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ABSTRACT

Mitochondria are organelles found in most eukaryotes and supply the cell with the
majority of its energy needs in the form of ATP. Most of the proteins needed for mitochondrial
function are nuclear encoded. Therefore, mitochondria communicate their functional status to the
nucleus, resulting in the modulation of nuclear gene expression. In the event of a disruption of
the standard mitochondrial electron transport chain, the nuclear-encoded aod-1 gene is induced
in Neurospora crassa. Aod-1 encodes an alternative oxidase (AOX) that provides a branch point
off the standard chain. When present, AOX transfers electrons from coenzyme Q directly to
oxygen.

The induction of AOX is dependent on two transcription factors in N. crassa: AOD2 and
AQODS. Previous ChlIP-seq analysis identified several other genes bound by these transcription
factors. The most robust binding peak was found to be in the promoter of NCU06940, a gene
encoding a hypothetical protein. Using qPCR analysis on strains lacking AOD2 or AODS, 1
demonstrated that the expression of NCU06940 was dependent on these proteins. I hypothesized
that NCU06940 had a role in stress because transcripts were upregulated in the presence of an
AOX inducer. I examined the growth of a strain in which the NCU06940 gene had been deleted.
I found that the growth of the strain on various carbon sources, at different temperatures, and in
the presence of inhibitors of mitochondrial function was indistinguishable from wild-type. Thus,
the function of the gene remains unknown.

In N. crassa, the AOX is encoded by the aod-1 gene. In normal (non-inducing)
conditions, aod-1 is transcribed at very low levels and no protein can be detected. A strain of M.
crassa that carries mutations in the tyrosinase gene (T) was previously found to produce

relatively high amounts of aod-1 transcript in non-inducing conditions with no detectable AODI1
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protein. Growth of the strain in inducing conditions results in an increase in transcription and
production of the protein. I was able to rule out the tyrosinase gene as a regulator of aod-1
transcription using qPCR analysis for aod-1 transcript levels by examining the progeny of a cross
between a wild-type strain and the tyrosinase mutant strain. Furthermore, I analyzed whole
genome sequencing data on the parents and selected progeny strains and identified the fIb4 gene
and the kin-9 genes mutated in only the high aod-1 transcript expressing progeny and parental
strains. Further analysis strongly suggested that the mutated f/b4 gene was responsible for the
elevated transcripts.

I also attempted to determine why non-induced cells with high levels of aod-1 transcript
do not contain AOD1 protein in their mitochondria. I showed that the protein does not
accumulate in the cytosol due to lack of import into mitochondria. I also showed that it is likely
not synthesized and rapidly degraded. Thus, the aod-I mRNA may be subjected to translational

control in non-inducing conditions.
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1.0 Introduction
1.1 Mitochondrial structure, morphology, dynamics

Mitochondria are organelles found in most eukaryotes. They play a central role in a variety of
cellular and metabolic pathways such as the intrinsic pathway of cellular apoptosis (Bhola and
Letai, 2016). In addition, they are involved in cellular calcium homeostasis (Contreras et al.,
2010), which is important in the regulation of many crucial cellular processes (Granatiero et al.,
2017; Smaili et al., 2009; Valero et al., 2008). Mitochondria are also the site of iron-sulfur
cluster synthesis (Braymer and Lill, 2017), which serve as co-factors for enzymes involved in
important cellular reactions such as gene expression and respiration (reviewed in Johnson et al.,
2005). Mitochondria also contain the enzymes that catalyze four steps in the biosynthesis of
heme in most eukaryotes (Ajioka et al., 2006). These organelles also house the enzymes of the
citric acid cycle. Intermediates from the cycle serve as precursors in the biosynthesis of several
important molecules required by the cell (Martinez-Reyes et al., 2016). The citric acid cycle also
generates reduced electron carriers which are consumed during mitochondrial ATP production
by the process of oxidative phosphorylation (discussed further in Section 1.4).

Mitochondria are composed of four sub-compartments which include the mitochondrial outer
membrane (MOM), mitochondrial inner membrane (MIM), the intermembrane space (IMS), and
the matrix, which contains the mitochondrial DNA (mtDNA) (Fig. 1.1). The MOM contains
pore-forming B-barrel membrane proteins called porins (Mannella et. al. 1983; Mannella 1986;
Wimley et. al. 2003). Thus, the MOM is porous and allows ions and other small molecules up to
about 5 kDA to freely traverse the membrane. The IMS is a hydrophilic lumen layer located

between the MOM and MIM.
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Figure 1.1. The structure of the mitochondrion. The mitochondrial outer membrane (MOM) is

the outer most structure that encloses the mitochondrion. The intermembrane space (IMS) is the

space between the MOM and mitochondrial inner membrane (MIM). The MIM contains the

proteins of the respiratory chain and the ATP synthase. Infoldings of the MIM give rise to

cristae. The MIM is further subdivided into the cristae membrane, and the inner boundary

membrane (IBM). Cristae junctions connect the cristae to the IBM. The matrix is enclosed by the

MIM, and contains the mitochondrial DNA (mtDNA).



The MIM does not contain pores so that charged molecules require carrier proteins, or
translocases to traverse the membrane. For example, pyruvate binds the mitochondrial pyruvate
carrier, or MPC, which utilizes the proton gradient generated by electron transport to facilitate
movement of the molecule into the matrix (Bender and Martinou, 2016). Protein molecules
synthesized in the cytosol that are destined for mitochondria are translocated to the appropriate
subcompartment by a series of complex translocases in the MOM and MIM (discussed in section
1.6). Another MIM protein is the ADP/ATP carrier, which simultaneously moves ADP into the
matrix and ATP into the IMS (Bender and Martinou, 2016).

The MIM is morphologically distinct from the MOM in that it can be subdivided into two
different regions (Fig. 1.1): cristae, which are formed by invaginations of the MIM, and the inner
boundary membrane (IBM) which runs adjacent to the MOM (Zick et. al. 2009). Originally, a
“baffle” model was proposed that interpreted the cristae as simple invaginations of the MIM
which increased surface area (Palade 1952; 1953). However, later microscopy studies using
serial mitochondrial sections (Daems and Wisse, 1966; Mannella et al., 2001; Frey and
Mannella, 2000) and immunogold electron microscopy (Vogel et al., 2006) revealed the distinct
natures of the cristae and IBM.

Cristae morphology varies by cell and tissue type. In tissues with high energy demand, like
muscle, cristae are present in a “stacked” conformation and take up the majority of the space in
the mitochondrial matrix. In lower energy demand tissues like liver and kidney, the cristae are
less stacked, leaving more space in the matrix for biosynthetic reactions (Mannella et. al., 2001).
The abundance and shape of cristae varies between organisms and tissue types, but cristae
junctions are relatively uniform round or oval tubules. The cristac membrane contains most of

the complexes of the standard electron transport chain (SETC) and the ATP synthase, while the



cristae lumen contains the majority of the soluble electron carrier, cytochrome ¢ (Cogliati et al.,
2016). Cristae are formed at cristae junctions (see below) and kept separate from the IBM.
Immuno-staining has revealed that respiratory chain complexes are enriched in the cristae
compared to the IBM. However, the reverse is true for the protein translocases found in the
MIM, which are enriched in the IBM (Vogel et al., 2006). Therefore, it is presumed that at least
one of the functions of the cristae junction is to form a diffusion barrier to prevent lateral
diffusion of proteins and maintain their segregation in the different regions of the MIM.

Cristae are formed by the action of the mitochondrial contact site and cristae organizing
system (MICOS) (Pfanner et al., 2014). As recently reviewed (Horvath et al., 2015; Wollweber
et al., 2017), the MICOS acts by stabilizing the region where cristae invaginate from the IBM
giving rise to structures called the cristae junctions (Fig. 1.1). In addition, the MICOS interacts
with several proteins and complexes of the MOM, including the TOM complex, the sorting and
assembly machinery (SAM) complex, and porin. As a result of the these interactions, MICOS is
involved in the formation of contact sites between the MOM and MIM. These sites facilitate
maximum levels of import of several mitochondrial proteins. Another type of MOM-MIM
contact site is formed between the TOM complex and the TIM23 complex (see section 1.6), as
proteins in the process of being imported span both complexes (Gold et al., 2014; Horvath et al.,
2015).

The innermost compartment of the mitochondria is the mitochondrial matrix. It houses
the mtDNA that is transcribed in the matrix. The protein coding genes of the mtDNA are
translated on mitochondrial ribosomes, which are distinct from cytosolic ribosomes. The matrix
is also the site of the biosynthetic reactions of the citric acid cycle, as well as B-oxidation of fatty

acids and oxidation of pyruvate (Gray et al., 2017).



Mitochondrial morphology varies among cell and tissue types. For example, mitochondria
found in fibroblast cells are most often observed as long filaments (Amchenkova et al., 1988;
Ding et. al., 2012), whereas mitochondria in hepatocytes tend to be more spherical (Das et. al.
2012). The number and size of mitochondria observed in different cell types is determined by the
process of mitochondrial fission and fusion. Mitochondrial fission involves the division of one
mitochondrion into two or more organelles. Since mitochondria cannot be formed de novo,
fission is essential for populating the daughters of dividing cells with mitochondria.
Mitochondrial fusion results in the creation of a single mitochondrion from smaller, independent
mitochondria. The processes of mitochondrial fission and fusion can respond to physiological
and developmental changes. Thus, interplay and regulation of the processes allows the proper
shape, size and number of mitochondria to be optimally maintained in a given cell or organism
(Labbé et al., 2014; Mishra and Chan, 2016; Wai and Langer, 2016). Both fission and fusion are

mediated by dynamin-related GTPases (Labb¢ et al., 2014).

1.2 Mitochondrial origins

The most commonly accepted theory of mitochondrial origin is the endosymbiont theory
which states that mitochondria arose from bacteria inside another cell. The original version of
this theory for the origin of mitochondria and plastids was published in 1905 (Mereschkowski,
1905). The theory came into prominence in the 1970s, when Lynn Margulis published the Origin
of Eukaryotic Cells (Margulis, 1970). DNA sequencing of mtDNAs in the 1970s and 1980s,
confirmed the bacterial origins of mitochondrial and plastid genomes (Gray, 2012). It is now
widely accepted that mitochondria arose via a single endosymbiotic event in which a bacterium

was taken into a host cell (Archibald, 2015). The a-proteobacteria are the extant group that is



most clearly related to mitochondria (Gray, 2012). Interestingly, this group includes the
Rickettsiales and other species that exist as obligate intracellular parasites within a host cell
(Gray, 1998; Williams et al., 2007; Roger et al., 2017). One popular model for the origin of
mitochondria by endosymbiosis is the hydrogen hypothesis. It was proposed by Martin and
Mueller in 1998, and states that a hydrogen-dependent host cell, of archaebacterial origin,
acquired an anaerobic, hydrogen-waste producing bacterium (Martin and Miiller, 1998).
Structure and metabolic adaptation, gene transfer, and cooperative energy contribution
eventually led to the evolution of mitochondria and the establishment of the eukaryotic cell
(Martin and Koonin, 2006; Roger et al, 2017).

There are examples of extant unicellular eukaryotes without any mitochondrial related
organelles. However, they exist as amitocondriates due to a secondary loss of the organelle
(Karnkowska et al., 2016). Thus, there are no known primary eukaryotes lacking a mitochondrial
related organelle. This suggests that the host organism that engulfed the bacterium, which
eventually evolved into mitochondria, was not a eukaryote at the time of engulfment (Martin et
al., 2015). A current favored hypothesis suggests that the original host was an archaea (Cox et
al., 2008; Guy and Ettema, 2011; Williams et al., 2012).

Recently, an archaeal clade called Lokiarchaeota was discovered by metagenomics
analysis from an Arctic ocean hydrothermal vent site called Loki’s castle, found between
Greenland and Norway (Spang et al., 2015). Lokiarchaeota was shown to be the most closely
related prokaryote to eukaryotes and was found to contain genes encoding proteins with
homology to various eukaryotic signature proteins (Spang et al., 2015). Very recently, a number
of other groups related to Lokiarcheaota that include Thorarchaoeta, Odinarcheota, and

Heimdallarcheaota have been characterized from sites around the world. It has been proposed



that these related groups be given phylum status and that they all be placed in a superphylum
called Asgard (Eme et al., 2018; Zaremba-Niedzwiedzka et al., 2017). The Heimdollarchaeota
appear to be the most closely related to eukaryotes.

With respect to the Asgard group representing the original host cell that took up the
endosymbiont according to the aforementioned hydrogen hypothesis, it is important to know
aspects of the energetic metabolism of the Asgard archaea. While it is possible that they could

utilize hydrogen, the metabolic features of the group remain unclear (Martin et al., 2015).

1.3 mtDNA

The size and arrangement of mitochondrial chromosomes show considerable variation in
different organisms. Protists display the most variation in mitochondrial genome organization
across different species with linear, circular, or multiple linear chromosomes that are transcribed
separately (Gray et. al. 2004a). Monomeric circular molecules are present in some animals (Borst
and Kroon, 1969) and kinetoplastids (Simpson, 1986). In mammals, the mtDNA is a small,
double-stranded, circular molecule (Taanman, 1999). Linear monomeric mtDNA is present in a
small number of taxa including ciliates (Burger et al. 2000; Pritchard et al. 1990; Suyama et al.
1985), green algae (Fan and Lee, 2002), oomycetes (Martin, 1995), Jakobids (Gray et al. 1998),
and fungi (Forget et al., 2002; Fukuhara et al., 1993; Kovac et al., 1984; Nosek et al., 1995).

Unlike the nuclear genome which is typically made up of several chromosomes carrying
different information, mtDNA in most organisms consists of one type of molecule that exists in
multiple copies that can range from 10 to 1000 per cell depending on the organisms and tissue.
There is considerable variation in the size of mtDNA that exists on a species-to-species basis.

For example, Ctenophora (cone jellies) have a mitogenome around 11 kb which is among the



smallest for animal mitogenomes (Pett et al., 2011; Kohn et al., 2012). The mtDNA in
Plasmodium falciparum (the malaria parasite) is the smallest known at only 6 kb, and contains
only 3 protein coding genes (Wilson and Williamson, 1997). In contrast, the mtDNA of Jakobid
protists can encode up to 67 proteins (Burger et al., 2013). The mitogenome of Neurospora
crassa, a filamentous fungus that is the subject of this thesis, consists of a 68, 840 bp circle
encoding 28 proteins, 28 tRNAs, and 2 rRNA molecules (Kennell et al., 2004). Generally,
metazoan mtDNA encodes 13 intron-less, protein-coding genes. Compared to animals, plant
mitogenomes have large intragenic regions that can house repeated DNA sequences and a
variable number of introns (Fauron et al., 2004). For example, the plant mitogenome can range
from 200 to 2500 kb, and introns and repeated DNA sequences are typically 90% of the
sequence (Galtier, 2011). For the most part, mtDNA is inherited maternally but exceptions do
exist. For example, in S. cerevisiae, mtDNA is inherited biparentally (Yaffe, 1999). An unusual
example of mtDNA inheritance occurs in unionid mussels where inheritance is doubly
uniparental. Females pass on their mtDNA to both sons and daughters, but males pass on

mtDNA to only sons (Hoeh et al., 2002).

1.4 ATP production

Mitochondria have been dubbed the “powerhouse” of the cell because they produce ATP via
oxidative phosophorylation (Lenaz and Genova, 2009). Oxidative phosphorylation occurs with
the transfer of electrons from reduced electron carriers produced by glycolysis and the TCA
cycle through the enzyme complexes and carrier molecules of the standard electron transport
chain (sETC). All of these sSETC components are found in the MIM and contain multiple

subunits with the exception of cytochrome ¢, which is a peripheral membrane protein associated



with the outer surface of the MIM (Fig. 1.2). The electrons are ultimately passed to molecular
oxygen resulting in the formation of H,O. In the sETC, Complex I (NADH dehydrogenase)
accepts electrons from NADH and passes them to coenzyme Q. Electrons are also passed from
FADHj to the coenzyme Q pool by Complex II (succinate dehydrogenase). Electrons are then
removed from coenzyme Q by Complex III (ubiquinol-cytochrome ¢ oxidoreductase) and passed
to cytochrome c. Complex IV (cytochrome c oxidase) then transfers electrons from cytochrome ¢
to oxygen. The energy released from electron transfer through complexes I, III, and IV is used to
pump protons from the matrix to the IMS, creating an electrochemical proton gradient across the
MIM. The proton gradient is then utilized by the ATP synthase (Complex V) to make ATP from
ADP and P; (Fig. 1.2).

Mitochondria from many plants and fungi contain simpler alternative NADH:ubiquinone
oxidoreductases (Bonner and Voss, 1961; Weiss et al., 1970; Weidner et al., 1993; Matus-Ortega
et al., 2015). Alternative NADH:ubiquinone oxidoreductase was first discovered in plant
mitochondria that were capable of oxidizing externally added NAD(P)H in a reaction that was
completely insensitive to amytal and rotenone (Complex I inhibitors) (Bonner and Voss, 1961).
While the alternative NADH:ubiquinone oxidoreductase catalyzed the same reaction as Complex
I, it did not contribute to the electrochemical proton gradient across the MIM. In some species,
like Saccharomyces cerevisiae, Complex I is totally absent and alternative NADH:ubiquinone
oxidoreductases are the only enzyme capable of oxidizing NADH to feed into the respiratory

chain (Biischges et al., 1994). Some other organisms, for example, Neurospora crassa, contain
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Figure 1.2. The standard electron transport chain (SETC). Electrons (e-) are harnessed from
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or coenzyme Q).



both functional Complex I as well as alternative NADH:ubiquinone oxidoreductases (Carneiro et
al., 2004).

In 2000, evidence of multi-complex “supercomplex” units in yeast and mammalian
mitochondria were revealed by the technique of Blue Native Polyacrylamide Gel Electrophoresis
(BN-PAGE) experiments. BN-PAGE of S. cerevisiae mitochondria revealed a supercomplex
consisting of a dimer containing a monomer of Complex III and a monomer of Complex 1V, as
well as larger supercomplexes consisting of a dimer of Complex III with a monomer Complex
IV (Schigger and Pfeiffer, 2000). In bovine heart mitochondria, supercomplexes formed between
complexes I and III were most evident, which formed subsequent supercomplexes with varying
copy numbers of Complex IV. Supercomplexes in Neurospora crassa consist of Complex I
dimers, as well as I-III-IV and III-IV supercomplexes (Marques et al., 2007). While the role of
supercomplexes was initially not well understood, it has been now shown that cells lacking a
protein required for effective supercomplex formation have increased ROS, suggesting that
supercomplexes may help prevent electron leakage (Chen et al., 2012; Vukotic et al., 2012). In
addition, it has been shown that supercomplex assembly is dynamic which may allow the cell a
means of regulation to adjust electron flow to maximize the use of available substrates

(Lapuente-Brun et al., 2013).

1.5 The role of mitochondria in aging and disease

The role of mitochondria in aging and disease has been well studied. Many past studies have
supported the free radical theory, which suggested that the accumulation of reactive oxygen
species (ROS) damages cell constituents (Harman, 1956, 1969). Since mitochondria are the

major source of ROS in the cell, the theory was modified to the mitochondrial theory of aging
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(Harman, 1972). ROS products would be expected to be most prominent where electron leaks
between the complexes of the respiratory chain would lead to the accumulation of superoxide
radicals, with complexes I and III being the sites of majority of electron leaks (Nakamura et al.,
2009; Noctor et al., 2007). mtDNA is estimated to have a mutation rate greater than that of
nuclear DNA because of its histone-lacking structure and its proximity to the respiratory chain
(Singh et al., 2015). The mitochondrial theory of aging (Harman, 1972) postulates that mutations
in mtDNA lead to dysfunction of the respiratory chain. This is because the mtDNA encodes
subunits of the SETC. Poorly functioning SETC complexes would further result in increased
electron leakage, an increase in ROS, and further damage of the mtDNA resulting in an
exponentially increasing vicious cycle (Alexeyev et al., 2004).

However, many studies have shown that ROS levels are not increased when mtDNA
mutations occur. For example, many studies using mice (referred to as “mutator mice”)
expressing an mtDNA polymerase that has been modified to be devoid of proof-reading activity
have shown that these mice accumulate mutations in their mtDNA, age and die much more
rapidly than normal mice (Kujoth et al., 2005; Trifunovic et al., 2004). However, no increase
ROS in the mutator mice could be detected. In addition, other mouse studies have shown that
overexpression of enzymes that degrade ROS, such as superoxide dismutase, or catalase, do not
increase lifespan (Chen et al., 2004; Huang et al., 2000).

While much evidence still supports a role for mtDNA mutations and mitochondrial function
in the aging process (Kauppila et al., 2017; Payne and Chinnery, 2015), it now appears that most
mtDNA mutations arise not from ROS damage, but from replication errors made by the mtDNA
polymerase (Kennedy et al., 2013; Zheng et al., 2006), or as deletions that probably arise during

mtDNA replication (Ahmed et al., 2015; Dong et al., 2014).
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Besides normal aging, there are a number of human diseases that are caused by decreased
mitochondrial function. These are most often found to be due to mutations of mtDNA, which can
either be de novo or inherited (Copeland, 2008; Niyazov et al., 2016). Most diseases are caused
by respiratory chain defects that are due to mutations of genes in mtDNA or nuclear DNA that
encodes respiratory chain subunits. They are typically fatal and usually show early onset, though
occasionally they may not present until adulthood. Most mitochondrial mutations function
recessively, and require a mutation load of 60-90% before a biochemical or physiological effect
is observed (DiMauro, 2013). Nuclear DNA mutations can also cause mitochondrial disease as
they can affect mtDNA structure or content, such as assembly and maintenance of respiratory
chain complexes. Many human diseases associated with aging, such as Parkinsons, Alzheimer’s,
and ALS (Amyotrophic Lateral Sclerosis) have been associated with defects in mitochondrial

maintenance or function (Hawking, 2016; Hu and Wang, 2016; Smith et al., 2017)

1.6 Protein import into the mitochondria

A few mitochondrial proteins are produced within mitochondria. These include some
subunits of the electron transport chain complexes as well as the ATP synthase. However, most
protein coding genes from the original endosymbiont have been transferred to the nucleus or lost
outright (Ku et al., 2015). Thus, the vast majority of mitochondrial proteins are nuclear encoded,
translated on cytosolic ribosomes, and then imported into mitochondria. The process of import
has been well studied. The majority of this work has been done in S. cerevisiae although
mechanisms of mitochondrial protein import have been shown to be highly conserved in higher

eukaryotes (MacKenzie and Mark Payne, 2007; Murcha et al., 2014; Wrobel et al., 2016).
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It was long thought that most proteins are imported into mitochondria in a post-translational
fashion, while co-translational import occurred for only a few precursors (Endo and Yamano,
2010; Neupert, 2015). However, a significant number of reports have suggested that mRNAs for
many nuclear encoded mitochondrial proteins accumulate on the surface of the organelle.
Translation of the mRNAs at the outer surface of the MOM most likely results in co-translational
import (reviewed in Fox, 2012; Lesnik et al., 2015; Schulz et al., 2015). To prevent
mitochondrial precursor proteins that are released into the cytosol from misfolding and
aggregrating, hydrophobic segments are shielded by chaperones (Young et al., 2003; Bhangoo et
al., 2007; Zara et al., 2009).

Proteins destined to enter mitochondria are generally referred to as precursor proteins until
they reside within the organelle at their final destination. With the exception of proteins anchored
in the MOM by a-helical transmembrane domains, all precursor proteins enter mitochondria
through the TOM (translocase of the outer membrane) complex entry gate. Proteins destined for
mitochondria contain mitochondrial targeting signals within their amino acid sequence
(Chacinska et al., 2009). These signals are recognized by the initial docking site proteins Tom20
and Tom70 which form part of the TOM holo-complex (Abe et al., 2000; Brix et al., 1997;
Saitoh et al., 2007; Dudek et al., 2013). From there, the TOM complex mediates the transport of
precursors with diverse import signals across the MOM. Different routes of transport exist that
are specific to the precursor and its targeting signal, and the TOM complex interacts with
downstream import complexes to ensure that the different precursors reach their correct final
destination.

Virtually all proteins destined for the matrix and many destined for the MIM have N-terminal

presequences that are proteolytically removed by the mitochondrial processing peptidase (MPP)
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in the matrix (Taylor et al., 2001; Mossmann et al., 2012). The transport of presequence
containing proteins across the MOM is coupled to the translocation across or into the MIM.
Precursors enter the mitochondria by first passing through the TOM complex of the MOM and
associate with the IMS domain of the Tom22 receptor (Moczko et al., 1997; Komiya et al.,
1998). The N-terminal portion is then transferred to the protein-conducting pore of the TIM23
complex, although the C-terminal region may still be inside the TOM complex and extending
into the cytosol. The TIM23 complex is the major protein translocase of the MIM. The TIM23
complex uses ATP and membrane potential to facilitate translocation of MIM targeted proteins
containing positively charged, N-terminal signals into the MIM or across the MIM and into the
matrix (Mokranjac and Neupert, 2010). Thus the precursor protein can effectively traverse both
membranes and connect the TOM complex and TIM23 complex, forming contact sites between
the OM and the MIM, called the TOM-Tim23 supercomplex (Schleyer and Neupert, 1985;
Schwaiger et al., 1987; Rassow et al., 1989; Pon et al., 1989; Schiilke et al., 1997). At the MIM,
depending on the import signal, preproteins either translocate into the mitochondrial matrix or
are inserted into the MIM lipid bilayer. Inducing translocation arrest and release of preproteins
into the MIM requires a hydrophobic sorting signal downstream of the N-terminal presequence
(Glick et al., 1992; Bomer et al., 1997; Van der Laan et al., 2007; Bohnert et al. 2010).

MOM proteins belonging to the structural class of B-barrel proteins, such as porin and
Tom40, exist as a series of B-strands when finally assembled in the MOM. They are recognized
by the TOM complex and guided through the Tom40 pore (Hill et. al. 1998). After entering the
IMS, B-barrel precursor proteins are met by the so-called small TIM (translocase of the inner
membrane) proteins which act as chaperones (Hohr et al., 2015; Stojanovski et al., 2012;

Wiedemann et al., 2004). They are delivered from the small Tim chaperones to the Sorting and
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Assembly Machinery (SAM) complex in the outer membrane (Wiedemann et al., 2003; Dolezal
et al., 2006; Paschen et al., 2003; Gentle et al., 2004). The major component of the complex is a
B-barrel protein itself, named Sam50. The last -strand of the B-barrel precursor proteins
contains the so-called B-signal (Kutik et al., 2008). Once the precursor is in the IMS, the -signal
strand enters the lumen of the Sam50 in the MOM and binds to the first -strand of Sam50 by
displacing Sam50’s sixteenth and most C-terminal 3-strand. This induces an opening in the
Sam50 B-barrel called the lateral gate. Additional B-strands of the precursor then enter the lateral
gate and the full length precursor is ultimately released from the lateral gate into the MOM (Hohr
etal., 2018).

Signal-anchored proteins of the MOM include Tom20 and Tom70. These proteins are
classified by their a-helical membrane-spanning domains located near their N-terminus (Vogtle
et al., 2009). The biogenesis of these proteins depends on the MOM protein Mim1 which
supports insertion into the lipid bilayer (Popov-Celeketi¢ et al., 2008; Hulett et al., 2008).
Because no factors of the IMS are involved in the biogenesis of a-helical proteins, the insertion
of a-helical proteins presumably occurs from the cytosolic side of the MOM. Tail anchored
MOM proteins contain transmembrane-spanning domains near their C-terminus. They require no
protein-dependent insertion machinery, but rather, are dependent on the lipid composition of the
MOM (Setoguchi et al., 2006; Kemper et al., 2008).

Many proteins targeted for the IMS contain sets of cysteine residues that are implicated in the
formation of disulfide bridges, and are generally found in Cx3C or CxoC motifs. These motifs are
typically flanked by mitochondrial IMS sorting signals (MISS) also known as IMS-targeting
signals (ITS). These signals target proteins to the IMS via the MIA (mitochondrial IMS

assembly) pathway (Milenkovic et al., 2009; Sideris et al., 2009). The MIA machinery consists
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of two major players: Mia40, the receptor, and the sulthydryl oxidase Erv/ (Chacinksa et al.,
2004; Allen et al., 2005; Grumbt et al., 2007; Milenkovic et al. 2007; Backes and Herrmann,
2017). Incoming precursor proteins are trapped in the IMS by Mia40, which forms transient
intermolecular disulfide bonds with the incoming proteins as they emerge from the TOM
complex (von der Malsburg et al., 2011; Chacinska et al., 2004; Miiller et al., 2008). Next,
Mia40 catalyzes formation of intramolecular disulfide bridges within the precursor proteins,
leading to substrate release into the IMS (Chacinska et al., 2004; Grumbt et al., 2007;
Milenkovic et al., 2007; Miiller et al., 2008). This step results in the reduction of Mia40, which is
reoxidized by the Ervl protein that passes the electrons to either molecular oxygen or
cytochrome ¢ (Dabir et al., 2007; Mesecke et al., 2005; Bihlmaier et al., 2007; Banci et al., 2011;
Stojanovski et. al. 2008).

Metabolic carrier proteins, such as the ADP/ATP carrier (AAC) or phosphate carrier (PiC),
are MIM proteins that have several membrane spanning domains and have internal import
signals for entry into mitochondria and insertion into the MIM. Because of their hydrophobic
nature, chaperones from the Hsp70 and Hsp90 families are required to bind the precursors of the
proteins in the cytosol (Young et al., 2003; Zara et al., 2009). Chaperone binding prevents
aggregation and provides assistance to target proteins to the mitochondria. Precursor-chaperone
complexes are brought to the surface of the mitochondria by binding to the cytosolic domain of
the Tom70 receptor, and are then passed to the TOM complex import channel. Precursor proteins
bind to TIM chaperone complexes containing the small Tim9 and Tim10 proteins or Tim8 and
Tim13 in the IMS to prevent aggregation in the aqueous IMS environment (Sirrenberg et. al.
1998; Endres et al., 1999; Luciano et al., 2001; Truscott et al., 2002). The carrier proteins are

then inserted into the MIM by the TIM22 complex (Wiedemann and Pfanner, 2017).
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It should be noted that the mitochondrial import machinery is subject to regulation related to
levels of various metabolites and signaling molecules (reviewed in Harbauer et al., 2014;
Opalinska and Meisinger, 2015). For example, in S. cerevisiae, when glucose levels are high, the
assembly of the TOM complex is inhibited by phosphorylation of Tom40 and Tom22 (Gerbeth et

al., 2013; Rao et al., 2012).

1.7 Mitochondria as signaling organelles

Mitochondria were long viewed simply as sites of ATP production and certain
biosynthetic reactions. However, the discovery of cytochrome ¢ as a component involved in
cellular apoptosis (Liu et al., 1996) opened up the study of mitochondria as regulators of signal
transduction. We now know that mitochondria have the capacity to signal various events in the
cell through the release of proteins (such as cytochrome c), ROS, and metabolites. For a long
time, it was widely believed that ROS were produced only under stress or disease conditions.
However, later studies determined that ROS also act as signaling molecules that allow
communication between the mitochondria and the rest of the cell under normal physiological
conditions (reviewed in Angelova and Abramov, 2016). A decrease in ROS diminishes the
activation of pathways necessary for cell proliferation, differentiation and metabolic adaptation
(Sena and Chandel, 2012). For example, hydrogen peroxide has the ability to reversibly modify
proteins, resulting in the modulation of signaling pathways. One target of hydrogen peroxide is
certain phosphatases. For example, phosphatases that possess reactive cysteines in their catalytic
domain are susceptible to reversible oxygenation. Oxygenation inhibits the dephosphorylation
activity of these phosphatases (Ray et al., 2012). PTPs (protein tyrosine phosphatases) are

regulated in this manner. PTPs are defined by the possession of a HCXsR motif, in which the
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Cys residue is necessary for the catalytic reaction of the phosphatase. Oxidation of the Cys
residue inhibits the ability of PTP to remove phosphates from tyrosine residues (Meng et al.,
2002).

Furthermore, mtDNA itself may have a role as a signaling molecule. Evidence has
surfaced that implicates the release of mtDNA in regulating antiviral immune response, though
the mechanism whereby mtDNA is released into the cytosol is unknown (Kanneganti et al.,
2015). Once in the cytosol, mtDNA engages the NLRP3 inflammasome (West et al., 2015). The
NLRP3 inflammasome is part of the NLR (NOD-like receptor) subset of inflammasomes which
are characterized by a nuclear binding domain and a C-terminal leucine rich repeat which serves
as a ligand recognition domain. Inflammasomes are large complexes formed in the cytosol and
are responsible for the inflammatory response by activating caspases-1 and -5 (reviewed in
Abderrazak et al., 2015). In addition, mtDNA instability, such as that caused by heterozygosity
(TFAM heterozygous knock out) of mitochondrial transcription factor A (TFAM), leads to
upregulation of ISGs (Interferon stimulated genes) which provide a defense against invading
pathogens (Schneider et al., 2014).

Mitochondrial membranes also reversibly associate with other organelle membranes,
most notably the ER, to facilitate signaling in mammals (Diogo et al., 2017). These associated
regions are called mitochondrial associated membranes, or MAMs. The ER in MAMs becomes
reversibly tethered to the mitochondria, and is enriched in lipid biosynthetic enzymes. MAMs
supply some lipids to mitochondria and play a role in calcium homeostasis, mitochondrial
function, autophagy glucose homeostasis in humans, and apoptosis (reviewed in Vance, 2014).
MAM dysfunction is implicated in neurodegenerative diseases, such as Alzheimer disease

(Schon and Area-Gomez, 2013). In fungi, mitochondrial-ER associations are termed ERMES
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(ER-mitochondria encounter structure) (Kornmann et al., 2009). These have been implicated in
maintenance of mitochondrial morphology, mitophagy, mtDNA maintenance and inheritance,

mitochondrial protein import, and cellular growth (Kornmann and Walter, 2010).

1.8 Mitochondrial retrograde regulation

To achieve proper mitochondrial biogenesis, communication between the mitochondria
and the nucleus is vital to coordinate the expression of genes found on both mtDNA and nuclear
DNA. In addition, changes in mitochondrial function or status must be communicated to the
nucleus to modulate the expression of nuclear-encoded mitochondrial proteins according to
specific requirements. Communication between the mitochondria and the nucleus can be broken
down into two different signaling systems: anterograde signaling (communication of the nucleus
to the mitochondria), and retrograde signaling (communication of the mitochondria to the
nucleus).

The first retrograde pathway (RTG) was discovered in yeast in 1987 (Parikh et al., 1987)
and has since been extensively characterized. The Cit2 gene is a nuclear gene encoding the
glyoxylate cycle isoform of citrate synthase in yeast (Kim et al., 1986). Its expression is
upregulated by as much as 60-fold in the event of mitochondrial dysfunction, allowing for an
adjustment in carbon and nitrogen metabolism. Rtglp and Rtg3p are transcription factors that
bind as a heterodimer at a region called the R-box in the promoter of Ciz2 and regulate its
expression in a positive fashion (Jia et al., 1997). Rtg2p, another positive regulatory factor,
functions upstream of Rtg1P and Rtg3p, and acts as both a sensor for mitochondrial dysfunction
as well as a transducer of mitochondrial signaling (Sekito et al., 2000). These positive regulators

of Cit2 control the expression of both basal and induced expression of Cit2. In their inactive
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forms, Rtglp and Rtg3p are sequestered in the cytosol, and Rtg3p is phosphorylated at multiple
sites. Activation of the retrograde pathway in the event of mitochondrial dysfunction results in a
partial dephosphorylation of Rtg3p, and entry of the Rtglp/Rtg3p heterodimer into the nucleus to
activate expression of Cit2, as reviewed in Butow and Avadhani (2004).

Further studies revealed the importance of Rtg2p in dictating the intracellular localization
of the Rtg1/3p complex. Cells lacking Rtg2p contain hyperphoshorylated Rtg3p, and the
complex remains in the cytosol. Although Rtg2p is required for the dephosphorylation of Rtg3p,
it does not perform this function itself (Sekito et al., 2000, 2002). Genetic screens conducted to
bypass the requirement of Rtg2p identified a negative regulator of Cit2 expression. Mksl1p, first
identified as a negative regulator of the Ras2-cAMP pathway (Matsuura and Anraku, 1993), is a
phosphoprotein that interacts with Rtg2p when the retrograde pathway is on. When the pathway
is off, it ceases interactions with Rtg2p, becomes phosphorylated, and forms a complex with
Bmhl1p and Bmh2p (14-3-3 proteins). This complex appears to prevent the dephosphorylation,
and therefore nuclear translocation, of Rtg3p by an unknown mechanism. Thus, the major role of
Rtg2p in activation of the RTG complex may be to keep Mks1p in an active form (Liu et al.,
2003).

There is a connection between TOR (target of rapamycin) signaling and the retrograde
response. The TOR signaling pathway acts as a nutrient sensor and is involved in cellular growth
as well as aging (Loewith and Hall, 2011). Mutant alleles of Lst8, a component of the TOR
complex, and negative regulator of the retrograde response, were identified in a genetic screen
that attempted to bypass the requirement of Rtg2 to achieve Cit2 expression (Liu et al., 2001).
Cit2 expression in a Lst8 mutant background was found to be constitutively high, categorizing

Lst8 as a negative regulator of Rtgl/3p dependent gene expression (Chen and Kaiser, 2003). In
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addition, Rtgl/3p dependent gene expression was induced in cells where TOR signaling was
inhibited by rapamycin, an antifungal agent (Komeili et al., 2000). Activation of Rtgl/3p gene
expression by rapamycin is dependent on Rtg2p. Studies conducted on animals cells revealed
that compromised mitochondrial activity inhibited the kinase activity of mammalian TOR
(mTOR) (Kim et al., 2002).

RTG-dependent signaling also plays a role in resistance to osmotic stress. The SAPK
(stress activated protein kinase) encoded by the Hog! gene (high osmolarity glycerol response) is
activated under stresses including hyperosmolarity and controls the activity of several
transcription factors involved in expression of stress response genes. Under osmotic stress
conditions, Hogl1 is required for the accumulation of the Rtgl/Rtg3 heterodimer in the nucleus.
Using mutants expressing a Hogl protein lacking Hogl activity, it was shown that this does not
depend on the catalytic activity of Hogl. Rather, it requires interaction of the heterodimer with
the Hogl protein. However, Hogl activity is required for association of the heterodimer with
chromatin and the transcriptional activity of Rtg3. Hogl SAPK binds to Rtgl/3p and facilitates
translocation to the nucleus (Ruiz-Roig et al., 2012).

In addition to the RTG system, there are other pathways that are involved in
mitochondrial communication to the nucleus in yeast, although they are not as extensively
studied. For example, in 2006, a different kind of retrograde signaling was reported in yeast
mutants null for the i-AAA (intermembrane space ATPases associated with diverse cellular
activities) protease, an inner membrane ATP-dependent protease involved in degradation of
mitochondrial proteins (Arnold et al., 2006). The i-AAA protease is encoded by the YME! gene.
Microarray analysis of a YME] gene deletion strain showed the induction of many nuclear genes,

particularly those involved in mitochondrial gene expression and respiratory chain biogenesis
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when yeast cells were grown on the non-fermentable carbon source lactate, but not when cells
were grown on fermentable carbon sources. Strains lacking Ymel were also found to be deficient
in the membrane potential across the MIM, the activity of the electron transport chain, and the

ATP synthase. Chemical inhibition of these three activities showed that only reduced ATP

synthase activity gave rise to the altered expression of nuclear genes seen in Ymel deficient cells.

Therefore, the authors suggested that changes in ATP synthase function may provide the signal
for the Ymel response (Arnold et al., 2006).

No orthologues of the yeast RTG system proteins have been identified in animals, but
other pathways by which dysfunctional or stressed mitochondria signal the nucleus are known.
One of the most interesting systems is the mitochondrial unfolded protein response (UPR™)
(reviewed in Fiorese and Haynes, 2017; Haynes et al., 2013; He et al., 2016; Qureshi et al.,
2017). This system was first described in cultured mammalian cells where it was shown that
either depletion of mtDNA (Martinus et al., 1996) or accumulation of a misfolded protein in the
matrix (Zhao et al., 2002) led to increased expression of nuclear genes encoding mitochondrial
proteases and chaperones.

A similar system was found in C. elegans and several factors involved in the response
were identified using genetic screens (Haynes et al., 2010; Nargund et al., 2012, 2015). As
described in recent reviews (Quereshi et al., 2017; Fiorese and Haynes, 2017), these findings
have resulted in the development of a complex model for initiating the UPR™ in C. elegans. The
matrix-localized ClpP protease degrades mitochondrial proteins that are incorrectly folded
(Haynes et. al. 2007). The resulting small peptides are exported out of the matrix via the HAF-1
mitochondrial peptide exporter (Haynes et al. 2010). The role and mechanism of action of the

peptides released from the mitochondria are currently not well understood. However, it has been
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shown (Haynes et. al 2010) that loss of either ClpP or HAF-1 decreased the nuclear localization
of the bZIP transcription factors ATFS-1, which is a key factor in regulation of the UPRM".
ATEFS-1 is known to activate the transcription of several nuclear encoded mitochondrial proteins
including chaperones and proteases (Nargund et al., 2012). The regulation of ATFS-1 activity
appears to be controlled by its localization within the cell. This, in turn, depends on the
functional status of the mitochondria. The ATFS-1 protein contains signals for both nuclear and
mitochondrial localization. In normal growth conditions, the protein is imported to the
mitochondria and degraded by that organelle’s Lon protease. However, when mitochondrial
function is perturbed by various conditions, including misfolding of mitochondrial proteins, there
is a decrease in overall mitochondrial protein import efficiency (Nargund et al. 2012; Wright et
al., 2001; Wrobel et al., 2015). Such conditions result in the accumulation of ATFS-1 in the
cytosol, with eventual translocation to the nucleus, allowing it to function as a transcription

factor and express its target genes.

1.9.0 Alternative Oxidase

The alternative oxidase (AOX) is found in all green plants that have been examined,
many fungi (notably excluding Saccharomyces cerevisiae), some animals, some bacteria and
some protists (McDonald and Vanlerberghe 2006; McDonald, 2008; McDonald et al. 2009;
Neimanis et al., 2013). In eukaryotes, AOX is encoded by a nuclear gene. In many organisms,
AOX is not expressed under normal conditions but is expressed and localized to mitochondria when
the function of the sETC is disrupted by chemical inhibitors or mutations (Rogov et al., 2014;
Vanlerberghe, 2013a). For example, antimycin A (AA) inhibits electron flow at Complex III, while
cyanide (CN) inhibits complex IV. Treatment with either results in the induction of AOX.

Another drug used to induce AOX is chloramphenicol (CM). CM works indirectly by inhibiting
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Figure 1.3. The sETC plus AOX. In conditions where the function of Complex III or IV is
compromised by a mutation or chemical inhibition (eg: Antimycin A (AA) which affects
Complex III or cyanide (CN) which affects Complex IV), electrons are donated directly from
coenzyme Q (Q) to AOX which passes them to O, the final electron acceptor, converting O, to
H,0. In such conditions, Complex I is the only site of proton pumping resulting in a lower rate of

ATP synthesis by Complex V.



mitochondrial (but not cytosolic) protein synthesis, thus impairing oxidative phosphorylation by
reducing the levels of complexes that contain mitochondrial-encoded subunits (complexes I, 111,
IV and V) (Fig. 1.3). AOX is inhibited by salicyl hydroxyamic acid (SHAM) and n-propyl
gallate. SHAM and n-propyl gallate inhibit AOX by blocking the flow of electrons through
AOX.

Because AOX is nuclear-encoded and expressed upon mitochondrial stress, it is also a good
model for studying mitochondrial retrograde regulation. The AOX protein is synthesized on
cytosolic ribosomes and imported into the mitochondria where it resides on the matrix side of the
MIM. In mitochondria, AOX acts as a branching point off the sSETC. Electrons from coenzyme Q
are transferred by AOX directly to the final electron acceptor oxygen, forming water (Fig. 1.3).
The AOX does not pump protons. Therefore, since this alternative pathway bypasses complexes
III and IV, complex I is left as the only site of proton pumping. As a result, ATP production still

occurs but at a lower rate (Chaudhuri et al., 2006; Schertl and Braun, 2014).

1.9.1 Taxonomic Distribution of AOX

The AOX was long thought to exist only in plants and fungi. However, bioinformatics
studies in the early 2000 identified AOX in all kingdoms with the exception of Archaebacteria
(McDonald et al., 2003; McDonald and Vanlerberghe, 2004; McDonald and Vanlerberghe,
2006). In the animal kingdom, AOX was initially found in four species belonging to the phyla
Mollusca, Nematoda, and Chordata (McDonald and Vanlerberghe, 2004). This was later
expanded to include 28 animals representing 9 phyla (Porifera, Placozoa, Cnidaria, Mollusca,
Annelida, Nematoda, Echinodermata, Hemichordata and Chordata) (McDonald et al., 2009). The
presence of AOX in only certain animal lineages is hypothesized to be due to loss of the gene

from most animal groups (McDonald et al., 2009). A homologue of eukaryotic AOX has been
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found in the alpha-proteobacterium Novosphingobium aromaticivorans (Balkwill et al., 1997,
Stenmark and Nordlund, 2003). In addition, AOX has been identified in some human parasites
including Trypanosoma brucei, a parasitic kinetoplastid (flagellated protest) (Chaudhuri et al.,
1995), Trypanosoma vivax, also a parasitic kinetoplastid (Suzuki et. al. 2004) and
Cryptosporidium parvum, another parasitic protist (Roberts et. al. 2004).

AOX has been extensively studied in plants, most notably the Viridiplantae lineage
which contains green algae and land plants. Bioinformatic studies originally identified two AOX
subfamilies, AOX1 and AOX2 in angiosperms (Considine et al., 2002). The AOX1 subfamily
occurs in both eudicots and monocots, while the AOX2 group is exclusive to eudicots (Considine
et al., 2002). In general, the AOXI1 group is responsive to induction by various stresses while the
AOX2 subfamily is either constitutive or developmentally expressed in specific tissues and is not
stress responsive (Considine et al., 2002). However, there are occasional exceptions to this rule
as some AOX2 genes have been shown to be induced by stress (Cavalcanti et al., 2013; Clifton
et al., 2005; Costa et al., 2010). A third AOX subfamily (AOX3) was suggested (Costa et al.,
2004), but subsequent analysis placed AOX3 within the AOX2 group (Borecky et al., 2006). The
latter study also subdivided the two families into four major clades: Aox1 a, b, c, e; Aox1d;
Aod?2 a, b, ¢; and Aox2d. Although study of AOX families has been done most intensely in
angiosperms, several other plant families, such as mosses, liverworts, and conifers are now
known to contain AOX genes (Neimanis et al., 2013).

AOX is also found in most yeast species, with the notable exceptions of S. cerevisiae and
Schizosaccharomyces pombe. AOX has been found in Candida albicans (Costa-de-Oliveira et.
al. 2012), and Cryptococcus neoformans, (Akhter et. al. 2003) which can cause infections in

humans with compromised immune systems. AOX has also been identified in many, if not most,
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fungal species including Aspergillus niger (Honda et. al. 2012), Aspergillus fumigatus (Magnani
et. al. 2007), Podospora anserina (El-Khoury and Sainsard-Chanet, 2010; Scheckhuber et. al.
2011), and Neurospora crassa (Lambowitz et. al. 1989). As in plants, many fungi have been
found to have more than one AOX gene. For example, in N. crassa, AOX is encoded by the
nuclear gene aod-1 which shares sequence similarity with another gene, aod-3. However, no
expression of aod-3 could be detected under any conditions tested (Tanton et. al. 2003).

Multigene families of AOX appear to be conserved in only plants and fungi.

1.9.2 Structure of Alternative Oxidase

AOX is a member of the R2-type diiron carboxylate family of proteins (Berthold et. al.,
2000). After some debate in the literature, a model for its structure was proposed based on
alignments and mutagenesis studies. The protein was suggested to be an interfacial membrane
protein, interacting with one leaflet of the MIM on the matrix side. The two iron atoms were
suggested to be bound by four glutamate and two histidine residues in a bundle consisting of 4 a-
helices (Andersson and Norlund, 1999, Berthold et. al. 2000).

In 2013, the crystal structure of the Trypanosoma brucei AOX (TAO) was elucidated,
and confirmed many aspects of the earlier model (Shiba et. al. 2013; Moore et al., 2013). The
TAO was shown to be a member of the diiron carboxylate family. It was found to exist as a
homodimer. Each monomer within the dimer contains a long N-terminal arm, six long a-helices
(al-06) and four short helices (S1-S4). The long helices form an anti-parallel four-helix bundle
to accommodate the diiron center active site with each monomer shaped as a cylinder (excluding
the N-terminal arm) (Fig. 1.4). The dimer interface contains six residues that are conserved in all

known AOX sequences as well as eight other residues that are very highly conserved. This

28



Matrix

Figure 1.4. Structural model of the Trypanosoma brucei AOX (TAO). The TAO contains six
long a-helices (al - a6) and four short helices (not shown). Additionally, although the TAO is
dimeric, only one monomer is shown for simplicity. The N and C terminal regions are shown in
dark black and indicated by N for N-terminal and C for C-terminal. The N-terminal extends to
the other monomer (not shown). The diiron shown in red associates with the a2, a3, a5 and a6
helices. AOX is presumed to be anchored in the inner leaflet of the MIM by the al and a4

helices. The lipid bilayer is represented in grey. The figure was adapted from the TAO crystal

structure by Shiba et. al. (2013).
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suggests that the dimeric structure may be common to all AOXs. Furthermore, consistent

with the earlier model, the dimer is bound interfacially in the MIM by a hydrophobic region
made of the al and o4 helices as well as parts of a2 and a5 (Fig. 1.4). The diiron site, as
predicted by spectroscopic studies, is an oxidized Fe(III)-Fe(IIl) with a single hydroxo-bridge.
The diiron center together with four glutamate and two histidine residues form the active site
within a hydrophobic pocket. These six residues are fully conserved in all AOXs. An unexpected
finding was that unlike other proteins with oxidizable diiron active sites, the two His residues in
the TAO active site were found to form hydrogen bonds with other residues in the site but not to
bind directly to the iron atoms. Consideration of previous mutagenesis studies identifying
residues that affected the activity of the enzyme, along with modeling of the crystal structure,
suggested two hydrophobic channels through which the enzyme substrate, ubiquinol (reduced
coenzyme Q)5, could access the active site from the MIM. It was speculated that a third channel

might allow the entrance of oxygen and the exit of water (Shiba et. al. 2013; Moore et. al. 2013).

1.9.3 Functions of AOX

AOX is predominately described as a terminal oxidase that acts as an alternative to the
cytochrome ¢ oxidase of the sSETC and is induced in the event of SETC perturbations. However,
AOX may have a much wider range of functions depending on the organism and tissue. For
example, thermogenic plants use AOX for heat generation. The heating of reproductive organs
above ambient temperatures can be used to volatilize chemicals to attract pollinators or to aid
floral development (Watling et. al., 2008).

AOX has an important influence on ROS generation by mitochondria, which depends on

the reduction state of SETC components. There is now in planta evidence that AOX prevents the
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over-reduction of these components that lead to electron leaks. In tobacco, leaves with
suppressed AOX showed an increase in localized mitochondrial O, (Cvetovska and
Vanlerberghe, 2012). Additionally, AOX can reduce the accumulation of nitric oxide, which is
also produced in mitochondria via single electron leaks from the sETC (Planchet et. al . 2005).
Studies in Arabidopsis as well as tobacco have shown that a lack of AOX results in upregulation
of ROS-scavenging enzymes (Amirsadeghi et. al. 2006; Giraud et. al. 2008). Work in plants has
also defined a relationship between various stresses and mitochondrial metabolism to the
expression of AOX. These have recently been summarized by Del-Saz et. al. (2018). For
example, a link exists between AOX activity and ascorbate synthesis. Studies in AOX-
overexpressing Arabidopsis showed an increased accumulation of ascorbic acid compared to
wild-type plants (Bartoli et al., 2006). However, this observation appears to be confined to
Arabidopsis AOX (Wang et al., 2011).

There is a convincing role for AOX in temperature stress, as studies in numerous species
have revealed an upregulation of AOX transcripts and/or protein in the presence of low
temperature growth conditions. For example, studies of cold-sensitive maize subjected to short-
term cooling treatment (5°C for 5 days) revealed an increase in AOX activity, as well as a
redirection of the majority of respiration to the AOX (Ribas-Carbo et. al. 2000). A similar
observation was made in Arabidopsis (Armstrong et al., 2008). Another study in Arabidopsis
showed an impairment in leaf development as well as a reduction in rosette size in AOX
knockdown plants when the plants were grown at 12°C compared to plants grown at 23°C
(Fiorani et al., 2005). One possible explanation for elevated AOX levels in low temperature
conditions comes from a study where transgenic AOX-suppressed tobacco plants had an

upregulation of transcripts encoding ROS-scavenging enzymes compared to wild-type plants
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when transferred to growth in colder temperatures. As a result, these plants had a decrease in
oxidative damage (Wang et al. 2011). As such, AOX may be playing a role in modulating ROS
stress-signaling pathway activity. As well as temperature stress, AOX may also play a role in
drought stress. Drought conditions were shown to increase AOX activity in soybean leaves,
where AOX consumed 30% more O, in drought conditions compared to normal conditions
(Ribas-Carbo et. al. 2005).

Nutrient limitation has also been shown to increase AOX activity. Phosphate deficiency
results in a strong reduction of P;, which is required for oxidative phosphorylation. A study

conducted in Pj-deficient bean roots observed as increase in the activity of AOX compared to

bean roots grown on complete nutrient medium. Therefore, AOX was postulated to have a role in

maintaining carbon metabolism and electron flow during phosphate deficiency (Rychter and

Mikulska, 1990). In support of this idea, another study in tobacco cells lacking AOX showed that

phosphate deficiency resulted in a decreased rate of respiration, an increase in cellular ROS
levels and an accumulation of carbohydrates (Parsons et al., 1999; Sieger et al., 2005). Salt stress
also negatively impacts mitochondrial function, increasing mitochondrial ROS and impeding the
function of the sSETC (Mittova et. al .2003; Mittova et. al. 2004; Chen et. al. 2009). Interestingly,
salt stress has also been shown to increase AOX transcript and protein levels in a number of
plant species, including Arabidopsis (Kreps et. al. 2002) and tobacco (Andronis et. al. 2010).
Metal toxicity has been shown to impact the function of SETC proteins. In acidic soils,
aluminum limits the growth of plants, and was found to inhibit respiratory oxygen consumption
in several plant species (Yamamoto et. al. 2002). Furthermore, studies in Arabidopsis have
shown that aluminum causes sETC dysfunction and promotes leakage of electrons (Li and Xing,

2011). This was correlated to an increase in the capacity of AOX respiration, possibly as a
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cellular response to the sETC disruption. Studies done in the Euglena protist have shown that
cadmium, which also interferes with sETC function, induces AOX (Castro-Guerrero, et. al.
2008).

Work with plants and bacterial pathogens has revealed that AOX may be a potential
regulator of a mitochondrial O," based signaling pathway that determines plant response to
bacterial infection. One study examined a strain of Pseudomonas syringae infecting tobacco
plants. Phaseolicola, a pathogenic variety of P. syringae that causes necrosis in bean plants,
induced AOX and mitochondrial superoxide dismutase (MnSOD) (Cvetkovska and
Vanlerberghe, 2012).

AOX function studies in animals are limited because the enzyme has only recently been
identified in a limited number of animals. Transgenic studies have attempted to assess the effect
of AOX in human tissue culture cells, and other organism that do not natively express AOX. For
example, when the AOX gene from the tunicate Ciona intestinalis was expressed in cultured
human cells, the cells became resistant to inhibitors of complex Il and IV (see Fig. 1.3)
(Hakkaart et. al. 2006). AOX may eventually serve a use as a by-pass therapy for human patients
with complexes III and/or complex IV deficiencies. C. intestinalis AOX, for example, was
expressed in mice with no negative effects. Following chemical inhibition of the respiratory
chain in the transgenic mice, the presence of AOX led to decreased production of ROS, enabled
cyanide-resistant respiration, and enabled viability in the presence of concentrations of hydrogen
cyanide that are normally lethal (El-Khoury et al., 2013; Szibor et al., 2017). However, in at least
some studies, the expression of AOX in non-native animal systems has been shown to have
detrimental effects. For example, when C. intestinalis AOX was expressed in D. melanogaster

males, they displayed a significant decrease in the number of mature sperm cells produced (Saari
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et. al. 2017).

In fungi, there is a role for AOX in mitochondrial energy production, as AOX inhibition
in isolated and/or whole cell mycelia caused rapid collapse of mitochondrial membrane potential
in several fungal species, such as Fusarium oxysporum and Gaeumannomyces graminis (Joseph-
Horne et. al. 1998; Joseph-Horne et. al. 2001). Furthermore, inhibition of AOX in G. graminis
decreased the rate of ATP synthesis regardless of whether or not electron flow could occur
through complex III (Joseph-Horne et. al. 1998). Certain fungal pathogens have been shown to
depend on AOX for maximal ability to infect their host. This has been shown for Cryptococcus
neoformans (Cox et al., 2003), Aspergillus fumigatus (Magnani et al., 2008), and
Paracoccidioides brasiliensis (Ruiz et al., 2011), and Moniliophthora perniciosa (Thomazella et

al., 2012).

1.9.4 Regulation of AOX transcription

The majority of work done on regulation of AOX has been in plants such as Arabidopsis
and in fungi. Many previous studies (some highlighted in section 1.9.3) have shown that AOX
genes are either constitutively expressed at specific stages, organs or tissues during development
or are induced by a number of different stress factors and other outside stimuli (Vanlerberghe,
2013b). As outlined in section 1.9.1, the groups of plant AOX are generally considered as
inducible (AOX1 group) or constitutive or developmentally regulated (AOX2).

There are at least two pathways that induce plant AOX: ROS-independent or ROS-
dependent. ROS-independent induction has been well studied in tobacco, where, for example, the
addition of citrate is capable of inducing both AOX transcript and protein without increasing

ROS (Vanlerberghe et. al. 1998; Gray et. al. 2004b). The ROS-dependent pathways of induction



provide a response to various stresses since many induce ROS production. Although AOX is a
multigene family, many organisms have one AOX gene of the family that is most responsive to
stress and other stimuli. For example, in an Arabidopsis study, plants were exposed to five

different abiotic stresses: heat, drought, salt, cold, or intense light. A microarray analysis

confirmed all stresses, with the exception of intense light, induced AOX/a expression (Mittler et.

al. 2004). The regulation of AOXIa in Arabidopsis was studied using deletion and mutageneic
analysis of the gene promoter. This study resulted in the identification of a region important for
strong induction of the gene by chemicals like monofluoroacetate (MFA) and AA which inhibit
the TCA cycle and complex III, respectively. A 93bp region in the promoter of the AOXIa gene
was identified as important for maximum expression in the presence of either AA or MFA.
Based on these studies, researchers concluded that a complex set of interactions are required at
the promoter to induce strong AOX expression (Dojcinovic et. al. 2005). Another study
examined variation of AOX expression in stress-sensitive and stress-tolerant genotypes of Vigna
unguiculata (cowpea) (Costa et al., 2007). The study examined transcript and protein expression
of VuAox1, VuAox2a, and VuAox2b in the roots of the two strains after exposure to salt and
osmotic stress. VuAox! and VuAox2a remained unchanged in both cultivars. VuAox2b was
expressed at low levels under salt stress conditions but was induced under osmotic stress in the
tolerant cultivar. On the other hand, in the sensitive cultivar, VuAox2b was overexpressed under
salt stress conditions, but not under osmotic stress.

In fungi, AOX induction usually occurs in response to inhibition of the SETC. Therefore,
studies have focused on AOX expression in response to perturbation of the sSETC by chemicals
such as AA and CN: inhibitors of complex III and IV, respectively. For example, in

Magnaporthe grisea, nuclear run-on assays showed that AOX transcription is constitutive under
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normal conditions. However, the transcript produced was found to be actively degraded
(Yukioka et al., 1998a). When the fungus was exposed to an inhibitor of SETC Complex III
(called SSF-126), transcription was induced and the alternative pathway became functional
(Mizutani et al., 1995; Yukioka et al., 1998a). Potential regulatory elements in the promoter
region of M. grisea have been identified (Yukioka et al., 1998b) but have not been directly tested
for a role in expression. Candida albicans contains two AOX genes called AOX1a and AOX1b.
AOX1a was shown to be constitutively transcribed at low levels. Growth in the presence of
SsETC inhibitors or ROS, such as hydrogen peroxide, was required to express AOX1b. It was also
found that a histidine kinase was required for maximal AOX activity (Huh and Kang, 2001). In
N. crassa, various genes required for aod-1 expression have been discussed. The best studied are
the zinc cluster transcription actors aod-2 and aod-5. Orthologues of these factors have also been
described in P. anserina and A. nidulans. These studies are described in section 1.10.

Certain animals found to contain AOX have been investigated with respect to AOX
expression. AOX transcripts were found in the gill, heart, adductor muscle, haemolymph and
mantle tissues of Crassostrea gigas (Pacific oyster) (MacDonald et. al. 2009). EST data has
indicated that AOX transcripts can be detected in C. gigas that is exposed to bacterial or sewage
challenge (Medeiros et al., 2008; Roberts et al., 2009). Furthermore, AOX transcripts have been
found in some tissues of some species of gastropod, particularly in the central nervous system
(MacDonald et. al. 2009). Other animals where AOX transcripts have been found include some
annelids and two members of Ecdysozoa (protostome animals) (MacDonald et. al. 2009). Studies
of AOX in animals have not yet focused on regulation of these transcripts (MacDonald et. al.
2009).

AOX is found in some bacteria, such as Vibrio fischeri, a symbiotic bioluminescent
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bacterium found in the Hawaiian bobtail squid. RT-PCR studies and reporter assays determined
that aox expression in V. fischeri is induced by nitric oxide (NO). This induction is prevented by
the NsrR protein, a known NO-responsive regulatory protein, in the absence of NO. A binding
site for the protein was identified upstream of the coding sequence of AOX via bioinformatics.
Deletion of NsrR further showed that the protein negatively regulates aox expression (Dunn et.
al. 2010).

The mechanism of transcriptional control of AOX is not fully understood in any
organism, however positive regulators and negative regulators of transcription have been
identified in various organisms, and continue to be discovered. There are kinases, such as
CDKEI], that were identified by genetic screen in Arabidopsis known to influence AOX
transcript expression. CDKE] is associated with cell division and development. In Arabidopsis,
mutations in CDKE] result in a flowering defect phenotype (Wang and Chen, 2004). Further
studies showed that CDKE1 mutations had reduced 40X1a transcripts by 30-50%. A decrease in
AOX protein was also observed in CDKE1 mutants (Ng et. al. 2013a).

A transcription factor called AB14 has been shown to be a negative regulator in
Arabidopsis. AB14 repressed AOX1a by binding to a 5 bp region located upstream of the
transcriptional start site of AOX1a. Absence of AB14 resulted in a highly active promoter.
Furthermore, this study showed that AOX1a is constitutively repressed by transcription factors in
the absence of a signal to induce AOX1a. (Giraud et. al. 2009). In Arabidopsis, ANACO013 and
ANACO017 (De Clercq et. al. 2013) have been shown to induce AOX7a. ANACO013 and
ANACO017 are NAC transcription factors. NAC transcription factors are named after three
transcription factors that share the same DNA-binding domain: NAM (no apical meristem),

ATAF1-2 (Arabidopsis thaliana activating factor) and CUC2 (cup-shaped cotyledon)
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(Nuruzzaman et al., 2015). They are required for plant growth and development, as well as
response to environmental stresses. CHiP experiments followed by qPCR showed greater than
10-fold enrichment for ANACO13 binding for the AOX1a promoter in Arabidopsis compared to
negative control genes only when seedlings were grown in the presence of AA. Furthermore,
overexpression of ANACO13 led to significant increase in AOX1a protein levels. In ANACO17
mutant lines, 4ox/a transcripts in the presence of AA decreased by approximately 50% and
protein amounts decreased by four-fold (Ng et. al. 2013Db).

Different WRKY transcription factors (named so after conserved amino acid sequences)
also induce Aoxla in Arabidopsis. WRKY transcription factors respond to many factors,
including both abiotic and biotic stresses, senescence, seed dormancy and germination, and some
developmental processes. W-box (TTGAC) sites, where WRKY transcription factors bind, were
found in the 4ox1a promoter (Dojcinovi¢ et al., 2005). Various studies on these WRKY proteins
have revealed roles in AOX regulation in A. thaliana. A study using a yeast one hybrid system
identified 12 WRKY proteins capable of binding the W-boxes in the Aox/a promoter (Van Aken
et al., 2013). Binding at one of the two W boxes was confirmed for WRKY57, -63, and -75 using
EMSA analysis. The WRKY40 protein was shown to be a negative regulator of 4ox/a since, in
the presence of AA, transcript levels were doubled in a WRKY40 mutant. WRKY63 was found
to be a positive regulator under high light stress (Van Aken et al., 2013).

Some hormones (Rhoads and Mclntosh, 1992; Ederli et. al. 2006) are known to induce
AOXla, as well. In tobacco plants, treatment of leaf discs with ethylene, jasmonic acid, and

sodium nitroprusside resulted in elevated Aox/a transcripts (Ederli et al., 2006).
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1.9.5 Post-translational regulation of AOX

Post-translational regulation of AOX has been well studied in plants and mechanisms
have been identified. Most plant AOX isoforms have two conserved cysteines, Cys; and Cys,,
that allow for modifications that influence the activity of the enzyme. As discussed in section
1.9.2, the crystal structure of AOX revealed that it exists as a homo-dimer. The dimers can exist
in a noncovalent association, where Cys; is reduced on both subunits. Alternatively, the dimers
can be covalently linked, where the Cys; sulfyhydryl groups are oxidized and form an
intermolecular disulfide bridge been the two monomeric subunits. The latter results in a less
active version of the protein (Umbach and Siedow, 1993; Berthold et. al. 2000; Rhoads et. al.
1998).

A second type of regulation at the post-translational level is observed when the Cys;
residues are reduced. The enzyme becomes activated in the presence of alpha-keto acids, such as
pyruvate. Activation by pyruvate is eliminated if Cys; is substituted with other amino acids, but a
similar effect was not seen for Cys, (Rhoads et. al. 1998; Vanlerberghe et. al. 1998). Plant AOX
can also be activated by glyoxylate, another a-keto acid. Mutated strains of the glyoxylate
stimulation showed that it occurs when either Cys; or Cys; was individually present in the
enzyme (Umbach et al., 2002; Umbach et al., 2006). The mechanisms of activation are not well
understood. There also appears to be differences in the activation between thermogenic and non-
thermogenic plants, based on other conserved sequences in the two groups, as reviewed by
Moore et al. (2013).

The vast majority of plant species investigated have the Cys; and Cys; residues.
However, a few plant species, such as Nelumbo nucifera (sacred lotus) do not possess a Cys; and

therefore cannot form disulfide linked dimer. A unique third cysteine residue (Cyss) is found in
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the protein, but its function is currently unknown (Grant et al., 2009).

1.10 Neurospora crassa AOX

Cyanide-resistant respiration was first observed in the Neurospora crassa mtDNA
“[poky]” mutants (Tissieres et al., 1953), which are characterized by extremely low levels of
cytochrome aa;and b (related to complex IV and III, respectively) and high levels of cytochrome
¢ (Lambowitz and Slayman, 1971). [poky] mutants were of considerable interest because M.
crassa is an obligate aerobe, and despite their extreme deficiency of the two complexes, [poky]
cells were still viable and respiring (Mitchell and Mitchell, 1952; A. Haskins et al., 1953). A
later study concluded that wild-type had a very low level of AOX but [poky] mutants had a high
level of a cyanide-insensitive AOX. Furthermore, the activity of the AOX in wild-type cells
could be increased by as much as 20-fold by growth in the presence of AA, CN, or CM
(Lambowitz and Slayman, 1971).

Further investigation of N. crassa AOX and its expression was done using a genetic
screen (Bertrand et. al., 1983). Strains were exposed to N’-nitro-N-nitrosoguanidine and then
grown in the presence of AA. The logic of the selection was that AA should inhibit the SETC.
Normal strains would still be capable of growth via the alternative pathway using AOX.
However, if a strain was mutated to prevent the AOX function, it would not grow in the presence
of AA. Strains unable to grow in the presence of AA were chosen as potential AOX mutant gene
candidates. Twenty-seven strains were isolated and their mutations were found to fall into two
complementation groups named aod-1 and aod-2. Radiolabelling of proteins synthesized under
both AOX inducing and non-inducing conditions showed a polypeptide that was not present in

non-inducing conditions in any strain, but was seen in induced wild-type cultures and in 19 of 20
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aod-1 mutants examined. The protein was thought to be associated with AOX activity and the
mutants were expressing an inactive form of the protein. The protein was later confirmed to be
AOX using a monoclonal AOX antibody derived against the S. guttatum AOX (Lambowitz et.
al. 1989). The strains in the aod-2 complementation group did not contain this protein following
growth in either non-inducing or inducing conditions. Therefore, aod-2 was thought to play a
role in regulation of AOX synthesis (Bertrand et. al. 1983).

Cloning and sequencing analysis of the N. crassa aod-1 gene by Li et. al (1996) showed
that the gene encodes a protein of 362 amino acids and contains two introns. The 41.4 kDa size
of the protein is reduced to 34.7 kDa after cleavage of the mitochondrial targeting sequence.
Typically, the protein is only expressed when the sETC is disrupted by chemicals such as those
listed in 1.9.0. The sequence in the upstream region of the gene suggested possible regulatory
sequences, such as a cAMP responsive element (CRE) found 746 bp upstream from a putative
transcription start site also identified in the study. As well, a TATA box, and a CAAT box were
identified in the sequence. However, promoter deletion studies later revealed that the CRE was
not essential for AOX induction (Tanton et. al. 2003). A second AOX encoding gene was
identified in N. crassa using BLAST analysis of the Neurospora genome (Tanton et. al 2003).
However, Northern blot studies were unable to show expression of aod-3 under any growth
conditions, despite its sequence similarity to aod-1.

To identify other genes that may be involved in the regulation of AOX, a tyrosinase
reporter gene was fused to 3.3 kb of DNA from upstream of the aod-1 coding sequence. The
construct was transformed into a N. crassa tyrosinase null strain. Conidia from the transformed
strain were exposed to EMS, and potential regulatory mutants were identified based on their

ability to express the tyrosinase gene, which turned colonies brown in the presence of tyrosine.
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Colonies that remained white were identified as potential regulatory mutants. Complementation
studies revealed four novel genes: aod-4, aod-5, aod-6, and aod-7 (Descheneau et. al. 2005).
Gene rescue experiments, sequencing, and bioinformatics (Chae et. al. 2007b) identified
aod-2 and aod-5 as zinc cluster transcription factors. Both transcription factors were found to
contain a nuclear localization signal, and a per-arnt-sim (PAS) domain located near the C-
terminus. The PAS domain is commonly found in proteins that are involved in signal
transduction (Moglich et al., 2009). Earlier promoter deletion studies had identified a 255 bp
region upstream of the aod-1 transcription start site to be necessary for the proper expression of
AOX (Tanton et. al. 2003). This work and further mutation studies led to the identification of the
alternative oxidase induction motif (AIM). The motif consists of a set of CGG repeats separated
by 7 nucleotides (Chae et. al. 2007a). It was predicted that the AIM binds an activator of
transcription, as loss of the site reduces expression of AOX. Furthermore, EMSA experiments
showed that the AOD2/AODS transcription factors bind to the AIM synergistically (Chae et al.,
2007b). The two proteins could also be isolated as a heterodimer from cell extracts (Chae and
Nargang, 2009). The existence of the heterodimer was later confirmed by co-
immunoprecipitation experiments (Qi et al., 2016). Orthologues of AOD2 and AODS exist in
other fungi. For example, Aspergillus nidulans transcriptional activators AcuM and AcuK, and
Podospora anserina transcription factors Rse2 and Rse3 are orthologues of AOD2 and AODS,
respectively, and are required for induction of AOX in those organisms (Suzuki et. al. 2012;

Bovier et. al. 2014).

1.11 AOD2/AODS ChIP-Seq

Chromatin immunoprecipitation and sequencing (ChIP-seq) experiments were conducted
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by our lab in 2016 to determine if other promoters in the N. crassa genome are bound by the
AOD2/AODS transcription factors (Qi et. al. 2016). Many other binding sites were identified
suggesting that other genes are regulated by these transcription factors. This was confirmed by
qPCR analysis of transcripts for several of the identified genes in wild-type and aod-2 and aod-5
mutants. Many of the genes play a role in metabolic pathways and energy production. The data
also revealed that the transcription factors are constitutively bound to the promoter of aod-1 and
other genes. Therefore, activation of the transcription factors appears to be dependent on one of
more unknown signal(s) present in certain conditions that activate the proteins in the nucleus.

The most robust peaks of binding for AOD2 and AODS were located between two
divergently genes: NCU06939 (an endosome-associated ubiquitin isopeptidase) and NCU06940
(a hypothetical protein). The peaks were observed in strains grown either in the absence or
presence of CM (Fig. 3.1). Given the large amount of AOD2/AODS binding at this site, I
hypothesized that one or both of these genes is regulated by these transcription factors.
Conceivably, the gene(s) might complement AOX function or provide a response to another
stress. The first part of this thesis identifies NCU06940 as requiring AOD2/AODS for its

expression and explores its possible function.

1.12 Alternative oxidase expression in Neurospora crassa strain T1P11

Past work using Northern Blot analysis in our lab revealed that aod-I mRNA is rarely
detectable in wild-type cultures grown in non-inducing conditions, but is readily detectable in
cultures grown in the presence of chloramphenicol, AA, and in cytochrome-deficient mutants (Li
at. al. 1996; Tanton et. al., 2003). Later, nuclear run-on experiments showed that AOX is

constitutively transcribed in very low amounts under non-inducing conditions and that the low



level of transcript is not translated into protein. RT-PCR experiments confirmed this observation
(Chae et. al. 2007b). However, exceptions do exist. Randomly, relatively high levels of aod-1
transcript have been observed occasionally in uninduced wild-type cultures (Tanton et. al. 2003).
Furthermore, a fyrosinase mutant N. crassa strain, TIP11, consistently had readily detectable
levels of aod-1 mRNA in uninduced conditions as determined by Northern blot analysis.
However, a Western blot revealed that these detectable transcripts were not being translated into
protein (Descheneau et al., 2005). To determine if the #yrosinase mutation was responsible for
the upregulation, a cross between T1P11 and a wild-type (NCN233) was performed, and progeny
were analyzed for aod-1 mRNA levels. The tyrosinase mutation and the high levels of aod-1
transcripts were found to segregate independently (Descheneau et. al. 2005). Therefore, some
other unknown factor(s) has a role in the regulation of aod-1 gene expression. The remainder of
this thesis focuses on the transcriptional and post-transcriptional factors that influence the

expression of aod-1 transcript and protein, particularly in the T1P11 strain.

1.13 FIbA

As will be seen in the Results section, my work led me to the discovery of the FIbA
protein as a possible player in aod-1 regulation. The protein is known as a regulator of G-
proteins (RGS) in other systems. Therefore, I will briefly review G-proteins and previous work
on FIbA. The gene name was coined in the original paper describing flbA in Aspergillus nidulans
(Lee and Adams, 1994). Mutants had a fluffy phenotype and low expression of a gene required
for conidiophore development, called brIA. Thus, fluffy low brlA expression (flbA).

Heterotrimeric G-proteins are membrane-bound proteins that are conserved from yeast to

humans. In fungi, G-proteins play important roles in many processes, including cell division,
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mating, cell fusion, morphogenesis, chemotaxis, as well as production of secondary metabolites
(reviewed in Morris and Malbon, 1999; Neves et al., 2002; McCudden et al., 2005). G-proteins
consist of a, B, and y subunits which play a role in transduction of extracellular signals resulting
in a response at the cellular level. When a ligand binds a G-protein coupled receptor (GPCR),
activation is mediated by GTP/GDP exchange on the Ga subunit. When activated, the GTP-
bound Ga subunit dissociates from the Gy dimer. The Ga and Gy dissociated proteins can
then amplify and propagate signals by modulating a number of effectors. For example, fungi
have three main pathways of transmitting G-protein signaling: 1) adenylyl cyclase-cAMP-
dependent protein kinase (PKA) 2) mitogen-activated protein kinase (MAPK) pathways; and 3)
[P3-[Ca++]-DAG (diacyl-glycerol)-dependent protein kinase C (PKC) (Morris and Malbon,
1999; Feldbriigge et al., 2004; McCudden et al., 2005).

The typical GPCR protein consists of 7 transmembrane spanning (or hepta-helical)
domains. The N. crassa genome has 10 GPCRs that fall into five classes: pheromone receptors,
cAMP receptor-like proteins, carbon sensors, putative nitrogen sensors, and microbial opsins
(reviewed in Xue et al., 2008). In 4. nidulans, the Ga subunit is known as FadA (fluffy autolytic
dominant) and was discovered by investigating an uncontrolled vegetative growth phenotype
followed by autolysis (Yu et. al. 1996). Neurospora crassa has 3 Go. subunits: GNA-1, GNA-2,
and GNA-3. Agna-1 strains are growth defective and have reduced mycelial mass compared to
wild-type strains (Ivey et al., 1996)). Both Agna-1 and Agna-2 have decrease cAMP levels and
adenylyl cyclase activity (Ivey et. al. 1999).

RGS proteins regulate G-protein signaling by controlling the specificity and intensity of
the signaling pathways. This is typically done by regulating the rate of GTP hydrolysis by the

Ga subunit. The first RGS protein was discovered in S. cerevisiae, and was called SST2. It was

45



shown to be involved in regulating the signaling pathway in response to mating pheromone
(Dohlman et. al. 1996). In Aspergillus fumigatus, 6 putative RGS proteins have been identified,
including flbA, RgsA, RgsB, RgsC, RgsD, and GrpK (Yu et al., 1996; Lafon et al., 2006; Han et
al., 2004). FIbA was one of the first studied, and was found to play a role in vegetative growth

signaling mediated by G-proteins. The fIbA loss of function mutation results in the loss of

GTPase activity of the GPCR, and results in uncontrolled proliferation of vegetative cells, lack of

development, and autolysis (Yu et al.,1996). This is similar to constitutively active FadA
phenotypes in Aspergillus nidulans, as FIbA negatively regulates FadA. In Aspergillus
fumigatus, FIbA downregulates hyphal proliferation by inactivating GpaA, the A. nidulans
homologue of FadA (Yu et al., 2006; Mah and Yu, 2006).

Deletion studies of fIb4 have been well investigated in Aspergillus. AflbA studies in
Aspergillus niger have shown that the secretome of the fungus is impacted. Furthermore, strains
with the 4fIb4A mutation display a “fluffy” phenotype, where mycelium forms masses of
undifferentiated aerial hyphae and conidiate poorly (Krijgsheld et al., 2013). Deletion of cAMP-
dependent protein kinase A catalytic subunit gene pkaA4 does not cause conidiation defects
suggesting that conidiation defects of the FIbA mutants are cAMP independent (Krijgsheld et al.,
2013). AfIbA strains also exhibit thin cell walls and cell lysis (Krijgsheld et al., 2013).
Interestingly, conidia production in N. crassa was reported to be normal for fIbA (NCU08319)
knock out mutants. However, the protoperithecia, which is the structure that develops into the
sexual fruiting body, were noted as having abnormal morphology. The mature perithecia, asci,
and ascospores are not formed. This phenotypic data is available for N. crassa on FungiDB

(http://fungidb.org/).
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1.14 Objectives of this study

ChIP-seq performed by Zhigang Qi in our lab (Qi et. al. 2016) identified a number of
promoters bound by the AOD2/AODS transcription factors. The most robust binding peak was
determined to be in the upstream region of two divergently transcribed genes: NCU06939 (an
endosome-associated ubiquitin isopeptidase) and NCU06940 (a hypothetical protein). The start
of my first project involved determining if either or both of these genes were controlled by
AOD2 and AODS. It was conceivable that one of these genes may complement AOX function or
possibly provide another stress response. Preliminary qPCR analysis of the NCU06940 knock-
out strain revealed a chloramphenicol response. Various tests were undertaken on the knock-out
strain to determine if the hypothetical protein had a role in stress.

My second project focused on a tyrosinase mutant (77) strain of N. crassa, T1P11. This
strain was observed to consistently contain readily detectable levels of aod-1 transcripts in the
absence of any AOX inducer, unlike standard wild-type strains. However, no AOD1 protein was
detected in the mitochondria (Note that AODI1 is the specific product of the aod-1 gene in N.
crassa that corresponds to the general AOX). Because T1P11 does contain transcript and protein
when grown in inducing conditions, this raises two questions with respect to AOX in this strain.
First, why are transcripts produced at a relatively high level in non-induced cells? Obvious
possibilities included mutations in either the aod-1 promoter or the AOD2 or AODS transcription
factors. However, no such mutations were found. Therefore, I hypothesized that an unknown
mutation in in another gene may be regulating aod-1 transcript abundance. I began to analyze
progeny obtained from a wild-type (NCN233) and T1P11 cross. My investigation included
qPCR analysis as well as whole genome sequencing of progeny and parental strains. The second

question was, if aod-1 mRNA is present, why is there no AODI1 protein observed? My

47



hypothesis was that a control mechanism prevents translation of the aod-/ mRNA in uninduced
cells. I examined various mechanisms that might account for the lack of AODI protein in strains

that contain high levels of aod-1 transcript.
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2.0 Materials and Methods
2.1 Handling and growth of V. crassa Strains

Table 2.1 lists the strains used in this study. Unless otherwise stated, all handling and
growth of N. crassa strains was conducted as previously described by Davis and De Serres,
(1970). Conidia for growing liquid cultures were produced by inoculating conidia in the center of
250 mL or 125 mL Erlenmeyer flasks containing 50 or 25 mL, respectively, of Vogel’s salts,
with sucrose as the carbon source (unless otherwise stated), trace elements, biotin (VSuTB), and
solidified with 1.5% agar. Any additional supplements were added as required. The most
commonly used supplement was pantothenic acid. Flasks were incubated for two to three days at
30°C (unless otherwise stated) and were then removed from the incubator to allow conidiation to
occur in a well-1it room for four to five days. Conidia were used at no more than 10 days after
formation. Stocks were maintained on agar slants containing VSuTB (and pantothenic acid, if
required) and kept frozen at -80°C

Liquid cultures were grown by collecting conidia from solid agar VSuTB flasks using
sterile dH,O. Conidia were counted using a hemocytometer, and added to VSuTB liquid medium
at a concentration of 10° conidia/mL, followed by shaking at 30°C for 12 to 18 hr, or as
indicated. When required, CM (at a final concentration of 2 mg/mL) or AA (at a final

concentration of 0.5 pg/mL) were added to media.

2.2 Measurements of Growth Rate
Conidia were harvested, counted, and suspended at a final concentration of 10°
conidia/mL. If pelleting was necessary to increase the concentration of conidia, the suspension

was spun in an [EC model CL clinical centrifuge (Damon IEC, Needham Heights) at top speed
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for two min. 10 pl of the 10° conidia/mL suspension was inoculated on the center of a petri dish
containing standard agar solidified VSuTB (and any required supplements) with various carbon
sources: sucrose at 1.5%, acetate at 50 mM, glycerol at 2% or glucose at 2%. If required, CM or
AA were added at the concentration given in section 2.1. Measurements of hyphal growth across

the plate were taken roughly every 7 to 14 hr following growth at different temperatures as stated.

2.3 Quantitative Real Time Polymerase Chain Reaction (qPCR)

To isolate RNA, conidia were grown in liquid cultures as stated above for 12-14 hours in
—CM conditions or 16-18 hours in +CM conditions. Mycelium pads were obtained via vacuum
filtration. A portion of the pad weighing approximately 100 mg fresh weight was flash frozen in
liquid nitrogen. All equipment (glassware, Buchner funnels, forceps, mortars, pestles, and
aluminum foil) were baked at 240°C for at least 24 hrs to eliminate RNAse contamination. RNA
was isolated using the Qiagen RNeasy Plant Kit following the manufacturer’s instructions for
fungi (Qiagen Inc, Hilden, Germany). RNA concentrations were measured using a Nanodrop ND
1000 spectrophotometer (Thermo Scientific, Rockford) and RNA integrity was analyzed using
the Bioanalyzer 2100 Nano chip (Agilent Technologies, Santa Clara). cDNA was synthesized
using 1 pg of RNA per reaction with Superscript III (Invitrogen, Carlsbad) and was diluted 20-fold
with DNAse-free dH,O for use in qPCR. qPCR was performed using the StepOnePlus RT-PCR
system (Applied Biosystems, Foster City) provided by the Kirst King-Jones lab. The reactions
contained 2.5 pL of 20-fold diluted cDNA, 2.5 uL diluted primer and 5 uL. KAPA SYBR® Fast
qPCR master mix (KAPA Biosystems, USA) for a total volume of 10 puL per well on a 96-well plate.
B-tubulin was used as an endogenous control for AACt analysis. Unless stated otherwise, all gPCR

data is based on four biological replicates and three technical replicates.
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2.4 Mitochondrial and cytosolic fractions isolation

250 mL liquid VSuTB (with additional supplements as necessary) cultures were grown
for 16 hr without CM and 18 hr in the presence of CM (unless stated otherwise). Cultures were
vacuum filtered to obtain mycelium pads. Pads were kept on ice until they could be processed.
Mycelia were broken by grinding with sand and mitochondria were isolated using the buffers and
differential centrifugation procedure described in Nargang and Rapaport (2007). Cytosolic
fractions were isolated by taking 5 mL of supernatant after pelleting the mitochondria (Nargang
and Rapaport, 2007). This 5 mL of supernatant was then centrifuged again at 15 000 rpm for 30
min in a Sorvall RC-5C Plus centrifuge using the SA-600 rotor (Sorvall, Mandel Scientific,
Guelph). Approximately 3 mL was taken for the final cytosolic sample. All samples were stored
at -80°C. Protein concentrations were measured using the BioRad Protein Assay (Bio-Rad

Laboratories Inc, Hercules).

2.5 SDS-PAGE and Western Blots

Western blots were conducted on mitochondrial and cytosolic protein fractions. Acrylamide
gels for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) were prepared as
described by Sambrook and Russell (2001). The final acrylamide concentration was 12.5% with an
acrylamide:bis-acrylamide ratio of 24:1. 30 ug of mitochondrial or cytosolic protein was loaded in

one lane of a gel. The fractions to be analyzed were prepared by dissolving the samples in 5x
cracking buffer (0.06 M Tris-HCI pH 6.7, 2.5% SDS, 0.01% B-mercaptoethanol, 5% sucrose), and

the volume of each sample was brought up to 30 pL with sterile dH,O. Samples were heated for 5
min at 95°C and centrifuged at maximum speed (13 000 g) in a Sorvall Biofuge® pico centrifuge

(Sorvall, Mandel Scientific, Guelph) for 5 min prior to loading. The gels were electrophoresed at
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220 V for 3 to 5 hr, and then transferred onto a Bio Rad Immun-Blot PVDF membrane (Bio Rad,
Berkeley) using the procedure of Towbin et al. (1979). The membrane was blocked for one hr at
room temperature in blocking solution (5% fat-free skim milk powder in TBST (0.2 M Tris-HCI pH
7.5, 0.15M NacCl, 0.5% Tween20)) with gentle shaking. The blocking solution was removed and the
membrane was incubated with gentle shaking for one hr with primary antibody at an appropriate
dilution in blocking solution. The membrane was then washed three times, with gentle shaking for 5
min with TBST, followed by a one hour incubation with gentle shaking at room temperature with
secondary antibody (1:3000 dilution of goat anti-rabbit antibody HRP-conjugate solution) in 50 mL
blocking solution. The membrane was then washed three times for 10 min with TBST, and once with
TBS (TBST without Tween20). Detection of bound antibodies was facilitated using the LumiGLO
chemiluminescent detection assay (KPL, Maryland) with Kodak XAR film (Eastman Kodak, New

York).

2.6 Growth of E. coli cells, transformation of competent E. coli cells and plasmid DNA
isolations

XL10-Gold Ultracompetent E. coli cells (Agilent Technologies, Santa Clara) were used for
transformation procedures as specified by the manufacturer. Transformants of interest were selected
for by plating onto lysogeny broth (LB: 1% tryptone, 0.5% yeast extract, 0.5% sodium chloride) with
ampicillin (LB + amp) plates. The final ampicillin concentration was 150 pg/mL. Colonies that
formed following over-night incubation at 37°C were then inoculated into 5 mL LB + Amp broth,
and grown in a 37°C shaker for approximately 24 hr. Plasmid DNA was isolated using the
Genelet Plasmid Miniprep Kit (Thermo Scientific, Rockford) following the instructions provided

by the manufacturer.
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2.7 PCR, agarose gel electrophoresis and isolation of DNA from gels

All PCR products were amplified using Phusion High Fidelity PCR (New England Biolabs,
Ipswich). Primers were customized and ordered from IDT (Integrated DNA Technologies,
Coralville) and received through the Molecular Biology Service Unit (MBSU) facility at the
University of Alberta. Following the PCR reaction, DNA was size-separated via gel electrophoresis
on 1% agarose gels. Bands of interest were excised with a scalpel on a UV transilluminator, and
DNA was extracted using a QiaQuick Gel extraction kit (Qiagen, Hilden), following the

manufacturer’s instructions.

2.8 Genomic DNA isolation

N. crassa genomic DNA was isolated using a procedure modified from Wendland et. al.
(1996). Liquid cultures were grown in VSuTB at 30°C for approximately 24 to 48 hr. Mycelium
pads were obtained by vacuum filtration, and were kept on ice for the entire process.
Approximately 2 g of mycelium were used per preparation. Mycelium was ground using a
mortar and pestle with 1.5 g sand and 5 mL New Isolation Buffer (100mM Tris-HCI pH 8.0,
10mM EDTA, 1% SDS). The mixture was transferred to a tube for the Sorvall SA-600 rotor
(Sorvall, Mandel Scientific, Guelph) for later use in centrifugation. The mixture was then
brought to 10 mL with New Isolation buffer, and covered with parafilm. The tubes were shaken
vigorously, inverted slowly for approximately 1 min, then incubated in a 70°C water bath for 1
hr. Tubes were then placed on ice for 10 min, after which 0.64 mL 8M potassium acetate pH 6.0
was added to each tube. The samples were left on ice for 1 hr. Tubes were placed in a Sorvall
RC-5C Plus centrifuge using the SA-600 rotor (Sorvall, Mandel Scientific, Guelph) centrifuge to

spin at 14 000g for 15 min. The supernatant was transferred to a clean SA-600 tube. An equal
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volume of isopropanol was added to the sample and mixed gently. The DNA precipitate was
spooled around a sterile glass Pasteur pipette and transferred to 70% ethanol, rinsed with 70%
ethanol and allowed to air dry. The pellet was then suspended in 400 uL. 1 mM EDTA pH 8.0, and
transferred to an Eppendorf tube. 200 uL HiSalt Bufter (100 mM NaCl, 25 mM Tris-base pH 7.4, 2
mM Na,EDTA) and 15 pL of previously boiled RNAse A solution (10 mg/mL) was added. The
pellet was incubated at 37°C for 30 min. Phenol/chloroform (1:1) extraction was then conducted
by adding an equal volume of phenol/chloroform. The tubes were shaken vigorously for one min
and centrifuged for 1 min at maximum speed in a Sorvall Biofuge® pico centrifuge (Sorvall,
Mandel Scientific, Guelph). The top layer was transferred to a new Eppendorf tube and the
phenol/chloroform extraction procedure was repeated once more. To precipitate final genomic
DNA, one tenth volume of 3M sodium acetate, as well as three volumes of 95% ethanol were
added to the Eppendorf tube and mixed. The tube was centrifuged at maximum speed for 5 min.
The pellet was washed once more with 70% ethanol, spun at maximum speed for 1 min, and the
remaining ethanol was removed. The pellet was left to air dry for one hr at room temperature in a

fume hood and was then resuspended in sterile dH,O.

2.9 Sequencing of DNA fragments

DNA sequencing reactions were set up according to the specifications of the MBSU at the
University of Alberta. DNA sequencing was conducted by the MBSU using a 3730 Analyzer
(Applied Biosystems, Foster City). FinchTV (Geospiza Inc.) and NCBI BLAST

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) were used for sequence alignment and analysis.

2.10 Whole Genome DNA Sequencing
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Genomic DNAs from four strains expressing high uninduced levels of aod-1 transcript
(strains T1P11, 19, 23 and 26) and four expressing low levels of uninduced aod-1 transcript (strains
NCN233, 3, 4 and 6) were sent to our collaborators Michael Freitag and Kirstina Smith at Oregon
State University for whole genome sequencing. The sequences were obtained using the Illumina

HiSeq 2000 platform (Illumina, San Diego) with a read length of 101 nucleotides.

2.11 Analysis of Whole Genome Sequencing

The genomic sequence data was mounted in G-browse
(http://ascobase.cgrb.oregonstate.edu/cgi-bin/gb2/gbrowse/ncrassa_public/) (Stein et al., 2002;
Donlin, 2007) to allow viewing of each strain’s sequence relative to the reference sequence (N.
crassa OR74A assembly 10) and to each other. The data for all strains was also supplied as a vcf
(variant call format) file. This file could be opened in the IGV (Integrative Genomics Viewer)
platform (Thorvaldsdoéttir et al., 2013; Robinson et al., 2011) which also allows viewing of each
strain’s sequence relative to each other and the reference sequence (OR74A assembly 10) (Fig.
2.1). The VCF file could also be opened in Excel using the delimited column data format with
“tab” and “space” as the delimiters. This resulted in an Excel table where the changes present in
each strain, relative to the reference sequence (OR74A assembly 10) were in separate columns.
Other columns listed the supercontig, and numbered the position of each change (according to
the reference sequence) and the actual sequence change. The sites of mutations occurring in any
strain were listed in individual cells for all strains. A binary system was used where a “0”
indicated a match to the reference sequence in a given strain while a “1” indicated a change
relative to the reference sequence for that strain.

In the Excel sheet, conditional formatting criteria was applied to allow for filtering of the

data. Conditional formatting involved the creation of a “New Rule” in the “Classic” style from
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Figure 2.1. Screen shot of NCUO08319 (the N. crassa flbA gene). Integrative Genomics Viewer
(IGV). IGV is a Java program developed by Robinson et. al. (2011) and Thorvaldsdéttir et. al.
(2012). The N. crassa strain OR74A assembly 10 genome sequence (named as NC10 in IGV)
was preloaded into IGV as the reference. “Genotypes.vef” was the file obtained from Oregon
State University that contained the sequence of the eight strains examined. This file was loaded
into the IGV Java program. The different strains sequences are indicated in the left side bar
under Genotypes.vcf (Note that the progeny strain numbers also contain an “NCN” prefix). The
vertical blue and red bars in the Genotypes.vct row indicate that there are strains that match the
reference sequence at this position (blue), as well as strains that do not (red). Below the
Genotype.vef row, variants are noted in teal, with sequences that match the reference N. crassa
OR74A in gray. The position of the variant in the genome in this example is noted above at
approximately 2, 424, 000 bp. Not shown is a drop down menu present above the “3, 981 bp”
indicator that allows the user to choose which supercontig (supercontig 10.1 to 10.7,
corresponding to the seven N. crassa chromosomes) to examine. The window in the figure above
allows the viewer to visualize 3, 981 bp, but can be expanded or zoomed in further. The gene in
this region is indicted at the bottom in dark blue, with thick rectangles indicating coding regions,
thinner rectangle indicating UTRs, and lines indicating introns. The gene NCU number is
indicated at the bottom (NCU08319T0). The “T0” present after the gene name indicates that it is

the most abundant transcript for the gene.
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the drop-down menu. Cells were formatted wherein only cells that began with “1” were
designated a color ie) pink. Cells that began with “0”, indicating positions that match the
reference sequence were kept white. This allowed me to choose between seeing positions that
match the reference sequence (white) or positions that are different from the reference sequence
(pink). Filtering was first applied to low-expressing aod-1 transcript strains NCN233, 3, 4, and 6.
Excel cells were filtered for white, indicating no change from the reference sequence at a certain
position. High-expressing aod-1 transcript strains (T1P11, 19, 23, 26) were analyzed on an
individual basis. For each high-expressing aod-1 transcript strain, a filter was applied to select
only variants. Variants fit the criteria of beginning with “1” and were designated a color. The
positions were copied, and then pasted into another spreadsheet with a VBA (Visual Basics for
Application) FindData code (explained below). Before moving onto a different high-expressing
aod-1 transcript strain, the variant color filter for the previous high-expressing strain was cleared.
This was done so as to not select for variants that are present in both high expressing strains,
allowing a full list of variants to be generated independently of other variants in other high-
expressing strains. A filter for low-expressing strains remained at “white” for the entire filtering
analysis in Excel to ensure that no changes present in high-expressing strains would also be
present in low-expressing strains.

To analyze the positions of variants in each strain, [ wrote a VBA FindData code in a
different Excel spreadsheet that would take the position of the change in question and search
through the list of known coding regions in the Neurospora genome (Fig 2.2A). The data
describing the coding regions in the VBA FindData excel sheet was deduced using the wild-type
lab strain Neurospora crassa OR74A assembly 10 genome and was provided to us by our

collaborators at the Freitag Lab. The filtering process described above resulted in a list of
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1865896
1874956
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1875937
1881755

Sub
Dim
Dim
Dim
Dim
Dim

=
pos

For
N
j =

FindData()
a As Long
X As Long
min As Long
max As Long
pos As Long

Sheets("Sheet1").Cells(Rows.Count, "B").End(x1lUp).Row
= Sheets("Sheetl").Cells(Rows.Count, "F").End(x1Up).Row

i=2 To pos

Cells(i, "F")

0

For j =2 To a

If x

min = Cells(j, "A").Value
max = Cells(j, "B").Value
>= min And x <= max Then

Cells(i, "J") = Cells(j, "C")

End If

Next j

End

Next i

Sub

1867317 NCU03846
1875019 NCU03847
1875355 NCU03847
1875873 NCU03847
1876049 NCU03847
1882111 NCU03848

supercont10.6
supercont10.6
supercont10.6
supercont10.6
supercont10.6
supercont10.6

97586
309894
314684
314692
341462
363086

1:6,10:16:99:180,0
1:17,21:38:99:174,0
1:21,20:41:44:44,0
1:15,22:37:99:220,0
1:0,3:3:97:97,0
1:0,5:5:99:168,0

NCU09968
NCU09969
NCU09969

Clear Results

=
=
c
=1

=
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Figure 2.2. Finding mutations in sequenced genomes relative to the reference sequence. A) The
FindData code was written in Excel VBA to determine mutated positions in TIP11 coding
regions of genes relative to the reference sequence. The FindData code was inserted into Excel
by selecting Visual Basic Editor under the Tools drop down menu, followed by the Macros
sidebar menu. B) Example of how the code finds variants in coding regions. The position of
mutations (column F) searched through columns A (start position of a coding region, column A
in panel B) and B (stop position of a coding region, column B in panel B) of super contig 10.6
(Chromosome 6). If the position (POS in panel B) of a mutation falls in any value between
column A and B, then column J (Results in panel B) would return the contents of the
corresponding row that column “C” belongs to (NCU number of the gene). If no match is found,
the Results cell is left blank. No limit was applied to how many cells could be analyzed, making
the program versatile for any number of values inputted. The program is linked to run to the
button “Run”, while the Clear Results button would clear the contents of column “J”. Columns A
and B were populated in the Excel sheet by data retrieved from the Freitag Lab for the N. crassa
reference sequence from strain OR74A assembly 10. The code is also versatile and could be
applied to any strain, contingent on the position of the mutation being numbered relative to a

known reference strain.
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positions with changes in only high-expressing strains throughout the genome, including non-

coding regions, coding regions and UTRs. If the position was in the coding region of a gene, the
program would list the NCU number of the gene (Fig 2.2B). One chromosome was examined at
a time to meet Excel’s RAM restrictions. A list of NCU numbers with changes in coding regions
was generated for each strain expressing high levels of aod-1 transcript (T1P11, 19, 23, and 26).

The list of NCU numbers was then run in Venny (http://bioinfogp.cnb.csic.es/tools/venny/) to

generate a Venn diagram, and therefore find genes that were mutated in all four strains.
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Table 2.1 List of strains used in this thesis

Strain Origin Genotype
NCN251 FGSC #2489, Nargang Lab Mating type A
NCN233 Nargang lab pan-, A
T1P11 Steve Free Lab T-, al-2, a
97B1 KO mutant library (FGSC #19465) Aaod-2::hygR a
1C3 KO mutant library (FGSC #11227) Aaod-5::hygR
ANCU06940 D1 KO mutant library (FGSC #15136) A
ANCU06940 D2 KO mutant library (FGSC #15137) a
3 NCN233 x T1P11, Adrian Lahola- T+, al+, pan-
Chomiak, Nargang Lab

4 NCN233 x T1P11, Adrian Lahola- T+, al+, pan-
Chomiak, Nargang Lab

6 NCN233 x T1P11, Adrian Lahola- 1-, al-, pan-
Chomiak, Nargang Lab

9 NCN233 x T1P11, Adrian Lahola- T-, al-, pan+
Chomiak, Nargang Lab

11 NCN233 x T1P11, Adrian Lahola- T-, al-, pan+
Chomiak, Nargang Lab

16 NCN233 x T1P11, Adrian Lahola- T-, al-, pan+
Chomiak, Nargang Lab

17 NCN233 x T1P11, Adrian Lahola- T+, al+, pan+
Chomiak, Nargang Lab

19 NCN233 x T1P11, Adrian Lahola- T+, al+, pan+
Chomiak, Nargang Lab

23 NCN233 x T1P11, Adrian Lahola- T-, al-, pan+
Chomiak, Nargang Lab

26 NCN233 x T1P11, Adrian Lahola- T-, al-, pan-
Chomiak, Nargang Lab

33 NCN233 x T1P11, Adrian Lahola- T-, al+, pan-
Chomiak, Nargang Lab

34 NCN233 x T1P11, Adrian Lahola- T+, al+, pan-
Chomiak, Nargang Lab

36 NCN233 x T1P11, Adrian Lahola- T+, al+, pan+

Chomiak, Nargang Lab
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3'UTR strains 6, 8, 11,
12,21, 38

5'UTR modified strains
1,2

HA-tagged AODI1
1solates 19, 24, 30, 40,
50

AflbA

AflbA

TI1P11 transformed into PCSN44 with
3'UTR modified HA-tagged aod-1,
this study

TIP11 transformed into PCSN44 with
5'UTR modified HA-tagged aod-1,
this study

TI1P11 transformed into PCSN44 with
HA-tagged aod-1, this study

KO mutant library (FGSC #12373),
position 13D1 of knockout library
KO mutant library (FGSC #12372),
position 13D2 of knockout library

HygBR, ampR

HygBR, ampR

HygBR, ampR
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Table 2.2. List of oligonucleotides used in this thesis.

Primer Name Comment Sequence (5' to 3')
NCU06940 qPCR primer F qPCR Forward primer for GGGTCAGGAGACTTGAC
NCU06940 gene GAC
NCU06940 qPCR primer R qPCR Reverse primer for GCTCTCGGCAAAGAGCT
NCU06940 gene G
NCU06939 qPCR Primer F qPCR Forward primer for ACACCGTGGTTGAACAG
NCU06939 gene CTT
NCU06939 qPCR Primer R qPCR Reverse primer for ACTTCGCATAGGCCTCCT
NCU06939 gene CT
aod-1 qPCR Primer F qPCR forward primer for GGGGCGTTAATCATACA
aod-1 gene (Z. Qi) TTGA
aod-1 qPCR Primer R qPCR reverse primer for AGTCGCTCACAAACGGA
aod-1 gene (Z. Q1) TTC
B-tubulin qPCR Primer F qPCR Forward primer for GCCTCCGGTGTGTACAA
B-tubulin gene (Z. Qi) TG
B-tubulin qPCR Primer R qPCR reverse primer for B- CGGAAGCCTCGTTGAAG
tubulin gene (Z. Qi) TAG
aod-1 seq 1 ACAAAAACCATCAGTTC
aod-1 sequencing primer GCC
aod-1 seq 2 GCAGAGCTTTAGCATCC
aod-1 sequencing primer AC
aod-1 seq 3
GCGACTGGTGTTCCGTTT
aod-1 sequencing primer C
aod-1 seq 4 CTCAAGCGAGTTCCATT
aod-1 sequencing primer ACA
aod-1seq 5
TGTTCTATGGAGCCCTAC
aod-1 sequencing primer G
aod-1 seq 6
GGGGCGTTAATCATACA
aod-1 sequencing primer TTG
aod-2 seq 1
GCCGACAAATCGTGGAC
aod-2 sequencing primer AAG
aod-2 seq 2
CCAAGCCATCACTCAAA
aod-2 sequencing primer GGT
aod-2 seq 3
AGAGAGCCATTTTCCCG
aod-2 sequencing primer AGA
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aod-2 seq 4

aod-2 seq 5

aod-2 seq 6

aod-2 seq 7

aod-2 seq 8

aod-2 seq 9

aod-2 seq 10

aod-5 seq 1

aod-5 seq 2

aod-5 seq 3

aod-5 seq 4

aod-5 seq 5

aod-5 seq 6

aod-5 seq 7

aod-5 seq 8

aod-2 sequencing primer

aod-2 sequencing primer

aod-2 sequencing primer

aod-2 sequencing primer

aod-2 sequencing primer

aod-2 sequencing primer

aod-2 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer

ACGGGAACAGAAGCCAC
GG

CATGGGCTACCGTAACT
GCC

AGAGCGTGCTTGGGACT
TCG

CGACATGCACAACTTCC
ATCC

GATAGGGAAGCCCGCGA
GTA

GATTTCGACCCAAGTTC
CGC

AGAGTCGAACGTGAGAT
ACTGGG

TCTATGTCGCCGTCGTCC
TA

ACCCCACGATGATGCTA
ATG

GTTTGATAAGCGACTTC
CTG

TGGCACTAACTCGGATA
CTC

ACTGGAAAGAGATGGTA
AGC

GTCCCTACCTGCTTCAGA
GC

GCAGGGCATTGGGCTGA
TTGA

GGTCTTTCCAATGTTGTG
AG
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aod-5 seq 9

aod-5 seq 10

aod-5 seq 11

aod-5 seq 12

aod-1 PCR F1
aod-1 PCR R1
aod-2 PCR F1
aod-2 PCR R1

aod-2 PCR F2

aod-2 PCR R2

aod-5 PCR F1A

aod-5 PCR R1A

aod-5 PCR F1B

aod-5 PCR R1B

aod-5 PCR F2
aod-5 PCR R2

aod-5 PCR F3

aod-5 sequencing primer

aod-5 sequencing primer

aod-5 sequencing primer
aod-5 sequencing primer
aod-1 PCR primer F

aod-1 PCR primer R

aod-2 PCR forward primer
fragment 1

aod-2 PCR reverse primer
fragment 1

aod-2 PCR forward primer
fragment 2

aod-2 PCR reverse primer
fragment 2

aod-5 PCR forward primer
fragment 1A

aod-5 PCR reverse primer
fragment 1A

aod-5 PCR forward primer
fragment 1B

aod-5 PCR reverse primer
fragment 1B

aod-5 PCR forward primer
fragment 2

aod-5 PCR reverse primer
fragment 2

aod-5 PCR forward primer
fragment 3

TGCAGCAACACAATTAG
GAT

CTCGGTTTTGCTTCTTGC
C

CGCAATAGTTTGTTACC
AGG
CAGCAAGTCCAGTGAGA
ATACGA

GGAAAAGGGCTTTGTGA
CCAATTGG

GAACTGCTGCACAGAGA
GAAGAAC

ACTTGGTTGCGGTCAAC
AGACTTCC

GCAGAGATGGCCGATGT
TTCGCTTG

AAAGGCTGGCTCGGAAT
CAA

GTTGCTCGGAAGTGAGA
CCA

ACTGGACATCCACATGC
AAA

TGACGGTCCGAGAGAGA
ACT

TCAATCAGCCCAATGCC
CTGC

ATTCCCTTGGAGGTTGA
GGAGC
CTCACGGTCGACCACAA
AGTGGACAC

GCTGGAGGGAAGCTATT
CATAGGGC

CATGCCAACGGTGCATC
AAACGTG
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aod-5 PCR R3

SEQ FL46-49 3

SEQ FL48 5

SEQ FL46-49 4

SEQ FL46,49 5

SEQ FL46-49 1

SEQ F146-49 2

46-48-49 Sequencing

R46-49

F46-48-49

R 48

F Tyr PCR Primer

aod-5 PCR reverse primer
fragment 3

Sequencing confirmation
that native/modified aod-1
gene construct cloned into
PCSN44 plasmid
Sequencing confirmation
that native/modified aod-1
gene construct cloned into
PCSN44 plasmid
Sequencing confirmation
that native/modified aod-1
gene construct cloned into
PCSN44 plasmid
Sequencing confirmation
that native/modified aod-1
gene construct cloned into
PCSN44 plasmid
Sequencing confirmation
that native/modified aod-1
gene construct cloned into
PCSN44 plasmid
Sequencing confirmation
that native/modified aod-1
gene construct cloned into
PCSN44 plasmid
Sequencing confirmation
that native/modified aod-1
gene construct cloned into
PCSN44 plasmid

Reverse primer for aod-1
HA-tagged S'UTR
modification and native,
HA-tagged aod-1, contains
Notl site

Forward primer for native
aod-1 HA-tagged, and 5’
and 3'UTR modified HA-
tagged aod-1, contains
HindllII site

Reverse primer for aod-1
HA-tagged 3'UTR
modification, contains Not/
site

Forward PCR primer for the
tyrosinase gene

TGGTTTCGCGATGAACC
CAGCGAAG

TATATCCGGCAGACACC
ACC

ATACCCTGCTCGGTGGA
ATGC

CGGCTGGATCGAGACTT
TAC

CTTGACAGATGGTTGTG
GTTTG

TAAAGGGAGGAAGGGC
GAAC

CCTGGTTGAAGATCTGG
AGC

ATGAAGCCATTCGCAAC
TTATGGCC

CTGAAGCGGCCGCGTCA
CAGAGAGAAGAACCCAG
TATC

CGGCAAAGCTTCATGAA
GCCATTCGCAACTTATG
G

CTGAAGCGGCCGCGTCT
GACAGGTATATCTAGCA
G

GCTACTGCACGCACTCG
TCCATCCTC
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R Tyr PCR Primer

F Tyr SEQ Primer

Reverse PCR primer for the
tyrosinase gene

Sequencing primer for the
tyrosinase gene

GAGCAGCAGCAGCCGAG
ACGGTGCTC

CTGTACGAGCAGGCCCT
CTACG
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Table 2.3. List of plasmids used in this study

Plasmid Name

Comment

Origin

PCSN44 Aspergillus trpC promoter with

hygrqmycin B and ampicillin r(‘esi.stanc.e, FGSC:; Gritz and

contains Notl and HindIII restriction sites .

Davies, 1983

pUCS7 + FL6546 Kanamycin resistant plasmid with 3xHA-

tagged aod-1 gene with 5'UTR replaced

with 5"UTR of porin and cloned into the Synthesized by

EcoRV/Sall site BioBasic Inc.
pUCS7 + FL6548 Kanamycin resistant plasmid with 3xHA-

tagged aod-1 gene with 3'UTR replaced

with 3'UTR of f-tubulin and cloned into Synthesized by

the Smal site BioBasic Inc.
pUCS57 + FL6549 Kanamycin resistant plasmid with native

3xHA-tagged aod-1 gene cloned into the .

StuI/EcoIg{gV site ¢ Synthesged by

BioBasic Inc.

PCSN44 + F16546 PCSN44 with 5S'UTR from porin and

3xHA-tagged aod-1 gene cloned into

HindlIll and Notl site Tis sivdly
PCSN44 + FL6548 PCSN44 with 3'UTR from pS-tubulin

3xHA-tagged aod-1 gene cloned into

HindlIll and Notl site This study
PCSN44 + FL6549 PCSN44 with native 3xHA-tagged aod-1

gene cloned into HindIII and Notl site This study
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3.0 Results
3.1 Examination of gene for hypothetical protein NCU06940
3.1.1 ChIP-Seq Library for promoters bound by AOD2/AODS

As discussed in section 1.10, our lab had previously shown a binding site for the
AOD2/AODS5 dimer upstream of the aod-1 gene. This was accomplished using EMSA (Chae et
al., 2007a) and analysis of the upstream region using mutations (Chae et al., 2007b; Tanton et al.,
2003a). To search for other promoters that are bound by the AOD2/AODS transcription factors,
CHiP-seq experiments were conducted in our lab (Qi et. al. 2017). These experiments were done
using two tagged strains. The first was an aod-2 mutant strain transformed with a randomly
integrated functional aod-2 gene encoding an AOD2 protein with a C-terminal 3X HA tag
(AOD2-HA). The second was an aod-5 mutant strain transformed with a randomly integrated
functional aod-5 gene encoding an AODS protein carrying a C-terminal 3X Myc tag (AODS5-
Myc). Experimental data were collected by performing ChIP with antibodies to either HA or
Myc for the appropriate strains. To eliminate false data from non-specific immunoprecipitation,
control data were collected using the same antibodies with wild-type strains lacking any tag.
Good binding was seen at the aod-1 promoter and a series of other promoters controlling genes
involved in various aspects of metabolism and energy production (Qi et al., 2017). The most
robust peaks of binding for AOD2 and AODS5 were located between two divergently transcribed
genes: NCU06939 (an endosome-associated ubiquitin isopeptidase) and NCU06940 (a
hypothetical protein). The peaks were observed in strains grown either in the absence or presence
of CM and exceeded the binding observed for NCU(07953 in all conditions (Fig. 3.1). Given the
large amount of AOD2/AODS binding at this site, [ hypothesized that one of these genes is

regulated by these transcription factors and that the gene might complement AOX function or
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Figure 3.1. Chromatin immunoprecipitation and sequencing data (ChIP-Seq) from AOD2-HA
tagged and AODS5-Myc tagged strains grown in the presence and absence of CM. The results for
the promoter regions of the genes for alternative oxidase (NCU07953) and the hypothetical
protein (NCU06940) are shown on the left and right, respectively. ChIP-Seq was performed by
Zhigang Qi, sequence generated by Delta genomics, and data aligned to the N. crassa genome by
M. Freitag and K. Smith at Oregon State University. The strains and experimental conditions
used for each set of peaks are shown on the right (AOD-2, 3X HA tagged aod-2 strain; WT,
wild-type strain with no tagged proteins; AOD-5, 3X Myc tagged aod-5 strain). Genes of interest
are highlighted in yellow. Number of reads in a certain position is represented by the blue peaks.
The y-axis is the same for both gene regions. The results for NCU06940 are off the scale,

emphasizing the greater binding seen at this locus relative to the aod-1 promoter.
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possibly provide a response to respiratory or other stresses. Because the peaks occurred in the
upstream region of the divergently transcribed NCU06939 and NCU06940 genes, they were both

potential candidates for being regulated by these transcription factors.

3.1.2 qPCR to determine promoter bound by AOD2/AODS

I analyzed expression of the NCU06939 and NCU06940 mRNAs in a wild-type strain
(NCN251), and the knock-out mutants of aod-2 (Aaod-2) and aod-5 (Aaod-5) in an attempt to
determine if either gene requires AOD2 and/or AODS for expression. qPCR primers were
designed for both genes. Amplification of NCU06940 and NCU06939 was conducted in the
following strains and growth conditions: Aaod-2 + CM, Aaod-2 — CM, Aaod-5 + CM, Aaod-5 —
CM, wild-type (NCN251) + CM, and wild-type (NCN251) — CM. The knockout of either aod-2
or aod-5 did not have any striking effect on transcript levels of NCU06939 in either the presence
or absence of CM (Fig. 3.2A). Growth of the wild-type cells (NCN251) in the presence of CM
increased transcripts for this gene by about 50% and growth of the Aaod-2 strain in CM slightly
increased the amount of transcript over the +CM wild-type control. However, none of these
differences were statistically significant (p>0.05) and we considered effects in the range of two-
fold or less to be of questionable biological significance (Fig. 3.2A). On the other hand, there
was a significant down-regulation of NCU06940 transcripts in both the aod-2 and aod-5 knock
out strains, both in the presence and absence of CM. As well, there appeared to be a CM effect in
the wild-type strain resulting in an approximately three-fold increase in transcripts (Fig. 3.2B).
These results indicate that the peak identified by ChIP-seq data most likely affects the expression

of NCU06940, a hypothetical protein.
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Figure 3.2. Transcript levels of NCU06939 and NCU06940. Cultures of wild-type strain

NCN251 (WT) and the knock-out mutants for aod-2 (Aaod-2) and aod-5 (Aaod-5) were all

grown in the presence (+CM) and absence (-CM) of CM. RNA was isolated, converted to cDNA

and analyzed by qPCR. Cultures were grown for either 12 hr (-CM conditions) or 14 hr (+CM

conditions). Each bar represents the average of results from four biological replicates and three

technical replicates of each biological replicate. Error bars represent the standard error of the

mean. A, NCU06939. B, NCU06940. The Student’s T-test was used to determine significance.

N.S indicates no significance at p<0.05.
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3.1.3 NCU06940 bioinformatics analysis

NCU06940 is a non-essential gene, since a knock-out strain available from the N. crassa
knockout project (Colot et al., 2006) is viable. The N. crassa gene is 1.3 kb long and contains
one intron. Based on BLAST searches, NCU06940 contains no known functional domains.
Similarly, I found no evidence for a mitochondrial targeting sequence, a nuclear localization
signal, or transmembrane spanning domains. Based on these results, I would predict the protein
to be localized to the cytosol. Surprisingly, BLAST analysis showed that homologues of
NCU06940 are confined to only a few species in the fungal class Sordariomycetes (Fig. 3.3).
Since all the species examined in Fig. 3.3 B and C contained at least one gene encoding AOX,
there is no correlation between the presence of AOX and the NCU06940 gene. Nonetheless,
since the promoter of NCU06940 binds large amount of AOD2 and AODS (Fig.
3.1) and that its expression is increased in the presence of CM in an AOD2 and AODS5 dependent

fashion (Fig. 3.2B), it seemed to warrant at least preliminary investigation for possible function.

3.1.4 NCU06940 is not involved in stress response

Since NCU06940 transcript levels were significantly increased in the presence of CM
(Fig. 3.2B), it is conceivable that the protein is involved in a stress response. Therefore, I
investigated the growth of a NCU06940 knock-out strain on various carbon sources, inhibitors,
and at different temperatures (Fig. 3.4 A-E). Different carbon sources were examined since at
least one gene involved in gluconeogenesis in N. crassa, phosphoenolpyruvate kinase (PEPCK),
is also known to be controlled by AOD2 and AODS (Qi et. al. 2017). Furthermore, both PEPCK
and fructose bisphosphatase (FBP) are transcriptionally regulated by the homologues of AOD2

and AODS in Aspergillus nidulans (Suzuki et. al. 2012) and P. anserina (Bovier et. al. 2014).
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Hypocreomycetidae <

4
ﬂé

<

g, T

Sorda I'iomy cetes Sordariales
— Chaetosphaeriales
Coniochaetales
n426
n433
‘0 Xylariomycetidae

Name

Fusarium fujikuroi IM| 58289

Fusarium verticillioides 7600

Fusarium oxysporum v1.0

Fusarium graminearum v1.0

Nectria haematococca v2.0

llyonectria sp. v1.0

Niesslia exilis CBS 358.70 v1.0

Myrothecium inundatum CBS 120646 v1.0
Trichoderma reesei RUT C-30 v1.0
Trichoderma reesei v2.0

Trichoderma longibrachiatum ATCC 18648 v3.0
Trichoderma virens Gv29-8 v2.0

Trichoderma harzianum CBS 226.95 v1.0
Trichoderma asperellum CBS 433.97 v1.0
Trichoderma atroviride v2.0

Metarhizium robertsii ARSEF 23

Metarhizium acridum CQMa 102

Cordyceps militaris CM01

Beauveria bassiana ARSEF 2860
Valetoniellopsis laxa CBS 191.97 v1.0
Acremonium strictum DS1bioAY4a v1.0
Stanjemonium grisellum CBS 655.79 v1.0
Microascus trigonosporus CBS 218.31 v1.0
Colletotrichum somersetensis CBS 131599 v1.0
Colletotrichum zoysiae MAFF235873 v1.0
Colletotrichum graminicola M1.001
Colletotrichum falcatum MAFF306170 v1.0
Colletotrichum sublinecla CBS 131301 v1.0
Colletotrichum eremochloae CBS129661 v1.0
Colletotrichum higginsianum IMI 343063
Glomerella acutata (Colletotrichum fiorinae MH 18) v1.0
Glomerella cingulata 23 (Colletotrichum gloeosporoides 23) v1.0

Verticillium dahliae v1.0
Verticillium alfalfae VaMs.102

Sodiomyces alkalinus v1.0
Acremonium alcalophilum v2.0

This section expanded on next page

# of AOX genes
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Name

# of AOX genes

C ——OHypocreomycetidae
* Thielavia hyrcaniae CBS 757.83 v1.0

Thielavia appendiculata CBS 731.68 v1.0

Myceliophthora thermophila (Sporotrichum thermophile) v2.0
Chaetomium globosum v1.0

Thielavia terrestris v2.0

Thielavia antarctica CBS 123565 v1.0

Thielavia arenaria CBS 508.74 v1.0

Podospora anserina S mat+

ANeumsgora crassa OR74A v2.0
—)Neurospora crassa FGSC 73 trp-3v1.0

Neurospora tetrasperma F mata vl
Neurospora tetrasperma FGSC 2508 mat A v2.0
Neurospora ciscreta FGSC 8579 mat A

| Thozetella sp. PMI_491 v2.0

Chaetosphaeriales Chaetosphaeria innumera
Coniochaeta ligniaria NRRL 30616 v1.0

Coniochaeta ligniaria CBS 111746
Coniochaetales Coniochaeta sp. PMI_546 v1.0
| Cryphonectria parasitica EP155 v2.0
n426 Melanconium sp. NRRL 54901 v1.0

Phaegacremoniuvm a eoghlum UCRPA7
Sordariomycetes Calosphaeria pulchella

Sordariales

Ophiostoma piliferum
Ophiostoma piceae UAMH 11348
n433 Grosmannia cla\./igera kw1407

Magnaporthe grisea v1.0

Hypoxylon sp. CO27-5 v1.0

Hypoxylon sp. EC38 v1.0

Daldinia eschscholzii EC12 v1.0

Hypoxylon sp. CI-4A v1.0

Anthostoma avocetta NRRL 3180 v1.0
Xylariomycetidae Eutypa lata UCREL

Apiospora montagnei NRRL 25634 v1.0

PR R R R R R R R R R R R R R R R R R R R RERRENNRERPRNNREERENN
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Figure 3.3. NCU06940 homologues exist only in some Sordariomycetes species. The protein
sequence of NCU06940 was examined by BLASTED against translated nucleotide databases in

the Mycocosm platform at the Joint Genome Institute (http://genome.jgi-psf.org/). The only hits

obtained were within the clade Sordariomycetes. A) An expansion of subclasses and orders
under class Sordariomycetes. B) Expansion of species under the sub-class Hypocreomycetidae.
C) Expansion of species of the orders Sordariales, Chaetosphaeriales, Coniochaetales, and sub-
class Xylariomycetidae. The species that have homologues of NCU06940 are underlined while
species that have AOX and the corresponding number of AOX genes are given on the right.
Arrows to the left of the species name indicate N. crassa strains. Trees were generated by

MycoCosm (Grigoriev et. al. 2014).
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Figure 3.4. Growth of the NCU06940 knock-out strain under various conditions. Conidiaspores
from both a wild-type (NCN251) and the ANCU06940 strain were counted and adjusted to
10°/10 uL. 10 pL was inoculated at the center of a petri dish containing Vogel’s medium with
the indicated carbon source. Three to five replicates were measured for each condition. The
strains were grown at 15°C (A), 30°C (B), 37°C (C) and 40°C (D) on acetate, glycerol, sucrose
and glucose as indicated. In addition, the strains were grown on sucrose medium in the presence
of CM or AA at 30°C (E). Blue diamonds represent ANCU06940, while red squares are
NCN251. Growth rate was determined by measuring hyphal growth from the point of inoculation
at the indicated time. Error bars represent the standard error of the mean but are too small to

observe.
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The typical laboratory carbon source for N. crassa is glucose or sucrose. To determine if growth
was reduced on poor carbon sources for the NCU06940 knock-out, I compared growth on
sucrose, glucose, glycerol and acetate. Strains were also grown at different temperatures,
including 30°C, the standard growth temperature used in our lab for N. crassa, 15°C, 37°C, and
40°C. Considering that NCU06940 expression is up-regulated in the presence of CM, growth was
also measured in the presence of both CM and AA at 30°C.

Both the wild-type (NCN251) and NCU06940 knock-out strains grew best on sucrose
and glucose, regardless of the temperature (Fig. 3.4 A, B, C, D). Both strains grew more slowly
on glycerol and acetate with the growth rate on acetate being the slowest. However, there was no
difference in growth rate between the strains under any of the conditions. Additionally, there was
no obvious difference in growth between the wild-type and the mutant in the presence of CM or
AA (Fig. 3.4E). These data indicate that there is no impact on linear hyphal growth due to the
loss of NCU06940 under the conditions tested.

The recent ChIP-seq study showed that AOD2 and AODS5 control the expression of
several genes involved in energy production and metabolism (Qi et. al. 2017). Conceivably,
NCU06940 is involved in one of those processes. However, the unusual nature of the protein,
with no homologues outside of the Sordariomycetes, and even the loss of the gene from many

members of this class, would imply a very specific function.

3.2 Unexpected expression of aod-1 in strain T11-76
3.2.1 The mutant tyrosinase allele does not affect uninduced aod-1 expression levels
As mentioned in the Introduction (section 1.10), Descheneau et al. (2005) reported that

T11-76, a tyrosinase mutant (T") that was developed as a reporter strain for a mutagenesis screen,
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had high levels of aod-1 transcript in uninduced (-CM) conditions compared to standard wild-
type lab strains (Fig. 3.5). Despite the presence of this mRNA, no AOD1 protein could be
detected. A similar result was seen for the parent (T1P11) of the reporter strain (Descheneau et.
al. 2005, unpublished). These observations raised two obvious questions. First, why are
relatively high levels of aod-1 mRNA produced in the absence of inducing conditions in this
strain. Second, why is no AODI1 protein detectable even though aod-1 mRNA is produced. I
began by investigating the first question.

Because T1P11 carries the mutant tyrosinase gene (7" allele), it was of interest to ask if
the 7™ allele was the cause of aod-1 expression upregulation in non-inducing conditions. The
Nargang lab had earlier reported that the tyrosinase mutation did not segregate with the high
uninduced aod-1 transcript levels (Descheneau et al. 2005). However, the number of progeny
analyzed was not reported. Furthermore, the progeny strains were lost. To verify these data and
to generate progeny strains for further analysis, our lab repeated the genetic analysis. A cross
between an aod-1 wild-type strain (NCN233) and the T1P11 strain was set up by a Biology 499
student (Adrian Lahola-Chomiak) who also did a preliminary characterization of the cross
progeny. I completed a more detailed analysis with a more precise characterization of the state of
the tyrosinase gene in the progeny. Because the tyrosinase gene is closely linked to the al-2
albino gene (10 map units), [ set out to verify the presence or absence of the tyrosinase mutations
in approximately equal numbers of a/-2" and a/-2" progeny. The presence of the T or T" allele
was evaluated by PCR amplification and sequencing of the region of the T gene known to
contain mutations in the 7™ allele. Progeny strains (referred to simply by their isolation numbers)
3,4, 19, 34, and 36 were all wild-type (T") for the tyrosinase gene, while strains 6, 9, 16, 23, 26,

and 33 were all mutant (77) for the tyrosinase gene (Table 3.1). It should be noted that other
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Figure 3.5. aod-1 transcript and protein in wild-type NCN233 and the tyrosinase mutant T11-76.

A. aod-1 transcript is not detectable by Northern Blot in NCN233 (wild-type) grown in standard
conditions (absence of CM) but is present when the strain is grown in the presence of CM (+
CM) or antimycin A (+ AA). AODI protein is present in cells grown in the presence of CM
(+CM) or AA (+AA) as shown on the Western Blot. B. aod-1 transcript is present in T11-76 (T
mutant) when the strain is grown in standard conditions (Arrow) or in the presence of CM or
AA. No AODI protein is observed in T11-76 under standard growth conditions, but is observed

in the presence of CM or AA. Figure modified from Descheneau et. al 2005.
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Table 3.1. Segregation of the tyrosinase gene (T) alleles and other markers in the NCN233 x
T1P11 cross. The tyrosinase gene allele was evaluated by PCR amplification and sequencing of
the product. All strains were grown for 14 hours, RNA was isolated, and cDNA was generated.
PCR was set up with primers designed to amplify a portion of the tyrosinase gene known to
contain mutations in the 7" allele (Descheneau, PhD thesis). These PCR products were
sequenced. Six of the eleven progeny strains were found to be tyrosinase mutants (77), while five
were found to be wild-type (7). Strains mutant for the a/-2 gene are denoted as al” while wild-
type strains are a/ . The albino phenotype was evaluated visually as either white or orange
conidia. Strains auxotrophic for pantothenic acid are denoted as pan ~ while wild-type strains are
pan’. Pantothenic requirement was determined by evaluating growth or no growth on medium

lacking pantothenate.

Strain NCN233 | T1P11 | 3 4 6 9 16 19 23 | 26 | 33 | 34 | 36
Tyrosinase T T T T* T T T T* T T T T* T*
Al al* al” | al* | al*| al” | al | al | al* | al | al | al* | al" | al’
Pan pan~ | pan®|pan | pan | pan | pan® | pan® | pan® | pan® | pan | pan | pan | pan”
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genetic markers in the cross (al-2 and pan-1) have previously been shown to have no effect on
aod-1 expression (F. E. Nargang personal communication).

Next, I measured the amount of aod-I mRNA present in the parental and progeny strain
by qPCR following growth in the absence of CM. With respect to defining high and low
expression levels in this study, progeny that had greater than 4-fold the level of aod-1 mRNA
present in uninduced wild-type cells were arbitrarily designated as “high” (progeny 9, 16, 19, 23
and 26), while progeny with below 4-fold level of mRNA were designated as “low” (progeny 3,
4, 6, 33, 34, 36). With respect to the traits of tyrosinase (7 or T") and aod-1 mRNA levels (high
or low), the cross yielded three parental, high aod-1 mRNA, T" progeny (9, 16 and 23) and three
parental, low aod-1 mRNA T" progeny (3, 4, 34). If the tyrosinase allele was determining AOX
transcript levels, I would expect all 7" progeny strains to have high aod-1 expression levels and
all T" progeny to have low aod-1 expression levels. However, strain 19, which is 7", had
elevated levels of aod-1 transcript, while strains 6 and 33, which are 7", had low levels of aod-1
transcript (Fig. 3.6). These data provide evidence that the state of the tyrosinase gene is not
involved in the uninduced high level of expression of aod-1 that is observed in some strains. In
addition, although the number of progeny analyzed was quite low, the finding that six progeny
had low levels of aod-1 transcripts, while five had high levels, suggests that the phenotype is

determined by a single gene.

3.2.2 Sequencing of aod-1, aod-2 and aod-5 in T1P11
The most obvious possible explanations for the production of aod-1 mRNA in strain
T1P11 in non-inducing conditions would include: 1) A mutation in the aod-1 promoter that

allows it to be transcribed in the absence of an inducing signal or 2) mutations in the aod-2 or
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Figure 3.6. aod-1 transcript levels in tyrosinase cross parental strains WT (wild-type strain
NCN233) and TIP11 and progeny strains. Strains were grown in —CM medium for 16 hours and
18 hours in +CM. RNA was extracted and cDNA was generated. The expression levels (blue
bars) of aod-1 mRNA were determined by qPCR with four biological replicates (each with three
technical replicates) standardized to f-tubulin. Tyrosinase mutant strains are denoted with 7- and

non-mutants with 7+. Error bars represent the standard error of the mean.
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aod-5 genes that would make the known transcription factors constitutively active. In the fungus
Podospora anserina, RSE2 and RSE3 (the orthologues of N. crassa’s AOD2 and AODS,
respectively) are essential for inducing AOX. Single amino acid mutations have been
characterized in these transcription factors that result in higher levels of aod-1 transcripts in non-
inducing conditions (Sellem et. al. 2009).

To address these possibilities, Iman Asaria, an undergraduate student, had begun to
sequence aod-1, aod-2, and aod-5 in TIP11. The region of interest in aod-1 was the promoter
region, since a mutation could exist in TIP11 that causes the promoter to be constitutively active.
The genes for the transcription factors aod-2 and aod-5 were also sequenced to look for
mutations that could cause them to be active even in non-inducing conditions. Because the
transcription factors are considered to be constitutively bound to the promoter of the genes they
regulate, (Descheneau et. al. 2005; Qi et. al. 2017) a change in their amino acid sequence could
be responsible for the production of aod-1 mRNA seen in T1P11, as observed for the P. anserina
mutants mentioned above. [ completed the sequencing begun by Iman by PCR amplifying
fragments of each gene and sequencing sections using the sequencing primers summarized in
Table 2.2 of Materials and Methods.

Although the complete history of the development of strain T1P11 is not obvious in the
literature, most common N. crassa lab strains are derived from strain OR74A. There are three
versions of the sequenced genome for this reference strain. One is available at NCBI
(https://www.ncbi.nlm.nih.gov/), the other at the Mycocosm data base

(http://genome.jgi.doe.gov/programs/fungi/index.jst), and the last at the FungiDB database

http://fungidb.org/fungidb/). A fourth N. crassa strain (FGSC73) of opposite mating type is also

available at Mycocosm (http://genome.jgi.doe.gov/programs/fungi/index.jsf). The sequences
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from T1P11 that were obtained by Iman and me for the aod-1 promoter, the aod-2 gene, and the
aod-5 gene matched exactly to all the reference sequences in the regions examined (Fig. 3.7 A,
B, C) with one exception. There was a single transition (T to C) in the 5’ untranslated region
(UTR) of aod-5. The change occurs at position -815 relative to the A of the ATG start codon
taken as position 1. It seems very unlikely that the 5'UTR of aod-5 could cause the protein to
become constitutively active. Thus, it appears there are no relevant changes in the T1P11
sequence at the aod-1, aod-2 or aod-5 loci to account for the observed increase in transcripts. It
should be noted that whole genome sequencing data from T1P11 that was obtained after the

above analysis (see below) are in agreement with our results.

3.2.3 Whole genome sequencing of high and low aod-1 transcript expressing strains

In an attempt to identify other candidate genes that might be responsible for the
upregulation of aod-1 transcripts observed in certain strains of N. crassa, genomic DNA was
extracted from several progeny and the parental strains of our NCN233 x T1P11 cross. Strains 3,
4, and 6, were chosen as low expressing progeny while 19, 23, and 26 were chosen as high
expressing (Fig. 3.6). Our collaborators at Oregon State University sequenced the DNAs we
supplied and mounted the data in G-browse (http://ascobase.cgrb.oregonstate.edu/cgi-
bin/gb2/gbrowse/ncrassa_public/) and supplied a .vcf file with the data for each strain. This file
was opened in Excel, and conditional filtering criteria were applied to the strains (see Materials
and Methods section 2.11).

Given that the results of NCU233 x T1P11 cross suggested that the presence of high
levels of aod-1 transcripts in the absence of CM might be due to a mutation in a single gene, I

examined the Excel sequence files for all differences in the high expressing strains (T1P11, 19,
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Figure 3.7. Results of sequencing aod-1, aod-2 and aod-5 in strain TIP11. T1P11 genomic DNA
was isolated by former 399 student (Iman Asaria). PCR primers (F1A, R1A, F1B, R1B, F2, R2,
F3, R3; refer to Materials and Methods Table 2.2) were used to amplify fragments of the
different genes. PCR products were electrophoresed on an agarose gel for purification. DNA was
extracted and purified and segments of the genes indicated by the numbered, colored boxes were
sequenced by sequencing primers, (sequences given in Materials and Methods Table 2.2). Each
number indicates a segment of the gene sequenced by a sequencing primer. Within the gene
representations, white boxes are UTRs, thin grey boxes are introns, and thick black boxes are
exons. Green indicates the translational starts (ATG) and red indicates the stop codons (TGA).
A) aod-1: no changes found relative to the standard sequences. B) aod-2: No changes were found
in the aod-2 gene. C) aod-5: The aod-5 gene had one base-pair substitution in the S'UTR (T to
C) prior to the coding sequence. Number shown with the mutation indicates the number of bases

upstream from the A of the ATG start codon.
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23, and 26) that were not present in any low expressing strains (Table 3.2). This filtering process
was accompanied by a program designed in Visual Basics for Applications (VBA) in Excel that
took the genomic position of the mutation and matched it to known coding regions of genes in
the N. crassa genome obtained from transcripts for Neurospora crassa OR74A (assembly 10)
supplied to us by the Freitag Lab at Oregon State University (see Materials and Methods section
2.10 and 2.11). A total of 123 genes were changed in T1P11, 48 genes in strain 26, 151 genes in
strain 23 and 105 genes in strain 19. These genes were then compared among all strains using a
Venn diagram (Venny program; see Materials and Methods section 2.11). This process narrowed
the search down to mutations in two different candidate genes that were common among all
high-expressing aod-1 strains (Table 3.2 and Fig. 3.8).

One of the candidate genes, NCU05180 (kinesin-9), contained 4 mutations relative to the
reference sequence. Three mutations were single nucleotide changes (all G to A changes) located
in the 3'UTR. The fourth change was also a G to A transition that occurred in the coding region
of exon 3 or 4, depending on the splice variant considered. The latter change would result in an
amino acid change from aspartic acid to asparagine very near the C-terminus of the protein (Fig.
3.9A). This change affects amino acid residue number 740 of the 743 residue long protein, or
906 of the 909 residue long protein, depending on the splice variant. Since all three wild-type
reference strain sequences lack the G to A changes in the 3'UTR, as well as the G to A change in
the coding sequence, we consider the changes as mutations. The amino acid sequences of kin-9
orthologues were aligned in fungal species from the Sordariomycetes, Eurotiomycetes,
Saccharomycotina, and Taphrinomycotina phyla. Clustal revealed that the Asp is conserved in
some more closely related fungal species such as Magnaporthe oryzae, and Aspergillus nidulans,

but not in more distantly related species like Yarrowia lipolytica or
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Table 3.2. Number of changes present in the genome of high-expressing aod-1 strains compared to
the reference sequence and absent in the low-expressing strains. Changes include single base pair
substitutions, deletions and insertions. These changes were present throughout the genome, including
coding regions, UTRs, exons, and introns. The number of changes remaining after excluding changes
also found in low-expressing strains is indicated in the second row. The changes were then run
through the FindData VBA program in Excel (see Materials and Methods) to identify changes found
only in coding regions of genes (last row). The last row gives numbers of genes with changes in

coding sequences.

TiP11 Strain 26 Strain 23 Strain 19
Total number of changes
compared to reference
sequence 19166 29164 62011 55628
Total number of changes
after excluding changes
also present in low-
expressing aod-1 strains 4434 2932 2842 1932
Total number of genes
with changes in coding
regions 123 48 151 105
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Strain 23 Strain 26

Strain 19

Figure 3.8. Venn diagram of changes in coding regions of genes relative to the reference
sequence for high-expressing aod-1 strains. Positions of changes in coding sequences found only
in high-expressing strains were inserted into the FindData VBA program. Individual NCU
numbers were listed using the program for each strain (see Materials and Methods section 2.11).
Exclusive and common NCU numbers among the strains were determined by the VENNY

program (http://bioinformatics.psb.ugent.be/webtools/Venn/) which displays the data in a Venn

diagram. The number “2” in the center represents the two genes fIb4 (NCU08319) and kin-9

(NCUO05180) that contained changes common to all four strains.
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Figure 3.9. Location of mutations in kin-9 (NCUO05180) and fIb4 (NCU08319) in strains T1P11,
19, 23 and 26. Genomic DNA was isolated from parental strains NCN233, and T1P11, as well as
progeny strains 3, 4, 6, 19, 23, 26. Genomic DNA was sequenced by our collaborators at Oregon
State University. Mutations in strains that had high aod-1 expression levels in the absence of CM
(TIP11, 19, 23, 26) were detected using conditional formatting and filtering criteria applied in
Excel. A VBA program searched through a list of coding regions in genes based on mutation
positions resulting in two candidate genes that carried mutations in all high aod-1 expressing
strains, relative to the reference sequences that were not present in any low expressing strain.
White boxes are UTRs, grey boxes are introns, and black boxes are exons. Green indicates
translational start (ATG) and red indicates the stop codon (TAA or TGA). A) The kin-9 gene
(NCUO05180). A transition mutation (G to A) was located in codon 740 of splice variant 1, or in
codon 906 of splice variant 2 on chromosome 4 resulting in an amino acid change from aspartic
acid (Asp) to asparagine (Asn) in exon 3, or 4, depending on the splice variant. Three other G to
A differences (indicated as short, vertical lines above and below the 3'UTR) were located 3, 176,
and 179 bp after the stop (TAA) in the 3'UTR. B) The fIbA gene (NCU08319). A deletion
mutation was located at codon 338 of splice variant 1, or codon 322 of splice variant 2 resulting
in a frameshift in exon two or three that would truncate the protein from 766 amino acids to 375

amino acids in variant 1 or 750 amino acids to 359 amino acids in variant 2.

96



Schizosaccharomyces pombe (Fig. 3.10). AmiGO2 gene ontology bioinformatics analysis
(Ruepp et. al. 2004) revealed that the gene product of NCU05180 is most likely involved with
the cytoskeleton and is predicted to be associated with microtubules and vesicle mediated
transport. There are kinesins that are known to act as transcription factors. For example,
OsGDD1 is a plant kinesin and directly regulates the transcription of OSKO2 in rice by binding
to the promoter of OSKO2 (Li et al., 2012). OsKO2 is an ent-kaurene oxidase involved in the
gibberellin biosynthesis pathway (Ko et al., 2008). However, there is no evidence available to
suggest any such role for N. crassa kin-9. Examining the NCU05180 predicted protein sequence
using “search for conserved domains within a protein” at NCBI

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) revealed two domains: a myosin/kinesin

motor domain and an SMC N (structural maintenance of chromosome, N-terminal) domain. The
motor domain was found in all the proteins in the alignment except for S. pombe (Fig. 3.9). A
search for conserved domains in the S. pombe closest kin-9 homologue

(SPBC15D4.01c¢ (kinesin-like protein K/p9)) identified only a “kinesin-like protein domain”. The
SMC_ N domain was only conserved in N. crassa, M. oryzae, and A. nidulans. The presence of a
motor domain is not unexpected for a kinesin related protein. The significance of the single
SMC N motif, without a corresponding motif at the C-terminus, is unknown, since SMC
proteins typically have domains at their N- and C-termini that associate to form a structure with
ATPase activity (Nasmyth and Haering, 2005; Matityahu and Onn, 2018; Yuen and Gerton,
2018). Given that the change in NCU05180 is relatively conservative and does not occur in
either of the functional domains identified in the protein, it seems unlikely that this mutation has

any effect on aod-1 transcript levels.
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Figure 3.10. Clustal alignment of kin-9 homologues in the phylum Ascomycota of the fungi. The
amino acid sequences of Sordariomycetes species Neurospora crassa kin-9 kinesin-like protein
(NCUO05180) splice variant 1, Magnaporthe oryzae MGG_05060 kinesin family protein;
Eurotiomycete species 4. nidulans nidulans AN3124 kinesin family protein; Saccharomycotina
species Yarrowia lipolytica Y ALIOE10879p protein; and Taphrinomycotina species
Schizosaccharomyces pombe SPBC15D4.01¢ were aligned using the Clustal Omega program
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The closest homologue to the N. crassa kin-9 in the
other organisms was selected for comparison. The position of the motor and SMC N domains
are shown by yellow and pink highlighting, respectively. The location of the D to N change
present in the four high-expressing aod-1 N. crassa strains is highlighted in green. The D residue
highlighted in green is not conserved in the S. pombe or Y. lipolytica proteins. “*” (asterisk)
indicates positions that have a single, fully conserved residue; “:” (colon) indicates conservation
between residues of strongly similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix.

. (period) indicates conservation between residues of weakly similar properties scoring < 0.5 in

the Gonnet PAM 250 matrix.
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The second gene change was a single base pair deletion of a cytosine in the f/b4 gene
(NCU08319) (Fig. 3.9B). Loss of fIbA results in loss of the GTPase activity of the GPCR. This
change occurs in exon 2 (codon 322) or exon 3 (codon 338), depending on the splice variant of
the gene. This deletion would result in a truncation of the protein from 766 amino acids to 375
amino acids for variant 1, or 750 amino acids to 359 amino acids for variant 2. Either of these
changes would be predicted to have a severe effect on the protein as important functional
domains for G-protein signalling and its regulation would be lost (Fig. 3.11).

Although there are no studies of the gene in N. crassa, in Aspergillus nidulans, flbA is a
negative regulator of the Ga subunit of the GPCR. Studies conducted on a AflbA mutant in
Aspergillus niger have shown that loss of the gene affects conidiation (Lee and Adams, 1994;
Krijgsheld et al., 2013). Additionally, a microarray analysis conducted in 2013 in 4. niger
examined the effect of fIbA inactivation on the transcriptome. The study reported genes that had
greater than or equal to 2-fold changes in expression. One of the top 50 upregulated genes in the
AflIbA background was the 4. niger AOX-encoding gene, aox! (Krijgsheld and Wosten, 2013).
Therefore, fIbA is a strong candidate gene for the observed upregulation of N. crassa aod-1 in

certain strains.

3.2.4 Confirmation of candidate gene fIbA

To confirm that the mutation in fIb4 (NCUO08319) was implicated in the upregulation of
aod-1 transcripts, qPCR was conducted on two strains of opposite mating type with a deletion of
NCUO08319 (ANCUO08319) obtained from the N. crassa knock out library. These strains were
first examined by PCR analysis of extracted genomic DNA to ensure that NCU08319 was

knocked out in both mating types. This was shown to be the case (Supplemental Fig. 1). Both
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Figure 3.11. Sequence alignment of f/bA proteins. The amino acid sequence of Neurospora
crassa flbA (NCUO08319) and Aspergillus nidulans flbA (AN5893) and were aligned in Clustal.
Highlighted in red is the position prior to the insertion of an “A” nucleotide in the fIbA gene of N.
crassa high expressing aod-1 strains. This insertion would lead to the formation of a premature
stop codon and the truncation of the protein. Highlighted in yellow is the DEP (Dishevelled, Egl-
10 and Pleckstrin) domain which is involved in G-protein signaling. Highlighted in gray is the
RGS (Regulator of G-protein signaling) domain which is critical for activity. Both domains are
necessary for normal protein function and both are well conserved in N. crassa and A. nidulans.
The truncation event is predicted to render the mutated NCU08319 non-functional in high-

oo

expressing aod-1 strains due to the loss of these domains. (asterisk) indicates positions which

738 2]

have a single, fully conserved amino acid residue; “:” (colon) indicates conservation between
residues with strongly similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix. “.”

(period) indicates conservation between residues with weakly similar properties scoring < 0.5 in

the Gonnet PAM 250 matrix.
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Supplemental Figure 1. Wild-type (strain NCN233) and knockout (KO) versions of the
NCUO08319 locus. A) Wild-type locus for the NCU08319 gene encoding fIbA4. The white box
represents the coding region of the gene. The positions of the start (ATG) and stop (TGA)
codons are shown. The black bar to the left represents the 5’ flanking region used to promote
integration of the knockout construct at the correct locus by the N. crassa knock out project. The
grey bar to the right represents the flanking sequence for the 3’ region integration. The position
and orientation of primers used in PCR of genomic DNA isolates from wild-type and knockout
strains are shown as small arrows with the primer name. B) The structure of the locus following
replacement of the NCU08319 gene by the HygR (Hygromycin resistance) cassette. PCR
primers are shown as in panel A. C) Results of PCR using primers 08319-4 and 08319-3 and
with template genomic DNA isolated from the indicated strains. NCN233 contains a wild-type
locus (panel A) while the KO strains contain the HygR replacement (panel B). HindIII fragments
of lambda phage DNA were used as standards and their size in kilobase pairs is indicated on the
right. The predicted sizes of PCR products are given at the bottom of the panel. D) As in C
except the PCR primers were 08319-1 and 08319-3. PCR analysis was conducted by Frank

Nargang.
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mating types of the knock out were analyzed: ANCUO08319 (position 13D1 in the knock out
library) mating type a and ANCUO08319 mating type 4 (position 13D2 in the knock out library
plate array). The knock out strains were grown in medium lacking CM, RNA was isolated and
cDNA was synthesized. Following qPCR, AACT values for both mating types of ANCU08319
were compared to strains T1P11 and NCN233, both grown in the absence of CM. The analysis
revealed that ANCUO08319 (13D1) had elevated aod-1 transcript levels as observed in TIP11.
However, ANCUO08319 (13D2) had a wide range of results between biological replicates,
resulting in the large error bars seen in Fig. 3.12. It should be noted that three out of four of the
biological replicates for mating type A (13D2) had very low CT values (i.e.; high aod-1 mRNA
levels). Therefore, one biological replicate gave rise to the large error bar. Thus, mating type A
most likely also has elevated transcript levels. CT values for S-tubulin were consistent for all
strains analyzed. Taken together, all these data suggest that the deletion mutation in f/bA4
identified by genomic sequencing analysis results in the high uninduced levels of aod-I mRNA

in strain T1P11.

3.3 Evidence for regulation of aod-1 mRNA Translation
3.3.1 aod-1 mRNA amount and AOX protein amount are not strongly correlated

As discussed in section 3.2, the original strains observed with high uninduced levels of
aod-1 mRNA appeared to be devoid of AODI1 protein (Descheneau et al., 2005). I wished to
investigate this observation further and began by determining if any strains with high uninduced
levels of aod-1 mRNA contained AOD1 protein. The strains were examined by Western blot of
mitochondria isolated from cells grown in both -CM and +CM conditions. All strains produced

AODI1 in the presence of CM. Interestingly, faint bands of AOD1 protein were observed
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Figure 3.12. aod-1 transcript levels in NCN233 (wild-type control), T1P11, and ANCU08319
mating type a (13D1) and 4 (13D2). Strains were grown in —CM medium for 14 hours, RNA
was extracted and cDNA was generated. The expression levels of aod-1 mRNA were determined
by qPCR with four biological replicates (three technical replicates each) and standardized to -
tubulin. AACT values were obtained by standardizing to wild-type, NCN233. Error bars

represent the standard error of the mean.
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following growth in —CM conditions for strains 26 (high uninduced transcript levels) and 17
(unknown levels of transcript), while a stronger band was observed for strain 23 (high uninduced
transcript levels) (Fig. 3.13). Strains 6 (low uninduced transcript levels), 9 (high uninduced
transcript levels), 11 (unknown levels of transcript), 16 (high uninduced transcript levels) and 19
(high uninduced transcript levels) had no observable AODI protein present in uninduced

conditions (Fig. 3.13).

One simple explanation might be that there is a direct relationship between the amount of

aod-1 mRNA observed in a certain strain and the amount of AOD1 protein produced. However,
this did not appear to be true. Comparison of the qPCR data (Fig. 3.6) with the Western blot
results (Fig. 3.13) revealed no clear relationship between the amount of transcript detected and
the amount of protein present. For example, the amount of aod-/ mRNA present in uninduced
T1P11 and uninduced progeny strain 19 was similar to the amount in the CM-induced (+CM)
wild-type strain NCN233 (Fig. 3.6). However, mitochondria from uninduced T1P11 and strain
19 contained no detectable AOD]1 protein, while the CM induced NCN233 contained large
amounts of the protein (Fig. 3.13). If there was a simple relationship between amount of mRNA
and amount of protein, I would have expected to see AOD1 protein levels for the uninduced
T1P11 and strain 19 to be similar to what was seen in the wild-type in the presence of CM.
Similarly, strains 16 and 9 had elevated transcript levels that resulted no detectable protein.
These data strongly suggest that some post-transcriptional mechanism controls AOX protein
level in addition to the previously described transcriptional control of the aod-1 gene (Chae et

al., 2007a, 2007b; Tanton et al., 2003; Qi et al., 2016).
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Figure 3.13. AODI1 protein in parental and selected progeny strains. Cultures of the parental
wild-type NCN233 and T1P11 strains, and the indicated progeny strains, were grown in the
absence of CM (-CM) for 14 hr, and for 16 hr in the presence of CM (+CM). Mitochondria were
isolated, subjected to SDS-PAGE and Western blotting with a short and long exposure. Fractions
were analyzed for the presence of AOD1 protein using an AOD1 antibody. Hsp70 served as a
loading control. Strains 17, 23, and 26 all had detectable AODI protein in cultures grown in non-
inducing conditions (arrows). (Note that strains 11 and 17 were not among the strains examined

by qPCR for aod-1 mRNA levels (Fig. 3.6)).
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3.3.2 AOD1 is not sequestered in the cytosol under non-inducing conditions

Since aod-1 mRNA was successfully translated in T1P11 and strain 19 when they are
grown in inducing conditions (Fig. 3.13), it is possible that growth in CM results in the
production of a signal to initiate protein synthesis from the aod-1 mRNA. One obvious
possibility for achieving such control would be by either recruiting RNA-binding proteins
essential for translation or by removing proteins that are inhibiting translation under non-
inducing conditions. However, since the Western analysis in Fig. 3.13, and previous work on
AOX expression was done using purified mitochondria, it is also possible that the protein is
made, but not imported into mitochondria in the absence of CM. It is also conceivable that the
protein is made but is rapidly degraded in strains with high uninduced levels of aod-I mRNA.

If the protein is being synthesized in the cytosol but not being imported into the
mitochondria in the absence of CM, I would expect to find the protein in the cytosol. To
determine if the protein is present in the cytosol in —CM conditions, I grew T1P11, NCN233, and
three biological replicates of progeny strain 23, which had the greatest abundance of protein in
mitochondria following growth in non-inducing conditions (Fig. 3.13). Cytosolic fractions were
isolated and Western blotted for the presence of AOD1 protein. All strains grown in the presence
of CM contained small amounts of AODI protein in the cytosol, which was more apparent in the
longer exposure (Fig. 3.14). Because this band was present for all of the strains including the
wild-type in inducing conditions, it is most likely just trace amounts of protein that had not yet
been imported into the mitochondria. However, no strain grown under non-inducing conditions
contained detectable AOD1 in the cytosol. Thus, it appears that AOX is not sequestered in the

cytosol under non-inducing conditions for any strain.
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Figure 3.14. Western Blot analysis for AOD1 protein in cytosolic fractions. NCN233, T1P11,

and three biological replicates (I, IL, III) of strain 23, were grown in both the absence (—CM) and
presence of chloramphenicol (+CM). Cytosolic fractions (cytosol) were isolated, proteins were
separated by SDS-PAGE, blotted to PVDF membrane and probed with the antibodies indicated
on the right. Wild-type NCN233 mitochondria (Mito) isolated from cells grown in the presence
of CM served as a control for AOD1. Arginase served as a cytosolic protein loading control, and

HSP70 as a mitochondrial loading control. Two exposures were taken for AODI.

111



3.3.3 AOD1 is not made and rapidly degraded in the absence of an inducing signal

As mentioned in the previous section, another possibility for the lack of AOD1 protein in
strains expressing high uninduced levels of aod-1 transcript, was that the AODI protein is made
in —CM growth conditions but has a short half-life due to rapid degradation. Thus, there may be
signals produced in the presence of CM that serve to prevent the degradation. If so, it is possible
that the lack of a substantial AOD1 band observed in strains such as T1P11, 9, 23 and 26 in non-
inducing conditions is due to protein degradation. Therefore, I wished to determine if previously
synthesized AODI1 protein would be rapidly degraded once the inducing signal was removed.
Strains NCN233 and T1P11 were grown in +CM medium. A small sample of the culture was
taken following 18 hr growth and mitochondria were isolated. The remaining culture was then
filtered and washed to remove medium containing CM. The mycelium pads were then
transferred to medium without CM and growth was continued. Samples were taken after 2, 4,
and 6 hr of growth in —CM. Mitochondria were isolated and subjected to Western blotting for
AODI. If rapid degradation occurred in the absence of inducing signal, I would expect
disappearance of the AOD1 band. This was not the case. Protein amounts gradually decreased at
similar rates in both TIP11 and NCN233 (Fig. 3.15). Thus, rapid degradation of AOD1 in the
absence of inducing signal can be excluded as a general mechanism because there was detectable
protein for at least 6 hr after the signal was removed. The small decrease of AODI protein seen
over the course of the experiment is likely due to the dilution of the protein with continued
growth in the absence of an inducing signal. The data described above remove two possible
explanations for the absence of AOD1 protein and suggest that aod-1 mRNA present under non-

inducing conditions may be subject to translational control as the most obvious explanation.
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Figure 3.15. The AODI1 protein is not rapidly degraded in the absence of an inducing signal. The
wild-type strain NCN233 and strain TIP11 were grown in —CM (-) for 16 hr and +CM (+)
conditions for 18 hr. After growth in +CM medium for 18 hr, mycelia were harvested under
sterile conditions and suspended in medium without CM. These cultures were grown for 2 hr
(2h), 4 hr (4h), and 6 hr (6h). After each time point, cultures were harvested and mitochondria
were isolated. Proteins were subjected to SDS-PAGE followed by Western blotting for the

AODI1 protein. HSP70 served as a loading control.
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3.4 5" and 3'UTR replacements of aod-1

If translational control was the reason for observing little to no AOD1 protein, despite the
presence of aod-1 mRNA in certain strains grown under non-inducing conditions, this could be
achieved in one of two ways. First, it is possible that a regulatory protein(s) is bound to the
mRNA and prevents its translation in the absence of the appropriate inducing signal.
Alternatively, a protein(s) required for translation may not bind to the mRNA unless an inducing
signal is present. There are precedents for both these negative and positive types of translational
control in the literature (Abdelmohsen, 2012; Oliveira et al., 2017). Furthermore, such effects are
most often mediated by proteins binding to the 5" and/or 3" UTR regions of the target mRNAs
(Oliva et al., 2015; Szostak and Gebauer, 2013). Preliminary work on constructs with modified 5’

and 3’ UTRs is described in the Appendix.

3.5 High variability in levels of aod-1 mRNA in certain strains

An interesting observation from the qPCR data was the variable results seen for certain
progeny strains as shown by the large range of ACT values and large error bars. Originally, four
biological replicates that appeared to be consistent were graphed (Fig. 3.6). However, further
analysis revealed that there was high variance among replicates in some strains. To gain a better
understanding of the range in data, additional qPCR experiments were performed and all ACT
values obtained from all qPCR runs were collected and graphed for all the strains. Strains 19, 23
and 26 had the widest range of ACT values obtained from the biological replicates, with strain 23
having the greatest range in values (Fig. 3.16)

Due to the wide range in the values for aod-/ mRNA in certain strains, it was

conceivable that, by chance, in the studies described above (Fig. 3.13, section 3.3.1), the -CM
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Figure 3.16. Variation in expression levels of aod-1 transcript. Aod-1 ACT values for parental

and progeny strains are shown as box and whisker plots. Parental (T1P11 and wild-type

NCN233) and progeny (3, 4, 6, 9, 16, 19, 23, 26, 33, 34 and 36) cultures were grown in the

presence (+CM), or absence (-CM) of CM. RNA was isolated, converted to cDNA and analyzed

by qPCR. ACT values for aod-1 were calculated by standardizing to B-tubulin. Each dCT value

is denoted by a purple dot (e). Whiskers were generated to span the maximum and minimum

points while box plots show the median with 50% of values (indicated by the line inside the

box).
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cultures examined by Western blot happened to correspond to cultures with low aod-1 mRNA
(since qPCR samples and mitochondrial isolation samples were from different cultures). Thus, it
could be that uninduced cultures with high aod-7 mRNA levels actually do contain large
amounts of AODI1 protein, but were simply missed in my previous analysis. To explore this
concept further, a greater number of biological replicates for strains 19 and 23, which had the
largest ACT ranges (Fig. 3.16) and had observable AODI1 protein in the first Western analysis
(Fig. 3.13), were examined for the presence of AODI protein. The replicates were grown in —
CM conditions, mitochondria were isolated, and blotted for AODI1 protein. Strain 19 had no
observable AOD1 protein at the shortest exposure time, but the longer exposure showed very
faint bands in all the biological replicates (Fig. 3.17A). One replicate (A) for strain 23 had an
observable AOD1 protein band at the low exposure time. A longer exposure revealed the
presence of AODI protein for biological replicates C and E (Fig. 3.17B). In these experiments,
all of the replicates were grown at the same time, under the same conditions, with no known
variations in medium, temperature, growth time, or stress conditions. Thus, unknown factors
appear to cause variability in AODI content between cultures of the same strain.

As mentioned above, up to this point, cultures had been grown and either processed only
for RNA extraction or for mitochondrial isolation to be used for Western analysis. There had
been no simultaneous comparison of a single culture’s transcript and protein levels. Because of
the variation in transcript and protein amounts of strain 23 cultures, five biological replicates
were grown and each was examined individually via both qPCR and Western Blot analysis in the
absence of CM. Samples for gPCR were taken after 14 hrs. The remainder of the culture was
harvested after an additional 2 hr of growth for isolation of mitochondria. qPCR results were

converted to AACT values and graphed. Replicate E had the greatest amount of detectable
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Figure 3.17. AODI protein in different cultures of strains 19 and 23. Eight biological replicates
(A to H) of strain 19 (A) and seven biological replicates (A to G) of strain 23 (B) were grown in
the absence of CM (-CM) for 16 hr. Mitochondria were isolated and subjected to SDS-PAGE
and Western blotting. Fractions were analyzed for the presence of AODI1 protein using an
antibody to the protein. Hsp70 served as a loading control. Long and short exposures were taken
to detect varying amounts of protein. NCN233 +CM and —CM mitochondrial fractions were

included as an AOD1 control.
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transcript, followed by biological replicate A (Fig. 3.18A). Therefore, replicate E would be
predicted to have the greatest abundance of AOD1 protein, followed by replicate A. However,

Western Blot analysis revealed that biological replicate A had more AOD1 protein than replicate

E (Fig. 3.18B). Western blot results revealed no detectable protein for replicates B, C and D (Fig.

3.18B). Thus, it appears that the amount of aod-/ mRNA in uninduced cultures does not directly
correlate with the amount of AOD1 protein.

To quantify the level of AODI protein in biological replicate A, I prepared two-fold
serial dilutions of NCN233 mitochondrial fractions isolated from +CM cultures and
electrophoresed these on the same gel as a mitochondrial sample from the strain 23, replicate A,
-CM culture. A Western blot was then done to estimate levels of AODI protein. The Western
analysis revealed that the protein abundance for replicate A grown in the absence of CM is
approximately four fold less than the protein amount of NCN233 grown in the presence of CM
(Fig. 3.18C). However, the transcript amount for NCN233 +CM cultures are typically about 10-
fold more aod-1 mRNA than NCN233 -CM cultures (Fig. 3.6), while the strain 23 replicate A
has over 100-fold as much transcript as NCN233-CM (Fig. 3.18A). Based on these numbers for
the transcripts, it would be predicted that replicate A would have approximately 10-fold more
AODI1 protein than NCN233 +CM rather than 4-fold less. Again, these data support the

hypothesis for a mechanism of post-transcriptional control, most likely at the level of translation.
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NCN233 23A
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Dilution factor

Figure 3.18. qPCR and Western blot results for aod-1 transcript and protein of five biological
replicates of strain 23. NCN233 and five biological replicates (A to E) of strain 23 cultures were
grown in the presence (+CM), or absence (-CM) of CM. A) Samples from cultures grown in the
absence of CM were taken for RNA extraction after 14 hours, while the bulk of the culture was
harvested after 16 hours for mitochondrial isolation. RNA extracts were converted to cDNA,
analyzed by qPCR, and AACT values were graphed. Error bars represent the standard error of the
mean but they are representative of technical replicates, and are therefore very small and cannot
be readily seen. B) Isolated mitochondria were subjected to SDS-PAGE and analyzed for AOD1
protein by Western Blot. Wild-type NCN233 grown in both media (+CM and —CM) served as a
control. Hsp70 served as a loading control. Two different exposures were taken to detect varying
amounts of protein. C) Relative AOD1 protein abundance in replicate 23 A was determined
relative to to serially-diluted NCN233 +CM mitochondrial fractions. Hsp70 served as a loading

control.
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4.0 Discussion
4.1 NCU06940

ChIP-seq experiments performed by Zhigang Qi in our lab confirmed the binding of the
AOD?2 and AODS transcription factors to the aod-1 promoter (Qi et al., 2016). In addition,
binding to the upstream region of several other genes was detected. The most robust peaks were
found to be upstream of a gene that encodes the hypothetical protein NCU06940. Using qPCR
analysis on strains lacking AOD2 or AODS5, I demonstrated that the expression of NCU06940
was dependent on these proteins. Furthermore, qPCR analysis revealed an increase in the
expression of the gene when cells were grown in the presence of CM. Therefore, the knockout
strain, available from the N. crassa knockout project, was grown in the presence of CM and AA
to determine if NCU06940 played a role in the response to these two inhibitors, perhaps related
to AOX function. However, no effect on growth rate compared to wild-type was detected (Figure
3.4). Similarly, no effect was seen by altering the growth temperature. Studies conducted in P.
anserina and A. nidulans, organisms with AOD2 and AODS orthologues, revealed a role for the
transcription factors in the expression of gluconeogenic genes (Bovier et al., 2014; Suzuki et al.,
2012). Similarly, the ChIP-seq work with N. crassa revealed that the AOD2 and AODS
transcription factors have a role in regulating PEPCK (phosphoenolpyruvate carboxykinase), a
gene involved in gluconeogenesis, as well as other genes involved in energy metabolism (Qi et
al., 2016). Therefore, the growth of the knock-out strain was also tested on different carbon
sources (Figure 3.4). However, there were no differences in growth between the NCU06940

knockout and the wild-type strain.
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The stress tests conducted for the NCU06940 knockout were by no means exhaustive.
Other tests might include nutrient deprivation, osmotic stress, or acidic and alkaline growth
environments. However, given that the predicted protein has no functional domains based on
bioinformatics analysis, it does not seem warranted to examine random possible functions. In
summary, since NCU06940 has no known functional domains, is not an essential gene, and only
exists in some members of the order Sordariomycetes, it is difficult to hypothesize what its

function may be.

4.2 High level of aod-1 transcript in strain T1P11

My second project began with an attempt to determine the cause of high levels of aod-/
transcripts observed under non-inducing conditions in strain T1P11. Because T1P11 was known
to be mutated in the tyrosinase gene, I set out to determine if the loss of tyrosinase played a role
in aod-1 transcription. This was done by analyzing the progeny of a cross between a wild-type
strain and T1P11 that had been set up by an undergraduate student. Analysis of aod-1 transcript
levels and identifying strains with the 7" mutation showed no correlation between progeny strains
that have the tyrosinase mutations and high aod-1 expression. This result was not unexpected, as
the main function of tyrosinase is in the biosynthesis of the pigment melanin (Kupper et. al.
1989).

I then examined the aod-1, aod-2, and aod-5 genes in TIP11 to determine if any
mutations in these genes or flanking regions could explain the effect. No mutations in these
genes relative to any sequenced wild-type strain were found except for one change in the
upstream region of aod-5. Thus, alterations in these genes could be ruled out as a cause of the

effect.
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The only remaining possibility was that one or more gene mutation(s) elsewhere in the
genome was responsible for the overexpression of aod-1, therefore implicating a role for such a
gene(s) in the regulation of transcription of the aod-1 gene. Genomic DNA from an equal
number of high and low expressing aod-1 progeny strains, as well as the parental NCN233 and
T1P11 strains, was sent to our collaborates at Oregon State University for sequencing. The
sequence was determined for all the strains and the data entered into a VCF (variant call format)
file. Upon receiving the sequencing data, I analyzed it to find gene mutations that might be
responsible for the high uninduced expression of aod-1 by comparing the sequence from all
strains.

Many programs exist for analyzing whole genome sequencing data. For example, the
sequenced genomes were initially launched on a Java program called Integrative Genomics
Viewer or IGV (Robinson et al 2011; Thorvaldsdéttir et. al. 2013). The individual genomes of
the strains were compared to the Neurospora crassa OR74A (Assembly 10) genome. IGV allows
the user to scroll through a genome. Although the ease of using the application was appealing, it
was extremely time consuming and prone to human errors when it came to analyzing mutations.
Opening the VCF file sequencing results in Excel provided a list of all changes in each strain in
separate columns. Each change was also associated with a precise position of the N. crassa
genome. There were tens of thousands of mutations to annotate in eight different strains. It was
likely that most of the mutations existed in intergenic regions, or, if they were within a gene, they
would be in non-coding regions that would likely have no effect on gene function. For example,
strain TIP11 had 19166 changes in its genome compared to the reference sequence. Changes

also present in low-expressing strains were filtered out, for a total of 4435 changes to analyze.
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Out of these 4435 changes, 1297 were in coding regions of known genes. Many genes had
multiple changes so that the total number of genes with changes in coding regions was 124.

It should be noted that the data would have been easier to analyze if an annotated SNP
library existed for Neurospora crassa. SNP libraries are readily available for many human cell
lines (https://www.ncbi.nlm.nih.gov/dbvar/content/org_summary/), as well as other organisms
including Arabidopsis thaliana (Schmid et. al. 2003) and Saccharomyces cerevisiae (Otero et. a.
2010). The availability of SNP-related data and software for these organisms makes it possible to
analyze, interpret, and manage thousands of mutations. Unfortunately, no SNP-library or SNP-
related software for V. crassa was available to use. Therefore, I used a combination of filtering
tools in Excel, along with a FindData program written in Visual Basics for Application (VBA)
(see Materials and Methods section 2.11 for details) to identify changes in coding regions of

genes exclusive to high-expressing aod-1 strains (detailed below).

4.3 A mutation in F/bA (NCU08319) results in the upregulation of aod-1 transcripts

The FindData code in VBA identified two candidate genes that are mutated relative to the
reference sequence and present in all four high aod-1 expressing strains (strains 19, 23, 26 and
T1P11) but not mutated in any of the low aod-1 expressing strains (3, 4, 6, and NCN233). One of
the genes was NCUO05180 and was identified in fungiDB as kinesin-9 (kin-9). NCU05180 had
four mutations, one of which was in a coding region. Kinesin proteins are grouped into 14
different families. They are involved in the maintenance and function of the cytoskeleton, and,
more specifically, in microtubule plus-end-directed transport. Kinesin proteins are characterized
by their conserved motor domain where ATP and microtubule binding occur (Berk et. al. 2000).

Although nothing in the literature exists to evaluate the specific role of the N. crassa kin-9,
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function predictions based on MIPS_funcat available on FungiDB indicate that it may be
involved in vesicle-mediated transport. Although there are kinesins known to have transcription
regulating activity by acting as transcription factors and binding to promoters of specific genes
(such as OSGDDI1 discussed in section 3.2.3), the lack of DNA-binding domains in kin-9
suggests that it would most likely not have this function. The mutation in NCU05180 results in
an amino acid change from aspartic acid to asparagine. However, the Asp affected is near the C-
terminal end of the protein. It is conserved in the Sordariomycetes and some other fungal phyla,
but not all. It does not seem likely that this relatively conservative mutation would grossly affect
the function of the protein. Furthermore, it is not immediately obvious how a small alteration in a
kinesin would play a role in the regulation of aod-1 transcription. To confirm that NCU05180
does not play a role in regulating AOX, qPCR for aod-1 transcripts could be conducted on an
ANCUO05180 knock-out strain.

The second gene identified seems more likely to be involved in the upregulation of aod-/
transcripts in non-inducing conditions. The mutation in fIb4 (NCU08319) is a deletion of a
single base pair within the coding region resulting in a frameshift that severely truncates the
protein. A transcriptome microarray study in A. niger reported 1152 genes whose expression was
altered by two-fold or more in a 4flbA mutant (Krijgsheld et al., 2013). The genes reported were
altered by a factor of equal to or greater than 2-fold in expression level. One of the top
upregulated genes was aox/, which encodes the 4. niger AOX. Gene expression was measured
in three different concentric zones of colony growth on agar plates: zone 1 was the oldest,
central-most zone, zone 3 was the intermediate zone, and zone 5 was the youngest, most
peripheral zone. These zones were examined because AfIbA strains have altered secretomes. For

example, a larger number of proteins can be identified in the AfIbA4 secretome as compared to

125



wild-type (Krijgsheld et al., 2013). Interestingly, the level of upregulation of aox/ varied
between zones. In the central zone, the expression of aox/ was increased 5.5 fold over wild-type.
At the intermediate zone, the increase in expression was almost 8-fold. The periphery saw the
most upregulation of aox/ at almost 18-fold more expression than wild-type 4. niger. It is
currently unknown how or why the /b4 mutation affects aod-1 (or aoxI in A. niger)
transcription. Based on studies done in Aspergillus, fIb4 negatively regulates the G-alpha subunit
of the heterotrimeric G-protein complex (Seo et. al. 2005). However, to my knowledge, it is
unknown if the G-protein complex is involved in the regulation of aod-1.

Interestingly, although the N. crassa aod-1 transcripts are upregulated in the fIb4
mutants, these transcripts are not translated into AOD1 protein. Presumably, a signal(s) that is
present when the SETC is perturbed is not present in the mutated f/bA4 strains to allow these
upregulated transcripts to be translated. Although Western blot analysis on the knockout fIbA4
strain (ANCUO08319) has not been done, it is presumed that there would be no protein in the
absence of an inducing signal, as seen in the strains containing the deletion frameshift mutation.
The possibility that the mutation affects the activity of the aod-1 transcription factors seems
unlikely. The 4. niger transcriptome study did report 20 transcription factors that are upregulated
in the AflbA strain. Although many of those were zinc cluster transcription factors, the
orthologues of AOD2 and AODS5 were not among those listed as affected in the mutant strain
(Krijgsheld et. al. 2013).

Although my results have shown that the fIb4 knock out strain from the N. crassa knock
out library has a phenotype similar to the deletion mutant strains analyzed in this study, it would
be prudent to perform a gene rescue of the ANCUO08319 strain or TIP11 with the wild-type flbA

gene. This should restore wild-type levels of uninduced aod-1 transcripts and would verify the
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involvement of the fIb4 gene in the regulation of aod-1 transcription. This is being conducted by
our collaborators at the Freitag Lab at Oregon State University. This proof is especially desirable
because of known problems with strains in the N. crassa knock out library (Chinnici et al., 2014;
Fu et al., 2011; Nishka Kishore, thesis). Even though we have shown that the strains do contain
the correct deletion, it has been observed that many other mutations may exist in a given knock

out strain from the library.

4.4 Evidence for post-transcriptional regulation of aod-1 expression

The high amount of uninduced aod-1 transcript but very low to undetectable AODI1
protein levels observed in some N. crassa strains such as T1P11 was puzzling. It was
conceivable that in the absence of an inducing signal, the protein was either not imported into the
mitochondria or was rapidly degraded. I showed that the protein did not accumulate in the
cytosol and that there was no apparent system for rapid degradation without the presence of an
inducing signal. Thus, it was most likely that the protein was not being made, and some form of
translational control was in place to prevent synthesis of the AOD1 protein under non-inducing
conditions.

I hypothesized that a post-transcriptional regulatory region may exist in the aod-1
mRNA. Such regions have been identified in other transcripts. For example, in c-myc mRNA, a
cis-acting sequence element, contains a ~250 bp sequence in the coding region called the coding-
region instability determinant (CRD). This region is bound by a protein called the coding-region
instability determinant binding protein (CRD-BP). CRD-BP is highly expressed in fetal and
neonatal tissues, and is found in most cell lines. When bound to the CRD, the protein protects the
c-myc mRNA from endonucleolytic cleavage resulting in enhanced expression (Noubissi et. al.

2010). However, the majority of proteins that control translation of mRNAs bind to either the
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5'UTR or 3"'UTR of those transcripts (Gebauer et. al. 2012). Several specific protein binding sites
on mRNAs have been identified in both the 3'UTR and 5" UTR of transcripts in mammalian
cells, as summarized in Table 4.1. Sequencing of cloned cDNAs in our lab has shown that the 5’
UTR of the aod-1 mRNA is variable in length and generally quite short (Tanton et. al. 2003).
Most transcripts were found to have a 19-56 nucleotide S'UTR with multiple transcript start sites
identified (Fig. 4.1A). The relatively short length of the 5’UTR region in many transcripts makes
it seem unlikely that it serves as a site for binding proteins involved in translational control. The
3'UTR is over 150 nucleotides long and may be more likely to be involved as a control region
(Fig. 4.1B). As illustrated in Table 4.1, AU-rich sequences in particular have been well
characterized as 3'UTR binding motifs for several RNA-binding proteins (RBPs) in mammalian
cells. The 3'UTR of the aod-1 gene does appear to be rich in AU/U regions. Some potential RBP
motifs, based on results from the RNA-binding protein database (RBPDB) binding site
prediction tool (http://rbpdb.ccbr.utoronto.ca/) are underlined in Fig. 4.1B.

In many eukaryotes, micro-RNAs (miRNAs) play a regulatory role by interacting with
the UTR regions. miRNAs are encoded in the genome of most, if not all, eukaryotes. They are
transcribed as small (approximately 21-22 nucleotides), non-coding RNA molecules that regulate
translation in eukaryotes (He and Hannon, 2004). In plants and animals, the most common role
of miRNAs is to post-transcriptionally downregulate genes by blocking translation or by
promoting degradation of mRNA (Bartel, 2004; Shabalina and Koonin, 2008). Pre-miRNAs are
processed by DICER, an enzyme present in the cytoplasm of the cell that cuts the pre-miRNA
into mature miRNA (Macrae et al., 2006). In plants and animals, miRNAs regulate genes

involved in a wide range of cellular activities, and have been shown to be players in disease,
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Table 4.1. Examples of some RNA-binding proteins and their binding sites as described in the
literature. The RNA-binding proteins (RBP), the locations of their binding sites within an
untranslated region (UTR) of the transcript, general binding sequence (Sequence), known
binding motifs (Known Motifs), and their functions (Function) are summarized from various
literature sources given as references. Motifs were obtained from the Attract database
(https://attract.cnic.es/). * indicates that that up to 64 known motifs were identified by the
database. 29 were selected for the table based on strongest binding affinity measured by a quality
score determined by the probability of observing a motif bound by the below indicated RBPs in

an experiment from the literature analyzed by the database, such as UV cross-linking or EMSA.
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AUF1

TIAL and TIAR

HUR

Mucleolin

IRP1

YB-1

UTR
mostly 3'UTR

3 and 5'UTR

3'and5' UTR

3'UTR

3' UTR

5'UTR

TGF-B1 5'UTR

Seguence

All-rich seguences

3' - AUSU rich
sequences

5' - Terminal
oligopyrimidine tracts
[5'TOR)

Al-rich sequences

All-rich seguences

All-rich and/or G-rich
sequences

30nt stem-loop
structure (iron
responsive element)
G/C-rich sequence with
stem-loop

Known Motifs

UUAGGG, AGAUAU, AGUAGE,
AUUUAULUA, AUUUA, UUAGGA, AAUUUA,
AAAAAAA, UUAGGG UUAGAG

UUUUUUG, AUUUA, CUUUUE, cUUUULUU,
CULUUG, GUUUUG, GUUUUA,
UUUUUUAULUU, AUBUUUG, AULULUL,
UUUUUU, UUUUUUL, CULC,
GUUUUUULUE, AUULUG, GUUUA,
UUUUUCE, AUUE, CULUG, GUUUUC,
AULUUUU, ULUUUUE, AUUUC, AUUULUE,
GUUUE, GUULUUC, UUUUUUG, CULUE,
CULULUC, UUUUUCY, CULUUA,
UUUUUULUY, GUUUUUG, GUUUG,
CULULUA, AUUUUC, UUUUUGE,
UUELCCUUUE, CULUA, UUUUUGU

UUUL, UUAGUUU, UUUALIUU, CECEEEE,
UUUAGUU, AULU, ULULL, AUUUA,
UUUAUUUAUUU, UUUGGUL, UUUALUL,
AUUUL, AUUUALUUALUL, BULUULL,
UUUAUUU, UUUGUUL, UUGUUUY,
UUUUUUG, UUAULUL, UUUAUUUALUUA,
UUGAUUU, UUAUUUU, ULALUUALL,
UUGGUUL

AUUUA, UUAUUUAUU, CUUGL, AAUAA,
UUGUGE, UUGUGG, UUAUUUAUU,
ABAAAAUAAAG, AAUAAAGAAAG,
AAUABAUAAAG, AAABAAGAAAG, LICCUCL,
UCUUGU, ACCUCU, CCUUCL, CCUUGE,
CCCUCL, ACIUEE, ACULIUE, UCUUEE,
CCCUGE, CCCUUL, ACCUGL, UCUUUC,
ACUUEL, UCCUGU, UECUUE, ACCUUU,
Accuce*

AUUCGACCCGGG, AUUCGAGEEGGE,
AUUCGAGCCGEG, AUUCGACCEGEG,
AAUCCCGAAG, AUUCGACCCGAG,
AUUCGAACCGEG, AUUCGAUCCGUG,
AUUCGAACCGAG, AUUCGAUCEGEG,
AUUCGAACCGGG, AUUCGACCCGUG,
AUUCGAGCCGAG, UCCCGAG,
AUUCGAUCCGGE, UGCACAGAAGE,
AUUCGAACCGUG, AUUCGAUCCGAG,
AUUCGAGECGUG

CAGUN

AACALIC, AACALCA, AACAUCE, AACALICU,
AGAAC, CAACCACAA, CAACCACACCAC, CACE,
CACCACCACC, CAUC, CAUCAUC, CAUCGE,
CAUCUG, CCCUGEG, CCUGCGE, CUGEGGL,
GAUC, GAUCUG, GECUGES, GGUCUGE,
UCCAGCAA

Function

Promaotes degradation and enhances
mRMNA stability in mRNAs involved in cell
cycle, apoptosis, stress response (Liao et.
al. 2007, Raimeri et. al. 2004, Vazquez-
Chantada et. al. 2010; Zucconi et. al. 2011)

Halt mRENA translation under stress
conditions [Kim et. al. 2011; Gilks et. al.
2004)

Stabilizes mRNAs of proteins invelved in
cell cycle, proliferation, and cell survival
(Lépez de Silanes et. al. 2004;
Abdelmohsen et. al. 2010; Abdelmohsen
et. al. 2008; Hinman and Lou, 2008; Lépez
de Silanes et. al. 2005; Kuwano et. al,
2008; Abdelmohsen et. al. 2007; ¥i et. al.
2010)

Promotes decay of mRNAS involved in
cancer and inflammation (Sanduja et. al.
2012)

Promotes mRMNA stability in some genes,

degradation in others (Abdelmohsen et. al.

2011

Blocks translation of mRNA connected to
iron sterage and metabelism (Goss et. al.
2011)

Translational inhibition of TGF-P1 mRNA
(Jenkins et. al. 2010)
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=157 TCTCGTATTCCAARATTTTTCCCTGAAAGGAGTTGCAACTGGGGGCAGGAARAGGACGATAT
-97 MF\CGTCCCGTGTCTAGTGCTGTCCGACACATATGGACCATCéTEAEAAECETCAT\_GCGA
113 12 17
-37 ETCC&TEA@AETCAC&TCACTCCCTAAACTCTCGATGAACACCCCCAAAGTAAACAT
24 15 42 35 2 M N T P K V N I
B. 276l GGGATTTGAAAGGGCGGAGG GGGCGGAAGGTCTTGACAGATGGTT
G F E R A E
2821 GTGGTTTGGGTTCATGAAGCCAGGCGTTTTTGGACCAAGTTGTTGTATTATGCGTGTTAC
2881 ACTAGATACCCCCCACTCTCTTTGCTGTTTCTGGCGTTTTGGTAAAAAAGATACTGGGTT
2941 CTTCTCTCTGTGCAGCAGTTCACTGTT
T 1%

Figure 4.1. Defining UTRs for the aod-1 gene. A) Promoter and 5-UTR sequence of aod-1.
Transcription start sites were identified by sequencing of cloned cDNAs and PCR products
(Chae et al., 2007). The putative TATA box is bolded and the ATG translation start site is bolded
in green. Single digit numbers beneath the underlined bases indicate the number of times a
position was identified as a transcription start site. B) 3'UTR and transcription end sites
preceding the position of the poly-A tail were also identified by sequencing of cloned cDNAs
and PCR products (Chae et al., 2007). The TGA translation stop codon is indicated in bold red.
The numbers beneath the underlined bases indicate the number of times a position was identified
as immediately preceding the poly-A tail. The closest such site occurred over 150 base-pairs
away from the stop codon. Potential RBP motifs obtained from the RNA-Binding Protein

DataBase (http://rbpdb.ccbr.utoronto.ca/) are underlined in panel B.
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development, and metabolism (Frost and Olson, 2011; Lu et al., 2007; Vidigal and Ventura,
2015; Wang et al., 2008). Studies conducted on the fungus Cryptococcus neoformans using
reporter genes showed that miRNAs miR1 and miR2 were able to suppress the expression of
URAS (involved in the biosynthesis of uracil) and CLC1 (encodes a chloride channel necessary
for pigmentation in C. neoformans) (Jiang et al., 2012). While this study was able to show that
miR1 and miR2 are capable of silencing gene targets in vitro, the span of their gene targets is
unknown.

milRNAS (MicroRNA-like microRNAs) have been found in some plants, some fungi,
and some bacteria, and are produced much like miRNAs, which are derived from stem-loop
structures processed by DICER. However, they differ in that they do not require certain proteins,
such as QDE-1 (an RNA-dependent RNA polymerase) and QDE-3 (a DNA helicase) for
processing that would categorize them as true miRNAs (Chen et al., 2014). A qPCR study
conducted on the fungus Fusarium oxysporum f. sp. niveum (Fon) revealed the down-regulation
of toxin-related gene expression by milRNAs (Jiang et al., 2017). The role of milRNAs in V.
crassa is not as clear. As with C. neoformans, studies done on Neurospora milRNAs
demonstrated their ability to silence reporter-gene constructs with complimentary milRNA
sequences, demonstrating that they have the potential to silence endogenous gene targets (Lee et
al., 2010). However, further studies are needed.

If proteins or other molecules that post-transcriptionally regulate aod-1 recognize specific
sequences in the 3'UTR, then altering the sequence of the UTR would be expected to have an
effect on aod-1 expression. To determine if this was the case, I replaced the 3'UTR region of the
aod-1 transcript with the UTR of S-tubulin. Although studies in mammalian cells have found

that -tubulin has an auto-regulation mechanism that controls the degradation of S-tubulin
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mRNA, the region involved in the control consists of 13 bp that includes the first 4 translated
codons (Saussede-Aim et. al. 2009; Gay et. al. 1989). Because of this, I decided to replace the
5'UTR of aod-1 with the 5'UTR of the MOM protein porin. In the literature, I was unable to find
any evidence for a control mechanism in the 3’ UTR region of -tubulin transcripts, nor any
evidence for a control mechanism in the 5'UTR region of porin. Furthermore, UTR replacements
for the purpose of promoter or UTR function studies have been undertaken in other organisms,
such as C. elegans, with B-tubulin as the replacement gene (Merritt et. al. 2008). As discussed in
the Appendix, my experiments (outlined in Fig. 4.2) using the modified 5’ and 3'UTR constructs

did not yield clear data on the function of these regions.

4.5 Neurospora crassa aod-1 exhibits biological noise in some strains

An interesting observation from the qPCR data was the variable results seen for certain
progeny strains, as shown by the large range of ACT values and large error bars (Figure 3.14).
Originally, four biological replicates were graphed that appeared to be quite consistent (Figure
3.6). However, further analysis revealed that there was high variance among replicates in some
strains. To gain a better understanding of the range in data, all ACT values obtained from all
qPCR runs were collected and graphed for all the strains. Strains 19, 23 and 26 had the widest
range of ACT values obtained from the biological replicates, with 23 having the greatest variance
(Fig. 3.14).

One possible explanation for this variation may be related to the differing effect of the
fIbA mutation on AOX expression in regions of the A. niger hyphal system depending on age, as

mentioned previously (Section 4.3). That is, the cultures from which RNA was extracted for my
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Figure 4.2. Replacement of 5’ and 3'UTR regions in aod- 1. The transforming base plasmid is
shown as a circle at the top left. The red line connecting to the box at the top right shows the
three different variants constructed. For all three variants, the light green, curved bar indicates
native aod-1 sequence, while the dark green box is the triple (3x) HA tag. The 3'UTR of -
tubulin is indicated in red (construct 2), while the 5S'UTR of porin is indicated in blue (construct
3). Strain T1P11 was transformed with each of the three constructs in separate experiments. The
first transforming plasmid contained hygromycin resistance (HygR) with the coding region of the
aod-1 gene (tagged with HA at the C-terminus) and the native aod-1 3" and 5'UTRs. The second
construct was identical except that the aod-1 3'UTR was replaced with that of S-tubulin. The
third construct was identical to the first except that the 5'UTR of aod-1 was replaced with that of
porin. All vectors were linearized with Kpnl prior to transformation to maximize integration.
Transformants were plated and grown on hygromycin-containing medium. Colonies were picked
into slants with medium containing hygromycin, and then streaked on hygromycin-containing
plates to obtain single colony isolates. Individual colonies were picked to fresh slants without
hygromycin. The chosen transformed strains were grown in media with and without CM.
Mitochondria were isolated to determine protein levels in both +CM and —CM conditions via

Western blot using antibodies against both the HA tag and the AOD1 protein.
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qPCR analysis of aod-1 transcript levels, were liquid cultures. Typically, the total culture
amounted to about 8 g wet weight when harvested. I took only 100 mg from these culture for
RNA extraction. The larger culture would consist of both young hyphal regions at growing tips
as well as older regions where growth had initiated. I would not have been able to tell the
difference between such regions, but my random sampling may have helped generate the large
variation observed due to different ages of the cultures that were taken.

Another possibility is that the variation in aod-/ mRNA in different cultures of the same
strain may be similar to that observed for other genes in other systems. Plants and fungi, due to
their sessile nature, may be more susceptible to the effects of minor environmental perturbation.
Similar to the variation observed in strain 23 among replicates for transcription amount and
protein levels, variations in replicates have also been observed in the plant Arabidopsis thaliana.
For example, replicate plants grown in the same macroenvironment within one genotype of an
Arabidopsis thaliana line harbored differences in measurable plant traits such as height and total
flower number (Hall et. al. 2007). Stochastic variation in gene expression among isogenic cells
grown in the same environment is referred to as “noise”, and is not uncommon (Blainey et. al.
2014).

While qPCR is generally regarded as the “gold standard” for mRNA quantification, noise
in qPCR analysis is inevitable and well documented. Human line (HEK293) cell clones have
been shown to have 20% to 40% variability in transcript levels (Kempe et al., 2015a). The
reasons for this heterogeneity are not entirely clear. One possibility that has been considered is
the effect of certain molecules, such as transcription factors, occurring in low numbers in the
cell. Such molecules tend to display large stochastic deviations on an individual cell-by-cell basis

compared to their mean number in a cell population. Such fluctuations can be caused by cell
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division or “transcriptional bursting”, whereby mRNAs are transcribed in sporadic bursts,
followed by a variable period of inactivity (Kempe et al., 2015). Noise attributed to gene
expression is typically categorized as either intrinsic noise or extrinsic noise (Elowitz et. al.
2002). Intrinsic noise is defined as the stochasticity of biochemical interactions between particles
in the cell, such as interactions between RNA polymerase and DNA, which rely on collisions
between the interactants. Extrinsic noise is generated by external factors, ranging from other
cellular processes to external environmental factors.

One method to correct or account for such issues is to conduct qPCR analysis on
individual cells. The field of mRNA analysis appears to be progressing towards this method for
certain applications (Taniguchi et al., 2009). However, this process can be laborious as it
involves obstacles such as isolating single cells and amplifying tiny amounts of mRNA from a
cell. A qPCR design parameter to minimize technical noise may be to limit the reverse-
transcriptase reaction, which converts the mRNA into cDNA, to a single cycle, as efficiency of
the reverse transcriptase reaction varies and introduces additional noise (Bengtsson et al., 2008).
At present, the most common way to bypass qPCR is to use next-generation sequencing (NGS)
technology through RNA-seq. Single-cell-RNA-seq has been utilized in various recent studies of
gene expression, ranging from deciphering embryonic development (Hashimshony et. al. 2015)
to identifying transcriptional regulatory networks involved in blood development (Moignard et.
al. 2015). However, single-cell RNA-seq also has its challenges (Arzalluz-Luque et al., 2017).
The low amount of RNA from a single cell introduces technical variability, especially in low
expressed transcripts. To alleviate this issue, 30 or more single-cell transcriptomes are pooled

together. However, this once again introduces inter-cell variability. Therefore, cell filtering
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criteria must be applied to account for differences in cell cycle, as well as size, and is another
factor to take into consideration (Buettner et al., 2015; Stegle et al., 2015).

The variation in aod-1 transcript levels was the greatest in strain 23. One possible
explanation for this might be a mutation in the promoter region of aod-1 strain 23. A study
conducted in S. cerevisiae examined promoter-mutation-mediated gene expression noise in
response to acute antibiotic stress (Blake et. al. 2006). Certain strains with certain mutations did
exhibit higher intrinsic noise compared to other strains. However, our genomic sequence of
strain 23 revealed no mutations in the aod-1 gene or its upstream region. Another possible
explanation for the high variation in aod-1 expression observed comes from consideration of a
proteomic analysis examining single-cell biological noise in S. cerevisiae. This study observed
noise in >2500 proteins in rich and minimal media (Newman et. al. 2006). A trend was
discovered wherein proteins involved in stress response were shown to have higher levels of
noise compared to their housekeeping counterparts, such as ribosomal proteins involved in
protein synthesis, that exhibit low noise. One explanation for this observation is that it benefits
cell survival. The plasticity introduced by noise may allow cells to modulate at higher gene
expression levels and ultimately, allow for better survival under very high stress levels by
sampling variability to maximize survival (Zhuravel et. al. 2010). Since N. crassa aod-1 is
regulated in response to mitochondrial stress, it may fall into a class of genes that exhibits high

variation of expression.

4.6 Future Directions
The discovery of the fIbA mutation and its involvement in the regulation of aod-1

transcripts was an unexpected but interesting finding. Further work on fIbA could include
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analyzing rescued AfIbA strains by qPCR to determine if aod-1 transcript levels are comparable
to wild-type when the gene function is restored. The 4. niger AflbA paper (Krijgsheld et al.,
2013) also reported the variable expression of aod-1 transcripts in different concentric zones.
Therefore, testing the sections of N. crassa hyphae in T1P11 for changes in expression of aod-/
with age could also be performed. Because fIhA4 regulates the FadA Go. subunit in Aspergillus, it
would be interesting to see if the N. crassa fIbA regulates gna-1, the N. crassa FadA homologue.
N. crassa interestingly has another two Ga subunits (gna-2 and gna-3) (Won et al., 2012) that
may also be regulated by fIbA. In Aspergillus, a dominant loss of function of FadA resulted in
similar phenotypes to fIbA loss of function mutations (Yu et al., 1996). Using the N. crassa
knock out library, it would be interesting to see if aod-/ transcript levels are elevated in gna-1, -

2, or -3 loss of function strains.
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Appendix
5" and 3’ UTR modification of aod-1

To examine the possibility that the 5’ and/or 3' UTR of aod-1 transcripts were involved in
translational control, I replaced 100 bp of the aod-1 5'UTR sequence with 60 bp of the N. crassa
porin S'UTR and 150 bp of the aod-1 3'UTR with 200 bp of the N. crassa [-tubulin 3'UTR
sequence. f-tubulin UTRs have been used to replace other UTRs in similar studies (Merritt et
al., 2008). The replacements should eliminate any binding sites either for a positive or negative
regulatory factor that may be present in the native aod-1 UTRs. Thus, I would expect that there
would be detectable AODI1 protein in -CM conditions in those strains that produce aod-1 mRNA
in non-inducing conditions. The constructs would be inserted randomly into the genome of strain
T1P11 and the resident aod-1 gene would remain.

To differentiate between AOD1 protein produced from the native or modified aod-1
gene, I designed the UTR-modified constructs to encode an AOD1 protein with a triple HA tag.
As a control, I also designed an aod-1 gene with its native UTRs and a triple HA tag. The
constructs were synthesized by BioBasic Inc (Markham, Ontario) and are shown in Appendix
Fig. 1. The modified and native aod-1 constructs were subcloned by BioBasic into a kanamycin
resistant plasmid, pUCS57, and then sent to the Nargang lab for further manipulation and analysis.
The aod-1 constructs were amplified by PCR primers containing HindIII and Notl sites. The
pCSN44 hygromycin and ampicillin resistant plasmid (Staben et al., 1989) was digested with
HindlIlI and Notl, the 5’ ends were dephosphorylated, ligated to the digested amplified PCR
product, and transformed into E. coli XL Gold Competent cells (Appendix Fig. 2).
Transformants were plated on ampicillin-containing LB agar plates. Plasmids were isolated,

digested with HindlIll, and checked for the desired size on an agarose gel. The plasmids were
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A.

CGTCACAGCAAAGTTAGAAGTTTAACATGAAGCCATTCGCAACTTATGGC
CCAAGACATTTGTTTGTATATTTGCAGGTTCGGAAGCAACCAAGCCATTGCTCAGTCATG
CTGTGTGTCCTATGAGAACAAGTGCGACTGGTGTTCCGTTTCCCTCCGCTCGCTATTACT
GTCAGCAAAATCTCCAACACATAACTCGCCCAAGTGCCCTGTCAACCAACCAACCAACTA
TCAATGATCTCGAAATCTCCTGTGGCTGTCTTTGTGTTGAGTCACAATCCCCCAGTCTTA
GTGTACTTGCTCAGGGGCTCGCTGTTCTTCTGGATATGTACAAGGCTAATCCCGAGAATG
TTGCGGAAGTGGAACTGCGCCCTATGGCTTGTCACCCGGGAGGTCCCGACACCGCCAAAC
AACGACATCCAGCTGACCACCACAATCGATGCCCGGTTGCCACTTTGAGGATTCAAAATG
AAATTTTGTCCTGGTTGAAGATCTGGAGCTTTCCGGGTTCCTTTCGCTAGCGCCCGCTAT
TTGCTTGTTCCTGGATTGTCTTGATGTTAAAAAATGGAGATTGCTTGGGCAGTGTCGGAA
CTCTATTGCTCCTTTGAGACCAGGGACGGACAAACTCGGTGTTTTCAGTCAGCTCTCGTA
TTCCAAATTTTTCCCTGAAAGGAGTTGCAACTGGGGGCAGGAAAGGACGATATAAACGTC
CCGTGTCTAGTGCTGTCCGACACATATGGACCATCATCACAAACCTCAAGCGAGTTCCAT
TACAACTTCACATCACTCCCTAAACTCTCGATGAACACCCC
GGATTTGAAAGGGCGGAGGTCATCGGTTACCCCTACGACGTCCCCGACTACGCCTACCCC
TACGACGTCCCCGACTACGCCTACCCCTACGACGTCCCCGACTACGCC-tcttgggcg
gaaggtcttgacagatggttgtggtttgggttcatgaagccaggcgtttttggaccaagt
tgttgtattatgcgtgttacactagataccccccactctctttgetgtttectggegtttt
ggtaaaaaagatactgggttc

B.

CGTCACAGCAAAGTTAGAAGTTTAACATGAAGCCATTCGCAACTTATGGC
CCAAGACATTTGTTTGTATATTTGCAGGTTCGGAAGCAACCAAGCCATTGCTCAGTCATG
CTGTGTGTCCTATGAGAACAAGTGCGACTGGTGTTCCGTTTCCCTCCGCTCGCTATTACT
GTCAGCAAAATCTCCAACACATAACTCGCCCAAGTGCCCTGTCAACCAACCAACCAACTA
TCAATGATCTCGAAATCTCCTGTGGCTGTCTTTGTGTTGAGTCACAATCCCCCAGTCTTA
GTGTACTTGCTCAGGGGCTCGCTGTTCTTCTGGATATGTACAAGGCTAATCCCGAGAATG
TTGCGGAAGTGGAACTGCGCCCTATGGCTTGTCACCCGGGAGGTCCCGACACCGCCAAAC
AACGACATCCAGCTGACCACCACAATCGATGCCCGGTTGCCACTTTGAGGATTCAAAATG
AAATTTTGTCCTGGTTGAAGATCTGGAGCTTTCCGGGTTCCTTTCGCTAGCGCCCGCTAT
TTGCTTGTTCCTGGATTGTCTTGATGTTAAAAAATGGAGATTGCTTGGGCAGTGTCGGAA
CTCTATTGCTCCTTTGAGACCAGGGACGGACAAACTCGGTGTTTTCAGTCAGCTCTCGTA
TTCCAAATTTTTCCCTGAAAGGAGTTGCAACTGGGGGCAGGAAAGGACGATATAAACGTC
CCGTGTCTAGTGCTGTCCGACACATATGGAcaacctcactttcteccattea
ccatcatacccgtgtcgccctcacacaacatctttcacaATEGAACACCCC .
GGATTTGAAAGGGCGGAGGTCATCGGTTACCCCTACGACGTCCCCGACTACGCCTACCCC
TACGACGTCCCCGACTACGCCTACCCCTACGACGTCCCCGACTACGCC-tcttgggcg
gaaggtcttgacagatggttgtggtttgggttcatgaagccaggcgtttttggaccaagt
tgttgtattatgcgtgttacactagataccccccactctectttgetgtttectggegtttt
ggtaaaaaagatactgggttc
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C.

CGTCACAGCAAAGTTAGAAGTTTAACATGAAGCCATTCGCAACTTATGGC
CCAAGACATTTGTTTGTATATTTGCAGGTTCGGAAGCAACCAAGCCATTGCTCAGTCATG
CTGTGTGTCCTATGAGAACAAGTGCGACTGGTGTTCCGTTTCCCTCCGCTCGCTATTACT
GTCAGCAAAATCTCCAACACATAACTCGCCCAAGTGCCCTGTCAACCAACCAACCAACTA
TCAATGATCTCGAAATCTCCTGTGGCTGTCTTTGTGTTGAGTCACAATCCCCCAGTCTTA
GTGTACTTGCTCAGGGGCTCGCTGTTCTTCTGGATATGTACAAGGCTAATCCCGAGAATG
TTGCGGAAGTGGAACTGCGCCCTATGGCTTGTCACCCGGGAGGTCCCGACACCGCCAAAC
AACGACATCCAGCTGACCACCACAATCGATGCCCGGTTGCCACTTTGAGGATTCAAAATG
AAATTTTGTCCTGGTTGAAGATCTGGAGCTTTCCGGGTTCCTTTCGCTAGCGCCCGCTAT
TTGCTTGTTCCTGGATTGTCTTGATGTTAAAAAATGGAGATTGCTTGGGCAGTGTCGGAA
CTCTATTGCTCCTTTGAGACCAGGGACGGACAAACTCGGTGTTTTCAGTCAGCTCTCGTA
TTCCAAATTTTTCCCTGAAAGGAGTTGCAACTGGGGGCAGGAAAGGACGATATAAACGTC
CCGTGTCTAGTGCTGTCCGACACATATGGACCATCATCACAAACCTCAAGCGAGTTCCAT
TACAACTTCACATCACTCCCTAAACTCTCGATGAACACCCC e e e e
GGATTTGAAAGGGCGGAGGTCATCGGTTACCCCTACGACGTCCCCGACTACGCCTACCCC
TACGACGTCCCCGACTACGCCTACCCCTACGACGTCCCCGACTACGCC-
atcattccactcaacattcaggctcctctgcgcacgtaaagtgccaaaggcaataccctgce
tcggtggaatgccgccgggcttgtcgattttacgcacatatgcgecattcttgacttgaagce
ggaggagttcttcgttgcgggttacagtgttttaataaaagaatggtcaaatcaaactgcect
agatatacctgtcagac

Appendix Figure 1. Synthetic genes synthesized by BioBasic (Markham, Ontario) for
subcloning. For all panels, the triple HA tag is highlighted in gray, the start codon is highlighted
in green, and the stop codon is highlighted in red. The coding sequence is not fully shown and is
represented with periods (...) shortly after the start codon. The native 5S’'UTR region is
highlighted in turquoise, while the native 3'UTR region is highlighted in yellow. A. Unmodified
native 3’ and 5'UTR of aod-1 with triple HA tag. B. Triple HA-tagged aod-1 modified with
5'UTR of porin. The native 5S'UTR region is replaced with 60 bp of the 5’'UTR of the N. crassa
porin gene (lower case blue). C. Triple HA-tagged aod-1 modified with S-tubulin. The native
3'UTR region is replaced with 200 bp of the 3'UTR of the N. crassa [-tubulin gene shown in

lower case blue font.
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Appendix Figure 2. Strategy of transforming plasmid construction. A) Synthetic gene sequences
(refer to Appendix Fig. 1) were synthesized by BioBasic Inc. (Markham, Ontario) and were
cloned into the pUC57 plasmid with kanamycin resistance. The native aod-1 sequence with the
triple HA-tag was cloned into a Stul and EcoRYV site. The triple HA-tagged aod-1 with the
5'UTR replaced by the 5"UTR sequence of porin was cloned into an EcoRV and Sall site. The
triple HA-tagged aod-1 with the 3'UTR replaced by the 3'UTR sequence of the -tubulin was
cloned into a Smal site. B) The triple HA-tagged synthetic genes were PCR amplified from the
pUC57-Kanamycin resistant plasmid with PCR primers (shown as arrows outside the top left
plasmid circle) containing Notl and Hind]IlI sites (only the aod-1 sequence with native UTRs is
shown as an example, but all three constructs from the plasmids shown in panel A were
amplified and cloned as described below). The fragments were ligated into a Notl and HindIIl
digested pCSN44 plasmid that encodes ampicillin (Amp") and hygromycin (Hyg") resistance
(Staben et al., 1989). XLL10-Gold Ultracompetent E. coli cells were transformed with the ligation
mixture and plated on LB + ampicillin plates. Colonies were isolated and grown in liquid LB +
ampicillin. The plasmids were isolated, linearized, size checked via gel electrophoresis, and used to

transform N. crassa conidia.
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also sequenced as an additional measure to ensure that the final constructs were as designed.
Prior to transforming N. crassa conidia, the plasmids were linearized to increase N. crassa
transformation efficiency. T1P11 conidia were then electroporated with the linearized pCSN44
plasmid containing either the HA-tagged modified UTR constructs, or the native HA-tagged
aod-1 gene (summarized in Appendix Fig. 2). Electroporation was as described previously
(Margolin et al., 1997, 2000; Tanton et al., 2003).

Ten isolates containing the 3'UTR modified construct (isolates 6, 8, 11, 12, 21, 34, 36,
38, 39 and 40), ten isolates containing the native HA-tagged AODI (isolates 10, 19, 24, 25, 26,
29, 30, 36, 40, 50) and 5 isolates containing the 5'"UTR modification (1, 2, 8, 19, 31) were
obtained based on their ability to grow on medium containing hygromycin. Since the
transformation protocol results in random, and possibly incomplete integration of the entire
construct into the genome, it was possible that some transformants took up only the hygromycin-
resistant portion of the constructs. Therefore, the isolates were examined for expression of the
HA tagged AODI protein. Strains were grown in liquid media containing CM and mitochondria
were isolated. To confirm the presence or absence of the different aod-1 constructs, Western
blots were conducted on mitochondria from the isolates using an HA antibody. Six isolates of the
3'UTR modification (isolates 6, 8, 11, 12, 21, and 38), 2 isolates of the 5"UTR modification
(isolates 1 and 2) and 5 isolates of the native HA-tagged AODI1 isolates (isolates 19, 24, 30, 40
and 50) were confirmed to contain the modified or native HA-tagged AOD1 (summarized in
Appendix Table 1).

To determine if there was a difference in expression of AODI protein in the isolates
containing the modified constructs as compared to strain TIP11, the six 3'UTR modified isolates
(6,8, 11,12, 21 and 38) as well as two 5'UTR modified isolates (1 and 2) were grown in the

absence of CM and examined by Western blot for AOD1 protein. If either the 5’ or 3’ aod-1
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HA-tagged 3'UTR HA HA-tagged 5'"UTR HA Native AODI1- HA
modified isolates |Construct modified isolates |Construct HA isolates |Construct

6 Y | Y 10 N
8 Y 2 Y 19 Y
11 Y 8 N 24 Y
12 Y 19 N 25 N
21 Y 31 N 26 N
34 N 29 N
36 N 30 Y
38 Y 36 N
39 N 40 Y
40 N 50 Y

Appendix Table 1. List of isolates tested for presence or absence of HA-containing construct.
T1P11 was transformed with constructs containing a hygromycin resistance marker and either a
modified 3'UTR aod-1 construct, a modified 5'UTR aod-1 construct, or the native aod-1 5" and
3’-UTR sequences. All constructs encoded a C-terminal 3X HA-tagged AOD1 protein. Isolates
were grown in +CM containing media, and mitochondria were isolated. Western blots were
performed for each isolate using an HA antibody to determine the presence or absence of the
construct in each isolate. Y (yes) and N (no) indicate if an isolate expressed the HA-tagged

AODI1 protein.
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UTR sequence was bound by sequence-specific regulatory proteins that played a role in
translational regulation of transcripts, I expected to see HA-tagged AOD1 protein in the -CM
UTR-modified mitochondrial fractions. Western blot analysis was conducted on samples using
both an HA antibody to detect the modified protein, as well as an AOX antibody to detect the
native, untagged protein. The AOX antibody was expected to detect HA-tagged AODI1 protein as
well, resulting in two bands migrating at slightly different molecular weights due to the extra 4.3
kb added by the triple HA tag.

As expected, since the endogenous aod-1 gene was still present in all strains examined,
the AOD1 antibody detected AOD1 protein in all isolates grown in the presence of CM
(Appendix Fig. 3). Interestingly, all strains containing the 5’ and 3'UTR modified constructs
(except the 3’-modified isolates 12 and 21) gave rise to detectable HA-tagged protein in the
absence of CM (Appendix Fig. A, B). It is unclear why the AODI1 antibody did not detect the
HA-tagged protein. Conceivably, the C-terminal HA-tag disrupts an epitope(s) for the antibody
which was made to a C-terminal fragment of AOD1 (Tanton et al., 2003). The band seen in the
transformants was not detected in NCN233 or T1P11 in either the presence or absence of CM.
This observation makes it highly unlikely that the band seen in the constructs is a non-specific
protein that reacts with the HA antibody.

At first glance, the above results seemed to support the involvement of both the 5" and
3'UTRs in controlling translation of the aod-1 mRNA. However, examination of the isolates
expressing the HA-tagged AODI protein in the context of the native aod-1 5" and 3'UTR
sequences (Appendix Fig. 3 C) revealed a band of similar size in the mitochondria of these
strains. Thus, the results for the modified constructs cannot be attributed to the altered 5’ and/or

3'UTRs.
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5'UTR modified F'UTR modified
AOD1-HA AOD1-HA

NCN233 T1P11 1 2 6 g

3'UTR modified AOD1-HA
NCN233 T1P11 11 12 21 36

183



Native HA-Tagged AOD1

T1P11 19 24 30 40 50

AOD1

Appendix Figure 3. Western blot analysis of AOD1 proteins in UTR modified and native
constructs expressed in strain T1P11. Cultures of wild-type NCN233, untransformed T1P11, and
isolates of TIP11 transformed with the 5S'UTR modified construct and the 3'UTR modified
construct, and the native HA-tagged AODI1 protein constructs were grown in —CM conditions (-)
for 16 hours, and +CM conditions (+) for 18 hours. Mitochondria were isolated and subjected to
SDS-PAGE. Proteins were transferred to PVDF membrane and examined with antibodies shown
on the right. The presence of the native, untagged and unmodified AOD1 protein was detected
using an AOD1 antibody while the tagged version was detected with an HA antibody. Hsp70
served as a loading control. A) 5'UTR modified and 3'UTR modified isolates with HA-tagged
AODI1 construct. B) 3'UTR modified isolates with HA-tagged AODI1 construct. C) Isolates with

native 5" and 3'UTR sequences with HA-tagged AODI1 construct.
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In conclusion, the experiments described above did not allow conclusions about the role
of the UTRs to be reached. Explanations for the data seen in the transformants containing the
native UTRs with the HA-tagged AOD1 are not obvious. One possibility is that the sequence
encoding the HA-tag at the 3’ end of the aod-1 coding sequence interferes with a bonafide role of
the 3'UTR in translational control. However, investigation into this possibility is beyond the

scope of this thesis.
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