU07854 cytosolic regulator Pianissimo 15.14 
NCU03130 hypothetical protein 15.48 
NCU09161  15.49 
NCU00428 DNA repair and recombination protein pif1 15.65 
NCU03415 aldehyde dehydrogenase 15.68 
NCU03686 oxidase assembly protein 2, variant 15.76 
NCU06654 DNA repair protein Ntg1 15.77 
NCU04840 autophagy protein Atg13 15.82 
NCU08022 poly 15.85 
NCU05418 deoxyhypusine synthase 15.89 
NCU09838 hypothetical protein 15.89 
NCU08384 xylose reductase 15.92 
NCU04635 hypothetical protein 15.93 
NCU02156 dsDNA-binding protein PDCD5 15.94 
NCU03535 hypothetical protein 15.94 
NCU09425 NdvB protein 16 
NCU07472 alpha-1,6-mannosyltransferase subunit 16.05 
NCU03904 hypothetical protein 16.08 
NCU07590 Ser/Thr protein phosphatase 16.18 
NCU08925 amine oxidase 16.25 
NCU01645 hypothetical protein 16.4 
NCU10044 hypothetical protein 16.42 
NCU02216 cell wall glycosyl hydrolase Dfg5 16.43 
NCU02614 peptidyl-prolyl cis-trans isomerase H 16.49 
NCU08512 heat-shock transcription factor-1 16.58 
NCU06193 mitochondrial morphology maintaining protei 16.69 
NCU04834 sensor histidine kinase/response regulator 16.86 
NCU06366 Ca2+/H+ antiporter 16.88 
NCU10016 thermophilic desulfurizing enzyme famil 16.89 
NCU04637 BAR adaptor protein RVS167 16.93 
NCU00295 hypothetical protein 17.06 
NCU07438 WASP-like protein las17p 17.13 
NCU03141 lysophospholipase 17.18 
NCU01547 26S proteasome regulatory subunit rpn-8 17.28 
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NCU09511 hypothetical protein 17.38 
NCU09141 pyridoxal reductase 17.41 
NCU02941 hypothetical protein 17.65 
NCU04021 ABC transporter 17.69 
NCU01022 DUF1253 domain-containing protein 17.94 
NCU06970 ribose-phosphate pyrophosphokinase II 18.06 
NCU02250 ATP synthase subunit ATP9 18.08 
NCU08677 hypothetical protein 18.1 
NCU00198 mitochondrial import inner membrane 

translocas 
18.61 

NCU03804 serine/threonine-protein phosphatase 2 18.82 
NCU04419 2-oxoglutarate-dependen 18.9 
NCU07817 non-anchored cell wall protein 3 19.25 
NCU01611 carnitine acetyl transferase 19.39 
NCU11398 dml-1 19.49 
NCU00527 mitochondrial genome maintenance protein 

Mgr2 
19.65 

NCU09638 polyketide synthase 5 20.92 
NCU04874 alternative oxidase 21.35 
NCU07953 alternative oxidase 24.58 
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3.2.3 Complex I 

It was suspected that protein changes would also occur in the inner membrane of the 

mitochondria in response to the deletion of porin. Complex I of the electron transport 

chain (ETC) was scrutinized to see if any rearrangements had occurred as several 

significant changes in complex I were detected in the proteomic data. The observation 

was done utilizing Native-PAGE analysis of DIG-solubilized mitochondria and staining 

with  nitro blue tetrazolium (NBT) to search for NADH dehydrogenase activity (Figure 

13). The banding patterns of the wild-type and the two mutants FF001 and WS004 were 

distinctly different, with two major bands appearing in the mutants, while only one major 

band was observed for the wild-type in the detergent DIG. The major band seen in the 

wild-type is likely complex I, the slower migrating bands seen in the mutants may 

represent assembly intermediates of complex I. There is also a major band observed only 

in the mutants directly below the complex I band which may represent an incomplete, 

potentially semi-functional complex I. There is also an apparent difference when a second 

detergent, DDM, was used in both mutants but not the wild-type. The most noticeable 

difference is the intensification of the band that corresponds to complex I, and the band 

right below, in both mutants in the detergent DDM as compared to DIG.  
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Figure 13. Native PAGE of DIG and DDM solubilized mitochondria.  

Whole mitochondria solubilized with DIG and DDM detergent and loaded on a native 

PAGE stained with Ponceau dye. Bands were visualized with NBT to show NADH 

dehydrogenase activity. BSA was used as a ladder.  
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CHAPTER 4: Discussion 

4.1 Mitochondrial outer membrane physical properties 

Mitochondrial porin remains mysterious, with many questions about its structure and 

function remaining unanswered. There are several theories on this protein’s overall 

structure (Colombini 2009; Hiller et al. 2010) and  mechanism of voltage-dependant 

gating (Geula et al. 2012; Mertins et al. 2012; Teijido et al. 2012a; Zachariae et al. 2012). 

It is the gateway into the mitochondrion’s intermembrane space, separating the cell 

cytosol and the carefully controlled micro-environment of the mitochondrial 

intermembrane space. Porin is normally found in high abundance in the membrane and in 

a paper published by (Goncalves et al. 2007) it can be seen arranged in high and low 

density domains forming corrugated sheets in the membrane. This observation begs the 

question, can porin play a role in the structure of the mitochondrial OM in addition to its 

roles as a channel and a protein-protein interaction hub? Specifically, what are the roles 

and influences of porin on the overall protein content, membrane robustness and 

membrane fluidity? 

To address the impact of porin on the membrane, both intact organelles and isolated 

membranes were used. Initially, mixed membranes were purified from intact, freshly 

isolated mitochondria. Several differences between the wild-type and mutant membrane 

preparations were detected. First, although the starting concentrations of mitochondrial 

protein were equivalent between the three strains used, the final yield of protein was not 

the same (Figure 3 B), suggesting differences in mixed membrane isolation efficiency or 

membrane protein content. Second, when the membrane fraction was collected, the 
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membrane content appeared higher in the two mutants compared to the wild-type; this 

difference was suggested by the intensity of the orange band after centrifugation to 

collected purified membranes (Figure 2). Cytochromes and their heme groups contained 

in inner membrane give the purified membranes an orange colour and therefore provide a 

rough estimate of lipid levels present. This observation is however only an approximation 

as in the work done in (Summers et al. 2012) indicates altered cytochrome levels between 

the wild-type and the WS004 mutant. Third, when isolating the membranes in order to 

produce a higher protein yield from the wild-type, the preparation method required high 

heat and a buffer with higher hypotonicity than the buffer already in use for the mutant 

strains. These observations suggest that the wild-type membranes are more resistant to 

mechanical and osmotic stress compared to the mutants.  

When the protein content of isolated membranes was subjected to SDS-PAGE 

analysis the banding patterns appeared extremely different (Figure 3). Most notably the 

wild-type samples showed very few, faint bands compared to WS004 and FF001, which 

had complex patterns. Figure 3A depicts these differences well in a sequential manner. 

Whole mitochondria appear similar at initial examination, but once the mixed membranes 

are obtained the banding patterns become distinct between the wild-type and mutant, this 

is further demonstrated when non integral proteins are displaced in the carbonate 

extracted samples with certain bands disappearing from the mixed membrane samples. In 

addition it was noted that the overall concentration of membrane protein was higher in 

isolated membranes of FF001 and WS004, compared to the wild-type, even though 

equivalent starting concentrations of whole mitochondrial protein were used. Initially it 

was hypothesized that this difference was due to the low yield from the mixed membrane 
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isolation procedure; however as the isolation procedure improved the yield, the bands, 

while increasing in number, remind faint and smeared. This smearing effect was also 

substantial in the WS004 and FF001 lanes. The likely cause of the smearing was high 

lipid content. This hypothesis is supported by the observation that once the 

MeOH/chloroform protein extraction method was used the smearing effect disappeared 

and the number of visible bands in the wild-type and mutants increased and bands became 

discernable (Figure 3 B). Once the purified samples were examined it was apparent that 

the protein composition of the membrane fractions was different even after lipid removal. 

Proteomic analysis was carried out to further examine these differences and will be 

discussed in section 4.3. 

Based on observations made while isolating mixed membranes, it was suspected that 

the mutant mitochondrial membranes are more fragile than the wild-type ones. In an 

effort to quantify this phenomenon, digitonin-based membrane disruption experiments 

were conducted. The digitonin assay is usually used to selectively disrupt membranes 

(Kunkele et al. 1998), and is frequently used to disrupt mitochondrial outer membranes. 

The detergent digitonin perforates membranes and because it has an affinity for 

cholesterol (Matsubayashi et al. 2008) it targets the outer membranes. The literature states 

that mitochondrial OMs rupture in the presence of 0.1% (Lill et al. 1992), 0.15% 

(Nargang and Rapaport 2007), and 0.3% (Holden and Colombini 1993) digitonin; the 

results described above do fall within this range. It is also worth noting that such diversity 

in measurements is demonstrative of the delicate nature of biological membranes, and 

small differences in experimental protocols and differences in digitonin samples (Nargang 

and Rapaport 2007).  
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Both marker enzyme experiments suggest that membrane reorganization is 

occurring not only in the OM, but the IM of the mutants as well. When examining data in 

isolation, the results demonstrate different trends than had been expected. The 

mitochondrial OM of the mutants was in fact more resistant to disruption by detergent 

compared to that of wild-type (Table 4), while the membrane isolation experiments 

suggested that the wild-type membranes were more robust (section 3.1.1). The 

mitochondrial IM adopted the opposite behavior, with the mutant membranes being more 

susceptible to the detergent than those of the wild-type. The altered detergent 

susceptibility of the membranes may be due to two possible factors. First, if the lipid and 

sterol composition of the membranes is altered then the response of the membranes to the 

detergent DIG would be affected. Second, the physical lipid organization may also be a 

contributing cause to the altered responses. If the lipids are packed tighter in the mutants, 

the detergent may be unable to insert and disrupt the membranes accounting for the 

apparent resistance to detergent in the mutants.  

The inner membrane assay produced unexpected results, with the inner membrane 

appearing to break at lower concentrations of detergent than expected (Lill et al. 1992) for 

mutant and wild-type organelles. Activity of the marker enzyme for the matrix was 

detected at detergent concentrations similar to those necessary for rupture of the outer 

membrane. This effectively suggests that the outer and inner membranes were disrupted 

simultaneously. The cause of this is unknown. 

An additional observation from these experiments was that the total enzyme 

activity of the intermembrane space enzyme, cytochrome c peroxidase, was about half as 

high in the mutants than in the wild-type, unlike the total activity for the matrix marker 
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enzyme, which did not appear to be present in different amounts between the wild-type 

and the mutants. These results are congruent with the previously discussed fragility of the 

membranes when exposed to mechanical stress. When isolating mitochondria they are 

exposed to grinding, several centrifugation steps, and pipette transfer, as described in 

section 2.1, all of which exert mechanical stress. This stress may cause premature 

disruption of the OM in the mutants, which could cause some loss in cytochrome c 

peroxidase activity and further suggest more fragile membranes in the mutants.  

The last aspect of the membranes to be addressed was the membrane fluidity.  

Biological membranes are described as fluid mosaics with specific temperature dependent 

transitions from a gel state to a liquid crystalline state, the latter being the biologically 

preferential state as it allows proper function of integral membrane proteins.  These 

transitions are unique and depend on the composition of the membranes in the species in 

which they are found. For example, cold water fish alter the phospholipid composition of 

their membranes, by integration of more unsaturated phospholipids, in order to prevent 

loss of fluidity in cold temperature (Buhariwalla et al. 2012).  It has also been shown that 

E. coli O157:H7 is able to alter to alter the lipid composition of its membranes in 

response to heat through decreasing the proportion of unsaturated fatty acids (FA) 

incorporated into the membranes (Yuk and Marshall 2003). These changes are 

collectively termed “homeoviscous adaptation” (Sinensky 1974).  

The fluidity of purified mixed membranes and those of whole mitochondria was 

examined separately. The fluidity of purified mixed membranes produced consistent 

trends throughout tested temperatures. The reproducible results obtained from the purified 

mixed membranes are to be expected as they are enriched for outer membrane with few 
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other interfering factors. The data obtained regarding the fluidity measured in whole 

mitochondria however, were highly variable for the wild-type at 30°C, precluding any 

useful conclusions, and these data will not be discussed further.  

The mitochondria analyzed in this study were isolated from cells grown at 30°C. 

It appears from the F440/F490 ratios and GP values (Table 13) that the fluidity of the 

mutant membranes is lower than that of the wild-type membranes at 30°C (F440/F490 at 2.2 

and 1.6 for example). At this temperature, the wild-type growth rate is 11.7 cm/day, while 

that of the mutant is only 4.1 cm/day (Summers et al. 2012). Thus limited membrane 

fluidity may contribute directly or indirectly to the reduced growth rate at 30°C. 

To use fluidity analysis to further probe the differences in membrane composition, 

a thermal gradient was used. Isolated membranes were incubated with probe at room 

temperature, and measurements were taken as the sample was heated. Interestingly, the 

two membrane preparations appeared similar at 22°C with respect to fluidity, although 

they differed at 30°C (Table 13). Both wild-type and mutant strains show decreased 

growth rates at 22°C, but the effect is much stronger for the porin-less strain with a 27% 

growth rate of the wild-type  at 30°C compared to the wild-type growth rate of 66% of its 

30°C growth rate (Summers et al. 2012). Heating to 40°C increased the fluidity of both 

samples. These simple curves suggest that the mutant membranes may require 

temperatures greater than 30°C to begin the transition to the liquid crystalline state, while 

this can occur in the 22-30°C range for the wild-type mutants. Growth data at 40°C are 

currently unavailable for comparison; however, it does appear that WS004 grows better at 

37 ºC than at 30 ºC (Summers 2010).  
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Table 13. Average fluidity as indicated by Laurdan at tested temperatures.  

 Average 440/490 Standard deviation 
440/490 

9718* 2.27 2.07 1.57 0.27 0.76 0.37 
WS004* 2.11 1.69 1.88 0.25 0.04 0.19 
9718 Mem  2.15 1.64 1.26 0.11 0.02 0.20 
WS004 Mem 2.10 2.20 1.51 0.47 0.33 0.38 
 Average GP Standard deviation 

GP 
9718* 0.39 0.39 0.21 0.05 0.15 0.12 
WS004* 0.35 0.35 0.30 0.05 0.01 0.05 
9718 Mem  0.37 0.24 0.11 0.02 0.01 0.08 
WS004 Mem 0.35 0.37 0.19 0.10 0.06 0.12 
       
Temperature (° C) 22 30 40 22 30 40 
* Represents whole mitochondria data 

Mem represents mixed membrane data 
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The difference in fluidity profiles between the two strains can be due to several 

factors. First, the lipid packing of the membranes in the mutant may be tighter, 

necessitating higher temperatures to “melt” the membrane. Highly ordered membrane 

systems tend to have lower fluidity than membranes of the same composition but in a 

disordered state. Second, the lipid composition of the membrane may be altered. It has 

been shown that the phospholipids present in membranes influence the fluidity of the 

membrane, with fatty acid (FA) tail length, head group type, and saturation levels all 

being factors. When pure phospholipid vesicles are examined for fluidity, they have sharp 

transitions from the gel to the crystalline state. However, when different lipid types are 

mixed, the fluidity profile changes depending on how similar the phospholipids are to 

each other in tail structure. For example, pure dipalmitoyl – phosphatidylcholine (DPPC) 

has a transition temperature of 41.5° C and dilauroyl – phosphatidylcholine (DLPC) 

transitions at -1° C. The major difference between these two phospholipids is the length 

of the FA tails with DPPC having a 16 carbon acyl chain and those of DLPC having only 

12 carbons. When these two phospholipids are combined in a ratio of 1:1 the fluidity 

curve no longer has a sharp drop at the transition temperature but a slow decline with an 

approximate transition temperature of 15° C (Parasassi et al. 1991). 

Lastly, the presence of sterols is known to impact the fluidity of membranes, 

usually an increase in a sterol such as cholesterol is accompanied by a loss in fluidity 

(Ohvo-Rekila et al. 2002). Sterols are have hydrophobic tails and a planer ring structure, 

allowing them to insert into lipid bilayers oriented with their polar head group towards the 

head groups of the phospholipids surrounding them. N. crassa outer membranes contain a 

sterol called ergosterol (Hallermayer and Neupert 1974), which is similar in structure to 
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the more commonly discussed and studied cholesterol. Cholesterol is a major component 

of mammalian membranes and when present interferes with movement of the FAs of 

phospholipids, creating a higher ordered state while still allowing phospholipid lateral 

movement and rotation. Additionally it has been shown to create an intermediate fluidity 

state in membranes at physiological temperatures, effectively abolishing the sharp 

transition from the gel to the liquid crystalline state. While decreasing fluidity, it also 

increases the mechanical durability of the membrane (Ohvo-Rekila et al. 2002). Several 

approaches have demonstrated the effects of sterols on various artificial and biological 

membranes. When examining small unilamellar vesicles (SUVs) made of 2-dimyristoyl-

sn-glycero-3-phospho-choline (DMPC) at 37° C, with an increase in cholesterol the GP 

value increased, indicating a decrease in membrane fluidity (Ionescu et al. 2013). In 

another experiment mitochondrial membranes were artificially enriched with cholesterol. 

At 4° C the membrane anisotropy (another fluorescence based measurement of membrane 

fluidity) increased compared to that of the control, indicating a drop in membrane fluidity 

(Colell et al. 2003). Chelation of cholesterol from neural cell membranes at 37° C led to a 

drop in F440/F490 value of Laurdan emission, demonstrating an increase in the membrane 

fluidity (Bari et al. 2005). Due to the fluidity behavior, it may be that the ergosterol levels 

are lower in WS004 membranes compared to the wild-type. Porin is found to co-purify 

with cholesterol and is implicated in cholesterol trafficking (Rone et al. 2012); therefore it 

is possible that the absence of porin would impact ergosterol levels or behavior in the 

mitochondrial membranes, producing ergosterol dependent-changes in fluidity in the 

WS004 mutant.  
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An additional layer of complexity was suggested by a single experiment in which 

the mixed membrane were also allowed to cool and then re-heated to observe if the 

fluidity profile is reproducible. When re-heated, wild-type membranes retained their 

fluidity profile. The WS004 mutant, however, lost the sharp transition and adopted a 

profile more similar to that of the wild-type (Figure 17. in appendix). This observation 

would suggest some form of membrane reorganization. This change can be explained by 

considering the form in which the mixed membranes are present in solution. SUVs and 

multilamellar vesicles (MLV) possess different properties, most notability for this 

discussion, different surface curvature.  It is possible that during the mixed membrane 

isolation procedure the mutant membranes generated MLVs in solution, due to the ease 

with which they separate from the mitochondria, while the wild-type membranes 

generated SUVs instead. Another possibility is that different vesicle types were generated 

due to a difference in the isolation protocol for the two strains. The WS004 mutant 

remained at a cold temperature for the duration of the isolation and SUVs are known to be 

unstable below a certain temperature and spontaneously fuse into larger vesicles 

(Lichtenberg et al. 1981). Conversely the wild-type organelles were held at 60° C during 

the swelling stage and only later cooled to the same temperature as the mutant. This high 

temperature could have produced the same physical changes that were suspected to have 

taken place in the mutant when it was re-heated. 

The membrane fluidity of whole mitochondria was assessed during exposure to 

increasing heat. Wild-type mitochondria displayed a slow decrease in GP and F440/F490, 

while those of the WS004 mutant had a small drop and then a small recovery in GP and 

F440/F490 (Figure 11). The wild-type result is consistent with the data obtained in the 
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mixed membrane experiment. The mutant mitochondria, however, appear to behave 

differently from the mixed membranes in that a significant increase in fluidity was not 

observed as the temperature shifted from 30oC to 40oC. It was previously mentioned that 

the WS004 mutant organelles likely lose much of the outer membrane during 

mitochondria isolation; it is quite likely that when whole WS004 mitochondria were 

subjected to fluorescence analysis the additional mechanical stress from stirring and heat 

removed the last of the OM. If the OM was dispersed as a result of additional stress then 

the lipids likely formed SUVs, which are known to hydrate better creating a more fluid 

environment for the probe (Hutterer et al. 1996). The IM and OM of mitochondria are 

different in phospholipid composition (de Kroon et al. 1997) and it would therefore be 

plausible that the inner membrane would give rise to different fluidity values than isolated 

mixed membranes at the same temperature. This inconsistency in the readings supports 

the idea that observation of the mixed membranes is preferential for studying the lipid 

behavior; however, this does provide evidence for structural differences in native 

mitochondria which would give rise to these fluctuations in the mutant but not in the wild 

type. 

Lastly, Laurdan fluorescence emission spectra provide insight into the changes 

occurring in membrane fluidity. Using model membranes, comprised of a single 

phospholipid type, such as DPPC in uniform sized vesicles, it is possible to study the 

emission maxima of Laurdan as the membrane fluidity of the vesicles changes in 

response to temperature. When the membranes are in the gel phase, a tightly packed 

ordered state with little lateral movement of phospholipids, the emission maximum 

(λmax) of Laurdan is at 440 nm with a high intensity. This emission λmax peak begins to 
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shift towards 490 nm and the emission intensity decreases as the membranes begin to 

shift towards the liquid-crystalline state, as state in which the phospholipids are more 

loosely packed with high lateral movement. By calculating the ratio of emission intensity 

between 440 and 490 nm it is possible to infer the relative presence of these two phases in 

the membrane, a lower ratio is indicative of a higher proportion of probe present in a fluid 

environment (Parasassi et al. 1991). 

 Illustrated in Figure 14 are the emission spectra obtained from the fluorescence 

measurements taken by excitation of the probe Laurdan in the wild-type and WS004 

mixed membranes. When initially examining both curves their overall profiles appear 

similar. The true difference between the wild-type (Figure 14A) and the mutant (Figure 

14B) is the difference in emission intensities. The intensity at 440 nm (λmax440) is ~200 

(arbitrary units) at room temperature; however, as the membranes are heated there is a 

sharp drop in intensity at 30°C to ~100. The intensity at 490 nm (λmax490)  is ~70 at room 

temperature and as the temperature increases to 30°C the intensity drops to ~60. While 

intensities at both 440 and 490 nm dropped, the ratio was not the same, as seen in Table 

13, as the membranes were heated. When comparing this to the mutant membranes the 

differences in the two membrane types become apparent. At room temperature, the 

λmax440 of Laurdan is ~260 and the λmax490 is ~100, when the membranes are heated to 

30°C the intensities become ~200 and ~100 at 440 nm and 490 nm respectively, where 

the ratio does not change, as seen in Table 13. While in both wild-type and mutant the 

intensity of the emission is reduced upon heating the width of the peak broadens affecting 

the intensity at 490 nm. In the mutant membranes, it is also possible to see the appearance 

of a “shoulder” as the intensity begins to increase around 490 nm. The behavior of the 
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curves may suggest differences in the organization of the phospholipids in the membranes 

from the two strains. The lack of reduction in emission intensity of the probe at λmax440 

in the mutant in response to the temperature increase may suggest that the lipids 

surrounding the probe are not undergoing phase changes as readily as those in the wild-

type. The appearance of a shoulder may in turn suggest that some regions of the 

membrane transition to the crystalline state more readily. This suggests that the mutant 

membranes are heterogeneous in lipid arrangement. This contradicts the behavior of the 

wild-type. In the wild-type membranes, the intensity at 440 nm decreases more readily 

than the mutant and the intensity at 490 nm does not increase. This  suggest that the lipids 

surrounding the probe melt more readily but shift into the crystalline state more slowly, 

which could be indicative of differences in phospholipid type or organization in the 

membrane.  
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Figure 14. Laurdan emission spectra in wild-type and WS004 in response to increase 

in temperature. The emission spectra of the fluorescent probe Laurdan in mixed 

membranes from A) wild-type and B) WS004 in response to the increase in temperature.  
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All of these factors are not mutually exclusive and likely all contribute to the 

difference in the fluidity of the membranes from the two strains. When taken together 

these results support the idea that substantial changes have occurred to the structure of the 

WS004 mutant membranes in response to the deletion of porin. The membranes have 

become mechanically brittle, less susceptible to disruption by the detergent DIG and more 

heat resistant, with a higher and sharper transition temperature. The likely explanation can 

be attributed to two major changes. Firstly, closer lipid packing, which would account for 

the brittle nature of the membrane and higher the transition temperature. Second, the loss 

of ergosterol, as loss of sterols would create a sharper change in transition temperature, 

and because DIG preferentially targets cholesterol and other sterol structures. 

4.2 Future work on membrane physical properties 

The methods used for analyzing the fluidity of membranes has been fully developed 

and finalized. These methods can now produce reliable reproducible data. The analysis 

preformed thus far is incomplete and is in the preliminary stages. The membrane fluidity 

experiment was preformed with mixed mitochondrial membranes yielding potentially 

confounding data. The fluidity of purified mitochondrial outer membranes will instead be 

examined.  

4.3 Proteome 

The mitochondrial proteome of Neurospora is still under investigation, with various 

groups (see in Table 1) making predictions on its composition. One of the largest hurdles 

to overcome in this respect is achieving balance between the purity of the sample 

analyzed and the amount of damage done to the mitochondria and therefore loss of 
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protein. In instances where mutations or deletions in genes for mitochondrial proteomes 

compromise the organelles’ integrity; further it is even more difficult to obtain a full 

coverage of the proteome. Another major step is in the detection of low abundance 

proteins, or proteins producing peptides of similar masses; these are limited by the 

detection capacity of current methods.  

Based on the nature of the LC-MS/MS analysis two data sets were generated. The 1D 

analysis which separates the protein fragments based on their migration during LC at pH2 

followed by their mass. The underlying problem with identification on size alone is if two 

fragments are of similar size and charge they become a blended peak on the MS/MS 

output thereby masking some fragments. This is because mass spectroscopy generates an 

output based on m/z (mass/charge ratio) vs. abundance; therefore fragments of the 

approximate same size and charge appear as one big peak indicating high abundance of 

one peptide and complete loss of the other. This makes it difficult to detect the masked 

peptide or properly asses the relative quantity of it in the sample. This in turn lowers the 

resolution for comparisons between samples. The one-dimensional approach provides a 

good baseline for detection of proteins and gives a very broad look at the changes in high 

abundance proteins between the mutant and the wild-type.  The drawback to this 

approach is the inability to detect lower abundance peptides derived proteins that may 

have a similar size and charge as peptides of higher abundance proteins. When examining 

the same sample with the 2-dimentional approach, which separates peptides based on size 

at pH 2 in the first dimension, and a second separation (second dimension) which 

differentiated peptides winthin fractions from the first HPLC step further based on charge 

by raising the pH to 10. This additional LC step at a different pH allowed the separation 
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of peptides which had changed their charge, and therefore migration pattern through the 

column, and became separated from similar sizes peptides with no charge change, thereby 

increasing the resolution in the MS/MS step. This method produced a much larger data 

set as detection was increased; however due to the increased sensitivity to low abundance 

peptides it was possible for more non-mitochondrial peptides that contaminated the 

sample due to the “crude” preparation method to be detected. By using the 2-dimensional 

method, it was possible to increase coverage and resolution of detection as compared to 

the one-dimensional approach.   

A total of 589 likely mitochondrial proteins were detected using the 1D method. 

When compared to iTRAQ analysis (Summers et al. 2012) a total of 368 proteins were 

found to match, out of the 488 detected with the iTRAQ method (Figure 15A). A similar 

comparison with a recently published proteome of N. crassa mitochondria (Keeping et al. 

2011) yielded 269 matches. This 1 dimensional approach also detected all predicted 

mitochondrial OM proteins (Schmitt et al. 2006), which has not been previously 

accomplished. This high coverage might be due to nature of the sample preparation. As 

the mitochondria were isolated with only differential centrifugation and no other cleanup 

methods the loss of outer membrane material would have been minimized.  
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A 

 

B 

 

Figure 15. Venn diagrams representing the similarities and differences between 

iTRAQ and the LC-MS/MS analysis. Panel A depicts the overlap between the proteins 

found in defferent levels in mutant and wild-type mitochondria, using the iTRAQ and 1D 

LC-MS/MS analysis. Panel B depicts the overlap between the iTRAQ and 2D LC-

MS/MS analysis 
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Additionally when comparing the 2D results to published proteomic data it is 

evident that this method has higher coverage of the mitochondrial proteome. When 

comparing the 2D proteome data to the previously conducted iTRAQ analysis the 

increase in coverage is evident, with the 2D analysis detecting 989 likely mitochondrial 

proteins compared to the 488 detected by iTRAQ. Of these 488 iTRAQ proteins 453 were 

found by the 2D method. (Keeping et al. 2011) predicted the presence of 738 proteins in 

the mitochondria, of those predicted proteins they detected 294, or 40%, while this study 

identified of 526 proteins, or 71% coverage.   

The proteomic data corroborated previous findings indicating rearrangements in 

the ETC components in the MIM. In the ∆por mutant the complex I isolation and staining 

demonstrated a difference in the banding pattern as compared to the wild-type in the form 

of multiple extra bands (Figure 13). The visualization of the bands is dependent on 

NADH dehydrogenase activity. The proteomics data in both the 1D and 2D data set 

shows a decrease in the presence of two of the sub units of complex I (Table 6 and Table 

10). In addition, the 2D data show a decrease in other sub units of complex I (Table 10) 

suggesting that complex I may be dysfunctional or rendered unstable for proper assembly 

within the membrane. This could result in assembly intermediates forming producing 

extra bands when purified.  

The overall changes in the proteome as detected by the 1D and 2D analysis paint 

the image of highly stressed mitochondria with many problems. In addition to the 

decrease on key sub units of complex I there is a decrease in several metabolic enzymes 

and proteins required for proper mitochondrial maintenance in an environment of high 

productivity in the mutant (Table 9 and Table 10). Conversely, proteins related to stress 
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are in higher number in the ∆por mutant compared to the wild-type; these include 

superoxide dismutase, which is required for detoxifying free radicals and a multi-drug 

resistance pump ABC transporter. In addition, present only in the ∆por mutant is 

alternative oxidase, a protein that allows elections to bypass of complex III and IV,and 

reduce O2 to H2O directly, preventing the formation of free radicals due to excess electron 

buildup (Lambowitz and Slayman 1971) (Figure 16). The activation of such an 

emergency pathway further solidifies the idea that the ETC is non-functional and a bypass 

pathway is in operation, to alleviate oxidative stress and allow regeneration of reducing 

for the cell.  
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Figure 16. Schematic representation of the ETC. Panel A depicts electron flow under 

normal ETC function. Panel B shows electron flow when the alternative oxidase pathway 

is activated based on (Lambowitz and Slayman 1971).  
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4.4 Future work in proteomics 

Proteomics is a constantly evolving field with detection capacity increasing 

tremendously. Repetition of the proteomics analysis would be ideal with a gentler 

preparation of the sample; however, as a system has been worked out to discern what are 

non-mitochondrial contaminants and what are not, continuing with the “crude” approach 

would likely yield more complete coverage. The resultant data obtained from this work 

will need to be further analyzed in order to discern the relationship of VDAC to all the 

proteins affected. This will need to be examined from two perspectives, does the deletion 

of VDAC prevent the import of key precursors needed for assembly of the proteins found 

to be in altered levels, and does deletion of VDAC produce an environment in which 

expression patterns of proteins must be altered to compensate.  

CHAPTER 5: Conclusions 

In conclusion, the deletion of VDAC, a high abundance β-barrel pore in the MOM, 

produces many detrimental affects in the mitochondrion. While VDAC deletion carries 

obvious implications for transport of metabolites across the MOM, it also appears to 

affect organelle wide proteomics as well, be it via direct loss of the route across the OM 

or a cascade affect where inability to import a key metabolite prevents proper production 

or assembly of internal proteins. The most key of these changes are a compromised ETC 

and a response to high oxidative stress. This would cause a significant decrease in energy 

production and may be the source of the slowed growth and lack of hyphae. The less 

obvious and not well studied outcome of VDAC deletion appears to impact on the 

mitochondrial membrane structure. It was found that the ∆por mutant has compromised 
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membranes in the form of decreased fluidity producing a more “brittle” membrane that is 

more susceptible to mechanical damage as compared to the wild-type. This change in 

fluidity may be the cause of the temperature sensitive growth phenotype. These results 

taken together demonstrate that VDAC is an important structural component of the MOM 

as well is a key regulator of mitochondrial protein dynamics.   
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Appendix 

A 

 
B 

 
 
Figure 17. Full fluidity curves of mixed membranes. A. Complete data series for GP 
values obtained in fluidity measurements with standard deviation. B. Complete data series 
for 440/490 values obtained in fluidity measurements with standard deviation 
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