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Thesis Abstract

The oligomeric state of the voltage-dependent anion-selective channel (VDAC) and the
stability of the VDAC-hexokinase complex play integral roles in mitochondrially
mediated apoptotic signaling. Various small to large assemblies of VDAC have been
observed in mitochondrial outer membranes but they do not predominate in detergent-
solubilized VDAC samples. In this work, a cholesterol analogue, cholesteryl-
hemisuccinate (CHS), was shown induce the formation of Neurospora crassa VDAC
multimers in detergent solution. The oligomeric states of VDAC in the absence and
presence of CHS were deciphered through an integrated biophysics approach using
microscale thermophoresis, analytical ultracentrifugation and size exclusion
chromatography-small angle X-ray scattering. It was determined that CHS stabilizes the
interaction between VDAC and hexokinase (Kq of 27 £ 6 uM). Thus, sterols such as
cholesterol in higher eukaryotes or ergosterol in fungi may regulate the VDAC
oligomeric state and may provide a potential target for the modulation of apoptotic
signaling by effecting VDAC-VDAC and VDAC-hexokinase interactions. In a separate
study, the physiological effects of a small 5 amino-acid deletion in the Neurospora crassa
VDAC sequence (238porin) were examined using proteomic and biochemical analysis of
a strain expressing only this variant. 238porin was determined to be assembled in the
mitochondrial outer membrane by a protease resistance assay; however, the level of
expression of 238porin was only 3% of that of the wild-type protein. 238Por displayed
respiratory defects; however, it exhibited an almost wild-type linear growth rate. Analysis
of mitochondrial proteomes from a VDAC wild-type strain, a strain lacking VDAC

(APor-1) and 238Por revealed that the expression of 238poin partially compensates for



respiratory defects caused by VDAC knockout. The deletion (APor-1) or depletion
(238Por) of VDAC was found to increase the expression of a Rubredoxin-NAD*
reductase, a homologue of the higher eukaryotic apoptosis inducing factor. The studies in
this work examined the behavior of isolated VDAC in vitro and the effects of VDAC
dysfunction in vivo and provide a better understanding of VDAC behaviors involved in
apoptotic signaling and in addition, the integrated biophysical approach described
provides a powerful platform for the study of membrane protein complexes solubilized in

detergent solutions.
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Chapter 1: Literature Review

Biophysical characterization of detergent-solubilized integral membrane proteins

1.1 Introduction

The study of integral membrane proteins (IMPs) is essential to the understanding of
physiology and disease. Notably, membrane proteins play a key role in human disease, as is
evident by the number of membrane proteins targeted by the mode of action of the current
generation of pharmaceutical products (1). Even though the importance of IMPs proteins is clear
the understanding of the structure-function relationship of IMPs is poor in comparison to that of
water-soluble proteins (2). This gap in understanding in part results from the difficulty in
deciphering structural information pertaining to IMPs and IMP complexes due to their physical
properties. The gap in structural knowledge can be clearly seen in the number of high-resolution
IMP protein structures deposited into the protein data bank ( www.rcsb.org) compared to the
number of soluble protein structures (3). This chapter will describe the background to a three-
method biophysics pipeline, discuss some of the currently available biophysical techniques for
studying proteins in solution, how they have been adapted to the study of IMPs and what each
technique adds to a larger understanding of integral membrane protein structure and function.

IMPs are inserted into the lipid bilayers that separate the interior and exterior of cells, or
separate cellular compartments (4). IMPs are responsible for the trafficking of molecules across
the lipid membranes (5); as well, sensory information collected by cells on the cell surface is
translated across the membrane to the interior of cells by IMPs (6). These two general functions
of IMPs as a group largely explain their importance in physiology and disease (7-9), although
many other types of functions can be attributed to different IMPs. The general structural

characteristics of membrane proteins are quite different from soluble proteins; transmembrane
14


http://www.rcsb.org/

domains have outwardly facing hydrophobic amino acid side chains whereas soluble proteins
generally have buried hydrophobic amino acid side chains (10). From known high resolution
membrane protein structures there are two main types of transmembrane domains: a-helices or
a-helical bundles and B-barrels (11, 12). These two architectures allow for the positioning of
hydrophobic amino acids towards the interior of the lipid bilayer and hydrophilic amino acids
towards the interior of the structure where hydrogen and ionic bonds hold the structure together
or face an internal aqueous channel (13). The structures and therefore properties of membrane
proteins stand in stark contrast to those of water-soluble proteins.

Many in vitro techniques used for the analysis of proteins require the proteins to be free
in solution (14, 15). The use of detergents to remove IMPs from lipid bilayers and coat them in
an amphipathic detergent layer is a common solution to this problem (15). Once solubilized by
detergent, the solution can be considered a polydisperse mixture of IMP-detergent complexes
and empty detergent micelles (14). The same is true of protein complexes where one or more of
the components is an IMP; in some cases, it is possible to identify detergents that allow for the
solubilization of large intact protein complexes (16, 17). The addition of detergent to protein
solutions can cause issues that complicate the data interpretation of many methods; however,
many of these issues can now be overcome with careful experimental design and new methods.
Here we will discuss a biophysics pipeline for the characterization of detergent solubilized IMPs
using microscale thermophoresis to screen for protein-protein interactions and determine binding
affinities, analytical ultracentrifugation to determine the oligomeric state of IMPs or IMP protein
complex composition and small angle x-ray scattering to data to model IMP detergent

complexes.

15



1.2 IMP-Protein Interactions

The analysis of IMP-IMP or IMP-soluble-protein binding affinities can provide a greater
understanding of the behavior of protein complexes. The binding affinity of the proteins lends
information on the conditions in which (for example, concentration range) and depending on the
system, can aid in the understanding of the mechanisms controlled by complex formation or
disassociation (complex forms an active enzyme, disassociation triggers a signaling event, etc.)
(18). The ability to measure these binding affinities is paramount in the understanding of the
function of these protein complexes. The study of IMP complexes is complicated by the fact that
at least one component of the complex is imbedded into a lipid bilayer (11, 12, 14, 15). The
immobilization of the complex is the key issue that makes studying the binding affinities of the
complex components difficult as most techniques require the proteins to be free in solution (19,
20). This can be solved using standard membrane memetic methodologies such as solubilizing
the membrane-embedded components of the complex in detergent solutions, thereby removing
the proteins from lipid bilayers and suspending them in solution. In the detergent-solubilized
state, a powerful method, microscale thermophoresis (MST) is an ideal choice for the analysis of
IMP binding affinity.

Microscale thermophoresis (MST) is a technique that relies on changes in the movement
of macromolecules in solution due to interactions of the macromolecule with ligands (21). MST
IS very sensitive to changes in protein motion enabling the detection of macromolecule, small
molecule and ion binding (21). MST utilizes an IR laser to induce the movement of proteins
away from a localized area of a capillary tube (21). The relative concentration of a protein of
interest is monitored using a fluorescent tag; in this way the movement of the protein molecules

can be monitored through changes to localized fluorescence intensity (20, 21). The binding of

16



ligands or proteins to the tagged protein of interest can be observed and quantified through
monitoring changes to the motion of the protein of interest in the absence and presence of the
binding partner (22) (Fig. 1.1B). A disassociation constant (Kq) for the interaction can be
determined by titrating the binding partner against a constant concentration of the tagged protein

of interest (Fig. 1.1B)(20):

_ [AIx[B"]

where Kg is the disassociation constant, [A] is the concentration of the titrated binding partner,
[B™] is the concentration of the fluorescently tagged protein and [AB’] is the concentration of the
complex. Software such as Palmist allows for the analysis of MST experiments and fitting of Kqg
values from experimental data (20).

The use of MST in the determination of the Kq of IMP-binding partner dissociation,
offers several advantages over other techniques. The most notable advantage that MST provides
over other binding analysis techniques such as isothermal calorimetry is that the binding of
soluble proteins to an IMP can be monitored while the IMP is imbedded in a lipid bilayer (21).
This is accomplished through reconstituting the IMP in lipid vesicles and titrating the vesicles
against a fluorescently labeled soluble binding partner. In membrane mimetic systems such as
detergent micelles, MST has an advantage over isothermal calorimetry as the sample preparation
does not require dialysis to ensure exact buffer matching (19), which can be impossible if the
detergent used forms large micelles.

For use in a combined biophysics approach to examining IMP complexes, MST can
provide important information on complexes or oligomerization (23) and MST can be used to
screen potential binding partners for complex formation. A simple procedure is employed; the

thermophoresis profiles in the absence of the binding partner and in the presence of high

17
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Figure 1.1 Microscale thermophoresis work flow. A) Thermophoresis traces of Neurospora
VDAC in the absence (black) and presence (red) of Saccharomyces hexokinase Il. There is no
change between the two traces indicating no binding (Chapter 2). B) Thermophoresis traces of
Neurospora VDAC in the absence (black) and presence of Saccharomyces hexokinase I. There is
a clear shift in the MST trace due to the presence of hexokinase I indicating binding (Chapter 2).
C) Example titrations of a protein that does not interact with the target protein (black) and a

protein that does interact with the target protein (red).
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concentrations of binding partners can provide the evidence of interaction (Chapter 2) (Fig. 1.1A
& B). Once binding partners are identified, the Kq of the interaction can be determined via
titration of the binding partner (20, 21) (Fig. 1.1C). With the Kg of the interaction known, the
working concentrations of proteins in the complex for further experimentation should be above
this value (Fig. 1.1C). For example, this simple test revealed an isoform specificity in complex
formation, that hexokinase | binds VDAC (Fig. 1.1B) and hexokinase Il does not (Fig. 1.1A) (see

Chapter 2).

1.3 Molecular Mass Analysis of IMP and IMP-Containing Complexes

Analytical ultracentrifugation (AUC) is a method that can provide information about the
size and shape of biological macromolecules or complexes. AUC sedimentation velocity
experiments can allow for the examination of the size, shape and mass of macromolecules or
macromolecular complexes, and as well sedimentation equilibrium experiments allow for the
study of protein-protein interactions (24). For the purposes of this workflow we will discuss
sedimentation velocity methodology. In general, protein sedimentation under high centrifugal
force is related to the molecular weight via the equation:

_ 6msNynR;

o5 (1D

Where M is the molecular weight, s is the sedimentation coefficient, Na is Avogadro’s number, 1
is the solvent viscosity, Rs is the Stokes radius, p is the solvent density and ¥ is the
macromolecule’s partial specific volume (24). The sedimentation coefficient, s, is determined
from the sedimentation of the macromolecule monitored during a sedimentation velocity

experiment. The sedimentation of proteins can be described by the Lamm equation:
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dt

G =~ GIr (esw?r = () e @d)

Where c is the concentration of solute at the radial position r, t is the time of sedimentation at
angular velocity  and D is the diffusion coefficient (25). This allows for the fitting of s and D
using methods such as the c(s) distribution analysis in the software Sedfit (26) allowing for the
determination of molecular weights from the sedimentation coefficient using equation 1.2. In the
case of IMPs the protein cannot be analyzed in isolation, but rather a protein detergent complex
composed of the protein and detergent bound to the IMP during the solubilization process must

be analyzed. In this case equation 1.2 can be re-written:

__ 6mSNgNR;

Mpp = 1~ pVrp (1.4)

Where Mpp is the molecular weight of the combined protein and detergent components of the

protein-detergent complex and vy is the partial specific volume of the protein detergent

complex. Rs can be measured via size exclusion chromatography (SEC) elution volume relative

to a calibration curve of proteins with known Rsvalues (27). The V5 is unknown; however, it

can be determined by from the ratio of detergent to protein in the complex:

Up+ (SDﬁD

1+ (SD (15)

Upp =
Where vp is the partial specific volume of the protein component, &, is the mass/mass ratio of
detergent to protein complex and v is the partial specific volume of the detergent micelles (27).

Vp can be calculated from amino acid sequence using the program Sednterp

(http://www.jphilo.mailway.com/download.htm#SEDNTERP) which uses standardized values of

v for each amino acid to determine a weighted average v for the protein sequence. v can be
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Figure 1.2 Sedimentation velocity data analysis. A) The left panel depicts the raw absorbance
data points (circles) and Lamm equation solutions (lines) with each scan colored from earliest
(blue) to latest (red) of a detergent-solubilized VDAC sample (data from Chapter 2). The right
panel depicts a c(s) absorbance distribution determined using sedfit (26). The peak
corresponding to the VDAC-detergent complex is indicated and the integrated area used to
determine the absorbance of the sample is colored in blue. B) The left panel depicts the
interference data points (circles) and Lamm equation solutions (lines) with each scan colored

from earliest (blue) to latest (red) of a detergent solubilized VDAC sample (data from Chapter

2). The right panel depicts a c(s) interference distribution determined using sedfit (26). The peaks

corresponding to the VDAC-detergent complex and free detergent micelles are indicated and the

integrated area used to determine the interference fringe displacement (J) of the sample is

colored in blue.
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determined by global sedimentation velocity analysis of detergent micelles in at least two
different solvent densities (for example 100% H20 and 100% D.O; however changes to Mw due
to deuterium exchange must be accounted for). In this case v, can be treated as a fitted parameter
(28), which can be analyzed using the software Sedphat (24, 26). The 6p value for the protein
detergent complex can be determined from the dn/dc (change in refractive index relative to the

protein concentration) of the protein-detergent complex:
ch)PD (dCP)P Ger )pbp (L6)

Where (dn/dcp)ep is the dn/dc of the protein-detergent complex relative to the protein
concentration, (dn/dce)p is the dn/dc of the protein relative to protein concentration and
(dn/dcp)p is the dn/dc of the detergent relative to the detergent concentration (27). Proteins have
a relatively narrow distribution of dn/dc values and as such a standard value of 0.185 ml/g (with
light at wavelength 675 nm) can be used as the value for (dn/dcp)r (29). (dn/dcp)o can be
determined experimentally by measuring the change in refractive index due to known
concentrations of detergent. (dn/dcp)rp can be determined directly from calculated sedimentation

velocity c(s) distributions using a two detector setup (Interference and Absorbance at 280 nm) :

dCP)PD E (.7)

Where J is the interference fringe displacement due to the sedimenting protein-detergent
complex, A is the wavelength (cm) of light (usually 675 nm for interference detection methods),
c is the concentration of protein (in g/ml) in the sedimenting IMP species, K is the magnification
and | is the pathlength (cm). J can be obtained by integrating the area under the peak in the c(s)
Interference distribution corresponding to the protein-detergent complex (Fig. 1.2B) and
similarly ¢ can be determined by integrating the area under the peak corresponding to the

protein-detergent complex in the c(s) absorbance distribution and dividing by the extinction
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coefficient of that protein or complex (calculated from protein sequence) to determine the protein
concentration. From interference and absorbance data sets of the same sample and using
equations 1.4 — 1.7 the molar mass of the protein-detergent complex can be determined. With the
total mass of the protein-detergent complex known the mass of the protein component can be

determined easily using the equation:

__ Mpp
Mp = Tro- 5y (1.8)

Where Mp is the mass of the protein component (27). In the case of a simple protein-detergent
complex comprised of only one type of protein the oligomeric state of the protein can be
determined by dividing the Mp by the molecular weight of the monomeric protein as determined
from the amino acid sequence, which should yield a near integer value for a monodisperse
species. In the case of a more complicated protein complex comprised of multiple different
proteins more information will be required to determine the composition of the complex.

The composition of a protein complex can be determined in a similar manner as
described above by including a third detection method, fluorescence, or simply by using tags
with differing absorbance maxima. Individual components of the complex are labeled with small
molecule tags or conjugated to fluorescent proteins and the relative absorbance of the tags can be

related to the concentrations of each protein within the complex:
A 1
Ch = (g) X Z (19)
Where cn is the concentration of component n, A is the measured absorbance of the tag linked to
n, € is the molar extinction coefficient of the tag, | is path length and d, is the degree of labelling
(number of tags per protein molecule) (30). Once the concentration of each component in the

protein complex is determined from equation 1.9, the values can be used to determine total

protein concentration (in mg/ml) and the molar mass of the protein-detergent complex can be
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determined as above with equations 1.4 — 1.8. Once the molar mass of the total protein
component of the protein detergent complex is determined the molar mass of each component
can be determined from the ratios of the concentrations of each component in the complex.

A second method that can provide complimentary information to AUC is multiple angle
light scattering (MALS). MALS relies on the visible light scattering properties of proteins to
determine their size (31). MALS is commonly used in conjunction with a separation technique
such as size exclusion chromatography (SEC-MALS) to allow for the analysis of individual
species in polydisperse solutions (31). MALS requires the determination of the concentration of
material being examined (usually through refractive index or absorbance at 280 nm in the case of
proteins, SEC-UV-MALS-RI) to deconvolute the influence of concentration from the scattered
light intensities (31, 32). For IMP proteins, the molar mass determined is of the protein-
detergent complex and from there one can determine the mass of the protein component using
two detection methods (refractive index and absorbance at 280 nm) (31).

AUC and SEC-MALS provide similar information about the molar mass of an IMP-
detergent complex: the molar mass of the protein component and mass of the detergent bound to
the protein; however, AUC sedimentation velocity experiments can provide additional
information. The Lamm equation (Equation 1.3) describes the sedimentation of macromolecules
in solution. The two terms describing the sedimentation include the variables s (sedimentation
coefficient) and D (the diffusion coefficient). The diffusion coefficient term can be related to the
frictional ratio, f/fo, which describes the friction experienced by the sedimenting species relative
to the friction experienced by a sphere of the same mass:

2
- 1

D= 2prs <n (é)) 5(w)E (1.10)

v
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Where k is the Boltzmann constant and T is temperature. f/fo can therefore be summarized as a
value that describes how spherical the sedimenting species is. An assumption is made in a c(s)
analysis of AUC data described above: all species in the solution have the same f/fo value (26).
The software Sedfit (26) offers an alternative, more computationally demanding analysis, and
determines c(s, f/fo), which allows for the consideration of a range of f/fo values producing a 2-
dimensional (2D) distribution (s and f/fo) sufficient for the deconvolution of species with similar

s values but differing f/fo ratios (Fig. 1.3) (33).
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Figure 1.3 Comparison of c(s) and c(s, f/fo) analyses. The top left panel depicts AUC
sedimentation velocity data corresponding to Neurospora VDAC in the presence of a cholesterol
analogue (Chapter 2). The data points (circles) and Lamm equation solutions (lines) are shown.
The bottom right panel depicts a c(s) interference distribution determined from the sedimentation
velocity data and clearly shows two VDAC species. The top right panel depicts a c(s, f/fo)
interference distribution of the same data which shows three distinct VDAC species. The bottom
right panel depicts a c(s, *) distribution of the same data (c(s, f/fo) compressed back to a 1D

distribution), which clearly shows the three VDAC species.
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1.4 Modelling of IMP-Detergent Complexes from Small-Angle Scattering Data

Small angle scatting techniques have been complimentary methods to high resolution
structural characterization of proteins for many years (34). Small angle scattering methods (SAS)
can provide low resolution structural information about proteins or protein complexes without
the need for crystallization (34, 35). More recently there have been improvements in the analysis
of IMP SAS data, which have allowed for the low-resolution modelling of IMP-detergent
complexes (36). Two main methods are used for the analysis of proteins by SAS, small-angle x-
ray scattering (SAXS), which provides information on the electron density and small-angle
neutron scattering (SANS), which provides information on the nuclei in the protein molecule.
SAS techniques have several advantages over high resolution methods regarding IMPs, with the
main disadvantage being the lower resolution of data produced. The main advantages are that the
IMPs do not have to be crystallized, which has proven to be a major bottleneck in the high-
resolution characterization of IMPs by protein crystallography and that concentrations of
proteins required are not as high as those required for NMR (37, 38). The complications of using
SAS techniques to study IMPs are the need for the protein to be in solution, requiring the use of
detergents (36). The presence of other large components in the solution such as detergents causes
two issues, the free detergent micelles will contribute to the measured scattering intensities and
the detergent bound to the protein creates a layer around the protein that must be accounted for in

the modelling (36).

SAXS and SANS each have benefits and disadvantages to the analysis of IMPs. SANS
and SAXS both suffer from the scattering by free detergent micelles in solubilized IMP
solutions. The solutions to this problem are different for each technique. To account for free

detergent micelle scattering in SAXS experiments the SAXS measurements are coupled to a
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separation technique such as size exclusion chromatography (SEC-SAXS) (39). In SEC-SAXS
measurements a scattering curve is recorded every few seconds as the sample elutes from a SEC
column; this allows for the determination of the free micelle scattering contribution of the
running buffer from the scattering data obtained during the elution of the void volume of the
column, which can be subtracted from the scattering curves obtained during the elution of the
IMP-detergent complex (36, 39). This process is made possible using very brilliant X-ray
sources such as those at synchrotrons, which allow for the rapid acquisition of scattering curves
(40). Coupling to SEC is not possible for the acquisition of SANS data as the intensity of neutron
sources precludes the short acquisition times required (41). The most common method to account
for free-detergent micelle scattering in SANS experiments is to match the scattering-length
density of the solvent to the scattering length density of the detergent micelles (41, 42). This can
be accomplished using DO to match the scattering length density of the solvent to the scattering
length density of the detergent. This methodology works well as the scattering length density of
many common detergents lies within the range of H2O and D20 (43). This provides another
benefit as the matching of the solvent to the detergent micelles will also match the scattering-
length density of the detergent bound to the IMP essentially making the bound detergent appear
invisible (43). This method does not work well for SAXS as the differences in electron densities
between detergents and water can be quite large and as a result the quantity of solutes that would
be required to alter the electron density of the solvent can be impossible to achieve (44, 45). This
can be further complicated by the differing electron densities of detergent head groups and tails;
therefore the entirety of the detergent contribution cannot be matched by a single solute

concentration (45).
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SAXS is a powerful platform for the low-resolution modeling of IMPs; even though the
resulting data can be more complicated to interpret the benefit of coupling the measurements to
SEC allows for the analysis of poly-disperse solutions such as the separation of oligomers or
complexes from component proteins that would influence scattering data (Chapter 2). The
separation by size and shape that SEC provides is important in the separation of IMP-detergent
complexes from excess empty detergent micelles in the sample (Fig. 1.4A) (Chapter 2). This
mismatch in the free detergent micelle concentration between the sample and reference solution
can be caused by concentrating the sample before taking measurements (Fig. 1.4A). Currently,
prior information about the protein component of an IMP-detergent complex such as a crystal
structure or predicted structure describing the protein component of the complex is required for
proper interpretation of the data (36). These models can be validated using experimental
scattering intensities of a IMP-detergent complex using the software memprot (36). Memprot
iteratively determines the dimensions of an ellipsoidal detergent layer (See Figure 2.4 for a
visual description of the parameters describing the detergent layer) surrounding an input protein
structure and outputs the model that most closely fits the experimentally measured scattering
curve (36) (Fig. 1.4B). This could allow for the use of SAXS data to validate known crystal
structures (determine if there are crystal packing artifacts), NMR structure (determine if the
structure is similar at lower concentrations) and predicted structures or computational models.
SEC-SAXS data has in fact been used as a constraint in the modelling of at least one IMP-
detergent complex (46). The main limitations of memprot are the fact that only ellipsoidal
geometries are considered for the detergent layer and the reliance on previous structural
information pertaining to the protein. A recent development in the analysis of SAXS data allows

for the direct calculation of electron density maps of macromolecules in solution (47). This is an
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Figure 1.4. SEC-SAXS analysis of detergent solubilized IMPs. A) Total Integrated scattering
intensity of each frame plotted against frame number of a SEC-SAXS elution of Neurospora
VDAC solubilized in the detergent DM (black line) and the radius of gyration determined from
each frame with integrated intensity greater than the 0.45 baseline (red circles). B) Averaged
scattering curve of the VDAC-DM complex (black circles) obtained by subtracting the buffer
scattering contribution from each frame and then scaling and averaging each frame containing
the VDAC-DM complex (region of the elution containing VDAC is indicated in panel (A)). The
red line depicts the calculated scattering curve of a VDAC-DM complex produced by the
software memprot; the reduced y? of the fit between the model and experimental data is shown
on the plot. C) Cross section of the VDAC-DM model produced by memprot using the mouse
VDAC crystal structure (PDB: 3EMN) as the input model. D) The same VDAC-DM memprot
model rotated 90° around the x-axis relative to panel (C). In panels (C) and (D) the mouse
VDAC crystal structure is colored in blue, the beads corresponding to the detergent hydrophobic
tails are colored in yellow and the beads corresponding to the hydrophilic headgroups are colored

red.
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exciting improvement to the treatment of SAXS data, which is currently modeled using coarse
grain beads of uniform electron density (35, 48). The basic principles behind this approach show
great promise for improvement of IMP-detergent complex SAXS data analysis as it would
require no prior information as with memprot (36, 47). However, great care should be taken
when using this new method as it should be noted that the current algorithm for the direct
calculation of electron density from SAXS data, Denss (47), by the nature of its design will not
consider components with negative electron density contrast (negative density is forced to 0)
(47). This is an important point to consider as many commonly used detergents contain
hydrophobic layers with negative electron density in contrast to water (45). Therefore, in order to
use the Denss algorithm with an IMP data set great care must be taken to ensure the detergents
used have an electron density higher than water (45, 47). Overall SAS methods can provide low

resolution but important information about the organization of IMPs solubilized in detergents.

1.5 Combined Biophysics Approach

MST, AUC and SEC-SAXS are powerful techniques for the examination of IMPs as has
been discussed above. The advantages and disadvantages of each individual method with respect
to IMPs have been described above; however, the use of all three methods together can provide
crucial information for the interpretation of data. A suggested approach to the characterization of
detergent solubilized IMPs or IMP containing complexes using these methodologies is
summarized in Fig. 1.5. The general workflow is to screen for interactions or oligomerization
using MST, if an interaction is identified MST can be used to determine the affinity of the
interaction (Kg), then AUC or SEC-UV-MALS-RI at a protein concentration above the Kq can be

used to determine the oligomeric state or complex composition of the protein(s) involved in the
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interaction and finally with the known composition of the IMP complex a model can be
constructed and validated with SEC-SAXS data. These biophysical characterizations can provide
information on the behavior of IMPs at the molecular level in isolation. It is, however, important
to consider that the in vitro data gathered pertaining to an IMP obtained through a biophysical
analysis may not correlate directly to the in vivo behaviour of the protein. It is therefore
paramount that the information obtained from these methods be correlated to in vivo experiments
using methods such as co-localization, proteomics, activity assays and physiological analysis.
The use of biophysical methods to gain insight into the structure and function of biological
macromolecules has been a long-standing approach for soluble proteins; however, in the past
membrane proteins presented many difficulties. In this work the use of three biophysical
methods in combination MST, AUC and SAXS to characterized IMPs was discussed and
advances in these methodologies have allowed for the accessible characterization of integral

membrane proteins.

1.6 Voltage-Dependent Anion-Selective Channels

Voltage-dependent anion-selective channels (VDACS) are integral membrane proteins
which facilitate the transfer of ions and small molecules across the mitochondrial outer
membrane (49). VDACs are ubiquitous to aerobic eukaryotes (50, 51), with some organisms
expressing multiple VDAC isoforms (52). VDACs play an essential role in metabolism
evidenced by a lethal phenotype in mouse VDAC2 knockout strains, partial lethality in mouse
VDAC1 knockout strains, infertility in mouse VDAC3 knockout strains and extreme growth
defects in Neurospora crassa VDAC knockout strains (53-56). VDACs form large aqueous

channels approximately 1.4 nm in diameter at the smallest point (57, 58). Although the pore
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Figure 1.5. Summary of the biophysics pipeline for the in vitro characterization of IMPs.
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formed by VDAC is quite large and it acts a general-purpose pore allowing for the passive
diffusion of many kinds of molecules across the membrane there is evidence of direct interaction
of nucleotides with the VDAC channel (58-60). VDACs are predicted to have high structural
similarity although the sequence variability of proteins in the family is quite large (50, 51). Pore
formation is accomplished by a pB-barrel transmembrane domain consisting of 19 antiparallel -
strands with the first and last strands arranged in parallel (See Chapter 3 for a cartoon
representation of the predicted N. crassa VDAC structure, Fig. 3.1). Aside from the transfer of
small molecules across the mitochondrial outer membrane VDAC self-association (61),
interactions with hexokinase (62-64) and bcl-2 family proteins (65), are involved in
mitochondrial-mediated apoptotic signaling events ultimately leading to the release of
cytochrome c, smac/diablo and apoptosis inducing factor (AlF) from mitochondria (61, 62, 65).
VDAC’s involvement in apoptotic signaling and metabolism will be discussed in more detail in
chapter 2 and 3 respectively. As the major interface between the cytoplasm and the
mitochondrial interior and playing a role in mitochondrial-mediated apoptotic signaling VDAC
is an important member of a complex system of protein-protein interactions making it the ideal

candidate for the combined biophysics approach coupled with physiological analysis.

1.7 Thesis Objectives

A methodology for the in vitro characterization of IMPs has been described above. The in
vitro characterization of IMPs is an important step towards the understanding of IMP structures
and functions; however, the information determined from these methods must be considered in a

biological context. Therefore, it is important to also consider biological and physiological
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information to better understand the relevance of the physical information. The main objective of
this work was to develop a biophysics pipeline to investigate the in vitro physical characteristics
of Neurospora crassa voltage dependent anion-selective channel (VDAC), an integral
mitochondrial outer membrane protein and relate those physical characteristics of VDAC to
physiological data. This protein is a 19-stranded B-barrel that acts as a channel and regulator of
cellular metabolism; it is described in detail in Chapters 2 and 3. To achieve this objective two

approaches were utilized:

1) Biophysical characterization of the effect of cholesterol analogues on N. crassa VDAC

solubilized in detergent (Chapter 2)

2) Physiological and proteomic analysis of a N. crassa mutant expressing a VDAC deletion

variant (Chapter 3)

Approach 1 utilized the methodology described above, a combination of microscale
thermophoresis, analytical ultracentrifugation and size exclusion chromatography small angle x-
ray scattering to probe the effect of a cholesterol analogue on the oligomeric state of VDAC, the
organization of these oligomers and VDAC-hexokinase complex formation. Approach 2 focused
on the effect of a VDAC mutation on the mitochondrial proteome and physiology using a mass
spectrometry proteomic analysis, as well as biochemical assays to determine the overall effect of
the mutation on mitochondrial function. The structural and functional analysis of N. crassa

VDAC described will further the understanding of VDAC’s role in metabolism and apoptosis.
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Chapter 2: A Cholesterol Analogue Induces an Oligomeric Reorganization of VDAC

2.1 Publication Details and Author Contributions

Ferens F.G., Patel T.R., Oriss G., Court D.A., Stetefeld J. 2019. A Cholesterol Analog Induces
an Oligomeric Reorganization of VDAC. Biophysical Journal, 116(5):847-859, DOI:
10.1016/j.bpj.2019.01.031

F.F. developed the biophysics pipeline. F.F., T.P., D.C. and J.S. designed the experiments. F.F.
and T.P. performed the analytical ultracentrifuge experiments. G.O. performed initial VDACN
solubilization and purification optimizations. F.F. performed all other experiments. F.F. analyzed

the data. F.F., T.P., D.C. and J.S. prepared the manuscript.

2.2 Abstract

The oligomeric organization of the voltage-dependent anion-selective channel (VDAC)
and its interactions with hexokinase play integral roles in mitochondrially mediated apoptotic
signaling. Various small to large assemblies of VDAC are observed in mitochondrial outer
membranes but they do not predominate in detergent solubilized VDAC samples. In this study, a
cholesterol analogue, cholesteryl-hemisuccinate (CHS), was shown induce the formation of
detergent soluble VDAC multimers. The various oligomeric states of VDAC induced by the
addition of CHS were deciphered through an integrated biophysics approach using microscale
thermophoresis, analytical ultracentrifugation and size exclusion chromatography-small angle X-
ray scattering. Furthermore, CHS stabilizes the interaction between VDAC and hexokinase (Kq
of 27 £ 6 uM), confirming the biological relevance of oligomers generated. Thus, sterols such as
cholesterol in higher eukaryotes or ergosterol in fungi may regulate VDAC oligomeric state and

may provide a potential target for the modulation of apoptotic signaling by effecting VDAC-
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VDAC and VDAC-hexokinase interactions. In addition, the integrated biophysical approach

described provides a powerful platform for the study of membrane protein complexes in solution.

2.3 Introduction

The characterization of integral membrane proteins in solution is often difficult relative to
soluble proteins due to the necessity of adding amphipathic detergents to solubilize and stabilize
them in solution (15). Nevertheless, their immense importance in biotechnology, structure-based
drug design and medicine is evident from the fact that 59% of FDA approved drugs target
transmembrane proteins (1). The potentially enormous impact of these drugs, coupled with the
difficulty of studying the structure-function relationships of these membrane-localized drug
targets, has created a pressing need for innovative methods to study integral membrane proteins.
In this study we used a combination of existing technologies to probe the oligomeric states of an
integral membrane protein VDAC.

Voltage-dependent anion-selective channels (VDACS) are a family of mitochondrial
outer membrane proteins ubiquitous in aerobic eukaryotes and have garnered interest as possible
targets for anticancer drugs (8, 66, 67). VDAC family proteins form large pores in the
mitochondrial outer membrane, about 1.4 nm in diameter at the narrowest point (57, 58). The
primary function of VDAC is the exchange of ions and metabolites across the mitochondrial
outer membrane (49). VDAC interacts with proteins involved in apoptotic signaling, specifically
through hexokinase dissociation (62, 63), interactions with bcl-2 family proteins (61, 62) and it is
possibly involved in the release of cytochrome ¢ and apoptosis-inducing factor (AIF) from

mitochondria (61). The reorganization of VDAC into units larger than monomers and the
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disassociation of the VDAC-hexokinase complex have been linked to mitochondrial mediated
apoptosis (61).

Crystal structures of VDACs have provided insights into possible oligomeric
organizations in the form of crystal packing; however, the biological relevance of these VDAC
organizations is still being debated (57, 68, 69). Interestingly, many of the detergent-solubilized
VDACs examined to date seem to adopt a monomeric configuration except for zebrafish
VDAC2 and mouse VDACL (at low pH) which adopted dimeric configurations in detergent
solutions (57, 58, 70, 71). Multimeric VDAC assemblies purified from native membranes have
been observed using electron microscopy and atomic force microscopy; however, the
components of the lipid environment that conserved the native VDAC oligomeric states were not
identified (60, 72).

Here we utilized an integrated approach combining (i) microscale thermophoresis (MST)
for the determination of binding constants and relevant concentrations of proteins for oligomeric
analyses, (ii) analytical ultracentrifugation (AUC) to determine oligomeric state and (iii) size-
exclusion chromatography in conjunction with small angle x-ray scattering (SEC-SAXS) to
model VDAC-detergent complexes. We use this pipeline to decipher the oligomeric organization
of this essential integral membrane protein and begin to probe VDAC complex formation with
hexokinases. The established MST-AUC-SEC-SAXS experiments allowed us to validate high
resolution structures with solution scattering data and to determine the oligomeric organizations

of VDAC in detergent complexes (36, 46).
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2.4 Materials and Methods

2.4.1 Plasmids, Strains and Reagents

Native purification of N. crassa VDAC was performed using a strain in which the VDAC
gene was replaced via homologous recombination with a cDNA copy of the gene with a C-
terminal 6x histag, as described previously (73). The resulting strain was named Por-hiss.

Denaturing purification of the N. crassa VDAC was conducted utilizing a codon-
optimized sequence for expression in E. coli. A 6x his-tag was engineered onto the C-terminus of
the protein sequence. The gene was synthesized and cloned into the vector pET21b via the Ndel
and BamHlI sites by GenScript (Piscataway, NJ, USA). The resulting pET21b-VDAC-hise
plasmid was transformed into E. coli strain BL21(c43) (74) for VDAC overexpression.

n-decyl-B-d-maltopyranoside (DM, Anagrade) was purchased from Anatrace, (Maumee,
OH, USA) and cholesteryl-hemisuccinate (CHS) was purchased from Sigma-Aldrich Canada
(Oakville, ON, Canada). All buffer solutions used in this study were adjusted to pH 7.0 unless

otherwise specified.

2.4.2 VDACN Purification

Cultivation of N. crassa was conducted as per standard methodologies (75). 20 L of Por-
hise culture was grown at 30°C for 22 h and mycelia were harvested via filtration using a paper
filter. Mitochondria were isolated as previously described (73, 76) and diluted to a total protein
concentration of 10 mg/ml. The suspension of mitochondria was mixed 1:1 with a solution of 20
mM MOPS, 300 mM NaCl, 2% DM, 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride (AEBSF) and mixed at 4°C for 1 hour and then applied to 5-mL of Ni-NTA resin

(Thermo-Fisher Canada, Mississauga, ON, Canada) and allowed to bind in batch with mixing
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overnight at 4°C. The Ni-NTA resin was washed with 4 column volumes of 20 mM MOPS, 100
mM NacCl, 0.3% DM, followed by 2 column volumes of 20 mM MOPS, 100 mM NaCl, 20 mM
imidazole, 0.3% DM and then was eluted with 20 mM MOPS, 100 mM NaCl, 300 mM
Imidazole, 0.3% DM. VDACN was then concentrated utilizing a 50-kDa cutoff concentrator and
applied to a 24 ml capacity Superdex 200 Increase column (GE Healthcare Canada, Mississauga,
ON, Canada) equilibrated with 20 mM MOPS, 100 mM NaCl, 0.3% DM. VDAC-containing

fractions (Fig. 2.1A) were collected and pooled.

2.4.3 VDACR Overexpression, Purification and Refolding

A 25-ml overnight culture of BL21(c43) cells containing the pET21b-VDAC-hiss vector
was added to 500 mL of pre-warmed (37°C) LB media. The 500-mL culture was grown with
shaking at 37°C for 1 h, after which time VDAC expression was induced with the addition of
IPTG to a final concentration of 0.5 mM; the culture was grown for a further 4 hours. Cells were
harvested via centrifugation for 5 min at 8000 rpm in a Sorvall SLA-3000 rotor. Harvested cells
were resuspended in 30 mL of chilled (4°C) buffer (20 mM Tris, 300 mM NaCl, 1 mM AEBSF,
pH 8.0). Resuspended cells were lysed via 3 passes through a french pressure cell at a pressure of
20,000 psi. VDAC inclusion bodies were harvested from cell lysate via centrifugation for 15
minutes at 16,000 rpm in a Sorvall SS-34 rotor. The resulting supernatant was discarded, and the
pellet was resuspended in 20 mM MOPS, 150 mM NaCl, 6 M guanidine-HCI using a glass
homogenizer. Insoluble material was removed via centrifugation at 20,000 rpm in a Sorvall SS -
34 rotor. The supernatant was applied to 3 mL Ni-NTA resin and binding of VDAC to the resin
was done in batch with mixing overnight at 4°C. The Ni-NTA resin was washed with 10 column

volumes of 20 mM MOPS, 150 mM NacCl, 6 M guanidine-HCI followed by 4 column volumes of
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20 mM MOPS, 150 mM NacCl, 20 mM Imidazole, 6 M guanidine-HCI. VDAC was eluted with
10 mL of 20 mM MOPS, 150 mM NacCl, 600 mM Imidazole, 6 M guanidine-HCI.

Purified recombinant VDAC (VDACR) was refolded by rapid 1/10 dilution of denatured
VDACR into 20 mM Tris, 300 mM NaCl, 1% DM pH 8.0 at 4°C. This mixture was dialyzed
against 20 mM Tris, 300 mM, NaCl pH 8.0 overnight at 4°C using a dialysis membrane with a
Mw cutoff less than 10 kDa. Dialyzed VDACR samples were then concentrated using a
concentrator with a My cutoff of 50 kDa. Concentrated samples were loaded onto a 24 ml
capacity Superdex 200 increase column equilibrated with 20 mM MOPS, 100 mM NaCl, 0.3%
DM to separate aggregates from correctly refolded protein. For experiments containing CHS
there was an additional SEC step to exchange the buffer via a 24 ml capacity Superdex 200
increase column equilibrated with 20 mM MOPS, 100 mM NacCl, 0.3% DM, 0.06% CHS.
VDAC containing fractions were pooled and concentrated with a 50 or 100 kDa My, cutoff
concentrator. Purified VDAC activity was assessed using liposome swelling assays as described

previously (77) (Fig. 2.1D).

2.4.4 Circular Dichroism Spectrapolarimetry (CD)

VDAC samples were exchanged into CD buffer (either 100 mM NacCl, 0.1% DM pH 7.0
or 20 mM MOPS, 100 mM NaCl, 0.1% DM 0.02% CHS pH7.0) and diluted to approximately 1
mg/ml in the same buffer. Final protein concentration was measured by UV absorbance at 280
nm (VDAC Eo.1%: 0.79, calculated from sequence). CD measurements were taken with a Jasco J-
810 spectropolarimeter at 20°C in a 0.01-cm path length quartz cuvette. Raw data were
converted to mean residue ellipticity (MRE) and secondary structure deconvolution was done

using the CDSSTR algorithm and the SMP180 reference set on the Dichroweb server (78-80)
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2.4.5 Analytical Ultracentrifugation (AUC)

VDAC was diluted to appropriate concentrations in 20 mM MOPS, 100 mM NacCl, 0.3%
DM or 20 mM MOPS, 100 mM NaCl, 0.3% DM, 0.06% CHS, with the highest concentration of
VDAC not exceeding 1 AU at 280 nm; final protein concentrations were determined directly
from AUC absorbance data. Experiments were conducted using a Beckman-Coulter Proteome

XL-I analytical ultracentrifuge and an An50Ti rotor.

Sedimentation velocity experiments were conducted at a rotor speed of 30,000 rpm and
20 mM MORPS, 100 mM NacCl (p: 1.004 g/ml, n: 0.01006 mPa) was used as the reference
solution. Other values used in the analysis: VDAC v of 0.733 was determined from the protein

sequence using Sednterp (http://www.jphilo.mailway.com/download.htm#SEDNTERP), 0.187

was used as the VDAC dn/dc (29), VDAC &o.1%, 280 0f 0.79 was determined from protein
sequence, DM v of 0.8 was reported by Zimmer et al., 2006 (81), and DM dn/dc of 0.1457 was
experimentally determined (data not shown). Rs values were determined by SEC elution volume
relative to a standard curve of proteins with known Rs values. Sedimentation velocity c(s)
distribution analysis (c(s) assumes a single frictional ratio, f/fo, for all species producing an s
distribution of measured intensity) and c(s, f/fo) distribution analyses (c(s, f/fo) makes no
assumptions about frictional ratio and produces a 2D distribution of the measured signal with s
and f/fo dimensions) were conducted using the software sedfit (26). To gain additional resolution
of VDAC species with similar S values in the VDACR+CHS samples 2D c(s, f/fo) distributions
were calculated for the interference data sets (Fig. 2.2E). Due to the lower signal to noise ratio in
the corresponding absorbance data sets of these samples it was not possible to produce
meaningful c(s, f/fo) distributions from absorbance data. To produce comparable interference and
absorbance distributions describing VDACR+CHS samples which retained the increased
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resolution of VDAC species from the c(s, f/fo) distributions, we employed a Bayesian statistical
analysis implemented in sedfit (82). This analysis was used to produce interference and
absorbance c(s) distributions of VDACR+CHS samples (Fig. 2.2F) using the prior knowledge of
the distribution of VDAC species in these samples obtained from the c(s, f/fo) analysis of the
interference data (Fig. 2.2E). Four VDAC concentrations were examined in the absence of CHS
and in the presence of CHS so that sedimentation coefficients could be extrapolated to a protein
concentration of 0 mg/ml to account for concentration dependent factors and to allow accurate
determination of dn/dc, values for the VDAC-detergent complexes. Before use for molecular
weight determination, experimentally determined sedimentation coefficients (Szo, butfer: 20°C in
sample buffer) were adjusted to standard conditions (S2o, water: 20°C in water).

Experimental theory and analysis of membrane protein samples and nomenclature are as
previously described by Salvay et al., 2007 (27). A summary of the theory is as follows:

The mass of the protein detergent complex (Mpp) can be described by the equation:

__ 6mSNgNRs

1-p vVpp

Where Na is Avogadro’s number, 1 is the solvent viscosity, Rs is the hydrodynamic radius of the
protein-detergent complex, s is the sedimentation coefficient, p° is the solvent density and Veo iS
the partial specific volume of the protein detergent complex. The Veo can be determined by the

following equation:

Up+ 6pUp

1+ 8D (15)

Upp =

Where vpand vp are the partial specific volumes of the protein and detergent respectively and ép

is the ratio of detergent:protein (g:g) in the protein-detergent complex. 6p can be determined
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from the refractive index increment (dn/dcp, change in refractive index relative to protein

concentration) of the protein-detergent complex as follows:
(dCP)PD (dCP)P + (= )D5D (1.6)

Where (dn/dcp)e is the refractive index increment of the protein and (dn/dcp)p is the refractive
index increment of the detergent. Finally the (dn/dcp)rp can be determined from the absorbance

at 280 nm and interference fringe displacement of the protein-detergent complex as follows:

]ﬂ
dCP)PD ek )

Where J is the interference fringe displacement, A is the wavelength of light used, c is the
concentration of protein determined from absorbance at 280 nm, K is the magnification of the
lens used and | is the pathlength of the sample. Interference fringe displacement of a species can
be directly determined from a c(s) distribution of interference fringe displacement by integrating
the area under the peak of the species being examined and the same is true for absorbance at 280
nm with the exception that a c(s) distribution of absorbance data would be used instead.

Once the mass of the protein-detergent complex has been determined from the previous

equations the mass of the protein and detergent components can be determined using dp:

_ Mpp
MP o 1+6D (l 8)

Mp = Mpp — Mp (2.1)

Where Mp and Mp are the masses of the protein and detergent components respectively.

2.4.6 Small-Angle X-ray Scattering (SAXS)
SEC-SAXS data was collected at beamline B21, Diamond Light Source (Didcot, UK).
VDAC-detergent complexes at VDAC concentrations of approximately 5-10 mg/ml in the
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presence and absence of CHS were applied to a 2.4 ml superdex 200 increase column
equilibrated with the appropriate buffer (20 MM MOPS, 100 mM NaCl with 0.1% DM or 0.1%
DM+0.02% CHS) and the eluate was examined in-line. Data were collected with exposure to 1 A
wavelength x-rays. ScAtter (http://www.bioisis.net/scatter/) and ATSAS (48) software packages
were used to process collected SAXS data. Models were constructed using the crystal structure
of mouse VDACL1 (PDB: 3EMN, 296 residues, 30% sequence identity to N. crassa VDAC, Mw:
32 kDa) (57, 69) or the crystal structure of zebrafish VDAC2 (PDB: 4BUM, 283 residues, 33%
sequence identity to N. crassa VDAC, Mw: 30 kDa) (68) to describe the protein phase of the
protein-detergent complex and the Memprot algorithm (36) to model the detergent corona around
the protein. Memprot allows for the geometric modelling of an elliptical detergent layer around a
fixed protein phase input in the form of a PDB file (protein electron density 0.42 e/A?) using 2
different types of detergent beads corresponding to detergent head groups (electron density
0.51e/A? for maltoside detergents (45)) and detergent tails (electron density 0.28 e /A? for

maltoside detergents (45))

2.4.7 Microscale Thermophoresis (MST)

VDAC was labeled with Alexa fluor 647 NHS ester dye (Thermo-Fisher Canada,
Mississauga, ON, Canada) which labels lysine residues, VDAC samples were labeled with an
efficiency of approximately 1 label per protein molecule as determined by absorbance
measurements. Labeled VDAC was diluted to a concentration of 100 nM for hexokinase
experiments or 20 nM for VDAC self-association experiments in 20mM MOPS, 100 mM NacCl,
0.3% DM or 20mM MOPS, 100 mM NacCl, 0.3% DM, 0.06% CHS which served as 2x working
concentrations. Separated hexokinase isoforms were prepared from a mixture of S. cerevisiae

hexokinases | and Il (LS002512) obtained from Worthington Biochemical (Lakewood, NJ, USA)
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using a well-established method relying on the different pls of the isoforms (83). The hexokinase
mixture was immobilized on a capto-Q anion exchange column (GE Healthcare Canada,
Mississauga, ON, Canada) and hexokinases were separated by pl using a pH gradient formed by
a linear gradient of a solution of 10 mM piperazine, 10 mM acetate, 10 mM formate at pH 5.5
and the same buffer solution at pH 4.0 (Fig. 2.7A & B). The isoforms were identified by the pH
at which they eluted (Fig. 2.7A) (83). Purified HK-1 and HK-11 were exchanged into 20mM
MOPS, 100mM NaCl, pH 7.0 buffer via dialysis. 2-fold serial dilutions (20 ul) of concentrated
separated hexokinases were prepared and each dilution was mixed 1:1 with the 100 nM stock
solution of labeled VDAC for a final labeled VDAC concentration of 50 nM in each tube. For
VDAC self-association experiments 2-fold serial dilutions (20 pl) of concentrated unlabeled
VDACR+CHS were prepared and each dilution was mixed 1:1 with the 20 nM labeled VDACR
solution resulting in a final labeled VDAC concentration of 10 nM in each tube. MST
experiments were conducted with a Nanotemper Monolith NT.115 in premium treated capillaries
from Nanotemper Technologies (Minchen, Germany). MST data was recorded at 40%
maximum IR laser power. MST analysis was conducted using the “MO. Analysis” software from
Nanotemper Technologies (Minchen, Germany) and Palmist (20) using the Kq model. A brief
description of the model is as follows:

The dissociation constant of a protein-protein complex consisting of two components, A and B,
can be described by the following equation:

[A][B]
[AB]

Where Ky is the dissociation constant, [A] is the concentration of component A, [B] is the

concentration of component B and [AB] is the concentration of the complex. For MST analysis
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the fluorescence intensity of a sample after the activation of a localized heat source (Fnot) relative

to the fluorescence intensity prior to the activation of the heat source (Fcold) iS measured:

E, = It . 1000 (2.3)

Feold
Where Fi is the resulting relative fluorescence of the sample. The measured Fn of a sample
consisting of protein A, fluorescently labeled protein B and complex AB can be described by the

equation:

Fo= (o Fp ) + (52 Fap ) 2

tot Btot
Where Bt is the total concentration of component B (bound and unbound), Fg is the F, of
protein B, and Fag is the F, of complex AB. The total concentrations of proteins A and B can be

described by the following equations:
Aior = [A] + [AB] (2.5)
Bior = [B] + [AB] (2.6)
Using equations 2.2, 2.4, 2.5 and 2.6 we can describe Fnas a function of At which can be fit to a

series of MST measurements at different At values (usually a 2-fold serial dilution) to determine

Kgq:

(FAB_FB)(Atot+Btot+Kd_\/(Atot"'Btot"'Kd)z_(4AtotBtot))
2Btot

Fy(Agor) = Fp + (2.7)

Values for Awtand Btot are known as they are equivalent to the total input concentrations of each
component for each measurement. Values for Fg, Fag and Kq were be determined by fitting the
function to the experimental data if a full sigmoidal binding curve is observed over all measured
values of At (20). A more thorough examination of the theory and analysis of MST data on

which this brief description was based is presented by Scheuermann, et al., 2016 (20).
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2.5 Results

2.5.1 Evaluation of Recombinant Neurospora crassa VDAC

We established an isolation and characterization protocol for recombinantly expressed
Neurospora crassa VDAC (VDACR) that was folded in n-decyl-B-d-maltopyranoside (DM). To
evaluate the validity of VDACR as a biologically equivalent model protein, we performed the
following experiments on VDACR and VDAC purified from N. crassa mitochondrial membranes
(VDACN). In a first step, detergent-solubilized VDAC was assessed through size exclusion
chromatography (Fig. 2.1A & B). Both, VDACN and VDACR elute as single symmetrical peaks
with identical elution volumes of 14.2 mL indicating a Rs value of 4.2 nm from a calibration
curve of proteins with known Rs values. These results suggest that, solubilized in DM, VDACR
and VDACN exist in the same oligomeric state. In a second step, circular dichroism
spectrapolarimetry (CD) analysis suggests that VDAC from both sources have identical
secondary structure compositions, which is largely consisting of -strands (Fig. 2.1C), as
observed previously (57, 58, 68). Deconvolution of the CD spectra reveals that the secondary
structure compositions of VDACN and VDACR agree with the secondary structure present in the
crystal structure of mouse VDACL (pdb-code: 3EMN) (Table 2.1) (57). Finally, liposome re-
swelling assays show that VDACN and VDACR can both form pores large enough to
accommodate the passage of poly ethylene glycol (average My 1000 Da, PEG1000) when
reconstituted into lipid vesicles, indicating that they are functional (Fig. 2.1D). In addition,
liposomes lacking any pores (pure lipid) as well as liposomes containing heat denatured VDAC
were examined as negative controls (Fig. 2.1D). The liposomes containing heat denatured
VDAC displayed a rapid increase in absorbance relative to the pure lipid liposomes indicating

that the heat denatured VDAC was able to facilitate the rapid transfer of water molecules across
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Figure 2.1 VDACR retains structural integrity and functionality relative to VDACN.
(A) SEC profiles of VDACN (green), VDACR (blue) with the Rs calculated from the elution

volumes of both samples displayed above the peaks. The inset depicts the UV spectrum of the
small second peak in the VDACN elution (green) and the UV spectrum of the fungal sterol
ergosterol (black). (B) CD-spectra of VDACN (Green) and VDACR (blue). Averages and
standard deviations (error bars) of three measurements are displayed. See Table 2.1 for
secondary structure deconvolution. (C) SDS-PAGE analysis of VDAC purification, cropped
images of 3 gels are displayed for clarity with labeled lanes: 1: Inclusion bodies, 2-4: Ni-NTA
Flow through, 5: Denatured VDACR elution, 6: Pooled SEC fractions of refolded VDACR, 7:
Mitochondria, 8: DM solubilized mitochondrial proteins, 9: Ni-NTA purified VDACN, 10:
Pooled SEC fractions of VDACN. Images of the full region of interest of each gel including
protein My, ladders are provided in the supplementary information (Fig. 5.3A-C). (D) Liposome
re-swelling assays of VDACN and VDACR. Pore formation is observed through changes in the
amount of scattered light that accompany reswelling of proteo-liposomes. The scattered light is
measured by absorbance and is displayed as values normalized to the first absorbance

measurement in each curve.
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Table 2.1 VDAC secondary structure contributions obtained from deconvolution of CD data

Sample a-Helix B-Strand (%) | B-Turn (%) Other (%) NRMSD
(%)

VDACN 5 60 7 28 0.017

VDACR 6 63 6 25 0.015

VDACR+CHS 5 56 9 29 0.029

Mouse VDAC1? 3 62 - b 35° -

&V/alues for mMVDAC1 (3EMN) obtained from the RCSB Protein Data Bank (57),

b\/alues for B-turn content are grouped with “other” structural features on the PDB
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the membrane upon the addition of solute to the exterior of the liposomes. There was no
subsequent reduction in absorbance in the heat denatured liposomes indicating that any pores
formed by the misfolded VDAC were too small to allow for the passage of PEG1000. It should
be noted that the liposome size distribution in each individual reswelling assay reported in this
work was not determined therefore the results of these assays are qualitative and the pore
forming activity of each form of VDAC should not be quantitatively compared. In summary,
VDACR is advantageous for our structural and biophysical studies as it retains structural integrity
and functionality in comparison to VDACN while the purification and refolding procedure yields
significantly higher quantities of VDAC relative to VDACN (~7.5 mg/L culture for VDACR and
~0.025mg/L culture for VDACN). With the methods used the only difference noticed between
the two VDAC samples observed was a small second peak that eluted after VDACN during SEC
(Fig. 2.1A and insert). This peak absorbed UV light at 280 nm; however, it did not contain
protein as detected by SDS-PAGE analysis (data not shown). The far UV spectrum of the peak
as well as previous evidence of co-purification (60, 84), suggests that the compound is
ergosterol, a fungal sterol. Since ergosterol or cholesterol (85) was known to co-purify with
VDAC:s derived from fungal or higher eukaryotes respectively, we became interested in
investigating the effects that these sterols may have on VDAC. For this purpose, VDACR seemed
to be an ideal platform as the denaturing purification from bacterial source would preclude the

co-purification of any sterols which could have interfered with the investigation.

2.5.2 CHS Allters the Oligomeric State and Secondary Structure of VDACR
Attempts to introduce ergosterol or cholesterol to the sterol-free DM solubilized VDACR

samples failed due to the insolubility of these sterols in the detergent DM (data not shown).
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Therefore, to study the effects of sterols on VDAC solubilized in DM, we utilized cholesteryl-
hemisuccinate (CHS), a cholesterol analogue soluble in maltoside detergents (86). Addition of
CHS to VDACR drastically altered the behavior of the protein. Refolded VDAC in the presence
of CHS (VDACR+CHS) eluted as three overlapping peaks during SEC. All three VDACR+CHS
peaks eluted at much lower volumes than the protein in the absence of CHS (Fig. 2.2A). This
result suggested the formation of at least three different VDAC oligomers, all of which had Rs
values (5.9 nm, 6.9 nm and 7.7 nm) significantly greater than that of VDACR in the absence of
CHS (4.2 nm) (Table 2.2). In addition, the CD spectrum of VDACR+CHS was slightly altered
relative to VDACR (Fig. 2.2B) indicating that there is a conformational change in the secondary
structure of the protein. Deconvolution of the CD spectrum suggested a reduction of B-strand
content by 7% relative to VDACR (Table 2.1); although, it should be noted that the accuracy of
computed secondary structure contributions from CD spectra is approximately £5-10% under
optimal conditions (87, 88). The change in VDACR+CHS oligomeric state was observed to be
dependent on the concentration of VDACR+CHS (Fig. 2.2C). The binding was detected by
change in fluorescence intensity of Alexa Fluor 647 labeled VDACR+CHS titrated against
unlabeled VDACR+CHS; the Kg value of the change in state was determined to be 0.6 = 0.2 uM
using MST (Fig. 2.2C). In the absence of CHS an increase in fluorescence was also observed
upon the addition of 100 uM VDACR to Alexa fluor 647 labeled VDACR, however, an identical
shift in fluorescence intensity also occurred upon the addition of 100 uM egg white lysozyme
(Fig. 2.3D) indicating that this change was due to loss of fluorescent protein in the absence of a
high overall protein concentration (likely caused by sticking of the labeled protein to pipette tips
or sample tubes). The addition of 100 uM egg white lysozyme to Alexa Fluor 647 labeled

VDACR in the presence of CHS had no effect on fluorescence intensity indicating that the
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Figure 2.2. CHS alters the oligomeric state and secondary structure of VDACR.

(A) SEC of VDACR (blue) and VDACR+CHS (red), the calculated Rs values are displayed above
each peak. (B) Averaged CD-spectra of VDACR (blue) and VDACR+CHS (red) with standard
deviations of 3 measurements displayed as error bars. For secondary structure deconvolution see
Table 2.1. (C) Microscale thermophoresis isotherm of 10 nM fluorescently labeled
VDACR+CHS titrated against unlabeled VDACR+CHS. The Kq of the change in behavior is
displayed on the plot. (D) c(s) absorbance and interference distributions of VDACR at 0.98
mg/ml. Peaks corresponding to free detergent micelles and the VDACR monomer are indicated
on the plot. (E) c(s, f/fo) interference distribution of VDACR+CHS at 0.99 mg/ml used to resolve
the three VDAC species present in solution. Peaks corresponding to the free detergent micelles,
VDAC dimer, trimer and tetramer and a peak of unknown composition are indicated on the plot.
(F) Absorbance and interference c(s) distributions of VDACR+CHS at 0.99 mg/ml. Peaks
corresponding to free detergent micelles and VDAC dimer, trimer, tetramer and a peak of
unknown composition are labeled on the plot. The c(s, f/fo) distribution in (E) was reduced into a
2D c(s, *) distribution and was used as prior probabilities to resolve the three VDAC species in
the c(s) fitting procedure displayed in (F). Peaks corresponding to free detergent micelles and
VDAC dimer, trimer, tetramer and a peak of unknown composition are labeled on the plot. In all
AUC distributions detergent peaks were assigned using detergent-only control samples (data not

shown).
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Table 2.2 Parameters of VDAC-detergent species determined from sedimentation velocity

experiments.

dn/dcp? oo’ \& S20, water® R Mpp®f Mp®' Mp®f
(9/9) (ml/g) (nm) (kDa) (kDa) (kDa)

VDACR 0.48+0.01 1.99+0.04 0.78+0.02 4.8+0.05 4.2+0.3 107+7 36+3 715
Monomer
VDACR+CHS 0.43+0.03 1.7+0.1 0.78+0.07 5.3+0.03 5.9+0.3 170+30 60+10 100+20
Dimer
VDACR+CHS 0.37+0.02 1.32+0.07 0.77+0.06 6.4+0.07 6.9+0.4 220+20 | 100+10 | 120+20
Trimer
VDACR+CHS 0.42+0.02 1.15+0.07 0.77+0.06 7.3+0.06 7.7+0.4 290+30 | 130+20 | 150+20
Tetramer
DM Micelles - - - 2.4+0.02 2.8+0.2 - - 39+3
DM+CHS - - - 3.0+0.1 3.36+0.02 - - 59+2
Micelles

4dn/dcp and Sao, water Were determined from AUC c(s) distributions (Table 5.1, Fig. 5.1)

bSp was determined using Equation 1.6

v of the protein-detergent complex was calculated from the protein (v,,) and detergent (V) using

Equation 1.5

9Rs was determined by SEC elution volume relative to elution volumes of proteins with known

Rs values

*Mpp, M, and Mp values were calculated using Equations 1.4, 1.8 and 2.1 respectively
"MW of VDACR monomer from sequence is 30.3 kDa
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Figure 2.3. Microscale thermophoresis screening and controls. (A) MST time traces of
VDACR+CHS+HK-1 in a 0.15% DM solution. Under these conditions the protein aggregated
once the MST IR laser was activated resulting in an increase in the fluorescence over time. At
high HK-I concentrations aggregates were visible in the sample capillaries after the run, the
curves corresponding to capillaries with visible aggregates are indicated with a *. (B) MST time
traces for screening of VDACR+CHS+HK-2 binding. No difference in VDAC motion due to the
temperature gradient was observed between samples with and without 90uM HK-I1 (C)VDACR
MST time traces in DM solution in the absence and presence of 100 uM egg white lysozyme
showing no aggregation. (D) Change in fluorescence intensity due to the addition of VDAC or
egg white lysozyme in the absence and presence of CHS normalized to the fluorescence intensity

of VDAC in the absence of any additional protein.
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change in fluorescence observed upon the addition of unlabeled VDACR was due to a specific

interaction (Fig. 2.3D).

To investigate the composition of the VDAC-detergent complexes and determine the
oligomeric state of VDAC in the presence and absence of CHS, we employed AUC using both
absorbance and interference optics (Fig. 2.2D, E & F). A clear difference was observed between
the VDACR and VDACR+CHS samples. The VDACR sample contained two species which can
be attributed to the monomeric VDAC-detergent complex and free detergent micelles (Fig.
2.2D). In contrast, the VDACR+CHS sample contained three VDAC species as well as free
detergent micelles (Fig. 2.2E & F). We could clearly distinguish three distinct VDAC-detergent
complexes and free detergent micelles in a c(s, f/fo) distribution (Fig. 2.2E) of interference data;
however we were unable to obtain the same resolution in a c(s, f/fo) distribution of the
corresponding absorbance data. Therefore we used the interference c(s, f/fo) distributions as prior
probabilities for the determination of c(s) distributions of both interference and absorbance data
(Fig. 2.2F). The sedimentation coefficients of the three VDACR+CHS species are all higher than
the VDAC-detergent complex in the VDACR sample (Table 2.2). These results confirm the SEC
experiments (Fig. 2.2A) showing that CHS induces the formation of three different VDAC
species. Determination of the composition of the VDAC-detergent complexes revealed that the
VDACR sample contained exclusively monomers of VDAC, whereas the VDACR+CHS sample

contained a mixture of VDAC dimers, trimers and tetramers (Table 2.2).

2.5.3 SEC-SAXS Modelling Supports Previously Proposed VDAC Multimer Arrangements
SEC-SAXS data collected of VDACR samples revealed only one VDAC-detergent

complex present in solution (Rqof 35 A) (Fig. 2.4 & Fig. 5.4A). The low chi square value for the
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fit (x?>=1.4) of the scattering curve of the monomeric VDAC model confirms that the crystal
structure of mouse VDAC1 resembles the assembly of VDACR in solution (57). The best fitting
monomeric VDAC model produced is displayed in Fig. 2.4C & D.

Due to the heterogeneous nature of the VDACR+CHS sample (Fig 5.4B & C), the
collection of data corresponding to specific oligomeric states was more challenging. Initial SEC-
SAXS experiments using a VDAC sample pre-equilibrated with CHS provided clear separation
of only one VDACR+CHS complex with an Rqof 70 A (Fig. 2.6A). This species could be
modelled as hexameric arrangement derived from crystal contacts of the mouse VDACL1 and
produced a model with a ¥ of 1.5 (Fig. 2.6B-D). The hexameric arrangement of VDACR+CHS
used to construct the model is similar to previously observed organizations of VDAC isolated
from native membranes (60, 72) and was previously suggested as a possible biological assembly
(69); however, due to the antiparallel arrangement of the molecules in the mVDACL crystal

structure the biological relevance of this arrangement is questionable.
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Figure 2.4. SEC-SAXS model of monomeric VDACR fits experimental scattering data.

(A) Experimental scattering data of SEC eluted VDACR in 0.3% DM solution (black) and
calculated scattering curve of monomeric VDAC detergent complex (red); error bars represent
standard deviation of averaged curves. The y? of the fit of the calculated curve to the
experimental data is displayed on the plot. (B) P(r) plot determined from experimental scattering
data of VDACR. The determined Dmax value is shown on the plot. (C) Cross section of the
monomeric VDACR model through the lumen of the VDAC pore and (D) rotated 90° around the
x-axis. Dimensions of the model are shown and individual fitted parameters corresponding to the
detergent component of the model are depicted relative to the total distances. These parameters
(a, b, tand e) are depicted to aid in visualization of their relationship to the model of the protein-
complex. In both panels, the protein component of the model is colored in blue, the hydrophobic
layer of the detergent is colored yellow and the hydrophilic layer of the detergent is colored red.
Values for the parameters a, b, t and e for all VDAC models are reported in Table 2.3.

Clearer separation of the VDAC dimer species was achieved when CHS was introduced
to the VDAC sample during the SEC step of the SEC-SAXS experiment. This VDACR+CHS
species had a Rqof 40 A (Fig. 2.5A). The P(r) distribution of the protein detergent complex
clearly demonstrate a Dmax value of 131 A. (Fig. 2.5B) The best fitting model (? value of 4.7)
was a dimeric zebrafish VDAC2 (pdb-code: 4BUM) (Fig. 2.5C and D). Parameters describing

the detergent layer of each model are summarized in Table 2.3.
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Figure 2.5. SEC-SAXS model of dimeric VDACR+CHS fits experimental scattering data (A)
Experimental SAXS data (black) and calculated scattering curve of a dimeric VDAC detergent
complex (red); error bars represent standard deviation of averaged curves. The ¥ of the fit of the
model to the experimental data is shown on the plot. (B) P(r) function calculated from
experimental data of VDACR+CHS dimer. Determined Dmax value is shown on the plot. (C)
Cross section of the dimeric VDACR+CHS model through the lumen of the pore and (D) rotated
90° around the x-axis. Dimensions of the model and the orientation relative to the real space axes
are displayed in each panel. The protein component of the model is colored in blue, the
hydrophobic layer of the detergent is colored yellow and the hydrophilic layer of detergent is
colored in red. Best fitting parameters of the detergent layer of the models are reported in Table

2.3 and a visualization of how each parameter relates to the model can be seen in Fig. 2.4.
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Figure 2.6. Anti-parallel Hexameric VDAC model fit to experimental SAXS data. (A)
Experimental SAXS data (black) and calculated scattering curve of a hexameric VDAC
detergent complex model (red) error bars represent standard deviation of averaged curves. The y?
of the fit of the model to the data is shown on the plot. (B) P(r) function calculated from
experimental data of VDACR+CHS hexamer. Determined Dmax value is shown on the plot. (C)
Cross section of the hexameric VDACR+CHS model through the model with 4 of the pores
visible and (D) rotated 90° around the x-axis. Dimensions of the models and the orientation
relative to the axes are displayed in each panel. The protein component of the model is colored
blue, the hydrophobic layer of the detergent is colored yellow and the hydrophilic layer of
detergent is colored in red. Best fitting parameters of the detergent layer of the models are
reported in Table 2.3 and a visualization of how each parameter relates to the model can be seen

in Fig. 2.4.
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Table 2.3 Parameters of best fitting VDAC-detergent complex models

R¢* (A) Dmad (A) a’ be t e
(Guinier/Model) | (P(r)/Model) (A) (A) (A) @)
VDACR 36/35 93/92 29 23 5 1.16
(Monomer)
VDACR+CHS 40/40 131/134 27 34 4 1.45
(Dimer)
VDACR+CHS 70/71 243/242 27 77 4 1.35
(Hexamer)

dExperimental Rg was determined via the Guinier method using the ATSAS software package
(48), model Rq was determined with Crysol (48). Guinier analyses for each species can be found
in Fig. 5.2.

PDmax from P(r) distributions was determined using the software gnom, model Dmax was
determined from detergent parameters of models (see Fig. 2.4, 2.5 & 2.6)

‘Parameters a, b, t, e describe the dimensions of the detergent component of the protein-detergent
complex and were determined by the software Memprot (36). Visualization of the parameters

and their relation to the dimensions of the final model can be seen in Fig. 2.4.
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2.5.4 CHS Allows for a Stable VDAC-Hexokinase Interaction

Previous reports have linked apoptosis to the oligomeric state of VDAC, and to its
interactions with hexokinase (61, 63). To gain insight into the onset of apoptosis triggered by the
disassociation of the VDAC-hexokinase complex we performed microscale thermophoresis (Fig.
2.7). Our established experimental setup provides an excellent opportunity to study integral
membrane protein complexes while also providing novel information on the role VDAC plays in
apoptosis (62). To determine the binding behavior, we used full-length native-source hexokinase
isoforms I and Il from S. cerevisiae (HK-I and HK-I1I respectively) (Fig. 2.7A & B). Whereas
HK-I1 did not show any binding (Fig. 2.3), it was determined that the stable interaction of HK-I
with VDACR is strictly dependent upon addition of CHS to the sample. VDACR-HK-I mixtures
showed signs of aggregation when the MST IR laser was activated, and the rate of aggregation
seemed to be dependent on the HK-1 concentration, a behavior which does not occur in the
presence of other proteins such as egg white lysozyme (Fig 2.3D). As this behavior was not
observed in the absence of HK-1 or in the presence of egg white lysozyme, this result suggests
that a thermally unstable VDAC-HKI complex was formed. In VDACR+CHS+HK-I mixtures
aggregation was not observed. A binding constant for VDACR+CHS+HK-I of 27 + 6 uM was

determined (Fig. 2.7C) from the thermophoresis profiles of a HK-1 titration.
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Figure 2.7. CHS allows for the formation of a stable VDAC-Hexokinase complex.

(A) Separation of yeast HK-1 and HK-11 isoforms via pH gradient. Protein elution was monitored
by absorbance at 280 nm (black) and the pH of the eluate was monitored in line with elution
(red). Peaks corresponding to the hexokinase isoforms are indicated on the plot.. (B) SDS-PAGE
analysis of pooled HK-I (lane 2) and HK-I1 (lane 3) fractions relative to starting mixture (lane 1).
An image of the full region of interest of the gel including the protein My ladder is provided in
the supplementary information (Fig. 5.3D). (C) Titration of unlabeled HK-I against a constant
concentration of fluorescently labeled VDACR+CHS resulted in a change in VDAC motion due
to the generated temperature gradient. Experimentally determined average values are shown by
black circles with error bars representing standard deviation. The Kq of the interaction and the

fitted curve (red) used to determine the Kq are shown on the plot.

74



2.6 Discussion

The methods discussed in this study were used to gain an understanding of the self-
association of VDAC induced by the cholesterol analogue CHS and to generate a platform for
exploring the formation of the protein-protein complexes that include integral membrane
proteins and drive essential biological processes. VDAC NMR (58) and crystal structures (57,
68, 70) focused on the arrangement of the VDAC polypeptide, which was a critical first step in
understanding the structure-function relationships of VDAC and formed the basis of future work
probing the protein function. However, the isolated protein cannot be studied in aqueous
environments and studies of the function of VDAC are carried out in artificial membranes (49,
89) and membrane mimetic systems (60, 70). Evidence suggests that VDAC interacts with many
proteins including proteins involved in apoptotic signaling, and thorough studies of these
interactions will be most readily achieved using refolded VDAC solubilized in detergent;
therefore, a detailed understanding of the complete protein-detergent system is critical to
interpretation of structure-function relationships (61, 63, 90).

Previous works have adapted AUC and SAXS to the analysis of detergent-solubilized
membrane proteins (27, 36). AUC provides information pertaining to molecular weight, shape,
composition of oligomers and complexes and the relative abundance of distinct species present
in a mixture (30). The analysis of membrane proteins via AUC sedimentation velocity can be
achieved via the solubilizing of the membrane protein in detergent; however the interpretation of
the data obtained from these experiments is complicated by the presence of detergent bound to
the solubilized membrane protein, adding mass and obscuring the shape and composition of
oligomers of the protein (27). SAXS allows for the low-resolution modeling of macromolecules

in solution from x-ray scattering intensities. The main complications in the analysis of detergent-
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solubilized membrane proteins via SAXS is the presence of free detergent micelles in the
solution and the detergent layer surrounding the membrane protein (36).

To overcome these obstacles, we have established a new combination of i) MST to
investigate the concentration dependence of VDAC oligomerization and the interaction of
VDAC with hexokinase ii) AUC sedimentation experiments to investigate the composition of the
VDAC-detergent complexes and iii) SEC-SAXS studies to create models of detergent micelles
and VDAC-detergent complexes. Previous studies have shown that VDAC function is altered by
the surrounding lipid environment through the modulation of its oligomeric state, which can
influence apoptotic signaling (60, 91). There is some previous evidence for VDAC multimers in
detergent solutions; however, evidence toward a detailed understanding of the regulation of these
assemblies was not obtained (68). In this study the oligomerization of the VDAC was shown to
be dependent on VDACR concentration in the presence of CHS via MST analysis and a Kq value
of 0.6 + 0.2 uM (~0.02 mg/ml) was determined implying that the protein readily forms larger
than monomer units in the presence of CHS. This contrasts with the behavior of the protein in the
absence of CHS as only monomers of VDAC were observed. It should be noted that the Kqg
model used in this work to describe the self-association of VDAC is likely too simple of a model
to accurately describe the self-association of an integral membrane protein in detergent solution
and also is unlikely to completely represent the self-association of VDAC in a lipid bilayer. This
is due to several complications, the main issue being the confinement of VDAC in the “detergent
micelle phase” of the solution, drastically reducing the volume of the solution that VDAC
molecules can possibly occupy. A more suitable model may be suggested by incorporating the
volume of available detergent micelles into the model; however this approach itself would be too

simplistic as the AUC results presented in this work (Table 2.2) as well as information presented
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by others (27, 92) have demonstrated that integral membrane proteins do not associate with the
same mass of detergent as is in a single detergent micelle. In the case of VDAC a further
complication arises with different oligomers of VDAC associating with different quantities of
detergent (Table 2.2). Never the less the Kq model used in this work can describe a relative
binding constant for the comparison of VDAC self-association in the same detergent
environment, establishing a baseline for the examination of the self-association of VDAC
mutants or VDAC sequences from other organisms.

Dimeric organizations of VDAC have been suggested from previous crystal packing
arrangement of mouse VDACL (antiparallel molecules) and zebrafish VDAC?2 (parallel
molecules) (57, 68, 69) and furthered by the examination these two molecules in solution by
electron paramagnetic resonance (EPR) revealing two different dimeric interfaces (68, 71). The
previously mentioned EPR experiments revealed that a parallel mouse VDACL dimer was
formed at low pH and depended on the protonation state of residue E73, in contrast to the
antiparallel mouse VDACL crystal packing arrangement (71). The EPR studies of zebrafish
VDAC2 supported the parallel arrangement observed in the zebrafish VDAC2 crystal
asymmetric unit (68). In this study we observed dimers, trimers, tetramers and possibly hexamers
of VDAC in the presence of CHS via AUC and collected SEC-SAXS data corresponding to a
VDAC dimer in the presence of CHS. The dimeric VDAC model produced from SEC-SAXS
data in this study fit best utilizing the dimeric zebrafish VDAC2 organization for the protein
phase of the model implying that the N. crassa VDACR dimer is organized in this way in
detergent solution in the presence of CHS. The two alternative models for VDAC dimer
arrangements which come from mouse VDACL data (57, 71) are unlikely arrangements of the N.

crassa VDACR dimer observed in this study considering that one arrangement contains
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antiparallel VDAC molecules which is likely a crystal packing artifact (57, 69) and the other
relies on the protonation state of E73 which corresponds to a proline residue in the aligned N.
crassa VDAC sequence (49).

The hexameric VDACR in the presence of CHS modeled from SEC-SAXS data was not
observed by AUC sedimentation velocity experiments; however a possible explanation for this is
the low concentrations of VDACR used in AUC (0.5 - 1 mg/ml) relative to SEC-SAXS (5 - 10
mg/ml) experiments. Interestingly, there is a small peak in the AUC c(s) and c(s, f/fo)
distributions of VDACR+CHS samples at a larger S value than the VDACR tetramer (Fig. 2.2D);
however, the concentration of this species was too low to accurately determine its composition.
Ultimately the data describing the hexameric species was limited relative to the other species
examined in this study; as well the only available crystallographic model for a VDAC hexamer
arrangement (mouse VDACL, PDB: 3EMN) is comprised of anti-parallel barrels leading to the
suggestion that this is a biologically irrelevant model. It is possible however, that due to the low
resolution of models produced by SAXS analysis that the data represents a similarly arranged
parallel-barrel hexamer as similar VDAC arrangements have been observed by atomic force
microscopy of mitochondrial membranes (72). Future work in this area should focus on
establishing the orientation of N. crassa VDAC molecules is these oligomers; this could be
accomplished using the aforementioned EPR methods used to analyze the arrangement of mouse
VDACI (71) and zebrafish VDAC?2 (68) in solution.

The change in oligomeric organization of VDACR induced by the addition of CHS could
be attributed to the direct binding of the sterol to VDAC. Direct binding of cholesterol to human
VDAC1 has been described using NMR spectroscopy (58) and is supported by evidence of co-

purification of VDAC proteins with ergosterol or cholesterol (60, 85). The binding of sterols to
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VDAC could therefore be a possible target for drugs that could influence the oligomeric state of
VDAC, if direct binding of CHS to VDAC is the cause of the change in behavior. Such a drug
could be designed to block or promote the binding of sterols to VDAC to influence apoptosis.
However, biological systems are more complex, precluding direct extrapolation of our in vitro
results to biological systems. The accumulation of cholesterol in mitochondria is observed in
some cancer cell lines (93) and as well, the accumulation of cholesterol in mitochondria has been
shown to inhibit the activity of the pro-apoptotic protein BAX (94), suggesting that increased
cholesterol content has an anti-apoptotic effect. The ability of CHS to promote the formation of
VDAC oligomers is interesting as oligomerization is thought to have a pro-apoptotic effect (61).
The relevance of the effect of cholesterol on mitochondrial mediated apoptosis is further
enhanced by evidence suggesting that some VDACS also interact directly with BAX (65). These
data suggest an intricate system with many factors at play. Overall, the roles of VDAC and
mitochondrial cholesterol content in apoptotic signaling warrant future study.

An alternative explanation for the change in VDAC behavior is that CHS may impact the
detergent components of the system. CHS is known to alter the size and shape of DDM micelles
and CHS addition to maltoside detergents has been shown to stabilize solubilized G protein-
coupled receptors (GPCRs) (86, 95). CHS has also been shown to be required for the retention of
ligand recognition by detergent solubilized and purified GPCRs such as the adenosine Az,
receptor (95). This contrasts with VDAC as in isolation this protein showed no signs of
instability in DM solutions. The VDAC-Hexokinase complex, however, was stabilized by the
presence of CHS (Fig. 2.7 & 2.3). In addition, the restoration of the ability for VDAC to form
oligomers by the introduction of CHS provides another interesting parallel with the effect of

cholesterol on some GPCRs as works using molecular dynamic simulations of the 32-Adrenergic
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Receptor (96) and the chemokine receptor type 4 (97) have shown that the dimerization of these
proteins is modulated by cholesterol. It is possible that the change in size and shape of the
detergent micelles is affecting the oligomeric reorganization of VDAC through changes to the
structure of the molecule. Indeed, a change to the secondary structure was observed by our CD
measurements which could be due to the change in surrounding detergent environment.

The localization of hexokinase to the surface of mitochondria has been observed in
mammalian and yeast cells (98, 99). Interestingly, the hexokinase could be detached from the
mitochondrial surface by the introduction of a peptide consisting of the first 15 amino acids of
the hexokinase, identifying the N-terminus as a possible VDAC binding site (62, 98). In this
work, the binding of full-length S. cerevisiae HK-I with VDAC was reported and an interaction
between S. cerevisiae HK-I1 and VDAC was not detected. The relevance of this isoform
specificity is supported by the up-regulation of HK-1 and down-regulation of HK-II during
respiration relative to fermentative growth in S. cerevisiae (100). However, as both S. cerevisiae
hexokinases have identical N-termini, the differential binding behavior of the two isoforms
would imply that the N-terminus of hexokinase is required but not sufficient for binding of full-
length hexokinase to VDAC and that there is likely at least one other site of contact between the
two proteins that is required for specific binding. Subcellular localization data for S. cerevisiae
HK-I and 11 under fermentative growth conditions place both proteins in the cytoplasm; however,
HK-I does associate with the mitochondria after treatment with rapamycin, which causes an
increase in HK-1 expression (99).

A combination of MST, AUC and SEC-SAXS have revealed the most detailed picture of
VDAC-detergent complexes and the effect of CHS on VDAC oligomeric organization. The

identification of CHS as an effector of VDAC oligomeric organization and the detection of a
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VDAC-HK-I binding event will provide a platform for the further investigation of this system as
well as lending the use of these methods in the examination of other membrane protein

complexes.
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Chapter 3: A Deletion Variant Partially Complements a Porin-Less Strain of Neurospora
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3.2 Abstract

Mitochondrial porin, the voltage-dependent anion channel, plays an important role in
metabolism and other cellular functions within eukaryotic cells. To further the understanding of
porin structure and function, Neurospora crassa wild-type porin was replaced with a deletion
variant lacking residue 238-242 (238porin). 238porin was assembled in the mitochondrial outer
membrane, but the steady state levels were only about 3% of those of the wild-type protein. The
strain harbouring 238porin displayed cytochrome deficiencies and expressed alternative oxidase.
Nonetheless, it exhibited an almost normal linear growth rate. Analysis of mitochondrial
proteomes from a wild-type strain FGSC9718, a strain lacking porin (APor-1) and that
expressing 238porin revealed that the major differences between the variant strains were in the
levels of subunits of the NADH:ubiquinone oxidoreductase (complex I) of the electron transport
chain, which were reduced only in APor-1 strain. These, and other proteins related to electron

flow and mitochondrial biogenesis, are differentially affected by relative porin levels.

3.3 Introduction

Mitochondrial porin forms a highly abundant, voltage-dependent anion-selective channel
(VDAC) in the outer membrane of mitochondria. The aqueous channel formed by the 19-
stranded B-barrel (101), (102), (57), (103), (68)) allows for the passage of small metabolites,
thereby mediating efficient introduction of substrates and release of products to and from
mitochondria (reviewed by (104)). In artificial membranes, porin exhibits voltage-dependent
gating that shifts the pore between a slightly anion-selective open state and a slightly cation-

selective, semi-closed state (105), (106).
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Mitochondrial porin has been shown to interact with many other cellular proteins (for
example see (107)), including those involved in the regulation of apoptosis in mammalian cells
(reviewed by (108)), and as a result the structure and function of porin are of great interest.
Human VDAC1 (hVDAC1; (101), (102)), and VDAC2 (hVDAC?2, (103)), mouse VDACL (57)
and zebrafish VDAC2 (68) each form a novel barrel consisting of 19 anti-parallel
transmembrane B-strands. The structure also contains a N-terminal a-helix, which in the solved
structures resides within the pore, although electrophysiological data using native VDAC have
been interpreted to indicate that the N-terminal helix forms part of the barrel (see (109) for
discussion). Although structural data for non-vertebrate VDAC are not currently available, a
19-B-strand barrel was suggested for Neurospora crassa porin through secondary structure

prediction analyses (50) that align well with the structures of vertebrate VDAC ((104), Fig. 3.1).

Recent work has shown that porin is non-essential for mitochondrial function in N. crassa
(110). This haploid organism is an obligate aerobe that expresses only one porin isoform,
allowing straightforward assessment of the effects of a porin variant on the cell. Although strains
lacking porin (APor) are viable, they exhibit extremely inhibited growth rates and mitochondrial
dysfunction, demonstrating the necessity of porin for normal mitochondrial and cellular function
(110). In this study, to further the understanding of the structure and functions of mitochondrial

porin, a deletion variant, 238porin, was examined in vivo.

The 238porin variant contains a five-amino acid deletion (residues: NDRGV, (111)) at
positions 238-242 (highlighted region in Fig. 3.1B), which according to predictions based on the
solved structures encompasses the loop or turn between B-strands 16 and 17. The corresponding
sequence in hVDAC1 and hVDAC?2 is NNSSL, and is well conserved in vertebrate VDAC

isoforms 1 and 2 (see (68) for examples). These residues encompass the link between p-strands
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Figure 3.1. Porin variant used in this study. A) Schematic diagram of the construct used to
replace the wild-type porin gene to create the 238porin strain. The hygromycin-resistance
cassette (HygBR) and the flanking promoter and transcription termination regions were obtained
from pCNS44 (Staben et al. 1989). The 238por cDNA was amplified from cloned DNA
described in (111). B) Model of wild-type and 238porin. The structures of wild-type N. crassa
porin (left panel, P07144) and 238porin (right panel, (111)) were predicted using Phyre? (112)
and the human VDACL1 structure (left panel, (101), PDB 2K4T). The residues absent from
238porin are indicated in red in the wild-type structure, and the shortened [1-strands resulting
from the absence of residues 238-242 are indicated by the arrow in the 238por structure. Images

were created in the PyMOL Molecular Graphics System, Version 1.7.4.
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16 and 17 in all models published to date (see above for references). 238porin was initially
created for the purposes of examining essential components of necessary for VDAC pore
formation (89). 238porin was identified as a pore forming mutant by a previous study using
small deletions to examine the location of B-strands in the VDAC sequence (111). At the time
this was an intriguing result as the deletion was believed to be within a B-strand and should have
disrupted the VDAC structure; however, subsequent structural information has revealed that this
region of the VDAC sequence is a short loop connecting two B-strands (57, 58, 89). Never the
less, this deletion variant was found to have pore properties, such as aqueous channel
conductance and gating behaviour, similar to those of the wild-type porin. Therefore, it has the
potential to form pores in mitochondria, and was chosen as a starting point for the analysis of the

roles of specific segments of the VDAC sequence in vivo.

3.4 Materials and Methods

3.4.1 Strains and Growth Conditions

The strains of Neurospora crassa used in this study are detailed in Table 3.1. Strains with
FGSC designations were obtained from the Fungal Genetics Stock Center, Kansas City, KS
(113). The generation of the cDNA encoding N. crassa 238porin is described in (111) and the
nomenclature used in therein has been used in the current work. A recombination-based method
derived from that used by Colot et al. (2006) was used to introduce the 238porin coding
sequence into the Neurospora genome. In brief, segments of DNA flanking the native porin gene
(NCU04304) in strain FGSC 9720 (114), the 238porin cDNA (111) and the hygromycin-
resistance cassette (115) were amplified by PCR using the primers listed in Supplementary Table

3.1, and used to construct the plasmid shown in Fig. 3.1A. The transformation cassette was
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Table 3.1 Neurospora crassa strains utilized and their respective genotypes

Strain Relevant Genotypes Reference
FGSC 9718 mus-51::bar mat a (114)
FGSC 9720 mus-52::bar his-3 mat A (114)
238Por (FGSC 9718 background) 238por hph* This work
APor-1 (FGSC 9718 background) Aporl::hph* (110)
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removed from the plasmid by digestion with Pvull, purified and transformed into FGSC 9718 as
described in Colot et al. (2006). A hygromycin-resistant isolate was obtained and purified by
repeated subculturing. The gene replacement in the resulting 238Por strain was confirmed by
PCR and DNA sequence analyses of the junctions and internal segments of the 238porin coding
sequence. Neurospora cultures were maintained on Vogel’s minimal medium (VMM) and
linear growth rates were determined in race tubes as described by (116); race tubes were

obtained from the FGSC.

3.4.2 Analysis of Mitochondria
Mitochondria were isolated from mycelia grown at 30°C in liquid VMM with shaking for 18 h
(FGSC 9718a) or 21 h (238Por), using the procedure of (117). Protein concentrations were

determined by a Bradford assay (BioShop, Burlington, ON).

Proteins were analyzed by SDS-PAGE using 12% acrylamide gels, and transferred to
nitrocellulose, according to the manufacturer’s instructions (Bio-Rad, Mississauga, ON). Primary
antibodies against N. crassa porin, Tom40 and Tom70 were kindly provided by Drs. Roland Lill
and Walter Neupert, Universitdt Minchen. The secondary antibody used was a mouse a-rabbit-
lgG-alkaline phosphatase (Sigma-Aldrich, Oakville, ON). Membrane bound complexes were
isolated from membranes by resuspending mitochondria (100 pg protein) in 50 pl 1% (w/v)
n-Dodecyl f-D-maltoside (DDM) and incubating on ice for 30 min followed by
microcentrifugation at 13,000 rpm for 30 min to remove insoluble material (110) and the TOM
complex was detected using antibodies against TOM40 (118). Complexes were analyzed by

Red-Native-PAGE in the presence of Ponceau S (119) using a 6%-13% acrylamide gradient and
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western blotting. An in-gel NADH dehydrogenase activity assay was performed as described

(120).

Cytochrome spectra were determined as previously described (110); the reduced minus
oxidized difference spectrum is presented (121). Expression of alternative oxidase was
confirmed as described by Summers et al. (2012), using an Oxygraph-2k (Oroboros Instruments,

Innsbruck, Austria).

For imaging of mitochondria, N. crassa cultures were grown on solid VMM for 12-16
hours at 30°C. Staining with 0.1 ng/ml of MitoTracker Green FM (Life Technologies, Burlington
ON) was performed as described by (122), except that hyphae were grown directly on the
microscope slide. Images were collected with a Zeiss Observer Z1 inverted microscope (Carl

Zeiss Microscopy GmbH, Gottingen, Germany).

3.4.3 Proteomic Analysis of Mitochondria

Crude mitochondrial samples were prepared from N. crassa strains as above. To avoid any
damage to the mitochondrial outer membranes and loss of intermembrane space proteins caused
by further purification of mitochondria, the samples were utilized directly in this state. The
proteomic analysis was conducted as described (123), using liquid chromatography (LC) and
tandem mass spectroscopy (MS/MS). The resulting data sets contained many non-mitochondrial
protein contaminants due to the use of crude mitochondrial preparations. These contaminant
proteins inherently vary in abundance between samples and therefore were removed from the
data sets prior to analysis to avoid skewing the data. To identify mitochondrial proteins in the

data sets a reference set of mitochondrial proteins was constructed as follows: i) proteins
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predicted from genes annotated as “mitochondrial” in the Broad Institute’s N. crassa genome
database (http://www.broadinstitute.org/annotation/genome/neurospora/Genomesindex.htm), ii)
N. crassa proteins annotated as mitochondrial in the UniProt database (http://www.uniprot.org/),
iii) proteins known to reside in the mitochondrial outer membrane of N. crassa (124) and iv) all
sequences of detected proteins that were submitted to the TargetP subcellular localization
prediction server (125) and any sequence scoring a mitochondrial probability >0.9 was identified

as mitochondrial.

The resulting data sets of mitochondrial proteins were used to identify differential
expression of proteins in the N. crassa VDAC mutants. Log: difference values were calculated
for each pair of proteins and each set of values was normalized to generate a mean near zero and
standard deviation near one. z-scores were calculated for proteins detected in both the wild-type
and mutant strains. A minimum of 95% confidence was used to identify proteins that have
differences in expression between two strains (-1.96 >z > 1.96, (123)). These data are presented
in Tables 6.2 (APor-1 vs. wild-type); 6.3 (238Por vs. wild-type) and 6.4 (APor-1 vs. 238Por).
This approach focuses on the population of differences in expression, rather than the absolute
degrees of difference, and is used because the sensitivity of cells to the levels of each protein is
unknown. Protein functional data was extracted from the Clusters of Orthologous Groups
database (COG,; http://www.ncbi.nlm.nih.gov/COG/) and the Kyoto Encyclopedia of Genes and

Genomes databases (KEGG; http://www.genome.jp/kegg/).
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3.5 Results and Discussion

In order to assess the in vivo function of 238porin, a cDNA coding sequence (111), linked
to an upstream hygromycin-resistance cassette (Fig. 3.1A) was used to replace the wild-type
porin gene in N. crassa. The resulting strain, 238Por, harbours a very low level of the variant
(Fig. 3.2 and Table 3.4), indicating that the molecule either is not expressed efficiently at the
transcriptional or translational levels, and/or is not effectively targeted to or assembled in the
mitochondrial outer membrane (MOM). In mitochondria, 238porin is resistant to externally
added protease (data not shown), suggesting that the small amount present is correctly assembled

(see (126)).

Unexpectedly, the low levels of 238porin in mitochondria were not linked to significant
growth defects (Table 3.2). The 238Por strain grew at more than 85% of the wild-type (FGSC
9718) rate at both 22°C and 30°C. This is in contrast to the severe reduction in growth rates
observed in APor mutants, particularly at lower temperatures ((110), Table 3.2). Thus, the very

low levels of 238porin variant are able to partially complement the lack of wild-type porin.

One characteristic of the porin-less strains of N. crassa is a deficiency in the cytochromes
assembled with mitochondrially-encoded polypeptides (110); these types of defects also arise
when mitochondrial translation is blocked (127) and in other nuclear and mitochondrial mutants
of N. crassa (for example see (121)). Similarly, the 238Por strain displays deficiencies in
cytochromes aaz and b, and an increased level of cytochrome c (Fig. 3.3). It also displays
cyanide-resistant, SHAM-sensitive oxygen consumption (Table 3.2), characteristic of strains

expressing alternative oxidase (128).

In principle, these differences between wild-type and 238Por cells could reflect low

levels of porin, expression of a mutant porin, or a combination of the two. Attempts were made
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Por-WT 238Por Por-WT 238Por Por-WT 238Por

Tom70 Tom40 Por

Figure 3.2. Western blot analysis of wild-type (Por-WT) and 238por-containing mitochondria.

30 pug of mitochondrial protein from each strain was analyzed by western blotting with

antibodies against the proteins indicated below each panel.
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Table 3.2 Linear growth rates and cyanide-resistant respiration of Neurospora crassa strains on
Vogel’s minimal medium

Linear Growth Rates

Relative O; consumption (%)

Strain 22°C (cm/day) | 30°C (cm/day) No With KCN With
[percentage of additions SHAM?
wild-type rate] [per_centage

of wild-type
rate]
FGSC 9718 7.8+ 0.4 [100] 11.4+£0.3 100 10.2 n/d
[100]
238Por 6.9+0.1[88] 9.8+ 0.2 [86] 100 90.3 3.2
APorl 1.3+0.3[17] 3.2+1.4[28] 100 95.6 12.0

@ SHAM, Salicylhydroxamic acid

Error values represent the standard deviation of 3 replicate experiments
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Figure 3.3. The reduced minus oxidized difference spectra obtained from wild-type (Por-WT),
238por, and APor-1 mitochondria. Peaks representing absorbance by cytochromes c, b, and aas

are indicated.



to generate a strain expression low levels of wild-type porin. Reduction of porin to 30-60% of
wild-type levels was not associated with any detectable changes in growth rate, cytochrome
profile, or expression of alternative oxidase (129), but very low levels of porin corresponding to
those in 238Por (<5%) were not achieved. Given the ability of 238Por to generate an apparently
wild-type pore in artificial membranes, the defects in 238Por may be most reflective of the low
amount of porin. Nonetheless, it was predicted that further analysis of 238Por variant would
reveal cellular changes responsible for almost wild-type growth rates in the absence of a normal
mitochondrial bioenergetics. To that end, the proteomes of 238Por, APor-1 and Por-WT strains

were assessed.

3.5.1 1-Dimensional LC MS/MS analysis of the mitochondrial proteomes

Proteins were extracted from partially purified mitochondria and subjected to LC
MS/MS. Peptides from a total of 1102 different proteins were detected, and slightly more than
half of the proteins identified from each strain were predicted to reside in mitochondria
(summarized in Table 3.2). The proteomic approach used in the current study detected a similar
number of proteins (509) as was detected from N. crassa mitochondria through the use of
iITRAQ from sucrose-gradient purified organelles (260, (130)) and (488, (110)). In the latter
study, there were a number of intermembrane space proteins that were present in significantly
reduced amounts in APor-1, in spite of relatively normal levels of the corresponding mRNA
(110). These proteins include TIM8, ketol-acid reductoisomerase, nucleoside diphosphate
kinase-1, adenylate kinase, and ubiquinone cytochrome c reductase hinge. They were not

reduced in the APor-1 organelles used in the current study (Table 6.2). Thus, it appears that the
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outer membranes of APor-1 organelles were disrupted during the sucrose-gradient purification

step in the iTRAQ studies.

The outer membrane proteome was well represented in the current study; 29 of the 30
proteins identified by Schmitt et al. (2006) in purified outer membranes were detected in the
current study in wild-type mitochondria (Table 3.2). The exception was a mitochondrial import
protein 1 (MIM1, NCU01101), a 130-amino acid protein required for assembly of TOM20 into
the outer membrane (131). In contrast to the previous iTRAQ study (110), TOB55, a -barrel in
the topogenesis of mitochondrial outer membrane B-barrels (TOB) complex was detected in the
current work, and there was a non-significant reduction its levels in APor-1 and 238Por (log:
ratios of -0.3 and -0.5, respectively). Thus, as for the case for another p-barrel, TOM44 of the
translocase of the outer membrane (see (110) and Fig. 3.2), upregulation of the TOB55 B-barrel
was not increased as a mechanism for compensating for the absence of VDAC. The remaining

predicted MOM B-barrel, MDM10 has yet to be detected in any large-scale proteomic analysis.

3.5.2 Electron Transport Chain

Both APor-1 and 238Por display defects in cytochromes associated with mitochondrially
encoded polypeptides and express alternative oxidase (Fig. 3.3 and Table 3.3). Proteomic
analysis further revealed defects in NADH:Ubiquinone oxidoreductase (complex I) in APor-1
(Table 3.4), which are supported by changes in the high molecular weight complexes detected by

in-gel NDAH dehydrogenase assays (Fig. 3.4)

One of the main differences between the proteomes of APor-1 and 238Por mitochondria

is in the levels of subunits of complex I, which oxidizes NADH and translocates hydrogen ions
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Table 3.3 Protein identification by LC-MS/MS. See tables 6.2-6.4 for details

Strain Total Predicted oM
proteins | mitochondrial | proteins
proteins (of 30)2
FGSC 9718 965 546 29
238Por 977 548 28
APor 922 542 28

20f the proteins detected in isolated outer membranes of N. crassa ((124)



A)

443kDa

200 kDa
150kDa

Figure 3.4. Red-Native PAGE of DDM-solubilized mitochondrial membrane complexes. A) In
gel NADH dehydrogenase activity assay. B) The same gel stained with Coomassie Brilliant
Blue. Arrows indicate bands corresponding to complex I. The intensity of the lower bands of the

Coomassie-stained gel were used to confirm that similar amounts of DDM-solubilized material

were present in each lane of the gel.
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Table 3.4 Proteins detected in altered levels in APorl mitochondria. (Full data set in Appendix 2,

Table 6.2)

Elevated in APor

Expression N o
Accession Number Protein Description Difference COG Group Addltlo?lzlElgecs;c;rlptlons
(Logz)
Eukaryotic F-type ATPase
NCU03558 Hypothetical protein 3.35 None g-subunit
NAD(P) Energy production and None
NCU01140 Transhydrogenase 2.94 conversion
Similar to pyridine
Rubredoxin-NAD* General function prediction nucleotide-disulphide
NCU05850 Reductase 2.63 only oxidoreductase
K17983 sensitive to high
NCU06546 Hypothetical Protein 2.36 None expression protein 9
CVNH Domain- None
NCU05495 Containing Protein 2.29 None
Oxalate Decarboxylase General function prediction None
NCU00865 OxdC 2.12 only
Large subunit ribosomal
NCU01650 Hypothetical Protein 1.83 None protein MRP49
Amino acid transport and None
NCU00122 Aspartyl Aminopeptidase 1.82 metabolism
ATP-Dependent Clp Intracellular trafficking, None
Protease Proteolytic secretion, and vesicular
NCU04578 Subunit 1.65 transport
NCU04764 Methyltransferase OMS1
Hypothetical Protein 1.59 None
Reduced in APor1
Trimethyllysine None
NCU03802 Dioxygenase -3.05 None
NCU05338 Hypothetical Protein -3.22 None None
Succinate/Fumarate None
NCU08561 Mitochondrial Transporter -3.36 None
Hexose Transporter Similar to hexose
NCU01633 HXT13 -3.4 None transporter
Amino acid transport and None
NCU02564 Cysteine synthase 2 -3.56 metabolism
NCU04946 Hypothetical protein -3.73 None None
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Hydrolases. Acting on acid
anhydrides. Acting on
GTP; involved in cellular

NCU00436 GTPase FZO1 -4.11 None and subcellular movement.
NADH:Ubiquinone None
Oxidoreductase 9.8 kDa
NCU04781 Subunit -4.23 None
Thiamine Biosynthesis Inorganic ion transport and Pyrimidine precursor
NCU09345 Protein NMT-1, Variant 2 -5.07 metabolism biosynthesis enzyme
Thiazole Biosynthetic Coenzyme transport and similar to stress-responsive
NCU06110 Enzyme -5.39 metabolism gene product
F-Type ATP synthase
NCU09143 Hypothetical Protein -5.72 None e-subunit
NADH:Ubiquinone None
Oxidoreductase 20.1kD
NCU09460 Subunit -5.86 None
Altered inheritance of
NCU01024 Hypothetical Protein -6.45 None mitochondria protein 5
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into the intermembrane space. None of the 27 subunits of complex | detected were present in
significantly reduced levels (log: difference < -1.6) in 238Por (Table 6.3), suggesting that this
complex was functional. In contrast, in APor-1 mitochondria, the levels of the 9.8- and 20.1-kDa
subunits (NCU04781 and NCU09460) were significantly lower than in wild-type (Table 3.4),
and levels of these proteins and the 40-kDa subunit were significantly different when the data
from the two mutant strains were compared (Table 6.4). A nuo9.8 mutant lacking the former
subunit fails to assemble the membrane-bound and peripheral arms of complex | (132),
suggesting that assembly of this complex would be impaired in APor-1. In fact, fifteen of the 27
other complex | subunits detected were present at levels 2.5- to 5-fold lower than in wild-type,
although these differences were statistically insignificant (see Table 6.2). The differences in
complex I activity are supported by the NADH dehydrogenase in-gel assay (Fig. 3.4).
Neurospora expresses four alternative NAD(P)H dehydrogenases allowing bypass of complex I,
oxidizing NAD(P)H without proton translocation. Of these, NDE2 (133) and NDI1 (134) are
essential for the viability in the absence of functional complex I. The relative levels of these
proteins were not significantly changed in the APor-1 mitochondria. Another alternative enzyme,
NDEL1, was unchanged and NDE3 (135) was not detected. Thus, the reduced levels of several
subunits of the NADH dehydrogenase complex are not associated with overexpression of the
alternative dehydrogenases in APor-1 mitochondria and the defects in complex | may contribute

to the very slow growth of APor-1 in comparison to 238Por (Table 3.2).

The reduction in complex I subunits in APor-1, and the reduced levels of cytochromes b
and aas in both variant strains might contribute to suboptimal ratios of NAD(P)H/NAD(P)*,
leading to changes in expression of proteins that impact these ratios. The increased levels of an

NAD(P)H transhydrogenase (NCU01140, (136)), and a short chain dehydrogenase (NCU02097)
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in both strains (Tables 3.4 and 3.5) may be involved in optimizing NAD*/NADH levels,
particularly in APor-1. Both variant strains harbour relatively high levels of an annotated
rubredoxin reductase (NCUQ5850, Table 3.5). It has been identified as a homologue of

apoptosis-inducing factor (137), an oxidoreductase that may be expressed in response to

abnormal NAD*/NADH ratios.

There are no obvious differences between the variant and wild-type strains in terms of the
nuclear-encoded co-enzyme Q: cytochrome c oxidoreductase (complex I11) and cytochrome c
oxidase (complex 1V) proteins that were detected, and the mitochondrially encoded proteins
associated with cytochromes aas in complex 1V and b in complex I11 were not detected in any
mutant strain in this and other studies (110), (130). Two proteins related to biogenesis of the
electron transport chain, OMS1 (NCU04764, (138)) and OXA2 (139) are increased in APor-1
(Table 3.4 and Table 6.2), indicating a response at the level of the proteome are related to the
assembly of these complexes. As expected in cells with defective electron transport chains (128),
cyanide-resistant alternative oxidase (AOD) activity was detected in both variant strains (Table
3.2) and both AOD-1 and AOD-3 proteins were detected in the APor-1 proteome but not that of
the wild-type (Table 6.2). However, transcription of aod-1 is induced in N. crassa treated with
chloramphenicol, while that of aod-3 is not (140), suggesting that the two genes are regulated
independently, and the inducers for both are present in APor-1. However, alternative oxidase
activity is not observed in aod-1 mutants (discussed in Tanton et al. 2003), suggesting that the
AOX-3 polypeptide detected in this study is non-functional. In spite of the cyanide-resistant
respiration observed, neither alternative oxidase protein was detected in 238Por, suggesting that

their levels were sufficient for biological activity but were below detection by the methods used.
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Table 3.5 Proteins detected in altered levels in 238por mitochondria. (Full data set in
Appendix 2, Table 6.3)

Elevated in 238Por

. Expression .
Accession . I . Additional
Nurmber Protein Description Difference COG Group Descriptions (KEGG)
(Logz)
NAD(P) Trans Energy production and None
NCU01140 Hydrogenase 3.91 conversion
CVNH Domain- None
NCU05495 Containing Protein 3.47 None
K17983 sensitive to
high expression protein
NCU06546 Hypothetical Protein 2.84 None 9
Similar to pyridine
Rubredoxin-NAD* nucleotide-disulphide
NCU05850 Reductase 2.79 General function prediction only oxidoreductase
Aspartyl Amino acid transport and None
NCU00122 Aminopeptidase 2.52 metabolism
Anchored Cell Wall None
Protein 4
NCU09263 (Hypothetical) 251 None
Peptide Chain Release Translation, ribosomal structure None
NCU07021 Factor 3 2.36 and biogenesis
AhpC/TSA Family Posttranslational modification, Atypical 2-Cys
NCU06880 Protein 2.23 protein turnover, chaperones peroxiredoxin
NCU03929 Acyl-CoA Synthetase 2.18 Lipid transport and metabolism Similar to Fum16p
Pyruvate None
NCU03796 Dehydrogenase Kinase 2.17 None
ATP-Dependent Clp None
Protease Proteolytic Intracellular trafficking,
NCU04578 Subunit 2.16 secretion, and vesicular transport
Zinc-Containing None
Alcohol
NCU09285 Dehydrogenase 212 General function prediction only
Sterol 24-C- Coenzyme transport and None
NCU03006 Methyltransferase 212 metabolism
Tryptophanyl-tRNA Translation, ribosomal structure None
NCU16657 Synthetase 211 and biogenesis
MFS Monosaccharide None
NCU10021 Transporter 211 None
3-Ketoacyl-CoA None
NCU05558 Thiolase 2.1 Lipid transport and metabolism
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Mito Ribosomal None
NCU06958 Protein S21 2.03 None
Mitochondrial None
Ornithine Carrier
NCU02802 Protein 1.98 None
DUF498 Domain- None
NCU07858 Containing Protein 1.94 Function unknown
NCU00264 Hypothetical Protein 191 Signal transduction mechanisms None
Reduced in 238Por
NCU02936 Proline Oxidase -1.84 None None
5-Aminolevulinate Coenzyme transport and None
NCU06189 Synthase -1.86 metabolism
Mitochondrial Inner None
Membrane Protease
NCU00107 ATP-23 -2.41 None
DUF1640 Domain- None
NCU02504 Containing protein -2.62 None
Coenzyme transport and None
NCUO00565 Lipoic Acid Synthetase -2.82 metabolism
NCU08354 Hypothetical Protein -2.84 None None
altered inheritance of
NCU01024 Hypothetical Protein -2.9 None mitochondria protein 5
F-type H+-transporting
NCU09143 Hypothetical Protein -3.93 None ATP synthase e-subunit
Outer Mitochondrial Voltage-dependent
Membrane Protein anion channel protein 2
NCU04304 Porin -4.96 None
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In terms of the F1Fo-ATP synthase (complex V), in APor-1 (Table 3.4), there was a
higher level of a protein (NCU03558) that is similar to the g-subunit (Atp15p, (141)) and an
inner membrane protease involved in maturation of subunit 6 (NCU00107, ATP-23, (142)) was
less abundant in 238Por (Table 3.5) and not detected in APor-1. In both variant strains, there was
a significant deficit in the putative e-subunit of the Fo, subcomplex (NCU09143, Tables 3.4 and

3.5), which will be discussed below.

3.5.3 Oxidative Stress

Oxidative stress is a predictable outcome in cells lacking complete electron transport
chains and several of the differences between the proteomes of the wild-type and variants
indicate direct or indirect responses to oxidative stress. Both variants express higher levels of
alternative oxidase, which acts on reduced ubiquinone (143) and a Zn-dependent alcohol
dehydrogenase (NCU09285, MIG-6, Tables 3.4 and 3.5, (110)). Expression of this open reading
frame is induced by menadione. Only 238Por showed an increased levels of the protein predicted
to encode an atypical 2-Cys peroxiredoxin (NCU06880), associated with resistance to hydrogen

peroxide in mammalian cells (144).

In contrast, several proteins linked to reducing oxidative stress are in lower levels in one
or both of the variant strains, including proline oxidase (NCU02936, (145)) and the thiamine
thiazole synthase (146). Perhaps unexpectedly, there is over 8-fold less of the latter enzyme
(NCU06110; CyPBP37) in APor-1 than in the wild-type and 238Por strains, respectively (Table
3.4 and Table 6.4). Another thiamine biosynthetic enzyme, NMT-1 (NCUQ9345) is drastically
reduced only in APor-1 (Table 3.4) and has been implicated in protection against oxidative stress

in yeast (147). Finally, lipoic acid has antioxidant activity (discussed in (148)) and lipoic acid
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synthase (NCUO00565) is reduced only in 238Por only (Table 3.5). Other impacts of reduced
lipoic acid levels are discussed with respect to the TCA cycle and heme biosynthesis below (Fig.

3.7).

Both strains show evidence of increased responses to misfolded proteins, which could
result from the effects of reduced ATP levels on chaperone activity. APor-1 and 238Por have
low-level overexpression of the proteolytic subunit of the Clp protease (NCU4578, Tables 3.4
and 3.5), which participates in the mitochondrial unfolded protein response (reviewed by (149)).
Aspartyl aminopeptidase (NCU00122) also is present in higher levels in both variant strains, and
aminopeptidases may “moonlight” as chaperones ((150), (151), (152)). Three other proteases,
carboxypeptidase Y (NCU00477), the mitochondrial AAA ATPase (NCU05459), and the
intermembrane space AAA protease IAP-1 (NCU03359) are present in elevated levels in APor-1
compared to 238Por (Table 6.4). The latter protease is part of the mitochondrial protein quality

control system (153), again suggesting increased protein misfolding in APor-1.

Several of the differentially expressed proteins are linked to the TCA cycle, through the
generation of cofactors or substrates, or utilization of TCA intermediates as substrates (Fig. 3.7).
In mitochondria, the pyruvate dehydrogenase complex (PDC) converts pyruvate into acetyl-CoA,
which can then enter the TCA cycle (Fig. 3.7A). Lipoic acid is a PDC cofactor (154). Increased
levels of pyruvate dehydrogenase kinase (PDK, NCUQ3796), which inactivates PDC (155), and
reduced lipoic acid synthase (LAS, NCU00565) in 238Por (Table 5) suggest lower levels of PDC
activity in 238Por, which might optimize ratios of its substrates (pyruvate, NAD" and coenzyme
A) and products (acetyl-CoA and NADH" and H*). A second potential link to acetyl-CoA
production is through the 3-ketoacyl CoA thiolyase (NCU05558), which participates in both

fatty acid degradation and fatty acid elongation. The slightly higher levels of acyl-CoA synthase
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(NCU03929) might drive higher levels of fatty acid biosynthesis and ensure release of acetyl-
CoA. Finally, the carnitine shuttle is involved in movement of acetyl groups between
peroxisomes and mitochondria (reviewed by (156)). In APor-1, the lower levels of
trimethyllysine dioxygenase (TMLD, NCU03802), involved in carnitine biosynthesis, could

potentially influence the shuttle and the acetyl-CoA levels in the organelle.

Several proteins present in lower levels only in APor-1 are linked to intermediates of the
TCA cycle (Fig. 3.7B). TMLD consumes o-ketoglutarate and generates succinate, bypassing a
step that reduces NAD™. A putative succinate/fumarate mitochondrial transporter (Sfclp
homologue, NCU08561) and the lower levels of this protein would potentially drive matrix
succinate levels lower, without increasing levels of ROS via a backlog of reduced ubiquinone.
The yeast homologue of the transporter, Sfclp (or Acrlp) is required for acetyl-CoA synthetase

activity (157) again linking changes in APor-1 with reduced acetyl-CoA levels.

Both mutant strains harbour lower levels of 5-aminolevulinate synthase (ALAS,
NCUO006189, Tables 3.4 and 3.5), which is involved in heme biosynthesis (reviewed by (158))
and may be a response to reduced heme requirements due to reduced levels of cytochromes aaz
and b in the porin variants. Reduction in ALAS activity would also prevent diversion of
succinyl-CoA from the TCA cycle (Fig. 3.7B). Conversely, a-ketoglutarate dehydrogenase
(KGD), which generates succinyl-CoA, requires lipoic acid (159) and lipoic acid synthase is

reduced in 238Por.

3.5.4 Mitochondrial Biogenesis
The translocase of the outer membrane (TOM complex) recognizes signals in

mitochondrial pre-proteins and translocates the polypeptides across the outer membrane
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(reviewed in (160)). The stability of the TOM complex is reduced in APor mitochondria, as
indicated by the increased migration rate of Tom40-containing complexes during non-denaturing
PAGE ((110), Fig. 3.5). In contrast, the complex in 238Por migrates similarly to that of the wild-
type strain, indicating that the small amount of 238Porin is sufficient for maintenance of the

complex.

Depletion of mitochondrial porin also is associated with altered mitochondrial
morphology (110). Staining of whole mitochondria with MitoTracker revealed similar
morphology for 238Por and wild-type organelles (Fig. 3.6). However, there appeared to be a
lower number of well-stained organelles per hyphal tip, and those observed generally were larger
in the 238Por cells. Under the staining conditions used, long string-like mitochondria were not

observed in hyphal tips in the wild-type.

With respect to different morphology, a potential Mdm33p homologue (NCU06546) is
required for normal morphology and distribution of mitochondria (mdm; (161)) is relatively
more abundant in APor-1 and 238Por strains (Tables 3.4 and 3.5). FZO1 encoded by uvs-5
(NCU00436) is a mitofusin homologue in the outer membrane (124))is more than 8-fold reduced
in APor-1 mitochondria (Table 3.4), but was present in almost normal levels in 238Por
organelles. This defect in APor-1 may contribute to the small mitochondria seen APor-1 strains

(110), as uvs-5 strains have fragmented mitochondria (162).
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443 kDa

200 kDa

Figure 3.5. Western blot detection of the Translocase of the Outer Membrane (TOM) complex
from Red-Native PAGE of DDM-solubilized mitochondrial membrane complexes. Antibodies

against the TOM complex 40-kDa subunit (TOM40) were used to identify the TOM complex.
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PorWT 238Por APor

Figure 3.6. Fluorescence microscopy of N. crassa mitochondria. Hyphae of wild-type (left) and
238Por (middle) and APorl (right) were stained with MitoTracker and observed at 1000x

magnification.
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In both strains, there was a significant deficit in the putative e-subunit (NCU09143) of
the Fo ATPase synthase subcomplex (Tables 3.4 and 3.5). This subunit, Atp21p in S. cerevisiae,
is involved in the formation of monomers of the F1Fo-ATP synthase that are competent for
dimerization (163) and the dimers in turn appear to contribute to the curvature of the inner
membrane (164). The mitochondrial organizing structure (MitOS) of the inner membrane is
proposed to interact with the ATP synthase dimers and contribute to the development of normal
morphology. The putative homologue (NCU01024) of one component of the yeast MitOS,
Aim5p, is expressed at lower levels in APor-1 mitochondria (Table 3.4), perhaps contributing to
the abnormal morphology. Interestingly, porin is linked to MitOS through genetic interactions

(165) although the nature of the interaction is unknown.

Two variably expressed proteins participate in synthesis of the non-protein components
of the outer membrane. The sterol 24-C methyltransferase (NCU03006) is involved in ergosterol
biosynthesis, and is present at 3.0- to 4.6-fold higher levels in both strains. The full extent of the
impact of porin defects on sterol biosynthesis is not known because the other enzymes in the
pathway from zymosterol to ergosterol (ERG-2, ERG-3, ERG-5) were not detected in any strain,
and ERG-6 was detected only in the wild-type strain. An enzyme involved in fatty acid
biosynthesis, 3-oxoacyl-(acyl-carrier-protein) reductase (NCU01092) was not detected in the
wild-type strain, but, in the variant strains, was present in almost 8-fold higher levels in APor-1

(Table 3.4).
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Figure 3.7 Connections among proteins present in different relative amounts in 238por and

APor-1 mitochondria.
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Figure 3.7. Connections among proteins present in different relative amounts in 238por and
APor-1 mitochondria. A) Mitochondrial proteins. Proteins present in relatively high or low
amounts are indicated by arrows directed upward or downward, respectively, in split boxes
referring to 238Por (left) and APor-1 (right). In the case of enzymes, the reactions they catalyze
are represented by thin or thick arrows if the proteins are in low or high levels, respectively. The
blunt arrow between PDK and PDC indicates an inhibitory interaction; all others are positive
effects. The dotted line linking TMLD and carnitine in peroxisomes indicates that the
mitochondrial enzyme TMLD is required for synthesis of carnitine, which participates in the
carnitine shuttle between mitochondria and peroxisomes. The dotted arrow denotes an effect of
Sfclp on the activity of Ac-CoA synthetase as described in the text. PDC, pyruvate
decarboxylase; PDK, PDC kinase; Ac-CoA synthase, acetyl-coenzyme A synthase; Carn,
carnitine; ka-CoA, 3-ketoacetyl-CoA; TMLD, trimethyllysine dioxygenase. B) Links between
differentially expressed proteins and the TCA cycle in 238porin. The TCA cycle is indicated by
double arrows linking substrates/products (boxes). Reduction in lipoic acid synthase (LAS)
levels, could reduce the amounts of lipoic acid (grey diamond), a cofactor of a-ketoglutarate
dehydrogenase (KGD, speckled circle), potentially decreasing levels of succinyl-CoA. ALAS,

5-Aminolevulinate Synthase. For references, see text.
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3.6 Conclusions

238porin is present in relatively low levels in the outer membrane, but nonetheless partially
complements a porin-less strain of Neurospora. Its presence is associated with almost wild-type
growth rate, although 238Por expresses alternative oxidase and suffers defects in the electron
transport chain. The proteomic studies revealed links to altered electron flow, NADH
metabolism and mitochondrial morphology in both APor-1 and 238Por strains. The strain
expressing 238Por appears to contain higher levels of complex | of the ETC, and the carbon flow
through the TCA cycle in these cells may be different from that in APor-1 organelles. Thus, the

cellular response to the presence of a low level of 238Por allows more rapid hyphal growth.
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4.1 Conclusions

In this work two approaches were used to further the understanding of VDAC function,

biophysical analysis of a VDAC protein and physiology of a N. crassa strain expressing a VDAC

mutant. These two complementary approaches produced data that led to the following

conclusions:

1)

2)

3)

4)

5)

6)

7)
8)

9)

VDAC oligomeric state is affected by CHS in detergent solutions (Fig. 2.1)

In the presence of CHS VDAC forms dimers, trimers, tetramers and possibly
hexamers. (Table 2.2 and Fig. 2.2)

The N. crassa VDAC studied in this work has a similar structure to mouse VDAC1
and zebrafish VDAC2. (Fig. 2.4)

The N. crassa VDAC dimer observed in this work is arranged in a similar manner to
the zebrafish VDAC?2 dimer crystal structure. (Fig. 2.5)

The described biophysics approach to the characterization of detergent solubilized
VDAC should be applicable to the characterization of other membrane proteins or
membrane protein complexes.

The 238porin variant of N. crassa VDAC localizes to mitochondria and is protease
resistant indicating that it inserts into the MOM.

238porin partially compensates for a VDAC knockout in N. crassa.

238porin expression level is 3% that of the wild-type VDAC sequence. (Table 3.5)
The 238porin variant causes differential expression of mitochondrial proteins of
varied functions and the effect is different than that of a VDAC knockout. (Tables 3.4

and 3.5)
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The development of a biophysics pipeline for the analysis of IMPs in vitro will provide a
platform for the study of any detergent-solubilized membrane protein. Due to the difficulties in
the study of these proteins this work will function as a guide to making the accessible
characterization of IMPs possible. The results presented will further the understanding of VDAC
behavior and function. VDAC self-assembly into units larger than a monomer has been linked to
the induction of apoptosis through a proposed mechanism in which Smac/Diablo, cytochrome ¢
and AIF are released from mitochondria by either the larger VDAC units or complexes of VDAC
oligomers and Bax (61). The work described in this thesis work demonstrated that a cholesterol
analogue (CHS) was able to induce the formation of VDAC oligomers in detergent solution. This
finding is in line with other studies that indicate VDAC oligomeric state is sensitive to the
surrounding lipid environment in their native membranes (60, 91) and therefore it is not
surprising that this would also be the case in membrane mimetic systems such as detergent
micelles. This implies that VDAC oligomeric state is regulated by the local composition of the
mitochondrial outer membrane and cholesterol (or ergosterol) concentration. Furthermore, the
proteomic data presented displayed increased expression of a rubredoxin-NAD™ reductase in the
VDAC knockout and VDAC depleted strains of N. crassa, APor and 238Por respectively. The
rubredoxin-NAD™ reductase has been identified as a homologue of the higher eukaryotic
Apoptosis Inducing Factor (AIF) (137), which as discussed above is suggested to be released by
VDAC oligomers during the induction of apoptosis (61). In this light the reduced expression
levels of 238porin may explain the increase in rubredoxin-NAD+ reductase expression in the
238Por strain as a mechanism to compensate for a reduced VDAC concentration in the MOM or
the impaired ability of VDAC to form oligomers. The differential expression of an apoptosis

inducing factor homologue due to alterations to the levels of VDAC in the MOM supports a link
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between VDAC and the induction of apoptosis. As the study of the involvement of VDAC in
mitochondrial-mediated apoptosis progresses, the data provided by this work will be paramount
to the understanding of mechanisms by which VDAC oligomers are linked to programmed cell

death.

4.2 Future Directions

Based on the results of this study, the steps in the study of the VDAC system should be

focused into three main objectives:

1) The characterization of the VDAC-hexokinase complex and the involvement of the
VDAC-hexokinase complex in mitochondrial-mediated apoptosis.

2) Further study into the regulation of VDAC oligomeric state

3) Examination of VDAC mutants using the biophysics approach

4) High resolution structural analysis

The binding of N. crassa VDAC to S. cerevisiae HK-1 was demonstrated in Chapter 2 of
this work (Fig. 2.7); this is only the first step in the characterization of this complex as the full
biophysics pipeline should be applied to the complex to gain a more complete understanding of
the makeup of the complex. Particularly of interest is structural information that SAXS could
provide describing the complex. Due to the low resolution of SAXS models the structural
information would not be able to provide the same insight into the structure as high-resolution
methods; however, it would be sufficient to determine the organization of VDAC and hexokinase

units within the complex.
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The effect of CHS on the oligomeric state of detergent solubilized VDAC has been
established by the work presented in this thesis; however, the next logical step in the study of this
effect is to determine the specific nature and mechanism of this effect. An important area of
interest will be determining if these oligomers exist as a dynamic population and if so the
dynamics of this system could be probed by AUC sedimentation equilibrium experiments (30).
In addition, it would be interesting to determine if the VDAC oligomeric transition induced by
CHS is concentration dependet and if different concentrations of CHS alter the populations of
oligomers formed via AUC sedimentation velocity experiments or SEC-MALS experiments. The
use of the biophysics approach to examine VDAC mutants could provide an interesting tool to
examine the relationship between biological data and structural features of VDAC. It would be
interesting to use the biophysics method to determine if the 238porin mutation alters the ability
of VDAC to form oligomers, which could aid in determining whether the differential expression
of rubredoxin-NAD* reductase is due to the lack of VDAC oligomers or reduced VDAC

concentration in the MOM.

High resolution studies have been paramount in the understanding of protein structure-
function relationships for the past 50+ years and therefore the analysis of these VDAC oligomers
would benefit from high resolution information. A probable high-resolution structure of a VDAC
dimer exists (68); however, structures of VDAC trimers, tetramers and hexamers are not yet
available. While techniques such as x-ray crystallography and NMR may not be suited to
tackling these structures due to crystallization difficulties and size limits respectively, recent
advances in the field of cryogenic electron microscopy could provide a platform for structural

analysis at high resolution. With these further explorations of the combined structural and
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functional aspects of VDAC, the role VDAC plays in the complex processes leading to apoptosis

will be revealed.
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5. Appendix 1: Supporting Information for Chapter 2

Table 5.1 Raw Data obtained from AUC c(s) distributions

Detergent | Total VDAC | VDAC S20, buffer® Azgo” J
Concentration | Peak (Absorbance/Interference)
(mg/ml)
0.3%DM 0.49 Monomer 4.53/4.57 0.40 3.29
0.67 Monomer 4.41/4.56 0.61 5.44
0.82 Monomer 4.38/4.52 0.72 6.33
0.98 Monomer 4.33/4.48 0.84 7.66
0.3% DM + 0.48 Dimer 5.04/5.16 0.054 0.54
0.06% CHS Trimer 6.04/6.01 0.089 0.95
Tetramer 7.19/7.35 0.229 1.83
0.63 Dimer 5.01/5.11 0.091 0.99
Trimer 6.07/6.01 0.172 1.38
Tetramer 7.13/7.13 0.261 2.19
0.84 Dimer 5/4.9 0.241 243
Trimer 5.99/6.04 0.316 2.62
Tetramer 7.08/7.06 0.179 1.34
0.99 Dimer 4.94/ 4.84 0.414 3.89
Trimer 5.93/5.95 0.319 2.75
Tetramer 7.1/ 7.05 0.134 0.94

8S20, buffer: Sedimentation coefficient of peak in sample buffer

bAzg0: Absorbance at 280nm calculated by integration of species peak in the c(s) absorbance
distribution

¢J : interference fringe displacement calculated by integration of species peak in the c(s)

interference distribution
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Figure 5.1 Representative sedimentation velocity experimental data and fitted curves used to

calculate c(s) or c(s, f/fo) distributions.
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Figure 5.1 Representative sedimentation velocity experimental data and fitted curves used to
calculate c(s) or c(s, f/fo) distributions. (A) 0.82mg/ml VDACR solution measured by absorbance
at 280nm. (B) 0.82mg/ml VDAC in DM solution measured by interference. (C) 0.84mg/mi
VDACR+CHS solution measured by absorbance at 280nm (D) 0.84mg/ml VDACR+CHS
solution measured by interference. In all panels data points are presented as black circles and
fitted sedimentation boundaries are depicted as black lines. For clarity only every third time

point is presented.
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Figure 5.2. Guinier analyses of VDAC species examined in this study. (A) The upper panel
depicts the Guinier region of the VDAC-monomer scattering curve (Fig 2.4) with the linear
function fitted to the data displayed in red from which the Rq was determined. The bottom panel
depicts the residuals between the experimental data and the fitted function with the red line
indicating a value of 0. The fitted function and goodness of fit (R?) are indicated in the upper
panel. (B) The upper panel depicts the Guinier region of the VDAC-dimer scattering curve (Fig
2.5) with the linear function fitted to the data displayed in red from which the Rq was
determined. The bottom panel depicts the residuals between the experimental data and the fitted
function with the red line indicating a value of 0. The fitted function and goodness of fit (R?) are
indicated in the upper panel. (C) The upper panel depicts the Guinier region of the VDAC-
hexamer scattering curve (Fig 2.6) with the linear function fitted to the data displayed in red
from which the Rq was determined. The bottom panel depicts the residuals between the
experimental data and the fitted function with the red line indicating a value of 0. The fitted

function and goodness of fit (R?) are indicated in the upper panel.
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Figure 5.3. Full regions of interest of SDS-PAGE gels. (A) Denaturing Ni-NTA purification of
VDACR from inclusion bodies (Left panel of Fig. 2.1A). (B) Refolded VDACR SEC fractions
(Middle panel of Fig. 2.1B). (C) Native purification of VDACN (Right panel of Fig. 2.1A). (D)
Separation of HK-1 & HK-1I (Fig. 2.7B). For all gels the contents of lanes are labeled directly
above each lane. The My, of relevant protein ladder bands are labeled to the right of each ladder

lane.
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Figure 5.4. SEC-SAXS-Elution profiles of VDAC-detergent complexes. Elution profile of
VDACR in the absence of CHS (A), VDACR with CHS in the column running buffer (B) and
VDACR pre-equilibrated with CHS and with CHS in the running buffer (C). In all plots the
integrated scattering intensity of each frame (black lines) and Ry determined from each frame
(red circles) is plotted against the frame number. The Ry of frames with integrated scattering
intensities <0.03 above the buffer baseline were not determined. Peaks corresponding to excess
detergent micelles in the loaded samples are indicated on each plot, these peaks were identified
as detergent micelles as they were absent from the UV absorbance trace of the elution and
produced identical scattering curves to detergent only samples (data not shown). The frames used
in the final analysis of the VDAC-detergent complexes are indicated by the area of the plots

shaded in grey.
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6. Appendix 2: Supporting Information for Chapter 3

Table 6.1 Primer sequences. The sequences of the 5’ and 3’ portions of each of the indicated primers are

listed below.
5’ sequence for homology or restriction 3’ sequence for priming
[position with respect to porin
ORF]?
5 5’GTAACGCCAGGGTTTTCCCAG ATCGGGATTACAATGCA
Prom::pRS416 | TCACGACGTTGTAAAACGA GGG ¥
nt 1920-1959 of gb|U03450.1|pRS416 SC5P: 5561724-43
[-959]
3' Prom::Hyg 5’GCCCAAAAAGTGCTCCTTCAA TTAGACGGAGTCGTGAT
TATCATCTTCTGTCGACGG TGG 3’
(pCNS44 (Staben 1989)— TrpC terminator Aspergillus SC5: 5562339-58
nidulans X02390.1 nt 912-886) [-344]
hphFnarl 5’AAAAAGGCGCC CCGTCGACAG
(Narl restriction site) AAGATGATATTGAAGGA
GC3’
(pCNS44 (Staben 1989)—
TrpC terminator Aspergillus
nidulans X02390.1 nt 886-
912)
hphRnarl 5’AAAAAGGCGCC AGCTGACATCGACACCA
(Narl restriction site in italics) ACG 3’
(pCNS44 (Staben 1989)—
TrpC promoter Aspergillus
nidulans X02390.1 nt 3482-
3463
5 por_ATG ‘SATGGCTGTTCCCGCTTTCTC (homology and priming

on 238porin cDNA — Runke et al. 2006)
SC5:5562683-5562702

[+1]
3' cDNA:porTe | 5’"GTTCGAAGGAATACTATTACGCCGCTGCTTCTTCA | CTAAGACTCGAAGGTGA
rm CATGT AGC3’
SC5:5564421-5564460 SC5: 5564387-5564406
por3'UTRF 5’GACGAATCTGGATATAAGATCGTTGGTGTCGATGT | ACATGTGAAGAAGCAGC
CAGCT GGC 3
(pCNS44 (Staben 1989)— TrpC promoter Aspergillus SC5: 5564421-5564440
nidulans X02390.1 nt 3443-3482) [-15]
por3'UTRR 5’GCGGATAACAATTTCACACAGGAAACAGCTATGA | GGCACCTGACTTCAACA
CCATGA GCG ¥

(gb|U03450.1|pRS416; nt 2197-2158)

SC5:5565823-5565814
[-1418]

# the ORF for porin (NCU04303.7) is bp 5562683-5564406 in supercontig 5 of the Nc12 version of the V.
crassa genome sequence; the transcript spans bp 5562346-5564796
°N. crassa OR74A (NC12): Supercontig 5, accessed at

https://www.broadinstitute.org/annotation/genome/neurospora/MultiHome.html
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Table 6.2 Levels of predicted mitochondrial proteins in APor-1 relative to wild-type

Log2 differences that are statistically different are highlighted in blue.

log2 Z-

Locus Description Difference | Score

NCU03558 hypothetical protein 4.08 3.46
NCU01140 NAD(P) Transhydrogenase 3.67 3.11
NCU05850 rubredoxin-NAD 3.36 2.85
NCU06546 hypothetical protein 3.09 2.62
NCU05495 CVNH domain-containing protein 3.02 2.56
NCU00865 oxalate decarboxylase oxdC 2.85 241
NCU01650 hypothetical protein 2.56 2.17
NCU00122 aspartyl aminopeptidase 2.55 2.16
NCU04578 ATP-dependent Clp protease proteolytic subuni 2.38 2.02
NCU04764 hypothetical protein 2.32 1.97
NCU00831 extracellular serine carboxypeptidase, variant 2.24 1.90
NCU03006 sterol 24-C-methyltransferase 2.21 1.87
NCU06880 AhpC/TSA family protein 2.10 1.78
NCU09754 mitochondrial chaperone Frataxin 2.05 1.74
NCU07362 L-lactate ferricytochrome ¢ oxidoreductase 2.00 1.69
NCU07549 mitochondrial ribosomal protein L43 1.96 1.66
NCU02948 non-anchored cell wall protein 4 1.94 1.64
NCUQ7858 DUF498 domain-containing protein 1.93 1.63
NCU07021 peptide chain release factor 3 1.90 1.61
NCU05459 mitochondrial AAA ATPase 1.85 1.57
NCU10226 mmfl 1.84 1.56
NCU06740 hypothetical protein 1.84 1.56
NCU05427 ATP-dependent Clp protease, variant 1.83 1.55
NCU01516 mitochondrial co-chaperone GrpE 1.79 1.52
NCU09285 zinc-containing alcohol dehydrogenase 1.78 1.51
NCU09263 anchored cell wall protein 4 1.77 1.50
NCU02128 D-arabinitol dehydrogenase 1.77 1.50
NCU00264 hypothetical protein 1.73 1.47
NCUO06778 OXA-2 1.70 1.44
NCU01102 mitochondrial export translocase Oxal 1.70 1.44
NCU02157 COoQ4 1.67 1.41
NCU00316 peroxisomal adenine nucleotide transporter 1 1.66 1.41
NCU16657 tryptophanyl-tRNA synthetase 1.65 1.40
NCU03929 acyl-CoA synthetase 1.65 1.40
NCU03749 hydroxyacylglutathione hydrolase 1.64 1.39
NCUQ7298 CAIB/BAIF family enzyme 1.61 1.36
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NCU04098 monothiol glutaredoxin-5 1.54 1.30
NCU03823 ABC1 protein 1.54 1.30
NCU04334 chaperonin 1.52 1.29
NCU06958 mito ribosomal protein S21 1.52 1.29
NCU00137 ssDNA binding protein 1.52 1.29
NCU02630 heat shock protein 78 1.50 1.27
NCU05558 3-ketoacyl-CoA thiolase 1.46 1.24
NCU05248 hypothetical protein 1.44 1.22
NCUQ7295 mitochondrial import inner membrane translocas 1.44 1.22
NCU06246 ATP-dependent RNA helicase mrh-4 1.42 1.20
NCU08138 cytochrome C1 heme lyase 1.41 1.19
NCU03338 hypothetical protein 1.40 1.19
NCU05828 hypothetical protein 1.40 1.19
NCU02273 vacuolar protease A 1.39 1.18
NCU09862 ubiquinone biosynthesis methyltransferase cogb 1.37 1.16
NCU00466 glutamyl-tRNA synthetase 1.36 1.15
NCU06403 hypothetical protein 1.30 1.10
NCU10732 mitochondrial dicarboxylate transporter 1.27 1.08
NCU03796 pyruvate dehydrogenase kinase 1.24 1.05
NCU00183 DUF185 domain-containing protein 1.21 1.02
NCU03893 short-chain dehydrogenase/reductase SDR 1.20 1.02
NCU00737 preseguence translocated-associated moto 1.20 1.02
NCU05196 mitochondrial DnaJ chaperone 1.20 1.02
NCU07794 2Fe-2S iron-sulfur cluster bindin 1.19 1.01
NCU02701 dipeptidyl peptidase 1.19 1.01
NCU00905 N-acylethanolamine amidohydrolase 1.15 0.97
NCU05419 hydroxymethylglutaryl-CoA lyase 1.15 0.97
NCU03516 mitochondrial ribosomal protein subunit L32 1.14 0.97
NCU02705 F1FO ATP synthase assembly protein Atp10 1.14 0.97
NCU05225 mitochondrial NADH dehydrogenase 1.13 0.96
NCU07871 hypothetical protein 1.13 0.96
NCU03217 MRS7 family protein 1.12 0.95
NCU12046 gamma-butyrobetaine dioxygenase 1.11 0.94
NCU04817 electron transfer protein 1 1.09 0.92
NCU02423 mitoferrin-1 1.09 0.92
NCU09517 hypothetical protein 1.08 0.91
NCU08998 4-aminobutyrate aminotransferase 1.07 0.91
NCU09266 methylmalonate-semialdehyde dehydrogenase 1.06 0.90
NCU09560 superoxide dismutase 1.05 0.89
NCU03229 mitochondrial inner membrane translocase subuni 1.05 0.89
NCU09602 heat shock protein 70 1.03 0.87

132



NCUQ5778 iron sulfur cluster assembly protein 1 1.01 0.86
NCU02639 argininosuccinate synthase, variant 1.01 0.86
NCU02887 voltage-gated potassium channel beta-2 subunit 1.01 0.86
NCU03155 hypothetical protein 1.00 0.85
NCU06307 multisynthetase complex auxiliary component p43 0.99 0.84
NCU05302 GTP-binding protein Obg 0.98 0.83
NCU04013 aldehyde dehydrogenase 0.96 0.81
NCU08909 beta-1,3-glucanosyltransferase 0.95 0.80
NCU03199 ATP synthase subunit H 0.94 0.80
NCU04837 mitochondrial 2-oxodicarboxylate carrier 1 0.93 0.79
NCU00599 mito ribosomal protein S22 0.92 0.78
NCU08005 NADPH-adrenodoxin reductase Arhl 0.91 0.77
NCU16742 hypothetical protein 0.91 0.77
NCU05772 TOM6 0.91 0.77
NCU07670 CYT-19 DEAD-box protein 0.91 0.77
NCU01473 mitochondrial large ribosomal subunit YmL35 0.91 0.77
NCU02545 hypothetical protein 0.91 0.77
NCU00378 aldehyde dehydrogenase 0.89 0.75
NCU05008 acp-1 0.88 0.75
NCU06017 thiosulfate sulfurtransferase 0.88 0.75
NCU01272 mitochondrial presequence protease 0.87 0.74
NCU02162 SURF-family protein 0.87 0.74
NCU09327 protein phosphatase 0.86 0.73
NCU04336 60S ribosomal protein L19 0.86 0.73
NCU05287 50S ribosomal protein L4 0.86 0.73
NCU02943 mitochondrial import inner membrane translocas 0.85 0.72
NCU09553 3-hydroxybutyryl CoA dehydrogenase 0.85 0.72
NCU09255 acetate non-utilizing protein 9 0.84 0.71
NCU08048 NAD dehydrogenase 0.83 0.70
NCU00673 serine protease p2 0.83 0.70
NCU02267 mitochondrial protein Fmp25 0.82 0.69
NCU02136 transaldolase 0.82 0.69
NCU03814 leucyl-tRNA synthetase 0.81 0.69
NCU03339 glutathione reductase 0.80 0.68
NCU06643 oleate-induced peroxisomal protein 0.80 0.68
NCU03231 mitochondrial chaperone BCS1 0.79 0.67
NCU01479 matrix AAA protease MAP-1 0.77 0.65
NCU08946 hypothetical protein 0.76 0.64
NCU08004 electron transfer flavoprotein alpha-subunit 0.75 0.63
NCU03031 succinate dehydrogenase cytochrome b smal 0.75 0.63
NCU02287 acyl-CoA dehydrogenase 0.71 0.60
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NCU01512 phenylalanyl-tRNA synthetase 0.70 0.59
NCU05261 ATP-dependent protease La 0.69 0.58
NCU06536 hypothetical protein 0.69 0.58
NCU03637 CaaX prenyl protease Ste24 0.69 0.58
NCU00904 D-lactate dehydrogenase 0.69 0.58
NCU09403 NmrA family protein 0.68 0.58
NCU03310 prohibitin-2 0.68 0.58
NCU06086 regulatory protein suaprgal 0.65 0.55
NCU00477 carboxypeptidase Y 0.65 0.55
NCU02580 fumarate reductase Osm1 0.64 0.54
NCU05288 rab GDP-dissociation inhibitor 0.64 0.54
NCU03008 hypothetical protein 0.64 0.54
NCU04202 nucleoside diphosphate kinase 0.62 0.52
NCU11311 small zinc finger protein Tim8 0.61 0.52
NCU03177 scol 0.60 0.51
NCU09058 enoyl-CoA hydratase 0.59 0.50
NCU01218 hypothetical protein 0.59 0.50
NCU02366 aconitase 0.58 0.49
NCU00405 glycyl-tRNA synthetase 1 0.58 0.49
NCU02291 glutaryl-CoA dehydrogenase 0.57 0.48
NCU03777 mitochondrial 3-hydroxyisobutyryl-CoA hydrolase 0.57 0.48
NCU06103 Mito Translation initiation factor 0.57 0.48
NCU06881 succinyl-CoA:3-ketoacid-coenzyme A transferas 0.57 0.48
NCU07682 acetylglutamate synthase 0.56 0.47
NCU00360 NAD dependent epimerase/dehydratase 0.56 0.47
NCU03094 hypothetical protein 0.55 0.47
NCU02451 mitochondrial hypoxia responsiv 0.54 0.46
NCU02807 hypothetical protein 0.54 0.46
NCU08877 glycine cleavage system H protein 0.53 0.45
NCU08861 hypothetical protein 0.52 0.44
NCU01528 glyceraldehyde 3-phosphate-dehydrogenase 0.52 0.44
NCU05515 mitochondrial import inner membrane translocas 0.52 0.44
NCU09732 acetyl-CoA acetyltransferase 0.49 0.41
NCU01546 coproporphyrinogen Il oxidase 0.49 0.41
NCU05717 mito ribosomal protein S6 0.49 0.41
NCU01304 mitochondrial MRNA processing protein PET127 0.49 0.41
NCUQ7552 hypothetical protein 0.49 0.41
NCUQ07904 short chain dehydrogenase/reductase 0.49 0.41
NCU03759 methionine-tRNA synthetase 0.49 0.41
NCU05220 ATP synthase subunit F 0.48 0.41
NCU02481 mitochondrial 2-methylisocitrate lyase 0.48 0.41
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NCU03020 IdgA domain-containing protein 0.47 0.40
NCU01564 calcium dependent mitochondrial carrier protein 0.47 0.40
NCU01328 transketolase 0.47 0.40
NCU02959 hypothetical protein 0.47 0.40
NCU06371 mitochondrial ATP-dependent RNA helicase Suv3 0.46 0.39
NCU03296 F1 ATPase assembly protein 11 0.46 0.39
NCUO00775 isocitrate dehydrogenase subunit 1 0.46 0.39
NCU08291 ferrochelatase 0.45 0.38
NCU01006 complex | intermediate-associated protein CIA84 0.45 0.38
NCU03525 3-oxoacyl-[acyl-carrier-protein]-reductase 0.44 0.37
NCUQ7852 ribosomal protein L13 0.43 0.36
NCU01808 cytochrome ¢ 0.43 0.36
NCU05279 hypothetical protein 0.43 0.36
NCU06469 54S ribosomal protein L12 0.43 0.36
NCU09539 40S ribosomal protein S13 0.43 0.36
NCUO07550 triosephosphate isomerase 0.42 0.36
NCU00726 peptidyl-prolyl cis-trans isomerase 0.41 0.35
NCU05982 hexaprenyldihydroxybenzoate methyltransferase 0.41 0.35
NCU01657 cytochrome-c oxidase assembly protein 0.41 0.35
NCU03925 toxin biosynthesis protein 0.40 0.34
NCU03957 CoQ7 0.39 0.33
NCU02064 hypothetical protein 0.38 0.32
NCU08329 mitochondrial ribosomal protein subunit L23 0.38 0.32
NCU04945 mitochondrial intermembrane space protein Mia40 0.37 0.31
NCU09025 glutamyl-tRNA 0.36 0.30
NCU04412 hypothetical protein 0.36 0.30
NCU02305 decaprenyl-diphosphate synthase subunit 1 0.35 0.30
NCU06270 mitochondrial-processing peptidase subuni 0.35 0.30
NCU06761 sphingosine-1-phosphate lyase 0.35 0.30
NCUO00655 mitochondrial enoyl reductase 0.35 0.30
NCU04803 2-nitropropane dioxygenase famil 0.35 0.30
NCU01589 heat shock protein 60 0.34 0.29
NCU03173 HAD superfamily hydrolase 0.34 0.29
NCU06448 enoyl-CoA hydratase 0.33 0.28
NCU03158 alpha/beta hydrolase 0.33 0.28
NCU06749 60S ribosomal protein L3 0.32 0.27
NCU09594 seryl-tRNA synthetase 0.32 0.27
NCU06556 thioredoxin 11 0.32 0.27
NCU08410 50S ribosomal protein L24 0.32 0.27
NCUQ7386 Fe superoxide dismutase 0.32 0.27
NCU02802 mitochondrial ornithine carrier protein 0.32 0.27
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NCU04068 60S ribosomal protein L6 0.31 0.26
NCU02549 ubiquinol-cytochrome-c reductase subunit beta 0.31 0.26
NCU00103 hypothetical protein 0.31 0.26
NCU08693 hsp70-like protein 0.30 0.25
NCU08893 60S ribosomal protein L1 0.28 0.24
NCU00395 mRNA processing protein 0.28 0.24
NCU04212 hypothetical protein 0.26 0.22
NCU02955 elongation factor G 1 0.25 0.21
NCU09598 mitochondrial escape protein 2 0.24 0.20
NCU07560 50S ribosomal subunit L30 0.24 0.20
NCU02727 glycine cleavage system T protein 0.24 0.20
NCU00958 5-azacytidine resistance protein azrl 0.24 0.20
NCU08936 clock-controlled gene-15, variant 0.23 0.19
NCU02954 homoisocitrate dehydrogenase 0.22 0.19
NCUQ7756 succinate dehydrogenase cytochrome b560 subunit 0.22 0.19
NCU01023 50S ribosomal protein L17 0.22 0.19
NCU08471 succinyl-CoA ligase beta-chain 0.21 0.18
NCU02193 pyruvate decarboxylase 0.21 0.18
NCU07608 ribose 5-phosphate isomerase A, variant 0.21 0.18
NCU09826 RNase 111 domain-containing protein 0.20 0.17
NCU02566 alanyl-tRNA synthetase 0.19 0.16
NCU06244 mitochondrial import inner membrane translocas 0.18 0.15
NCU06211 malate dehydrogenase, variant 0.17 0.14
NCU03359 intermembrane space AAA protease 1AP-1 0.17 0.14
NCU03908 fmp-52 0.16 0.13
NCUQ7465 mitochondrial phosphate carrier protein 2 0.16 0.13
NCU08120 mitochondrial ribosomal protein DAP3 0.16 0.13
NCUQ7697 isocitrate dehydrogenase subunit 2 0.15 0.13
NCU05633 stomatin family protein 0.15 0.13
NCU01255 mitochondrial dynamin GTPase 0.14 0.12
NCU05517 mitochondrial genome maintenance protein MGM101 0.14 0.12
NCU03347 kynurenine-oxoglutarate transaminase 1 0.14 0.12
NCU00952 mitochondrial ribosomal protein L44 0.14 0.12
NCU08002 carnitine acetyl transferase 0.13 0.11
NCU04171 50S ribosomal protein L5 0.13 0.11
NCU06309 hypothetical protein 0.13 0.11
NCU03979 biotin synthase 0.12 0.10
NCU01965 valyl-tRNA synthetase 0.12 0.10
NCU01306 hypothetical protein 0.12 0.10
NCU02514 mitochondrial ATP synthase alpha subunit 0.11 0.09
NCU04636 cysteine desulfurase 0.10 0.08
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NCU06543 acyl-CoA dehydrogenase 0.10 0.08
NCU00484 NADH:ubiquinone oxidoreductase 18.4kD subunit 0.10 0.08
NCU06587 hypothetical protein 0.10 0.08
NCU03030 tyrosyl-tRNA synthetase 0.10 0.08
NCU01975 complex I intermediate-associated protein CIA30 0.09 0.08
NCU02063 mitochondrial intermediate peptidase 0.09 0.08
NCU06247 hypothetical protein 0.09 0.08
NCU06424 aminomethyl transferase 0.08 0.07
NCU02438 dihydrolipoamide succinyltransferase 0.08 0.07
NCU02804 mitochondrial 60S ribosomal protein L25 0.08 0.07
NCU01962 encodes anonymous transcript-5 protein, variant 0.08 0.07
NCU00951 inorganic pyrophosphatase 0.07 0.06
NCU00660 glutamyl-tRNA amidotransferase 0.06 0.05
NCU08707 iron sulfur assembly protein 0.06 0.05
NCU00680 2-methylcitrate dehydratase 0.06 0.05
NCU01606 ATP synthase subunit 5 0.06 0.05
NCU01485 hypothetical protein 0.04 0.03
NCU03297 cytochrome ¢ peroxidase 0.03 0.02
NCU00030 mitochondrial nuclease 0.03 0.02
NCU00371 mitochondrial import inner membrane translocas 0.03 0.02
NCU04380 acyl-CoA synthetase 0.02 0.02
NCU04429 mitochondrial import protein mmp37 0.02 0.02
NCU06760 pyruvate dehydrogenase kinase 0.02 0.02
NCU00278 hypothetical protein 0.02 0.02
NCUO00676 F1-ATP synthase assembly protein 0.01 0.01
NCU03737 elongation factor Tu 0.00 0.00
NCUO01169 NADH:ubiquinone oxidoreductase 24 0.00 0.00
NCU00977 aconitate hydratase -0.01 -0.01
NCUQ7263 carnitine/acyl carnitine carrier -0.01 -0.01
NCU05425 2-oxoglutarate dehydrogenase E1 component -0.02 -0.02
NCU03004 pyruvate dehydrogenase E1 component -0.02 -0.02
NCU02407 dihydrolipoyl dehydrogenase -0.03 -0.03
NCU05623 mitochondrial inner membrane translocase subuni -0.03 -0.03
NCU08336 succinate dehydrogenase flavoprotein subunit -0.04 -0.03
NCU06495 mitochondrial inner membrane organizatio -0.04 -0.03
NCU02585 aspartyl-tRNA synthetase -0.04 -0.03
NCU06647 enoyl-CoA hydratase/isomerase -0.05 -0.04
NCU02734 citrate lyase beta subunit -0.06 -0.05
NCU05430 ATP synthase beta subunit -0.06 -0.05
NCU08477 small GTP-binding protein -0.08 -0.07
NCU05805 serine hydroxymethyltransferase -0.08 -0.07
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NCU08980 alternative NADH-dehydrogenase -0.08 -0.07
NCU01894 hypothetical protein -0.09 -0.08
NCU01692 mitochondrial citrate synthase -0.09 -0.08
NCU00959 succinate dehydrogenase iron-sulfur protein -0.09 -0.08
NCU06695 cytochrome ¢ oxidase polypeptide VI, variant -0.09 -0.08
NCUQ05454 glycerol-3-phosphate dehydrogenase -0.10 -0.09
NCU05971 xaa-Pro dipeptidase -0.11 -0.09
NCU08541 hypothetical protein -0.11 -0.09
NCU06441 D-lactate dehydrogenase 2 -0.12 -0.10
NCU04138 hypothetical protein -0.13 -0.11
NCU03877 C-1-tetrahydrofolate synthase -0.13 -0.11
NCU05890 hypothetical protein -0.14 -0.12
NCU09770 acetyl-coa hydrolase -0.15 -0.13
NCU00075 mitochondrial import inner membrane translocas -0.15 -0.13
NCU01667 ornithine carbamoyltransferase -0.15 -0.13
NCU10021 MFS monosaccharide transporter -0.18 -0.15
NCU02044 GTP-binding protein -0.19 -0.16
NCU08924 acyl-CoA dehydrogenase -0.19 -0.16
NCU00431 mitochondrial import receptor subunit Tom22 -0.20 -0.17
NCU03112 NADH-cytochrome b5 reductase 2 -0.20 -0.17
NCU03857 tricarboxylic acid-5 protein, variant 2 -0.20 -0.17
NCU03653 hypothetical protein -0.22 -0.19
NCUQ09477 ADP/ATP carrier protein, variant -0.22 -0.19
NCU00051 hypothetical protein -0.23 -0.20
NCU05029 iron-sulfur clusters transporter atm-1 -0.23 -0.20
NCU04280 aconitate hydratase -0.23 -0.20
NCU04502 hypothetical protein -0.23 -0.20
NCU09057 hypothetical protein -0.23 -0.20
NCU03559 ubiquinol-cytochrome c reductase complex cor -0.24 -0.20
NCU01474 60S ribosomal protein L4, variant -0.24 -0.20
NCU03556 peroxisomal membrane protein Pmp47 -0.24 -0.20
NCU08728 mitochondrial ribosomal protein S19 -0.25 -0.21
NCU00894 hypothetical protein -0.25 -0.21
NCU04806 hypothetical protein -0.25 -0.21
NCU06518 NADH-cytochrome b5 reductase 2 -0.25 -0.21
NCU06482 pyruvate dehydrogenase E1 component alph -0.26 -0.22
NCU08898 homoaconitase -0.26 -0.22
NCU16833 hypothetical protein -0.27 -0.23
NCU04899 malate dehydrogenase -0.28 -0.24
NCU03343 37S ribosomal protein S25 -0.28 -0.24
NCU00502 ATP synthase subunit 4 -0.28 -0.24
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NCU01767 phophatase 2C family protein -0.29 -0.25
NCU00050 pyruvate dehydrogenase X component -0.30 -0.25
NCU01484 rho-type GTPase -0.30 -0.25
NCU05593 mitochondrial outer membrane beta-barrel protei -0.31 -0.26
NCU06450 mitochondrial ribosomal protein -0.31 -0.26
NCU09223 protein disulfide-isomerase -0.31 -0.26
NCU08949 hypothetical protein -0.31 -0.26
NCU02623 mitochondrial hypoxia responsiv -0.32 -0.27
NCU06786 50S ribosomal protein L30 -0.32 -0.27
NCU08941 calcium-binding mitochondrial carrier protei -0.32 -0.27
NCU05526 homocitrate synthase, variant 2 -0.33 -0.28
NCU05601 cytochrome ¢ heme lyase -0.33 -0.28
NCU01343 TPR repeat protein -0.33 -0.28
NCU00565 lipoic acid synthetase -0.34 -0.29
NCU03926 37S ribosomal protein Rsm24 -0.35 -0.30
NCU00114 30S ribosomal protein S10 -0.35 -0.30
NCU08299 60S ribosomal protein L3 -0.36 -0.31
NCU02482 2-methylcitrate synthase, variant 2 -0.37 -0.31
NCUQ7733 electron transfer flavoprotein beta-subunit -0.37 -0.31
NCU07793 hypothetical protein -0.38 -0.32
NCU01179 outer membrane translocase 40 kDa subunit -0.38 -0.32
NCU08552 50S ribosomal protein L14 -0.38 -0.32
NCU01007 mito ribosomal protein S18 -0.38 -0.32
NCU00936 succinate semialdehyde dehydrogenase -0.38 -0.32
NCU01550 adenylate kinase cytosolic -0.39 -0.33
NCU04074 NADH:ubiquinone oxidoreductase 30.4 kDa subunit -0.39 -0.33
NCU01227 succinyl-CoA ligase alpha-chain -0.40 -0.34
NCU02403 ubiquinone biosynthesis protein COQ9 -0.41 -0.35
NCU05714 50S ribosomal subunit protein L15 -0.42 -0.36
NCU09119 ATP synthase subunit gamma -0.43 -0.37
NCU03211 hypothetical protein -0.43 -0.37
NCUOQ7659 pyruvate dehydrogenase complex -0.44 -0.37
NCU09886 hypothetical protein -0.44 -0.37
NCU09228 aminopeptidase 2 -0.45 -0.38
NCU00562 hypothetical protein -0.45 -0.38
NCU00895 RAB GTPase Ypt5 -0.46 -0.39
NCU01689 mitochondrial DNA replication protein YHM?2 -0.46 -0.39
NCU01765 NADH:ubiquinone oxidoreductase 78 -0.47 -0.40
NCU06452 cysteine synthase -0.47 -0.40
NCU02419 mitochondrial 37S ribosomal protein S17 -0.48 -0.41
NCU03230 mitochondrial ribosomal protein subunit S18 -0.49 -0.42
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NCU08146 hypothetical protein -0.49 -0.42
NCU03394 ribosomal protein S15 -0.53 -0.45
NCUQ7493 hypothetical protein -0.54 -0.46
NCUQ7724 mitochondrial division protein 1 -0.55 -0.47
NCUQ09222 hypothetical protein -0.56 -0.48
NCU05313 mitochondria fission 1 protein -0.57 -0.48
NCU09810 succinyl-CoA synthetase subunit alpha -0.58 -0.49
NCU00789 DUF221 domain-containing protein -0.59 -0.50
NCU02534 NADH:ubiquinone oxidoreductase 49kD subunit -0.62 -0.53
NCU00644 ATP synthase subunit G -0.62 -0.53
NCU01241 mitochondrial carrier protein -0.62 -0.53
NCU03156 NUO -0.62 -0.53
NCU01454 mitochondrial hydrolase -0.64 -0.54
NCU04588 hypothetical protein -0.64 -0.54
NCU03739 protein disulfide-isomerase tigA -0.65 -0.55
NCU08411 aspartate aminotransferase -0.66 -0.56
NCU10468 arginine biosynthesis argJ -0.67 -0.57
NCU07286 membrane-associated progesterone recepto -0.67 -0.57
NCU03188 sugar 1,4-lactone oxidase -0.68 -0.58
NCU08296 mito ribosomal protein S4 -0.69 -0.59
NCU08071 ribosomal protein S16 -0.70 -0.59
NCU04579 dihydroxy-acid dehydratase -0.71 -0.60
NCU01666 acetolactate synthase small subunit -0.72 -0.61
NCU02544 ABC transporter -0.72 -0.61
NCU10042 enolase, variant -0.72 -0.61
NCU04481 mitochondrial ATPase -0.72 -0.61
NCU12023 mito ribosomal protein S2 -0.73 -0.62
NCU05552 hypothetical protein -0.74 -0.63
NCU04100 vacuolar sorting protein 1 -0.74 -0.63
NCU01680 plasma membrane ATPase -0.75 -0.64
NCU00567 Arg-6 protein, variant -0.76 -0.64
NCU02269 mitochondrial carnitine/acylcarnitine carrie -0.76 -0.64
NCU07112 hypothetical protein -0.76 -0.64
NCU00584 hypothetical protein -0.76 -0.64
NCU04768 electron transfer flavoprotein-ubiguinon -0.77 -0.65
NCU08195 arginyl-tRNA synthetase -0.77 -0.65
NCU06451 hypothetical protein -0.80 -0.68
NCU01469 hypothetical protein -0.81 -0.69
NCU00211 mitochondrial ribosomal protein subunit L31 -0.82 -0.70
NCU04287 hypothetical protein -0.84 -0.71
NCU05457 cytochrome ¢ oxidase subunit IV -0.85 -0.72
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NCU05027 hypothetical protein -0.87 -0.74
NCU05813 mitochondrial large ribosomal subunit -0.88 -0.75
NCU06632 outer mitochondrial membrane translocase 20 -0.89 -0.75
NCU00153 pyridine nucleotide-disulfide oxidoreductase -0.89 -0.75
NCU01800 37S ribosomal protein S5 -0.89 -0.75
NCU04044 NADH?2 dehydrogenase flavoprotein 1 -0.89 -0.75
NCU04245 outer mitochondrial membrane translocase -0.90 -0.76
NCU05390 mitochondrial phosphate carrier protein -0.90 -0.76
NCU04605 hypothetical protein -0.90 -0.76
NCU07982 acetolactate synthase -0.90 -0.76
NCU01467 NADH:ubiquinone oxidoreductase 10.4kD subunit -0.91 -0.77
NCU06768 60S ribosomal protein L16 -0.92 -0.78
NCU09002 NADH:ubiquinone oxidoreductase 10.6kD subunit -0.92 -0.78
NCU01360 NADH:ubiquinone oxidoreductase 11.5kD subunit -0.92 -0.78
NCU04754 branched-chain-amino-acid aminotransferase -0.94 -0.80
NCU09999 hypothetical protein -0.94 -0.80
NCU05299 NADH:ubiquinone oxidoreductase -0.95 -0.81
NCU02690 mitochondrial integral membrane protein -0.96 -0.81
NCU04225 60S ribosomal protein L20 -0.96 -0.81
NCU08272 cytochrome b2 -1.01 -0.86
NCU03982 glucose-regulated protein -1.01 -0.86
NCU10008 fumarate hydratase -1.07 -0.91
NCU03076 delta-1-pyrroline-5-carboxylate dehydrogenase -1.07 -0.91
NCU11345 hypothetical protein -1.08 -0.92
NCU02013 hypothetical protein -1.09 -0.92
NCU00605 ThiF domain-containing protein -1.10 -0.93
NCU00536 homoserine O-acetyltransferase -1.10 -0.93
NCU06924 kynurenine 3-monooxygenase -1.11 -0.94
NCU03827 40S ribosomal protein S9 -1.12 -0.95
NCU01916 mitochondrial carrier protein RIM2 -1.13 -0.96
NCU03608 ketol-acid reductoisomerase -1.16 -0.98
NCU05075 mitochondrial tricarboxylate transporter -1.17 -0.99
NCU06550 pyridoxine 1 -1.17 -0.99
NCU01859 NADH:ubiquinone oxidoreductase 20.9kD subunit -1.17 -0.99
NCUQ7057 hypothetical protein -1.19 -1.01
NCU01821 alanine-glyoxylate aminotransferase -1.20 -1.02
NCU02504 DUF1640 domain-containing protein -1.21 -1.03
NCU03711 GTP-binding protein ypt7 -1.24 -1.05
NCU03695 phosphatidylserine decarboxylase proenzyme 1 -1.25 -1.06
NCU11258 LYR family protein -1.25 -1.06
NCU05689 cytochrome ¢ oxidase polypeptide IV -1.28 -1.09

141



NCU02677 carbamoyl-phosphate synthase large subunit -1.29 -1.09
NCU05221 NADH:ubiquinone oxidoreductase 21kD subunit -1.29 -1.09
NCU02757 60S ribosomal protein L2 -1.30 -1.10
NCU08356 acetamidase -1.31 -1.11
NCU03129 threonyl-tRNA synthetase -1.33 -1.13
NCU00160 NADH:ubiquinone oxidoreductase 6.6kD subunit -1.37 -1.16
NCU00564 mitochondrial 40S ribosomal protein MRP2 -1.38 -1.17
NCU05410 acetylornithine aminotransferase -1.42 -1.20
NCU02812 uridylate kinase -1.47 -1.25
NCU06606 ubiguinol-cytochrome c reductase iron-sulfu -1.48 -1.25
NCU00385 ATP synthase subunit delta -1.55 -1.31
NCU03561 mitochondrial carrier protein -1.56 -1.32
NCU05009 NADH-quinone oxidoreductase chain I, variant -1.57 -1.33
NCU09816 cytochrome-26 -1.58 -1.34
NCU11348 NADH-ubiquinone oxidoreductase B18 subunit -1.58 -1.34
NCU03093 NADH:ubiquinone oxidoreductase 12.3kD subunit -1.65 -1.40
NCU02070 peroxisomal biogenesis factor 2 -1.66 -1.41
NCU08940 ubiquinol-cytochrome c reductase comple -1.66 -1.41
NCUQ7732 carbamoyl-phosphate synthase small subunit -1.69 -1.43
NCU02472 NADH:ubiquinone oxidoreductase 20.8kD subunit -1.71 -1.45
NCU02951 40S ribosomal protein S8 -1.72 -1.46
NCU02475 glycine dehydrogenase -1.77 -1.50
NCU00418 NADH:ubiquinone oxidoreductase 14.8kD subunit -1.78 -1.51
NCU01142 NADH:ubiquinone oxidoreductase 13.4kD subunit -1.80 -1.53
NCU06189 5-aminolevulinate synthase -1.81 -1.53
NCU00227 mitochondrial cation transporter -1.81 -1.53
NCU04230 isocitrate lyase -1.82 -1.54
NCU05226 ABC transporter -1.84 -1.56
NCU00969 NADH:ubiquinone oxidoreductase 17.8kD subunit -1.91 -1.62
NCU03340 cytochrome-c oxidase chain Vlic -1.96 -1.66
NCU08947 ubiquinol-cytochrome-c reductase chain VIII -1.97 -1.67
NCU04276 hypothetical protein -2.06 -1.75
NCU00670 NADH:ubiquinone oxidoreductase 9.5kD subunit -2.08 -1.76
NCU08930 NADH:ubiquinone oxidoreductase 21.3kD subunit A -2.11 -1.79
NCU06741 cytochrome c¢ oxidase subunit VIb -2.14 -1.81
NCU03953 mitochondrial NADH-ubiquinone oxidoreductase 2 -2.25 -1.91
NCU09299 NADH:ubiquinone oxidoreductase 14kD subunit -2.25 -1.91
NCU02373 NADH-ubiquinone oxidoreductase 40 kDa subunit -2.26 -1.92
NCU02280 NADH:ubiquinone oxidoreductase 21.3kD subunit B -2.26 -1.92
NCU01401 mitochondrial outer membrane protein, variant -2.27 -1.92
NCU08661 pantoate-beta-alanine ligase -2.30 -1.95
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Table 6.3 Levels of predicted mitochondrial proteins in 238Por relative to wild-type
Log?2 differences that are statistically different are highlighted in blue.

log2 Z-
Difference | Score

Locus Description

NCUQ7295 mitochondrial import inner membrane translocas 1.79 1.87
NCU01516 mitochondrial co-chaperone GrpE 1.7 1.77
NCU10732 mitochondrial dicarboxylate transporter 1.66 1.73
NCU04098 monothiol glutaredoxin-5 1.64 1.71
NCU03516 mitochondrial ribosomal protein subunit L32 1.56 1.62
NCU02157 CoQ4 1.53 1.59
NCU03893 short-chain dehydrogenase/reductase SDR 1.49 1.54
NCU02136 transaldolase 1.49 1.54
NCU04764 hypothetical protein 1.48 1.53
NCU01512 phenylalanyl-tRNA synthetase 14 145
NCUQ09754 mitochondrial chaperone Frataxin 1.36 1.40
NCU05288 rab GDP-dissociation inhibitor 1.36 1.40
NCUQ7871 hypothetical protein 1.35 1.39
NCU01328 transketolase 1.34 1.38
NCU02566 alanyl-tRNA synthetase 1.34 1.38
NCU01650 hypothetical protein 1.31 1.35
NCU10226 mmfl 1.29 1.33
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NCUQ7550 triosephosphate isomerase 1.26 1.30
NCU06518 NADH-cytochrome b5 reductase 2 1.23 1.26
NCU00831 extracellular serine carboxypeptidase, variant 1.22 1.25
NCUQ7386 Fe superoxide dismutase 1.22 1.25
NCU05225 mitochondrial NADH dehydrogenase 1.19 1.22
NCU09602 heat shock protein 70 1.19 1.22
NCUQ7298 CAIB/BAIF family enzyme 1.14 1.17
NCU02193 pyruvate decarboxylase 1.1 1.12
NCU03338 hypothetical protein 1.08 1.10
NCU00137 ssDNA binding protein 1.08 1.10
NCUQ09255 acetate non-utilizing protein 9 1.08 1.10
NCU05279 hypothetical protein 1.07 1.09
NCU08877 glycine cleavage system H protein 1.04 1.06
NCU03759 methionine-tRNA synthetase 1.04 1.06
NCU00075 mitochondrial import inner membrane translocas 1.04 1.06
NCU00905 N-acylethanolamine amidohydrolase 1.01 1.03
NCU09266 methylmalonate-semialdehyde dehydrogenase 1 1.01
NCU00466 glutamyl-tRNA synthetase 0.99 1.00
NCU03823 ABC1 protein 0.99 1.00
NCU09553 3-hydroxybutyryl CoA dehydrogenase 0.98 0.99
NCU09810 succinyl-CoA synthetase subunit alpha 0.98 0.99
NCU05261 ATP-dependent protease La 0.97 0.98
NCU03347 kynurenine-oxoglutarate transaminase 1 0.97 0.98
NCU09594 seryl-tRNA synthetase 0.96 0.97
NCU06103 Mito Translation initiation factor 0.96 0.97
NCU02701 dipeptidyl peptidase 0.96 0.97
NCU01962 encodes anonymous transcript-5 protein, variant 0.95 0.96
NCU03094 hypothetical protein 0.94 0.95
NCU05196 mitochondrial DnaJ chaperone 0.94 0.95
NCU08998 4-aminobutyrate aminotransferase 0.93 0.94
NCU08004 electron transfer flavoprotein alpha-subunit 0.92 0.93
NCU02063 mitochondrial intermediate peptidase 0.92 0.93
NCU00153 pyridine nucleotide-disulfide oxidoreductase 0.92 0.93
NCU03031 succinate dehydrogenase cytochrome b smal 0.92 0.93
NCUQ7794 2Fe-2S iron-sulfur cluster bindin 0.91 0.92
NCUQ7362 L-lactate ferricytochrome c oxidoreductase 0.91 0.92
NCU01916 mitochondrial carrier protein RIM2 0.91 0.92
NCU02273 vacuolar protease A 0.91 0.92
NCU01528 glyceraldehyde 3-phosphate-dehydrogenase 0.9 0.91
NCU05419 hydroxymethylglutaryl-CoA lyase 0.88 0.88
NCU01564 calcium dependent mitochondrial carrier protein 0.86 0.86
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NCU04287 hypothetical protein 0.86 0.86
NCU03749 hydroxyacylglutathione hydrolase 0.85 0.85
NCU02630 heat shock protein 78 0.85 0.85
NCU00378 aldehyde dehydrogenase 0.83 0.83
NCU05772 TOM6 0.81 0.81
NCU02128 D-arabinitol dehydrogenase 0.81 0.81
NCU05982 hexaprenyldihydroxybenzoate methyltransferase 0.8 0.80
NCU02545 hypothetical protein 0.8 0.80
NCU02267 mitochondrial protein Fmp25 0.8 0.80
NCU04202 nucleoside diphosphate kinase 0.79 0.79
NCU06247 hypothetical protein 0.79 0.79
NCU03155 hypothetical protein 0.79 0.79
NCU02943 mitochondrial import inner membrane translocas 0.78 0.78
NCU01102 mitochondrial export translocase Oxal 0.78 0.78
NCU06469 54S ribosomal protein L12 0.78 0.78
NCU16742 hypothetical protein 0.77 0.77
NCU06086 regulatory protein suaprgal 0.77 0.77
NCU06246 ATP-dependent RNA helicase mrh-4 0.76 0.76
NCU04013 aldehyde dehydrogenase 0.76 0.76
NCU03814 leucyl-tRNA synthetase 0.75 0.74
NCU00951 inorganic pyrophosphatase 0.75 0.74
NCU08005 NADPH-adrenodoxin reductase Arhl 0.74 0.73
NCU06017 thiosulfate sulfurtransferase 0.74 0.73
NCU09057 hypothetical protein 0.74 0.73
NCU03525 3-oxoacyl-[acyl-carrier-protein]-reductase 0.73 0.72
NCU02366 aconitase 0.73 0.72
NCU12046 gamma-butyrobetaine dioxygenase 0.73 0.72
NCU08707 iron sulfur assembly protein 0.73 0.72
NCU02481 mitochondrial 2-methylisocitrate lyase 0.72 0.71
NCU06424 aminomethyl transferase 0.71 0.70
NCU00737 preseguence translocated-associated moto 0.71 0.70
NCU09403 NmrA family protein 0.7 0.69
NCU02887 voltage-gated potassium channel beta-2 subunit 0.7 0.69
NCU05248 hypothetical protein 0.69 0.68
NCU05008 acp-1 0.69 0.68
NCU09732 acetyl-CoA acetyltransferase 0.69 0.68
NCU09560 superoxide dismutase 0.69 0.68
NCU03217 MRS7 family protein 0.69 0.68
NCU00599 mito ribosomal protein S22 0.68 0.67
NCUO07608 ribose 5-phosphate isomerase A, variant 0.68 0.67
NCU03339 glutathione reductase 0.64 0.63
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NCU01479 matrix AAA protease MAP-1 0.64 0.63
NCU08949 hypothetical protein 0.64 0.63
NCU03199 ATP synthase subunit H 0.64 0.63
NCU01218 hypothetical protein 0.64 0.63
NCU02948 non-anchored cell wall protein 4 0.63 0.61
NCU05526 homocitrate synthase, variant 2 0.63 0.61
NCU03177 scol 0.63 0.61
NCU09327 protein phosphatase 0.62 0.60
NCU06550 pyridoxine 1 0.61 0.59
NCU01272 mitochondrial presequence protease 0.6 0.58
NCUQ9517 hypothetical protein 0.6 0.58
NCU04945 mitochondrial intermembrane space protein Mia40 0.59 0.57
NCU04336 60S ribosomal protein L19 0.59 0.57
NCU02287 acyl-CoA dehydrogenase 0.59 0.57
NCU08048 NAD dehydrogenase 0.58 0.56
NCU02549 ubiquinol-cytochrome-c reductase subunit beta 0.57 0.55
NCU09886 hypothetical protein 0.57 0.55
NCU08382 peroxisomal half ABC transporter 0.56 0.54
NCU03008 hypothetical protein 0.56 0.54
NCU04588 hypothetical protein 0.56 0.54
NCU06270 mitochondrial-processing peptidase subuni 0.55 0.53
NCU08471 succinyl-CoA ligase beta-chain 0.55 0.53
NCU05805 serine hydroxymethyltransferase 0.55 0.53
NCU08291 ferrochelatase 0.54 0.52
NCU04334 chaperonin 0.54 0.52
NCU06740 hypothetical protein 0.54 0.52
NCU02133 superoxide dismutase 0.53 0.51
NCU00405 glycyl-tRNA synthetase 1 0.52 0.50
NCU02580 fumarate reductase Osm1 0.52 0.50
NCU10311 mitochondrial ribosomal protein subunit S4 0.51 0.49
NCU05287 50S ribosomal protein L4 0.51 0.49
NCU02291 glutaryl-CoA dehydrogenase 0.49 0.46
NCU04817 electron transfer protein 1 0.49 0.46
NCUQ07904 short chain dehydrogenase/reductase 0.46 0.43
NCUQ7697 isocitrate dehydrogenase subunit 2 0.46 0.43
NCUO05778 iron sulfur cluster assembly protein 1 0.46 0.43
NCU04415 hypothetical protein 0.46 0.43
NCU02951 40S ribosomal protein S8 0.46 0.43
NCUO00775 isocitrate dehydrogenase subunit 1 0.45 0.42
NCU02423 mitoferrin-1 0.45 0.42
NCU03229 mitochondrial inner membrane translocase subuni 0.43 0.40
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NCU06307 multisynthetase complex auxiliary component p43 0.43 0.40
NCUO01304 mitochondrial MRNA processing protein PET127 0.42 0.39
NCU08936 clock-controlled gene-15, variant 0.42 0.39
NCU04636 cysteine desulfurase 0.42 0.39
NCU01473 mitochondrial large ribosomal subunit YmL35 0.41 0.38
NCU01808 cytochrome ¢ 0.4 0.37
NCU06543 acyl-CoA dehydrogenase 0.4 0.37
NCU00904 D-lactate dehydrogenase 0.4 0.37
NCU08924 acyl-CoA dehydrogenase 0.4 0.37
NCU00726 peptidyl-prolyl cis-trans isomerase 0.39 0.36
NCU09770 acetyl-coa hydrolase 0.39 0.36
NCU06448 enoyl-CoA hydratase 0.38 0.34
NCU01546 coproporphyrinogen 111 oxidase 0.38 0.34
NCUQ7733 electron transfer flavoprotein beta-subunit 0.38 0.34
NCUQ03777 mitochondrial 3-hydroxyisobutyryl-CoA hydrolase 0.37 0.33
NCU00484 NADH:ubiquinone oxidoreductase 18.4kD subunit 0.36 0.32
NCU05971 xaa-Pro dipeptidase 0.36 0.32
NCU01006 complex | intermediate-associated protein CIA84 0.36 0.32
NCU06556 thioredoxin 11 0.35 0.31
NCU03877 C-1-tetrahydrofolate synthase 0.34 0.30
NCU00183 DUF185 domain-containing protein 0.33 0.29
NCU02585 aspartyl-tRNA synthetase 0.33 0.29
NCU03020 IdgA domain-containing protein 0.33 0.29
NCU08693 hsp70-like protein 0.32 0.28
NCU06881 succinyl-CoA:3-ketoacid-coenzyme A transferas 0.32 0.28
NCU06403 hypothetical protein 0.31 0.27
NCU08946 hypothetical protein 0.31 0.27
NCU09058 enoyl-CoA hydratase 0.3 0.26
NCU08195 arginyl-tRNA synthetase 0.3 0.26
NCUO01767 phophatase 2C family protein 0.3 0.26
NCU08002 carnitine acetyl transferase 0.29 0.25
NCU03737 elongation factor Tu 0.29 0.25
NCU00959 succinate dehydrogenase iron-sulfur protein 0.29 0.25
NCU00360 NAD dependent epimerase/dehydratase 0.29 0.25
NCU03925 toxin biosynthesis protein 0.29 0.25
NCU05430 ATP synthase beta subunit 0.28 0.24
NCU02305 decaprenyl-diphosphate synthase subunit 1 0.27 0.23
NCU03211 hypothetical protein 0.27 0.23
NCU08541 hypothetical protein 0.27 0.23
NCU02807 hypothetical protein 0.27 0.23
NCU01606 ATP synthase subunit 5 0.27 0.23
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NCU06643 oleate-induced peroxisomal protein 0.27 0.23
NCU06309 hypothetical protein 0.27 0.23
NCU02403 ubiquinone biosynthesis protein COQ9 0.26 0.22
NCU04380 acyl-CoA synthetase 0.25 0.20
NCU06211 malate dehydrogenase, variant 0.25 0.20
NCU06760 pyruvate dehydrogenase kinase 0.24 0.19
NCU08336 succinate dehydrogenase flavoprotein subunit 0.22 0.17
NCU09862 ubiquinone biosynthesis methyltransferase cog5 0.22 0.17
NCU02013 hypothetical protein 0.22 0.17
NCU04212 hypothetical protein 0.22 0.17
NCU00680 2-methylcitrate dehydratase 0.21 0.16
NCU01692 mitochondrial citrate synthase 0.21 0.16
NCU02482 2-methylcitrate synthase, variant 2 0.21 0.16
NCU00673 serine protease p2 0.21 0.16
NCUQ07852 ribosomal protein L13 0.2 0.15
NCU02064 hypothetical protein 0.19 0.14
NCU01965 valyl-tRNA synthetase 0.19 0.14
NCU03857 tricarboxylic acid-5 protein, variant 2 0.19 0.14
NCU01169 NADH:ubiquinone oxidoreductase 24 0.17 0.12
NCU03957 COoQ7 0.17 0.12
NCU01255 mitochondrial dynamin GTPase 0.17 0.12
NCUQ7286 membrane-associated progesterone recepto 0.17 0.12
NCU01023 50S ribosomal protein L17 0.16 0.11
NCU03310 prohibitin-2 0.16 0.11
NCU01007 mito ribosomal protein S18 0.15 0.10
NCU03559 ubiquinol-cytochrome c reductase complex cor 0.15 0.10
NCU02954 homoisocitrate dehydrogenase 0.15 0.10
NCU07670 CYT-19 DEAD-box protein 0.15 0.10
NCU06587 hypothetical protein 0.14 0.09
NCU00584 hypothetical protein 0.14 0.09
NCU06786 50S ribosomal protein L30 0.13 0.07
NCU04429 mitochondrial import protein mmp37 0.13 0.07
NCU05425 2-oxoglutarate dehydrogenase E1 component 0.12 0.06
NCU09598 mitochondrial escape protein 2 0.12 0.06
NCU02734 citrate lyase beta subunit 0.12 0.06
NCU00395 mRNA processing protein 0.12 0.06
NCU05302 GTP-binding protein Obg 0.12 0.06
NCU02438 dihydrolipoamide succinyltransferase 0.11 0.05
NCU01360 NADH:ubiquinone oxidoreductase 11.5kD subunit 0.11 0.05
NCU02044 GTP-binding protein 0.11 0.05
NCU10042 enolase, variant 0.11 0.05
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NCU03556 peroxisomal membrane protein Pmp47 0.1 0.04
NCU03231 mitochondrial chaperone BCS1 0.1 0.04
NCU02514 mitochondrial ATP synthase alpha subunit 0.09 0.03
NCU00936 succinate semialdehyde dehydrogenase 0.09 0.03
NCU00278 hypothetical protein 0.09 0.03
NCU08861 hypothetical protein 0.08 0.02
NCU03173 HAD superfamily hydrolase 0.08 0.02
NCU04605 hypothetical protein 0.08 0.02
NCUO00655 mitochondrial enoyl reductase 0.08 0.02
NCU08138 cytochrome C1 heme lyase 0.07 0.01
NCU06778 OXA-2 0.07 0.01
NCUQ7756 succinate dehydrogenase cytochrome b560 subunit 0.07 0.01
NCUQ7560 50S ribosomal subunit L30 0.06 0.00
NCU08477 small GTP-binding protein 0.06 0.00
NCU00644 ATP synthase subunit G 0.05 -0.01
NCU01589 heat shock protein 60 0.05 -0.01
NCU00030 mitochondrial nuclease 0.05 -0.01
NCU01975 complex | intermediate-associated protein CIA30 0.05 -0.01
NCUO00676 F1-ATP synthase assembly protein 0.05 -0.01
NCU07682 acetylglutamate synthase 0.04 -0.02
NCU05515 mitochondrial import inner membrane translocas 0.04 -0.02
NCU09119 ATP synthase subunit gamma 0.02 -0.04
NCU02373 NADH-ubiquinone oxidoreductase 40 kDa subunit 0.02 -0.04
NCU05881 DUF500 and UBA/TS-N domain-containing protein 0.02 -0.04
NCU06761 sphingosine-1-phosphate lyase 0.01 -0.05
NCU08909 beta-1,3-glucanosyltransferase 0 -0.07
NCU08898 homoaconitase -0.01 -0.08
NCU05517 mitochondrial genome maintenance protein MGM101 -0.01 -0.08
NCU06695 cytochrome ¢ oxidase polypeptide VI, variant -0.01 -0.08
NCU06536 hypothetical protein -0.02 -0.09
NCU06371 mitochondrial ATP-dependent RNA helicase Suv3 -0.02 -0.09
NCU06666 inositol-3-phosphate synthase -0.02 -0.09
NCU02407 dihydrolipoyl dehydrogenase -0.03 -0.10
NCU08120 mitochondrial ribosomal protein DAP3 -0.04 -0.11
NCU02472 NADH:ubiquinone oxidoreductase 20.8kD subunit -0.04 -0.11
NCU01859 NADH:ubiquinone oxidoreductase 20.9kD subunit -0.04 -0.11
NCU06069 hypothetical protein -0.05 -0.12
NCU03637 CaaX prenyl protease Ste24 -0.05 -0.12
NCU06441 D-lactate dehydrogenase 2 -0.05 -0.12
NCU01469 hypothetical protein -0.05 -0.12
NCU03296 F1 ATPase assembly protein 11 -0.05 -0.12
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NCU03004 pyruvate dehydrogenase E1 component -0.06 -0.13
NCU02955 elongation factor G 1 -0.07 -0.14
NCU00050 pyruvate dehydrogenase X component -0.07 -0.14
NCU04280 aconitate hydratase -0.07 -0.14
NCU02623 mitochondrial hypoxia responsiv -0.07 -0.14
NCU01485 hypothetical protein -0.07 -0.14
NCU04138 hypothetical protein -0.09 -0.16
NCU00894 hypothetical protein -0.1 -0.17
NCU04100 vacuolar sorting protein 1 -0.1 -0.17
NCUQ7659 pyruvate dehydrogenase complex -0.11 -0.18
NCU05813 mitochondrial large ribosomal subunit -0.11 -0.18
NCU06482 pyruvate dehydrogenase E1 component alph -0.12 -0.20
NCU03297 cytochrome ¢ peroxidase -0.12 -0.20
NCU08411 aspartate aminotransferase -0.12 -0.20
NCU00895 RAB GTPase Ypt5 -0.12 -0.20
NCU02959 hypothetical protein -0.12 -0.20
NCU06914 histidyl-tRNA synthetase -0.13 -0.21
NCU07423 hypothetical protein -0.13 -0.21
NCU04803 2-nitropropane dioxygenase famil -0.13 -0.21
NCU00431 mitochondrial import receptor subunit Tom22 -0.14 -0.22
NCU03112 NADH-cytochrome b5 reductase 2 -0.14 -0.22
NCU00502 ATP synthase subunit 4 -0.14 -0.22
NCU09228 aminopeptidase 2 -0.15 -0.23
NCU01667 ornithine carbamoyltransferase -0.16 -0.24
NCU05220 ATP synthase subunit F -0.16 -0.24
NCU01765 NADH:ubiquinone oxidoreductase 78 -0.16 -0.24
NCU04074 NADH:ubiquinone oxidoreductase 30.4 kDa subunit -0.16 -0.24
NCU02070 peroxisomal biogenesis factor 2 -0.17 -0.25
NCU01550 adenylate kinase cytosolic -0.17 -0.25
NCU01227 succinyl-CoA ligase alpha-chain -0.17 -0.25
NCU02657 s-adenosylmethionine synthetase, variant -0.18 -0.26
NCU03979 biotin synthase -0.19 -0.27
NCU08980 alternative NADH-dehydrogenase -0.19 -0.27
NCU04044 NADH2 dehydrogenase flavoprotein 1 -0.2 -0.28
NCU04171 50S ribosomal protein L5 -0.2 -0.28
NCU01467 NADH:ubiquinone oxidoreductase 10.4kD subunit -0.21 -0.29
NCU06632 outer mitochondrial membrane translocase 20 -0.22 -0.30
NCU00562 hypothetical protein -0.22 -0.30
NCUQ09477 ADP/ATP carrier protein, variant -0.23 -0.31
NCU04899 malate dehydrogenase -0.24 -0.32
NCU05454 glycerol-3-phosphate dehydrogenase -0.25 -0.34
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NCUO00567 Arg-6 protein, variant -0.26 -0.35
NCU00969 NADH:ubiquinone oxidoreductase 17.8kD subunit -0.26 -0.35
NCU01474 60S ribosomal protein L4, variant -0.26 -0.35
NCU00952 mitochondrial ribosomal protein L44 -0.26 -0.35
NCU05027 hypothetical protein -0.27 -0.36
NCU02534 NADH:ubiquinone oxidoreductase 49kD subunit -0.27 -0.36
NCUO07465 mitochondrial phosphate carrier protein 2 -0.27 -0.36
NCU05623 mitochondrial inner membrane translocase subuni -0.27 -0.36
NCU02705 F1F0 ATP synthase assembly protein Atp10 -0.28 -0.37
NCU06606 ubiguinol-cytochrome c reductase iron-sulfu -0.29 -0.38
NCU08410 50S ribosomal protein L24 -0.29 -0.38
NCU03156 NUO -0.29 -0.38
NCU03798 mitochondrial import inner membrane translocas -0.3 -0.39
NCU02727 glycine cleavage system T protein -0.3 -0.39
NCU08071 ribosomal protein S16 -0.3 -0.39
NCU06452 cysteine synthase -0.3 -0.39
NCU09539 40S ribosomal protein S13 -0.3 -0.39
NCU01343 TPR repeat protein -0.31 -0.40
NCU04806 hypothetical protein -0.31 -0.40
NCU04481 mitochondrial ATPase -0.31 -0.40
NCU01179 outer membrane translocase 40 kDa subunit -0.32 -0.41
NCU05633 stomatin family protein -0.33 -0.42
NCU03908 fmp-52 -0.33 -0.42
NCU05313 mitochondria fission 1 protein -0.33 -0.42
NCU05390 mitochondrial phosphate carrier protein -0.33 -0.42
NCU08728 mitochondrial ribosomal protein S19 -0.34 -0.43
NCU11348 NADH-ubiquinone oxidoreductase B18 subunit -0.34 -0.43
NCU09223 protein disulfide-isomerase -0.36 -0.45
NCU01657 cytochrome-c oxidase assembly protein -0.36 -0.45
NCU04579 dihydroxy-acid dehydratase -0.37 -0.47
NCU01689 mitochondrial DNA replication protein YHM2 -0.37 -0.47
NCU01454 mitochondrial hydrolase -0.37 -0.47
NCU00103 hypothetical protein -0.37 -0.47
NCU07493 hypothetical protein -0.38 -0.48
NCU00660 glutamyl-tRNA amidotransferase -0.38 -0.48
NCU03827 40S ribosomal protein S9 -0.39 -0.49
NCU00536 homoserine O-acetyltransferase -0.4 -0.50
NCU00216 NADH-cytochrome b5 reductase 1 -0.4 -0.50
NCU04068 60S ribosomal protein L6 -0.41 -0.51
NCU01666 acetolactate synthase small subunit -0.41 -0.51
NCU02804 mitochondrial 60S ribosomal protein L25 -0.41 -0.51
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NCU09222 hypothetical protein -0.41 -0.51
NCU03989 ADP,ATP carrier protein -0.41 -0.51
NCU01241 mitochondrial carrier protein -0.42 -0.52
NCUQ7263 carnitine/acyl carnitine carrier -0.42 -0.52
NCU04412 hypothetical protein -0.43 -0.53
NCU03739 protein disulfide-isomerase tigA -0.43 -0.53
NCU02812 uridylate Kinase -0.44 -0.54
NCU03030 tyrosyl-tRNA synthetase -0.44 -0.54
NCU03982 glucose-regulated protein -0.44 -0.54
NCU03695 phosphatidylserine decarboxylase proenzyme 1 -0.45 -0.55
NCU06749 60S ribosomal protein L3 -0.46 -0.56
NCU05601 cytochrome ¢ heme lyase -0.46 -0.56
NCU01484 rho-type GTPase -0.46 -0.56
NCU03093 NADH:ubiquinone oxidoreductase 12.3kD subunit -0.46 -0.56
NCU08893 60S ribosomal protein L1 -0.47 -0.57
NCU03230 mitochondrial ribosomal protein subunit S18 -0.47 -0.57
NCU02419 mitochondrial 37S ribosomal protein S17 -0.49 -0.59
NCU05459 mitochondrial AAA ATPase -0.5 -0.61
NCU10468 arginine biosynthesis argJ -0.51 -0.62
NCU05593 mitochondrial outer membrane beta-barrel protei -0.52 -0.63
NCU05299 NADH:ubiquinone oxidoreductase -0.52 -0.63
NCU05689 cytochrome ¢ oxidase polypeptide IV -0.52 -0.63
NCU03711 GTP-binding protein ypt7 -0.52 -0.63
NCU02690 mitochondrial integral membrane protein -0.52 -0.63
NCU03608 ketol-acid reductoisomerase -0.54 -0.65
NCU04754 branched-chain-amino-acid aminotransferase -0.55 -0.66
NCUQ7982 acetolactate synthase -0.57 -0.68
NCU04768 electron transfer flavoprotein-ubiguinon -0.57 -0.68
NCU09002 NADH:ubiquinone oxidoreductase 10.6kD subunit -0.57 -0.68
NCU02123 mitochondrial GTPase -0.57 -0.68
NCU02280 NADH:ubiquinone oxidoreductase 21.3kD subunit B -0.58 -0.69
NCU03188 sugar 1,4-lactone oxidase -0.59 -0.70
NCU03076 delta-1-pyrroline-5-carboxylate dehydrogenase -0.59 -0.70
NCU09460 NADH:ubiquinone oxidoreductase 20.1kD subunit -0.59 -0.70
NCU03394 ribosomal protein S15 -0.59 -0.70
NCU05890 hypothetical protein -0.6 -0.71
NCU00385 ATP synthase subunit delta -0.6 -0.71
NCU01821 alanine-glyoxylate aminotransferase -0.6 -0.71
NCU06451 hypothetical protein -0.6 -0.71
NCUQ7793 hypothetical protein -0.61 -0.72
NCU02564 cysteine synthase 2 -0.61 -0.72
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NCU01800 37S ribosomal protein S5 -0.62 -0.74
NCU03129 threonyl-tRNA synthetase -0.63 -0.75
NCUQ07947 glycolipid transfer protein HET-C2 -0.63 -0.75
NCU06647 enoyl-CoA hydratase/isomerase -0.64 -0.76
NCU00211 mitochondrial ribosomal protein subunit L31 -0.66 -0.78
NCU03653 hypothetical protein -0.66 -0.78
NCU01894 hypothetical protein -0.67 -0.79
NCU05221 NADH:ubiquinone oxidoreductase 21kD subunit -0.68 -0.80
NCU01754 alcohol dehydrogenase | -0.69 -0.81
NCU05410 acetylornithine aminotransferase -0.69 -0.81
NCU09299 NADH:ubiquinone oxidoreductase 14kD subunit -0.7 -0.82
NCU09025 glutamyl-tRNA -0.72 -0.84
NCU02757 60S ribosomal protein L2 -0.72 -0.84
NCU06404 GTP-binding protein -0.72 -0.84
NCU07988 ATPase family AAA domain-containing protein 1 -0.72 -0.84
NCUO05717 mito ribosomal protein S6 -0.73 -0.85
NCU05457 cytochrome ¢ oxidase subunit IV -0.74 -0.86
NCU04245 outer mitochondrial membrane translocase -0.74 -0.86
NCU02677 carbamoyl-phosphate synthase large subunit -0.74 -0.86
NCU08146 hypothetical protein -0.75 -0.88
NCU00605 ThiF domain-containing protein -0.77 -0.90
NCUQ7732 carbamoyl-phosphate synthase small subunit -0.77 -0.90
NCU00347 peroxin-26 Pex26-Penicillium chrysogenum -0.77 -0.90
NCU08296 mito ribosomal protein S4 -0.78 -0.91
NCU00670 NADH:ubiquinone oxidoreductase 9.5kD subunit -0.79 -0.92
NCU02451 mitochondrial hypoxia responsiv -0.8 -0.93
NCU00114 30S ribosomal protein S10 -0.8 -0.93
NCUQ7112 hypothetical protein -0.81 -0.94
NCU08930 NADH:ubiquinone oxidoreductase 21.3kD subunit A -0.81 -0.94
NCU06741 cytochrome c oxidase subunit VIb -0.82 -0.95
NCU04781 NADH:ubiquinone oxidoreductase 9.8 kDa subunit -0.82 -0.95
NCU01401 mitochondrial outer membrane protein, variant -0.84 -0.97
NCU08561 succinate/fumarate mitochondrial transporter -0.84 -0.97
NCU03802 trimethyllysine dioxygenase -0.85 -0.98
NCU08552 50S ribosomal protein L14 -0.85 -0.98
NCU01680 plasma membrane ATPase -0.86 -0.99
NCU08272 cytochrome b2 -0.86 -0.99
NCU12023 mito ribosomal protein S2 -0.87 -1.01
NCU02269 mitochondrial carnitine/acylcarnitine carrie -0.87 -1.01
NCU03966 mitochondrial Rho GTPase 1 -0.87 -1.01
NCU06495 mitochondrial inner membrane organizatio -0.87 -1.01
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NCU00958 5-azacytidine resistance protein azrl -0.88 -1.02
NCU05029 iron-sulfur clusters transporter atm-1 -0.89 -1.03
NCUQ7724 mitochondrial division protein 1 -0.89 -1.03
NCU05989 hypothetical protein -0.89 -1.03
NCU08940 ubiquinol-cytochrome c reductase comple -0.9 -1.04
NCU06924 kynurenine 3-monooxygenase -0.91 -1.05
NCU03561 mitochondrial carrier protein -0.91 -1.05
NCU08661 pantoate-beta-alanine ligase -0.91 -1.05
NCU05075 mitochondrial tricarboxylate transporter -0.92 -1.06
NCU03558 hypothetical protein -0.92 -1.06
NCU04837 mitochondrial 2-oxodicarboxylate carrier 1 -0.93 -1.07
NCU09816 cytochrome-26 -0.94 -1.08
NCU05714 50S ribosomal subunit protein L15 -0.94 -1.08
NCU08329 mitochondrial ribosomal protein subunit L23 -0.94 -1.08
NCU08947 ubiquinol-cytochrome-c reductase chain VIII -0.94 -1.08
NCU05226 ABC transporter -0.96 -1.10
NCU03953 mitochondrial NADH-ubiquinone oxidoreductase 2 -0.98 -1.12
NCU03343 37S ribosomal protein S25 -0.98 -1.12
NCUO00436 GTPase FZO1 -1 -1.15
NCU11345 hypothetical protein -1.01 -1.16
NCU00977 aconitate hydratase -1.04 -1.19
NCU02544 ABC transporter -1.04 -1.19
NCU04276 hypothetical protein -1.05 -1.20
NCU00051 hypothetical protein -1.05 -1.20
NCU06450 mitochondrial ribosomal protein -1.05 -1.20
NCU08356 acetamidase -1.06 -1.21
NCU10008 fumarate hydratase -1.07 -1.22
NCU05009 NADH-quinone oxidoreductase chain I, variant -1.09 -1.24
NCU09826 RNase 111 domain-containing protein -1.1 -1.25
NCU02475 glycine dehydrogenase -1.11 -1.26
NCU08299 60S ribosomal protein L3 -1.13 -1.29
NCU09345 thiamine biosynthesis protein NMT-1, variant 2 -1.13 -1.29
NCU00418 NADH:ubiquinone oxidoreductase 14.8kD subunit -1.13 -1.29
NCU04502 hypothetical protein -1.16 -1.32
NCU00564 mitochondrial 40S ribosomal protein MRP2 -1.24 -1.40
NCU06768 60S ribosomal protein L16 -1.25 -1.42
NCU09999 hypothetical protein -1.27 -1.44
NCU00371 mitochondrial import inner membrane translocas -1.3 -1.47
NCU04230 isocitrate lyase -1.31 -1.48
NCU05338 hypothetical protein -1.33 -1.50
NCU07057 hypothetical protein -1.37 -1.55
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NCU01633 hexose transporter HXT13 -1.37 -1.55
NCU11258 LYR family protein -1.38 -1.56
NCU06110 thiazole biosynthetic enzyme -1.39 -1.57
NCU04225 60S ribosomal protein L20 -1.45 -1.63
NCU00477 carboxypeptidase Y -1.46 -1.64
NCU04946 hypothetical protein -1.47 -1.65
NCU05552 hypothetical protein -1.49 -1.67
NCU00411 hypothetical protein -1.53 -1.72
NCU01142 NADH:ubiquinone oxidoreductase 13.4kD subunit -1.59 -1.78
NCU00227 mitochondrial cation transporter -1.59 -1.78
NCU03359 intermembrane space AAA protease 1AP-1 -1.63 -1.83

NCU03926

37S ribosomal protein Rsm24

-1.64

-1.84
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Table 6.4 Levels of predicted mitochondrial proteins in APor-1 relative to 238Por.

Log2 differences that are statistically different are highlighted in blue.

Log2 differences that are statistically different but may not be mitochondrial are highlighted in grey.

log2 Z-

Locus Description Difference | Score

NCU03558 hypothetical protein 5.11 6.04
NCU01092 3-oxoacyl-(acyl-carrier-protein) reductase 3.23 3.82
NCU05005 HHE domain-containing protein 2.96 3.50
NCU00565 lipoic acid synthetase 2.59 3.06
NCU05459 mitochondrial AAA ATPase 2.46 291
NCU00477 carboxypeptidase Y 2.22 2.62
NCU02097 short chain dehydrogenase 2.10 2.48
NCU04837 mitochondrial 2-oxodicarboxylate carrier 1 1.97 2.33
NCU03359 intermembrane space AAA protease 1AP-1 1.91 2.26
NCU09599 hypothetical protein 1.82 2.15
NCU06778 OXA-2 1.74 2.05
NCU02906 NAD-dependent malic enzyme 1 1.73 2.04
NCU16968 cytochrome ¢ mitochondrial import factor 1.60 1.89
NCU02705 F1F0 ATP synthase assembly protein Atp10 1.53 1.81
NCU02504 DUF1640 domain-containing protein 1.52 1.79
NCU08138 cytochrome C1 heme lyase 1.45 1.71
NCU02451 mitochondrial hypoxia responsiv 1.45 1.71
NCU00371 mitochondrial import inner membrane translocas 1.44 1.70
NCU08329 mitochondrial ribosomal protein subunit L23 1.43 1.69
NCU02948 non-anchored cell wall protein 4 1.42 1.68
NCU09826 RNase 111 domain-containing protein 1.41 1.66
NCU06740 hypothetical protein 1.41 1.66
NCU03926 37S ribosomal protein Rsm24 1.40 1.65
NCU01650 hypothetical protein 1.36 1.60
NCU05717 mito ribosomal protein S6 1.33 1.57
NCU09862 ubiquinone biosynthesis methyltransferase cog5 1.26 1.49
NCUO00958 5-azacytidine resistance protein azrl 1.23 1.45
NCUQ7362 L-lactate ferricytochrome c oxidoreductase 1.20 1.42
NCU09025 glutamyl-tRNA 1.19 1.40
NCU02002 hypothetical protein 1.16 1.37
NCU00977 aconitate hydratase 1.14 1.34
NCU00831 extracellular serine carboxypeptidase, variant 1.13 1.33
NCU06403 hypothetical protein 1.10 1.30
NCU04334 chaperonin 1.09 1.29
NCU02128 D-arabinitol dehydrogenase 1.07 1.26
NCU08909 beta-1,3-glucanosyltransferase 1.06 1.25
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NCU04502 hypothetical protein 1.04 1.23
NCU01102 mitochondrial export translocase Oxal 1.03 1.21
NCU00183 DUF185 domain-containing protein 0.99 1.17
NCU05302 GTP-binding protein Obg 0.97 1.14
NCU04764 hypothetical protein 0.95 1.12
NCU06495 mitochondrial inner membrane organizatio 0.94 1.11
NCU00051 hypothetical protein 0.93 1.10
NCU04412 hypothetical protein 0.90 1.06
NCU03749 hydroxyacylglutathione hydrolase 0.90 1.06
NCU06749 60S ribosomal protein L3 0.89 1.05
NCU01657 cytochrome-c oxidase assembly protein 0.88 1.04
NCU08299 60S ribosomal protein L3 0.88 1.04
NCU07670 CYT-19 DEAD-box protein 0.87 1.02
NCU05248 hypothetical protein 0.86 1.01
NCU05552 hypothetical protein 0.86 1.01
NCU08893 60S ribosomal protein L1 0.86 1.01
NCU06450 mitochondrial ribosomal protein 0.85 1.00
NCU03637 CaaX prenyl protease Ste24 0.85 1.00
NCU09539 40S ribosomal protein S13 0.84 0.99
NCU04068 60S ribosomal protein L6 0.83 0.98
NCU06536 hypothetical protein 0.82 0.97
NCU03343 37S ribosomal protein S25 0.81 0.95
NCU03231 mitochondrial chaperone BCS1 0.80 0.94
NCUQ09754 mitochondrial chaperone Frataxin 0.80 0.94
NCU00103 hypothetical protein 0.79 0.93
NCU05029 iron-sulfur clusters transporter atm-1 0.77 0.91
NCU06246 ATP-dependent RNA helicase mrh-4 0.77 0.91
NCU02630 heat shock protein 78 0.76 0.89
NCU05220 ATP synthase subunit F 0.75 0.88
NCU02423 mitoferrin-1 0.75 0.88
NCU03229 mitochondrial inner membrane translocase subuni 0.73 0.86
NCU00673 serine protease p2 0.73 0.86
NCU08410 50S ribosomal protein L24 0.72 0.85
NCU04817 electron transfer protein 1 0.71 0.84
NCU06647 enoyl-CoA hydratase/isomerase 0.70 0.82
NCU02959 hypothetical protein 0.70 0.82
NCU01894 hypothetical protein 0.69 0.81
NCU05850 rubredoxin-NAD 0.68 0.80
NCU06307 multisynthetase complex auxiliary component p43 0.67 0.79
NCUO05778 iron sulfur cluster assembly protein 1 0.66 0.78
NCU10226 mmfl 0.66 0.78
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NCU03823 ABC1 protein 0.66 0.78
NCU02727 glycine cleavage system T protein 0.65 0.76
NCU03030 tyrosyl-tRNA synthetase 0.65 0.76
NCU06643 oleate-induced peroxisomal protein 0.64 0.75
NCUO07682 acetylglutamate synthase 0.63 0.74
NCUQ5714 50S ribosomal subunit protein L15 0.63 0.74
NCU03310 prohibitin-2 0.63 0.74
NCU03296 F1 ATPase assembly protein 11 0.62 0.73
NCU01473 mitochondrial large ribosomal subunit YmL35 0.61 0.72
NCU00737 preseguence translocated-associated moto 0.60 0.71
NCU04225 60S ribosomal protein L20 0.60 0.71
NCU02804 mitochondrial 60S ribosomal protein L25 0.60 0.71
NCU03908 fmp-52 0.60 0.71
NCU05633 stomatin family protein 0.59 0.69
NCU04803 2-nitropropane dioxygenase famil 0.59 0.69
NCU06371 mitochondrial ATP-dependent RNA helicase Suv3 0.59 0.69
NCU05515 mitochondrial import inner membrane translocas 0.59 0.69
NCU02273 vacuolar protease A 0.59 0.69
NCU09517 hypothetical protein 0.59 0.69
NCU08552 50S ribosomal protein L14 0.58 0.68
NCUQ7298 CAIB/BAIF family enzyme 0.58 0.68
NCU05890 hypothetical protein 0.57 0.67
NCU00114 30S ribosomal protein S10 0.56 0.66
NCU08946 hypothetical protein 0.56 0.66
NCU00660 glutamyl-tRNA amidotransferase 0.55 0.65
NCU03653 hypothetical protein 0.55 0.65
NCU04181 TOM?7, variant 2 0.55 0.65
NCU08861 hypothetical protein 0.55 0.65
NCU00137 ssDNA hinding protein 0.55 0.65
NCU03217 MRS7 family protein 0.54 0.63
NCUQ7465 mitochondrial phosphate carrier protein 2 0.54 0.63
NCUO07263 carnitine/acyl carnitine carrier 0.52 0.61
NCU09331 HMF1 0.52 0.61
NCU00952 mitochondrial ribosomal protein L44 0.51 0.60
NCU12046 gamma-butyrobetaine dioxygenase 0.49 0.58
NCU00466 glutamyl-tRNA synthetase 0.48 0.56
NCU09560 superoxide dismutase 0.47 0.55
NCU05287 50S ribosomal protein L4 0.46 0.54
NCU06761 sphingosine-1-phosphate lyase 0.45 0.53
NCUQ7724 mitochondrial division protein 1 0.45 0.53
NCU08093 hypothetical protein 0.45 0.53
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NCU06768 60S ribosomal protein L16 0.44 0.52
NCU04171 50S ribosomal protein L5 0.44 0.52
NCU09999 hypothetical protein 0.44 0.52
NCU02955 elongation factor G 1 0.43 0.50
NCU02544 ABC transporter 0.43 0.50
NCU03338 hypothetical protein 0.43 0.50
NCU03979 biotin synthase 0.42 0.49
NCU02887 voltage-gated potassium channel beta-2 subunit 0.42 0.49
NCU03199 ATP synthase subunit H 0.41 0.48
NCU01589 heat shock protein 60 0.40 0.47
NCUQ09058 enoyl-CoA hydratase 0.40 0.47
NCU00904 D-lactate dehydrogenase 0.40 0.47
NCU16385 glutaredoxin domain-containing protein 0.40 0.47
NCU07794 2Fe-2S iron-sulfur cluster bindin 0.39 0.46
NCU00360 NAD dependent epimerase/dehydratase 0.38 0.45
NCU00655 mitochondrial enoyl reductase 0.38 0.45
NCU02807 hypothetical protein 0.38 0.45
NCU05419 hydroxymethylglutaryl-CoA lyase 0.38 0.45
NCU04336 60S ribosomal protein L19 0.38 0.45
NCU01272 mitochondrial presequence protease 0.38 0.45
NCU03173 HAD superfamily hydrolase 0.37 0.43
NCU05196 mitochondrial DnaJ chaperone 0.37 0.43
NCU08146 hypothetical protein 0.37 0.43
NCU06546 hypothetical protein 0.36 0.42
NCU06881 succinyl-CoA:3-ketoacid-coenzyme A transferas 0.36 0.42
NCU08048 NAD dehydrogenase 0.36 0.42
NCU09327 protein phosphatase 0.35 0.41
NCU05623 mitochondrial inner membrane translocase subuni 0.35 0.41
NCU00599 mito ribosomal protein S22 0.35 0.41
NCUOQ7793 hypothetical protein 0.34 0.40
NCUQ7852 ribosomal protein L13 0.34 0.40
NCU02701 dipeptidyl peptidase 0.34 0.40
NCU03957 CoQ7 0.33 0.39
NCU04578 ATP-dependent Clp protease proteolytic subuni 0.33 0.39
NCU05593 mitochondrial outer membrane beta-barrel protei 0.32 0.37
NCU03155 hypothetical protein 0.32 0.37
NCU03777 mitochondrial 3-hydroxyisobutyryl-CoA hydrolase 0.31 0.36
NCU04013 aldehyde dehydrogenase 0.31 0.36
NCU08120 mitochondrial ribosomal protein DAP3 0.31 0.36
NCU05008 acp-1 0.30 0.35
NCU02064 hypothetical protein 0.30 0.35
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NCU07560 508 ribosomal subunit L30 0.29 0.34
NCUQ7057 hypothetical protein 0.29 0.34
NCU08005 NADPH-adrenodoxin reductase Arhl 0.28 0.33
NCU03339 glutathione reductase 0.27 0.31
NCU01484 rho-type GTPase 0.27 0.31
NCU00395 mRNA processing protein 0.27 0.31
NCU05454 glycerol-3-phosphate dehydrogenase 0.26 0.30
NCUQ7756 succinate dehydrogenase cytochrome b560 subunit 0.26 0.30
NCU03297 cytochrome c¢ peroxidase 0.26 0.30
NCUQ05517 mitochondrial genome maintenance protein MGM101 0.26 0.30
NCU00905 N-acylethanolamine amidohydrolase 0.25 0.29
NCU02157 CoQ4 0.25 0.29
NCU12023 mito ribosomal protein S2 0.25 0.29
NCU08998 4-aminobutyrate aminotransferase 0.25 0.29
NCU06017 thiosulfate sulfurtransferase 0.25 0.29
NCU03020 IdgA domain-containing protein 0.25 0.29
NCU16742 hypothetical protein 0.25 0.29
NCU01479 matrix AAA protease MAP-1 0.24 0.28
NCU05601 cytochrome ¢ heme lyase 0.24 0.28
NCU11258 LYR family protein 0.24 0.28
NCU09598 mitochondrial escape protein 2 0.23 0.27
NCU02287 acyl-CoA dehydrogenase 0.23 0.27
NCU02580 fumarate reductase Osm1l 0.23 0.27
NCU03925 toxin biosynthesis protein 0.22 0.26
NCU01680 plasma membrane ATPase 0.22 0.26
NCU01485 hypothetical protein 0.22 0.26
NCU08980 alternative NADH-dehydrogenase 0.22 0.26
NCU01546 coproporphyrinogen Il oxidase 0.22 0.26
NCU02269 mitochondrial carnitine/acylcarnitine carrie 0.22 0.26
NCU02545 hypothetical protein 0.22 0.26
NCU05772 TOM6 0.21 0.24
NCU08728 mitochondrial ribosomal protein S19 0.20 0.23
NCU01516 mitochondrial co-chaperone GrpE 0.20 0.23
NCU01006 complex | intermediate-associated protein CIA84 0.20 0.23
NCU08296 mito ribosomal protein S4 0.20 0.23
NCU03006 sterol 24-C-methyltransferase 0.20 0.23
NCU03008 hypothetical protein 0.19 0.22
NCU02305 decaprenyl-diphosphate synthase subunit 1 0.19 0.22
NCU02291 glutaryl-CoA dehydrogenase 0.19 0.22
NCU02943 mitochondrial import inner membrane translocas 0.18 0.21
NCU02954 homoisocitrate dehydrogenase 0.18 0.21

161



NCU01304 mitochondrial mMRNA processing protein PET127 0.18 0.21
NCU04806 hypothetical protein 0.17 0.20
NCU00378 aldehyde dehydrogenase 0.17 0.20
NCU09266 methylmalonate-semialdehyde dehydrogenase 0.17 0.20
NCU03814 leucyl-tRNA synthetase 0.17 0.20
NCU03394 ribosomal protein S15 0.17 0.20
NCU01023 50S ribosomal protein L17 0.17 0.20
NCU00405 glycyl-tRNA synthetase 1 0.17 0.20
NCU06031 mitochondrial peroxiredoxin PRX1 0.17 0.20
NCU06189 5-aminolevulinate synthase 0.16 0.18
NCU09223 protein disulfide-isomerase 0.16 0.18
NCU08476 hypothetical protein 0.16 0.18
NCU07112 hypothetical protein 0.16 0.18
NCU03004 pyruvate dehydrogenase E1 component 0.15 0.17
NCU01975 complex | intermediate-associated protein CIA30 0.15 0.17
NCU04212 hypothetical protein 0.15 0.17
NCU01808 cytochrome ¢ 0.14 0.16
NCU00122 aspartyl aminopeptidase 0.14 0.16
NCUQ07904 short chain dehydrogenase/reductase 0.14 0.16
NCU02267 mitochondrial protein Fmp25 0.13 0.15
NCU04594 4-carboxymuconolactone decarboxylase 0.13 0.15
NCU00726 peptidyl-prolyl cis-trans isomerase 0.13 0.15
NCU02514 mitochondrial ATP synthase alpha subunit 0.13 0.15
NCU01474 60S ribosomal protein L4, variant 0.13 0.15
NCUQ09477 ADP/ATP carrier protein, variant 0.12 0.14
NCU01667 ornithine carbamoyltransferase 0.12 0.14
NCUO00775 isocitrate dehydrogenase subunit 1 0.12 0.14
NCU02419 mitochondrial 37S ribosomal protein S17 0.12 0.14
NCU02407 dihydrolipoyl dehydrogenase 0.11 0.13
NCU10008 fumarate hydratase 0.11 0.13
NCUQ7858 DUF498 domain-containing protein 0.10 0.11
NCU08693 hsp70-like protein 0.09 0.10
NCU01343 TPR repeat protein 0.09 0.10
NCU09403 NmrA family protein 0.09 0.10
NCU03230 mitochondrial ribosomal protein subunit S18 0.09 0.10
NCU00030 mitochondrial nuclease 0.09 0.10
NCU03177 scol 0.08 0.09
NCU06556 thioredoxin 11 0.08 0.09
NCU01255 mitochondrial dynamin GTPase 0.08 0.09
NCU02438 dihydrolipoamide succinyltransferase 0.08 0.09
NCU04899 malate dehydrogenase 0.07 0.08
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NCUOQ0676 F1-ATP synthase assembly protein 0.07 0.08
NCU04138 hypothetical protein 0.07 0.08
NCU06587 hypothetical protein 0.07 0.08
NCU01218 hypothetical protein 0.06 0.07
NCU06448 enoyl-CoA hydratase 0.06 0.07
NCU03112 NADH-cytochrome b5 reductase 2 0.05 0.05
NCU05225 mitochondrial NADH dehydrogenase 0.05 0.05
NCU00527 mitochondrial genome maintenance protein Mgr2 0.05 0.05
NCU00431 mitochondrial import receptor subunit Tom22 0.05 0.05
NCU01179 outer membrane translocase 40 kDa subunit 0.05 0.05
NCU01965 valyl-tRNA synthetase 0.04 0.04
NCU06441 D-lactate dehydrogenase 2 0.04 0.04
NCU00278 hypothetical protein 0.04 0.04
NCU11345 hypothetical protein 0.04 0.04
NCU06695 cytochrome ¢ oxidase polypeptide VI, variant 0.03 0.03
NCU06211 malate dehydrogenase, variant 0.03 0.03
NCU06308 DNA-directed RNA polymerase 0.03 0.03
NCU01761 hypothetical protein 0.03 0.03
NCU03188 sugar 1,4-lactone oxidase 0.02 0.02
NCU08291 ferrochelatase 0.02 0.02
NCU01689 mitochondrial DNA replication protein YHM2 0.02 0.02
NCU04098 monothiol glutaredoxin-5 0.01 0.01
NCU04429 mitochondrial import protein mmp37 0.00 0.00
NCU05457 cytochrome ¢ oxidase subunit IV 0.00 0.00
NCU06086 regulatory protein suaprgal -0.01 -0.02
NCU06880 AhpC/TSA family protein -0.02 -0.03
NCU09553 3-hydroxybutyryl CoA dehydrogenase -0.02 -0.03
NCU04368 glutathione S-transferase Gst3 -0.02 -0.03
NCU05838 hypothetical protein -0.02 -0.03
NCU08477 small GTP-binding protein -0.03 -0.04
NCU05425 2-oxoglutarate dehydrogenase E1 component -0.03 -0.04
NCU06482 pyruvate dehydrogenase E1 component alph -0.03 -0.04
NCU00502 ATP synthase subunit 4 -0.03 -0.04
NCU00564 mitochondrial 40S ribosomal protein MRP2 -0.03 -0.04
NCU06309 hypothetical protein -0.03 -0.04
NCU00894 hypothetical protein -0.04 -0.05
NCU08272 cytochrome b2 -0.04 -0.05
NCU02366 aconitase -0.04 -0.05
NCU09222 hypothetical protein -0.04 -0.05
NCU00680 2-methylcitrate dehydratase -0.04 -0.05
NCU04245 outer mitochondrial membrane translocase -0.05 -0.06
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NCU10468 arginine biosynthesis argJ -0.05 -0.06
NCU00211 mitochondrial ribosomal protein subunit L31 -0.05 -0.06
NCU04280 aconitate hydratase -0.05 -0.06
NCUQ7493 hypothetical protein -0.05 -0.06
NCU08002 carnitine acetyl transferase -0.05 -0.06
NCU09602 heat shock protein 70 -0.05 -0.06
NCU03031 succinate dehydrogenase cytochrome b smal -0.06 -0.08
NCU08004 electron transfer flavoprotein alpha-subunit -0.06 -0.08
NCU01169 NADH:ubiquinone oxidoreductase 24 -0.06 -0.08
NCU06452 cysteine synthase -0.06 -0.08
NCU04202 nucleoside diphosphate kinase -0.06 -0.08
NCU02734 citrate lyase beta subunit -0.07 -0.09
NCU00264 hypothetical protein -0.07 -0.09
NCU08936 clock-controlled gene-15, variant -0.08 -0.10
NCU09732 acetyl-CoA acetyltransferase -0.09 -0.11
NCU06270 mitochondrial-processing peptidase subuni -0.09 -0.11
NCU01241 mitochondrial carrier protein -0.09 -0.11
NCU04768 electron transfer flavoprotein-ubiquinon -0.09 -0.11
NCU06451 hypothetical protein -0.09 -0.11
NCU06924 Kynurenine 3-monooxygenase -0.09 -0.11
NCU01606 ATP synthase subunit 5 -0.10 -0.12
NCU01142 NADH:ubiquinone oxidoreductase 13.4kD subunit -0.10 -0.12
NCU01550 adenylate kinase cytosolic -0.11 -0.13
NCU04945 mitochondrial intermembrane space protein Mia40 -0.11 -0.13
NCU03739 protein disulfide-isomerase tigA -0.11 -0.13
NCU00227 mitochondrial cation transporter -0.11 -0.13
NCU07871 hypothetical protein -0.11 -0.13
NCU06760 pyruvate dehydrogenase kinase -0.11 -0.13
NCU04380 acyl-CoA synthetase -0.12 -0.15
NCU00050 pyruvate dehydrogenase X component -0.12 -0.15
NCU04074 NADH:ubiquinone oxidoreductase 30.4 kDa subunit -0.12 -0.15
NCU01227 succinyl-CoA ligase alpha-chain -0.12 -0.15
NCU00562 hypothetical protein -0.12 -0.15
NCU05313 mitochondria fission 1 protein -0.13 -0.16
NCU01140 NAD -0.13 -0.16
NCU02481 mitochondrial 2-methylisocitrate lyase -0.13 -0.16
NCU09255 acetate non-utilizing protein 9 -0.13 -0.16
NCU02623 mitochondrial hypoxia responsiv -0.14 -0.17
NCU08356 acetamidase -0.14 -0.17
NCU05075 mitochondrial tricarboxylate transporter -0.14 -0.17
NCU08898 homoaconitase -0.14 -0.17
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NCU08336 succinate dehydrogenase flavoprotein subunit -0.15 -0.18
NCU02549 ubiquinol-cytochrome-c reductase subunit beta -0.15 -0.18
NCU00484 NADH:ubiquinone oxidoreductase 18.4kD subunit -0.15 -0.18
NCU01800 37S ribosomal protein S5 -0.16 -0.19
NCU01454 mitochondrial hydrolase -0.16 -0.19
NCU05261 ATP-dependent protease La -0.17 -0.21
NCU03737 elongation factor Tu -0.18 -0.22
NCU03893 short-chain dehydrogenase/reductase SDR -0.18 -0.22
NCU03525 3-oxoacyl-[acyl-carrier-protein]-reductase -0.18 -0.22
NCU09228 aminopeptidase 2 -0.19 -0.23
NCU06543 acyl-CoA dehydrogenase -0.19 -0.23
NCU02044 GTP-binding protein -0.19 -0.23
NCU03949 FMN-dependent 2-nitropropane dioxygenase -0.19 -0.23
NCU01692 mitochondrial citrate synthase -0.19 -0.23
NCU01666 acetolactate synthase small subunit -0.20 -0.24
NCU07697 isocitrate dehydrogenase subunit 2 -0.20 -0.24
NCU01765 NADH:ubiquinone oxidoreductase 78 -0.20 -0.24
NCU04636 cysteine desulfurase -0.21 -0.25
NCU08954 hypothetical protein -0.21 -0.25
NCU00605 ThiF domain-containing protein -0.22 -0.26
NCUQ7659 pyruvate dehydrogenase complex -0.22 -0.26
NCU03156 NUO -0.22 -0.26
NCUQ7982 acetolactate synthase -0.22 -0.26
NCU00895 RAB GTPase Ypt5 -0.23 -0.28
NCU05430 ATP synthase beta subunit -0.23 -0.28
NCU03556 peroxisomal membrane protein Pmp47 -0.23 -0.28
NCU04579 dihydroxy-acid dehydratase -0.23 -0.28
NCU08471 succinyl-CoA ligase beta-chain -0.23 -0.28
NCU09285 zinc-containing alcohol dehydrogenase -0.23 -0.28
NCU06469 548 ribosomal protein L12 -0.24 -0.29
NCU02534 NADH:ubiquinone oxidoreductase 49kD subunit -0.24 -0.29
NCU09002 NADH:ubiquinone oxidoreductase 10.6kD subunit -0.24 -0.29
NCUQ7295 mitochondrial import inner membrane translocas -0.24 -0.29
NCU02585 aspartyl-tRNA synthetase -0.26 -0.31
NCU00959 succinate dehydrogenase iron-sulfur protein -0.27 -0.32
NCU01528 glyceraldehyde 3-phosphate-dehydrogenase -0.27 -0.32
NCU08541 hypothetical protein -0.27 -0.32
NCU03094 hypothetical protein -0.28 -0.34
NCU04754 branched-chain-amino-acid aminotransferase -0.28 -0.34
NCU03559 ubiquinol-cytochrome c reductase complex cor -0.28 -0.34
NCU05982 hexaprenyldihydroxybenzoate methyltransferase -0.28 -0.34
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NCU03857 tricarboxylic acid-5 protein, variant 2 -0.28 -0.34
NCU06103 Mito Translation initiation factor -0.28 -0.34
NCU01564 calcium dependent mitochondrial carrier protein -0.28 -0.34
NCU10732 mitochondrial dicarboxylate transporter -0.28 -0.34
NCU08071 ribosomal protein S16 -0.29 -0.35
NCU04481 mitochondrial ATPase -0.30 -0.36
NCU03516 mitochondrial ribosomal protein subunit L32 -0.31 -0.37
NCU05299 NADH:ubiquinone oxidoreductase -0.32 -0.38
NCU02690 mitochondrial integral membrane protein -0.33 -0.39
NCU06786 50S ribosomal protein L30 -0.34 -0.41
NCU09119 ATP synthase subunit gamma -0.34 -0.41
NCU05495 CVNH domain-containing protein -0.34 -0.41
NCU16657 tryptophanyl-tRNA synthetase -0.35 -0.42
NCU07021 peptide chain release factor 3 -0.35 -0.42
NCU05971 xaa-Pro dipeptidase -0.36 -0.43
NCU00936 succinate semialdehyde dehydrogenase -0.36 -0.43
NCU03877 C-1-tetrahydrofolate synthase -0.36 -0.43
NCU07608 ribose 5-phosphate isomerase A, variant -0.36 -0.43
NCU05009 NADH-quinone oxidoreductase chain I, variant -0.37 -0.44
NCU03076 delta-1-pyrroline-5-carboxylate dehydrogenase -0.37 -0.44
NCU00567 Arg-6 protein, variant -0.39 -0.47
NCU06958 mito ribosomal protein S21 -0.40 -0.48
NCU08877 glycine cleavage system H protein -0.40 -0.48
NCU04230 isocitrate lyase -0.40 -0.48
NCU03929 acyl-CoA synthetase -0.42 -0.50
NCU01007 mito ribosomal protein S18 -0.42 -0.50
NCU08411 aspartate aminotransferase -0.43 -0.51
NCU09770 acetyl-coa hydrolase -0.43 -0.51
NCU02677 carbamoyl-phosphate synthase large subunit -0.44 -0.53
NCU03759 methionine-tRNA synthetase -0.44 -0.53
NCU05390 mitochondrial phosphate carrier protein -0.46 -0.55
NCU03982 glucose-regulated protein -0.46 -0.55
NCU02482 2-methylcitrate synthase, variant 2 -0.47 -0.56
NCU02757 60S ribosomal protein L2 -0.47 -0.56
NCU08924 acyl-CoA dehydrogenase -0.48 -0.57
NCU01767 phophatase 2C family protein -0.48 -0.57
NCU01821 alanine-glyoxylate aminotransferase -0.49 -0.58
NCU05027 hypothetical protein -0.49 -0.58
NCU05221 NADH:ubiquinone oxidoreductase 21kD subunit -0.50 -0.60
NCU03608 ketol-acid reductoisomerase -0.51 -0.61
NCU05805 serine hydroxymethyltransferase -0.52 -0.62
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NCU06424 aminomethyl transferase -0.52 -0.62
NCU05279 hypothetical protein -0.53 -0.63
NCU04100 vacuolar sorting protein 1 -0.53 -0.63
NCU09594 seryl-tRNA synthetase -0.53 -0.63
NCUQ9816 cytochrome-26 -0.53 -0.63
NCU05558 3-ketoacyl-CoA thiolase -0.53 -0.63
NCU00418 NADH:ubiquinone oxidoreductase 14.8kD subunit -0.54 -0.64
NCU03561 mitochondrial carrier protein -0.54 -0.64
NCU02475 glycine dehydrogenase -0.55 -0.66
NCU06632 outer mitochondrial membrane translocase 20 -0.56 -0.67
NCU02403 ubiquinone biosynthesis protein COQ9 -0.56 -0.67
NCU08707 iron sulfur assembly protein -0.56 -0.67
NCU00644 ATP synthase subunit G -0.56 -0.67
NCU02136 transaldolase -0.56 -0.67
NCU00951 inorganic pyrophosphatase -0.57 -0.68
NCU04044 NADH?2 dehydrogenase flavoprotein 1 -0.58 -0.69
NCU06247 hypothetical protein -0.59 -0.70
NCU03129 threonyl-tRNA synthetase -0.59 -0.70
NCU01512 phenylalanyl-tRNA synthetase -0.59 -0.70
NCU01467 NADH:ubiquinone oxidoreductase 10.4kD subunit -0.59 -0.70
NCU00536 homoserine O-acetyltransferase -0.59 -0.70
NCU03211 hypothetical protein -0.59 -0.70
NCU03711 GTP-binding protein ypt7 -0.61 -0.73
NCU05288 rab GDP-dissociation inhibitor -0.61 -0.73
NCU05410 acetylornithine aminotransferase -0.62 -0.74
NCU03827 40S ribosomal protein S9 -0.62 -0.74
NCU09263 anchored cell wall protein 4 -0.63 -0.75
NCUQ7733 electron transfer flavoprotein beta-subunit -0.64 -0.76
NCU05689 cytochrome ¢ oxidase polypeptide IV -0.65 -0.77
NCU01469 hypothetical protein -0.65 -0.77
NCU08940 ubiquinol-cytochrome c reductase comple -0.65 -0.77
NCU05813 mitochondrial large ribosomal subunit -0.66 -0.79
NCU03695 phosphatidylserine decarboxylase proenzyme 1 -0.69 -0.82
NCU03347 kynurenine-oxoglutarate transaminase 1 -0.72 -0.86
NCU10042 enolase, variant -0.72 -0.86
NCU02063 mitochondrial intermediate peptidase -0.72 -0.86
NCUQ7550 triosephosphate isomerase -0.73 -0.87
NCUQ7286 membrane-associated progesterone recepto -0.73 -0.87
NCU01328 transketolase -0.76 -0.90
NCU01962 encodes anonymous transcript-5 protein, variant -0.76 -0.90
NCU05226 ABC transporter -0.77 -0.92
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NCU02193 pyruvate decarboxylase -0.78 -0.93
NCUQ7386 Fe superoxide dismutase -0.79 -0.94
NCU00584 hypothetical protein -0.79 -0.94
NCUQ7732 carbamoyl-phosphate synthase small subunit -0.81 -0.96
NCU03796 pyruvate dehydrogenase kinase -0.82 -0.97
NCU00385 ATP synthase subunit delta -0.84 -1.00
NCU08949 hypothetical protein -0.84 -1.00
NCU05526 homocitrate synthase, variant 2 -0.85 -1.01
NCU09057 hypothetical protein -0.86 -1.02
NCU09741 NADPH-cytochrome P450 reductase -0.86 -1.02
NCU04605 hypothetical protein -0.87 -1.03
NCU04276 hypothetical protein -0.90 -1.07
NCU09886 hypothetical protein -0.90 -1.07
NCU02812 uridylate kinase -0.92 -1.09
NCU08947 ubiquinol-cytochrome-c reductase chain VIII -0.92 -1.09
NCU01360 NADH:ubiquinone oxidoreductase 11.5kD subunit -0.92 -1.09
NCU09143 hypothetical protein -0.95 -1.13
NCU08195 arginyl-tRNA synthetase -0.96 -1.14
NCU01859 NADH:ubiquinone oxidoreductase 20.9kD subunit -1.02 -1.21
NCU02566 alanyl-tRNA synthetase -1.04 -1.24
NCU05338 hypothetical protein -1.05 -1.25
NCU03093 NADH:ubiquinone oxidoreductase 12.3kD subunit -1.08 -1.28
NCUO00075 mitochondrial import inner membrane translocas -1.08 -1.28
NCU06606 ubiquinol-cytochrome c reductase iron-sulfu -1.08 -1.28
NCU04588 hypothetical protein -1.09 -1.29
NCU11348 NADH-ubiquinone oxidoreductase B18 subunit -1.13 -1.34
NCU03953 mitochondrial NADH-ubiquinone oxidoreductase 2 -1.16 -1.38
NCU00670 NADH:ubiquinone oxidoreductase 9.5kD subunit -1.18 -1.40
NCU01633 hexose transporter HXT13 -1.19 -1.41
NCU08930 NADH:ubiquinone oxidoreductase 21.3kD subunit A -1.19 -1.41
NCU02013 hypothetical protein -1.20 -1.42
NCU06741 cytochrome c oxidase subunit VIb -1.21 -1.44
NCU08661 pantoate-beta-alanine ligase -1.28 -1.52
NCU01401 mitochondrial outer membrane protein, variant -1.32 -1.57
NCU03802 trimethyllysine dioxygenase -1.36 -1.61
NCU06518 NADH-cytochrome b5 reductase 2 -1.37 -1.63
NCU02070 peroxisomal biogenesis factor 2 -1.38 -1.64
NCU04946 hypothetical protein -1.42 -1.68
NCU09299 NADH:ubiquinone oxidoreductase 14kD subunit -1.44 -1.71
NCU09810 succinyl-CoA synthetase subunit alpha -1.45 -1.72
NCU02179 D-lactate dehydrogenase -1.46 -1.73
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NCU00969 NADH:ubiquinone oxidoreductase 17.8kD subunit -1.54 -1.83
NCU02802 mitochondrial ornithine carrier protein -1.55 -1.84
NCU02472 NADH:ubiquinone oxidoreductase 20.8kD subunit -1.56 -1.85
NCU02280 NADH:ubiquinone oxidoreductase 21.3kD subunit B -1.57 -1.86
NCU04287 hypothetical protein -1.59 -1.89

NCU06687

lycogen synthase, variant 3

-1.59

-1.89
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